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Εκτενής Περίληψη 

 

Περιγραφή Ερευνητικής Εργασίας  

Εισαγωγή: Η αμανταδίνθ (Amt (1)) και θ ριμανταδίνθ (Rim (2)) είναι αναςτολείσ τθσ μεταφοράσ πρωτονίων  

διαμζςου του ιοντικοφ διαφλου τθσ πρωτεΐνθσ Μ2 του ιοφ influenza A, 1,2 και αποτζλεςαν εγκεκριμζνα μζςα  

πρόλθψθσ και κεραπείασ ζναντι των ιϊν τθσ γρίπθσ Α άγριου τφπου (WT). Ωςτόςο, από το 2005, θ 

μετάλλαξθ του αμινοξζοσ ςερίνθ ςε αςπαραγίνθ ςτθ κζςθ 31 (S31N) ςτθν Μ2 πρωτεΐνθ, δθμιοφργθςε ζνα 

ςτζλεχοσ ανκεκτικό ςτθν Amt το οποίο ζχει κυριαρχιςει παγκοςμίωσ, καταργϊντασ τθν κλινικι 

χρθςιμότθτα τθσ αμανταδίνθσ 3,4 και πικανότατα και άλλων προαναφερκζντων, ςτθ διεκνι βιβλιογραφία, 

αναςτολζων τθσ Μ2. Επομζνωσ, είναι απαραίτθτθ θ ανάπτυξθ νζων μορίων για τθν καταπολζμθςθ των 

ανκεκτικϊν ςτελεχϊν  τθσ γρίπθσ.   

H κφρια κζςθ πρόςδεςθσ τθσ Amt (1) και τθσ Rim (2) είναι θ διαμεμβρανικι περιοχι (transmembrane 

domain, TM) των αμινοξζων 22-46 του ςυμπλζγματοσ των τεςςάρων α-ελίκων τθσ Μ2 που ςχθματίηει τον 

δίαυλο μεταφοράσ πρωτονίων. φμφωνα με δομζσ υψθλισ διαχωριςτικότθτασ που προζκυψαν από 

πειράματα κρυςταλλογραφίασ ακτίνων-Χ και φαςματοςκοπίασ πυρθνικοφ μαγνθτικοφ ςυντονιςμοφ 

ςτερεάσ κατάςταςθσ (solid state NMR, ssNMR) και δθμοςιεφτθκαν μεταξφ 2008-2011 από τουσ ερευνθτζσ 

και κακθγθτζσ Tim Cross, William DeGrado και Mei Hong ςτα πιο ζγκριτα περιοδικά όπωσ Nature, JACS κλπ, 

θ Amt (1) και θ Rim (2) δρουν φράςςοντασ τον πόρο του διαφλου M2TM.5,6,7,8,9,10,11 Ο κλωβόσ του 

αδαμαντανίου των ενϊςεων αυτϊν περικλείεται από τισ τζςςερεισ πλευρικζσ αλυςίδεσ των V27 και τθσ A30 

του τετραμεροφσ M2TM προκαλϊντασ τον ςτερεοχθμικό αποκλειςμό τθσ μεταφοράσ πρωτονίων 6,7,8,9και 

αποτρζποντασ τθν ςυνζχεια του κφκλου ηωισ του ιοφ. Σα αποτελζςματα ssNMR ζδειξαν επίςθσ ότι θ ομάδα 

αμμωνίου αυτϊν των φαρμάκων ζχει προςανατολιςμό προσ τα τζςςερα αμινοξζα τθσ His37 δθλαδι προσ 

το C-τελικό άκρο.9 Αυτόσ ο προςανατολιςμόσ ςτακεροποιείται μζςω ενόσ δικτφου δεςμϊν υδρογόνου 

μεταξφ προςδζτθ και (α) μορίων νεροφ εντόσ του πόρου του ιοντικοφ διαφλου, που βρίςκονται μεταξφ 

ιμιδαηολίου τθσ H37 και προςδζτθ, και, ενδεχομζνωσ, (β) με το καρβονφλιο τθσ A30 ςφμφωνα με 

πειραματικά αποτελζςματα και προςομοιϊςεισ μοριακισ δυναμικισ (MD).9,12,13,14,15,16,17,18,19Δεδομζνου ότι θ 

M2TM αποτελεί το απλοφςτερο μοντζλο πρόςδεςθσ τθσ Amt (1) και Rim (2) για τθν M2, οι προθγοφμενεσ 

πειραματικζσ δομζσ υψθλισ ανάλυςθσ μποροφν να χρθςιμοποιθκοφν για το ςχεδιαςμό και ανάπτυξθ νζων 

αναςτολζων που να ςυνδζονται αποτελεςματικότερα με τον πόρο Μ2ΣΜ, μζςω προςομοιϊςεων μοριακισ 

δυναμικισ (MD) 19ι ακριβζςτερα με υπολογιςμοφσ ελεφκερθσ ενζργειασ.20,21,22 

 

Στόχοι της διδακτορικής διατριβής: τόχοι τθσ παροφςασ εργαςίασ είναι να διερευνθκοφν πωσ μικρζσ 

αλλαγζσ: (α) ςτθ δομι τθσ αμανταδίνθσ ζχουν ωσ αποτζλεςμα τθν αφξθςθ ι τθ μείωςθ τθσ ςυγγζνειασ 

ςφνδεςθσ ζναντι του πόρου Μ2ΣΜ διαφόρων ςτελεχϊν του ιοφ influenza, και (β) ςτθ δομι τθσ M2TM που 
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προκαλείται από μία μόνο μετάλλαξθ, όπωσ θ S31N), προκαλοφν ανκεκτικότθτα του ιοφ τθσ γρίπθσ Α 

καταργϊντασ ζτςι τθν κλινικι αποτελεςματικότθτα των φαρμάκων τθσ τάξθσ των αμινοαδαμαντανικϊν 

παραγϊγων. Η κατανόθςθ του μθχανιςμοφ ανκεκτικότθτασ του ιοφ ςε μοριακι βάςθ μζςω βιοφυςικϊν και 

υπολογιςτικϊν μεκόδων, κα χρθςιμοποιθκεί για τον ορκολογικό ςχεδιαςμό και τθν ανάπτυξθ καινοτόμων 

αναςτολζων ζναντι πανδθμικϊν ςτελεχϊν τθσ γρίπθσ Α που προκαλοφν αςκζνεια. Σο κεφάλαιο 1 κα 

επικεντρωκεί ςτο (α) ενϊ τα Κεφάλαια 2-5 ςτο (β).  

 

Ανάλυση κεφαλαίων: το Κεφάλαιο 1 θ ςυγγζνεια ςφνδεςθσ των εναντιομερϊν τθσ ριμανταδίνθσ (χιμα 1) 

ανακεωρικθκε  χρθςιμοποιϊντασ βιοφυςικζσ μεκόδουσ και αλχθμικοφσ υπολογιςμοφσ ελεφκερθσ 

ενζργειασ ςφνδεςθσ.  

 

 

Σχήμα 1. Δομζσ των αμινοαδαμαντανικϊν παραγϊγων που μελετικθκαν, αμανταδίνθσ (1), εναντιομερϊν 

ριμανταδίνθσ, 2-R και 2-S, και του ανάλογου τθσ ριμανταδίνθσ 3. Η ζνωςθ 3 και θ αλλθλουχία αμινοξζων 

του πεπτιδίου M2TM WT ςυντζκθκαν για τουσ ςκοποφσ αυτισ τθσ μελζτθσ. 

 

Πρόςφατα, εφαρμόςαμε υπολογιςμοφσ ςφνδεςθσ MM-PBSA, δθλαδι υπολογιςμϊν πρόςδεςθσ 

μοριακισ μθχανικισ (ΜΜ) και τθσ ενζργειασ επιδιαλφτωςθσ με τθ μζκοδο Poisson-Boltzmann (MM-PBSA), 

για να ερμθνευκοφν τα κερμοδυναμικά προφίλ ςφνδεςθσ αμινοαδαμαντανικϊν παραγϊγων με τθν 

αλλθλουχία που προςβάλλει κθλαςτικά M2TMWeybridge, τα οποία μετρικθκαν χρθςιμοποιϊντασ ιςοκερμικι 

κερμιδομετρία τιτλοδότθςθσ (isothermal titration calorimetry, ITC). Η μζκοδοσ χρθςιμοποιικθκε για τθν 

ορκι κατάταξθ τθσ δραςτικότθτασ ενόσ ςυνόλου αμινοαδαμαντανικϊν παραγϊγων και τον επιτυχι 

ςχεδιαςμό δραςτικϊν αναλόγων. 22 Εφαρμόςαμε επίςθσ ακριβείσ υπολογιςμοφσ ελεφκερθσ  ςφνδεςθσ 

χρθςιμοποιϊντασ τθ μζκοδο Bennett acceptance ratio (BAR), ϊςτε να   επιτρζπουν τον ακριβι υπολογιςμό 

τθσ ςχετικισ ελεφκερθσ ενζργειασ ςφνδεςθσ αμινοαδαμαντανικϊν παραγϊγων με τθ διαμεμβρανικι 

περιοχι M2TMWT ι M2TMWeybridge των οποίων οι πειραματικζσ τιμζσ μετρικθκαν αντίςτοιχα με ITC ι με 

φαςματοςκοπικζσ μεκόδουσ.20,21 Ωςτόςο, θ ςυγγζνεια ςφνδεςθσ των εναντιομερϊν τθσ ριμανταδίνθσ με 

τθν πρωτεΐνθ Μ2 δεν ζχει διερευνθκεί ποτζ λεπτομερϊσ. Σα αποτελζςματα από μελζτεσ ssNMR που 

δθμοςιεφκθκαν από τθν ομάδα Cross το 2016 προτείνουν ότι τα εναντιομερι τθσ ριμανταδίνθσ ςυνδζονται 
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με τθ Μ2 με διαφορετικι ςυγγζνεια όπωσ αναμζνεται με βάςθ τθν αλλθλεπίδραςθ των εναντιομερϊν με 

ζνα χειρόμορφο βιοπολυμερζσ. υγκεκριμζνα, θ ομάδα του Cross πρότεινε ότι το (R)-εναντιομερζσ τθσ 

ριμανταδίνθσ ςυνδζεται με τθν  Μ2 πρωτεΐνθ με υψθλότερθ ςυγγζνεια ςφνδεςθσ ςυγκριτικά το (S)-

εναντιομερζσ.10 Αυτι ιταν θ πρϊτθ μελζτθ ssNMR τθσ πλιρουσ πρωτεΐνθσ M2, αλλά το ςυμπζραςμα ενϊ 

ιταν παράδοξο, διότι: (α) Είχε αποδειχκεί προθγουμζνωσ ότι τα εναντιομερι τθσ ριμανταδίνθσ είχαν 

παρόμοια in vivo αντιϊκι δραςτικότθτα ςτθν προςταςία ποντικϊν από τθ κανατθφόρο γρίπθ, και β) Η 

ριμανταδίνθ ζχει εγκρικεί ωσ εμπορικό φάρμακο ςτισ ΗΠΑ το 1993 και περιείχε και τα δφο εναντιομερι. Σα 

αποτελζςματα αυτά κζντριςαν το ενδιαφζρον του εργαςτθρίου μασ και ςε ςυνεργαςία με άλλα εργαςτιρια 

εφαρμόςτθκαν πειράματα αντιϊκισ δραςτικότθτασ in vitro και θλεκτροφυςιολογίασ (Electrophysiology, EP), 

για να αξιολογθκεί θ ςυγγζνεια ςφνδεςθσ των εναντιομερϊν τθσ ριμανταδίνθσ με τθν πρωτεΐνθ Μ2. 

Επιπλζον, οι ςτακερζσ ςφνδεςθσ των εναντιομερϊν τθσ ριμανταδίνθσ ζναντι του M2TMWT μετρικθκαν για 

πρϊτθ φορά χρθςιμοποιϊντασ ITC και βρζκθκαν να είναι ίςεσ (βλζπε Πίνακα 1). Για τον ςκοπό αυτό: (α) 

ςυντζκθκε το M2TM WT πεπτίδιο, που αντιςτοιχεί ςτα αμινοξζα 22-46 τθσ αλλθλουχίασ άγριου Udorn/72 

τθσ Μ2 με άμιδο τερματικι ομάδα του C-τελικοφ άκρου (CONH2) που περιλαμβάνει τθν αλλθλουχία 

SSDPLVVAASIIGILHLILWILDRL, με Fmoc πεπτιδικι ςφνκεςθ ςτερεάσ φάςθσ χρθςιμοποιϊντασ ρθτίνθ 

αμινομεκυλοπολυςτυρενίου (AMPS) ςυηευγμζνθ με τον αμιδικό ςυνδζτθ, (β) κακαρίςτθκε με HPLC 

αντίςτροφθσ φάςθσ και, (γ) χαρακτθρίςτθκε με φαςματοςκοπία μάηασ. 

 

Πίνακας 1.  φνοψθ των μετριςεων των εναντιομερϊν τθσ ριμανταδίνθσ ςτθν πρωτεΐνθ A/M2. 23 

 

Rim-R 

KdM2TMUdorn(ITC) = 0.32 μΜ 

%blocktoM2Udorn(TEVC) = 95% 

%blocktoM2WSN/33-N31S (TEVC) = 90% 

IC50 (Udorn/72, CPE) = 0.05 μΜ 

IC50 (WSN/33-M2-N31S, CPE) = 0.05 μΜ 

3 → Rim-R,ΔΔGFEP=0.62 ± 0.14, 

ΔΔGexp=0.33 ± 0.50 

Rim-S 

KdM2TMUdorn(ITC) = 0.34 μΜ 

%blocktoM2Udorn(TEVC) = 96% 

%blocktoM2WSN/33-N31S (TEVC) = 92% 

IC50 (Udorn/72, CPE) = 0.06 μΜ 

IC50 (WSN/33-M2-N31S, CPE) = 0.03 μΜ 

3 → Rim-S,ΔΔGFEP=0.68 ± 0.15, 

ΔΔGexp=0.42 ± 0.48 

 

Σα πειραματικά μασ δεδομζνα βαςιςμζνα ςτθν λειτουργία τθσ πλιρουσ πρωτεΐνθσ Μ2 επιβεβαιϊκθκαν 

περαιτζρω με προςομοιϊςεισ MD (Εικόνα 1 και 2). Εφαρμόςτθκαν αλχθμικοί υπολογιςμοί ελεφκερθσ 

ενζργειασ με τθ μζκοδο Bennett (BAR) για να υπολογιςτεί θ ςχετικι ςυγγζνεια ςφνδεςθσ των εναντιομερϊν 

τθσ ριμανταδίνθσ ςε ςφγκριςθ με τθν ζνωςθ 3, που ςυντζκθκε και μετρικθκε γι’ αυτι τθ ςφγκριςθ, ζναντι 

τθσ M2TM ςτθν κλειςτι μορφι ςε pH 8 εντόσ 1,2-διμυριςτοχλο-sn-γλυκερο-3-φωςφοχολίνθσ (1,2-
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dimyristoyl-sn-glycero-3-phosphocholine, DMPC) για τθ μίμθςθ του περιβάλλοντοσ τθσ μεμβράνθσ. Δεν 

βρζκθκε ςθμαντικι διαφορά μεταξφ των δφο εναντιομερϊν. Και τα δφο εναντιομερι παρουςιάηουν τον 

ίδιο βακμό αποκλειςμοφ του δίαυλου, και ζχουν τθν ίδια ςυγγζνεια ςφνδεςθσ και αντιϊκι δράςθ (χιμα 1, 

Πίνακασ 1). Η μελζτθ  αυτι δθμοςιεφκθκε ςτο ACSMed. Chem. Lett.2017, 27, 145-150, και μζροσ τθσ 

εργαςίασ αυτισ ςτο ACSJ. Chem. Info. Model.2016, 56, 862-76 (βλ. αναφ. 23 και 21 ςτον κατάλογων 

βιβλιογραφικϊν αναφορϊν αντίςτοιχα). 

 

 

 

 

 

Εικόνα 1. Αντιπροςωπευτικι εικόνα από τουσ υπολογιςμοφσ FEP/MD ςυςτιματοσ: Προςδζτθσ 3 εντόσ του 

πόρου του ιοντικοφ διαφλου Μ2ΣΜ WT ςε ενυδατωμζνθ λιπιδικι μεμβράνθ DΜPC. Απεικονίηεται όλο το 

ςφςτθμα. 
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(α) 

 

 

 

 

(γ) 

(β) 

 

 

 

 

 

 

 

 

 

Εικόνα 2. (α) Προςδζτθσ 2-S, ι (β) Προςδζτθσ 2-Rεντόσ του πόρου Μ2ΣΜ WT. Απεικονίηονται επτά και οκτϊ 

μόρια νεροφ μεταξφ του προςδζτθ 2-S ι 2-R και του αμινοξζοσ H37, αντίςτοιχα. Απεικονίηονται επίςθσ τρεισ 

δεςμοί υδρογόνου μεταξφ τθσ ομάδασ αμμωνίου τθσ ριμανταδίνθσ και τριϊν μορίων νεροφ. Αυτοί οι δεςμοί 

υδρογόνου μαηί με τισ αλλθλεπιδράςεισ Van der Waals του αδαμαντανικοφ ςκελετοφ  με τα αμινοξζα V27 

και Α30 ςτακεροποιοφν το μόριο εντόσ του πόρου με κατεφκυνςθ τθσ αμινομάδασ προσ το C-τελικό άκρο.    

 

 

N-τελικό άκρο 

C-τελικό άκρο 
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το Κεφάλαιο 2 διερευνάται θ μοριακι βάςθ του μθχανιςμοφ ανκεκτικότθτασ τθσ πρωτεΐνθσ Μ2 WT ςτα 

αμινοαδαμαντανικά παράγωγα. Ενϊ τα αμινοαδαμαντάνια είναι κακιερωμζνοι αναςτολείσ του ιοντικοφ 

δίαυλου του ιοφ influenza A Μ2, οι μθχανιςμοί με τουσ οποίουσ τα παράγωγα κακίςτανται 

αναποτελεςματικά ζναντι του M2S31N είναι αςαφείσ. Οι διαφορζσ ςτθ ςφνδεςθ αλλά και ςτον αποκλειςμό 

των πρωτονίων από τα παράγωγα αμανταδίνθσ για τισ  πρωτεΐνεσ M2WT και M2S31N εξθγοφνται μζςω χριςθσ 

ssNMR και προςoμοιϊςεων MD. Για το ςκοπό αυτό: (α) ςυντζκθκε πεπτίδιο M2TM S31N, που αντιςτοιχεί 

ςτα αμινοξζα 22-46 τθσ Udorn/72 αλλά περιλαμβάνει τθ μετάλλαξθ Ser31Asn ςτθ Μ2 με άμιδο τερματικι 

ομάδα του C-τελικοφ άκρου (CONH2) που περιλαμβάνει τθν αλλθλουχία SSDPLVVAAΝIIGILHLILWILDRL, με 

Fmoc πεπτιδικι ςφνκεςθ ςτερεάσ φάςθσ χρθςιμοποιϊντασ ρθτίνθ AMPS ςυηευγμζνθ με τον αμιδικό 

ςυνδζτθ, (β) κακαρίςτθκε με HPLC αντίςτροφθσ φάςθσ και, (γ) χαρακτθρίςτθκε με φαςματοςκοπία μάηασ. 

Επαναςυντεκθκαν οι ενϊςεισ 3-7, 9 και ςυντζκθκαν δφο νζεσ ενϊςεισ δθλ. 8, 10 με μικρζσ αλλαγζσ ςτθ 

δομι ςε ςφγκριςθ με το ςπειροπυρρολιδίνο*2,2'+ αδαμαντάνιο 6 (χιμα 2) προκειμζνου να διερευνθκεί ο 

τρόποσ με τον οποίο επθρεάηουν αυτζσ οι δομικζσ τροποποιιςεισ τα αποτελζςματα του ssNMR. 

 

 

 

 

  

M2TM S31N: SSDPLVVAANIIGILHLILWILDRL 

 

Σχήμα 2. Ενϊςεισ που ςυντζκθκαν για τθν μελζτθ. Σο πεπτίδιο M2TM S31N ςυντζκθκε επίςθσ για τουσ 

ςκοποφσ αυτισ τθσ μελζτθσ. 
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Εικόνα 3. Περιγραφι των πιο ςθμαντικϊν ςυνεπειϊν τθσ πρόςδεςθσ των αμινοαδαμαντανικϊν παραγϊγων 

ςτθν διαμεμβρανικι περιοχι του M2TMWT και M2TMS31N.  25 

 

Πειράματα ssNMR, ITC, EP, αντιϊκζσ δοκιμαςίεσ και προςομοιϊςεισ MD ζδειξαν ιςχυρότερεσ 

αλλθλεπιδράςεισ πρόςδεςθσ μεταξφ αμινοαδαμαντανικϊν παραγϊγων και M2WT ςε ςφγκριςθ με τθν 

αμελθτζα ι αςκενι πρόςδεςθ τουσ με τθ M2S31N. Αιτία φαίνεται να είναι θ ανακατάταξθ του πόρου του 

ιοντικοφ διαφλου Μ2ΣΜ λόγω μετάλλαξθσ του αμινοξζοσ S31 από το N31, με ςυνζπεια: Α) Σθν απϊλεια τθσ 

λιπόφιλθσ κοιλότθτασ που δθμιουργείται από τισ πλευρικζσ αλυςίδεσ των αμινοξζων V27 για τον 

αδαμαντανικό κλωβό και ςτθν τάςθ προςανατολιςμοφ τθσ ομάδασ αμμωνίου του προςδζτθ προσ το Ν-

τελικό άκρο. Η μετάλλαξθ S31N του Μ2ΣΜ οδθγεί ςε μετατόπιςθ του υδρόφοβου αδαμαντανικοφ 

δακτυλίου προσ το C-τελικό άκρο κοντά ςτο αμινοξφ G34, λόγω τθσ άπωςθσ του υδρόφοβου αδαμαντανίου 

από τισ αμιδικζσ πλευρικζσ αλυςίδεσ του αμινοξζοσ Ν31. Σο πεπτίδιο M2TM S31N ςτθν περιοχι των 

αμινοξζων G34 ζχει τθ μεγαλφτερθ διάμετρο και το αδαμαντάνιο δεν μπορεί να προςδεκεί ςτακερά. Ωσ 

ςυνζπεια οι  υδρόφοβεσ αλλθλεπιδράςεισ των ομάδων ιςοπροπυλίου των αμινοξζων V27 με το 

αδαμαντάνιο  που υπάρχουν ςτο M2TM WT δεν υφίςτανται ςτο Μ2ΣΜ S31N. Επιπλζον, ο προςδζτθσ 

περιςτρζφεται προσ το Ν-τελικό άκρο για να ςχθματίςει δεςμό υδρογόνου με το αμινοξφ Ν31 χωρίσ να 

υπάρχουν πλζον αλλθλεπιδράςεισ Van der Waals που να  ςτακεροποιοφν τον προςδζτθ μζςα ςτον πόρο. Β) 

Σθν ζλλειψθ τθσ γωνίωςθσ (κλίςθ κατά 10o ωσ προσ τον άξονα z) του άξονα τθσ α-ζλικασ κατά τθ ςφνδεςθ 

του προςδζτθ ςτον πόρο M2TMS31N. Η γωνίωςθ αυτι, θ οποία μειϊνει τθν γωνία μεταξφ τθσ C-τελικισ 

ελικοειδοφσ περιοχισ και κάκετου άξονα ςτθ μεμβράνθ, περιλαμβάνει τθν πφλθ αγωγιμότθτασ πρωτονίων 

W41 τθσ Μ2 και επομζνωσ μπορεί να εμποδίςει το άνοιγμα τθσ πφλθσ αυτισ. Η πρόταςθ αυτι αποτελεί ζνα 
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εναλλακτικό τρόπο για το πϊσ αυτζσ οι ενϊςεισ εμποδίηουν τθν αγωγιμότθτα των πρωτονίων  ςτθ Μ2ΣΜ 

WT, δθλαδι μζςω ςφγκριςθσ τθσ γωνίωςθσ που προκαλοφν οι προςδζτεσ ςτθ M2TMWT με αυτι που 

προκαλοφν ςτθν Μ2ΣΜ S31Ν (Εικόνα 3). Σα αποτελζςματα τθσ μελζτθσ αυτισ δθμοςιεφτθκαν ςτο J. Med. 

Chem. 2014, 57, 4629-4639 και ςτο J. Med. Chem. 2017, 60, 1716-1733 (βλζπε αναφ. 24 and 25αντίςτοιχα 

ςτον βιβλιογραφικό κατάλογο τθσ εκτενοφσ περίλθψθσ).  

το Κεφάλαιο 3 διευκρινίηεται περαιτζρω θ μοριακι βάςθ πρόςδεςθσ των ενϊςεων, ο αποκλειςμόσ 

πρωτονίων και θ αναςτολι τθσ influenza Α WT και S31N από ανάλογα ριμανταδίνθσ χρθςιμοποιϊντασ 

κινθτικζσ μελζτεσ ςφνδεςθσ μζςω πειραμάτων θλεκτροφυςιολογίασ ΕΡ, βιοφυςικϊν μεκόδων ςτθν 

κατάςταςθ ιςορροπίασ όπωσ ITC, πειραμάτων αντιϊκισ δραςτικότθτασ και MD προςομοιϊςεισ. Πρόςφατα, 

θ κινθτικι τθσ αλλθλεπίδραςθσ προςδζτθ-υποδοχζα, δθλαδι θ διάρκεια παραμονισ του φαρμακομορίου 

εντόσ του υποδοχζα κεωρείται όλο και πιο ςθμαντικι για τθν αποτελεςματικότθτα του φαρμάκου. το 

κεφάλαιο εξετάηονται αυτζσ οι ζννοιεσ για να εξθγθκεί θ πρόςδεςθ και ο αποκλειςμόσ πρωτονίων του 

ιοντικοφ δίαυλου influenza Α M2 WT και M2 S31N, από τα ανάλογα τθσ ριμανταδίνθσ που περιλαμβάνουν 

αλκφλια ςυςτθματικά αυξανόμενου μεγζκουσ. Αποδείχτθκε  με τθ βοικεια των μετριςεων EP ότι θ 

ανκεκτικότθτα τθσ M2 S31N, ζναντι τθσ M2 WT, ςτα ανάλογα τθσ ριμανταδίνθσ οφείλεται ςτισ μεγαλφτερεσ 

ταχφτθτεσ koff ςυγκριτικά με τισ ςτακερζσ ςφνδεςθσ kon (βλ. Εικόνα 4). Αυτό οφείλεται ςτο γεγονόσ ότι, ςτθ 

M2 S31N, θ απϊλεια τθσ λιπόφιλθσ κοιλότθτασ για τον αδαμαντανικό ςκελετό που ςχθματίηεται από τισ V27 

προκάλεςε τον μικρό χρόνο παραμονισ μζςα ςτον πόρο Μ2 (βλ. Εικόνεσ 2, 4). Αμφότερα τα εναντιομερι 

τθσ ριμανταδίνθσ ζχουν παρόμοιεσ τιμζσ kon και koff ζναντι τθσ Μ2 WT. τθ εργαςία αυτι επίςθσ 

αποδείχτθκε ότι μια μικρι αλλαγι ςτθν αλλθλουχία τθσ Μ2 δθλαδι θ αντικατάςταςθ ενόσ αμινοξζοσ ςτθ 

κζςθ 28 τθσ Μ2 WT, παρότι δεν ζχει πλευρικι αλυςίδα με κατεφκυνςθ εντόσ του πόρου, επθρεάηει 

ςθμαντικά τθ ςφνδεςθ και τον φραγμό τθσ Μ2 WT από ζναν προςδζτθ. Η μελζτθ αυτι δθμοςιεφκθκε ςτο 

ACSMed. Chem. Lett. 2018, 29, 198-203 (βλ. αναφ. 26 ςτον κατάλογο τθσ βιβλιογραφίασ). 

 

 

 

 

 

 

 

 

 

 

 



  

xiii 

 

CPE, PRA, CC

M2TM Udorn/72 WT
M2TM Udorn/72 S31N

Udorn/72 WT M2
Udorn/72 S31N M2
Udorn/72 V28I M2

Udorn/72
Hong Kong/68

WSN/33 WT (N31)
WSN/33 N31S

EP

IT
C

, M
D

 

 

 

 

 

 

 

 

 

 

 

Εικόνα 4. Περιγραφι των πιο ςθμαντικϊν ςυνεπειϊν τθσ πρόςδεςθσ των παραγϊγων ριμανταδίνθσ ςτισ 

πρωτεΐνεσ M2TMWT και M2TMS31N. 26 

 

Με βάςθ τθν παρατιρθςθ ότι τα αμινοαδαμαντανικά παράγωγα προςανατολίηονται προσ το Ν-τελικό 

άκρο ςτθ S31N M2 ζγινε προςπάκεια ςχεδιαςμοφ  νζων ενϊςεων που να αναςτζλλουν τθ M2 S31N 

επιδιϊκοντασ τθν (α) Αφξθςθ τθσ ςυγγζνειασ ςφνδεςθσ με το N-άκρο τθσ Μ2 S31N ςυνδζοντασ τθν 

αμινομάδα των αμινοαδαμαντανικϊν παραγϊγων με πολικζσ ομάδεσ, προσ ςχθματιςμό υβριδικϊν 

ενϊςεων αμινοαδαμαντανίων-πολικϊν ομάδων, που μποροφν να ςχθματίςουν δεςμοφσ υδρογόνου και 

αλλθλεπιδράςεισ van der Waals με το Ν-τελικό άκρο και, (β) Αφξθςθ του όγκου του λιπόφιλου κλωβοφ των 

υβριδικϊν ενϊςεων αμινοαδαμαντανίων-πολικϊν ομάδων για τθν επίτευξθ ιςχυρότερων 

αλλθλεπιδράςεων van der Waals ςτθν ευρεία περιοχι γφρω από το αμινοξφ G34 των δφο ελικϊν, όπου δεν 

μπορεί να προςαρμοςτεί ςτακερά το αδαμαντάνιο. Μεγαλφτεροι ςε όγκο λιπόφιλοι ςκελετοί από το 

αδαμαντάνιο μποροφν να παραςκευαςτοφν με ςφνκεςθ άλκυλο υποκατεςτθμζνων αμινοαδαμαντανϊν, 

αμινοδιαδαμαντανίων, αμινοτριαδαμαντανίων. Πράγματι, μετριςεισ ITC ζδειξαν ότι αυτά τα ογκωδζςτερα 

ανάλογα μποροφν να προςδεκοφν εντόσ του πόρου Μ2ΣΜ WT. Επιπλζον, ςυντζκθκαν ανάλογα ανοικτισ 

αλυςίδασ του αδαμαντανίου, όπωσ οι πρωτοταγείσ tert-αλκυλαμίνεσ με ςχετικά μεγάλεσ αλυςίδεσ 

αλκυλίου. Αυτζσ οι αμίνεσ επίςθσ περιζχουν μια πολικι ομάδα με ςτόχο να προςαρμόηονται ικανοποιθτικά 

ςτο εςωτερικό του M2TM S31N όπωσ κα ςυηθτθκεί ςτο κεφάλαιο 5. 

 

 

 

 

 

Complex ITC TEVC CPE 

2-R + Μ2 WT Κd 

(μΜ) 

0.32 

kon, koff (M
-1s-1),Kd (μM) 

412, 0.0013, 3.2 

EC50  

(μΜ) 

0.05 

2-S + Μ2 WT 0.34 407, 0.0016, 3.9 0.06 

5 + Μ2 WT 3.43 34, 0.003, 13 1.07 

5 + Μ2 S31N >10 79, 0.14, 1800 > 100 
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Εικόνα 5. Αντιπροςωπευτικά αντίγραφα από τθν προςομοίωςθ μοριακισ δυναμικισ του προςδζτθ 5 (α) 

ςυνδεμζνου εντόσ του Μ2ΣΜ WT. Επτά μόρια νεροφ απεικονίηονται μεταξφ του προςδζτθ και του 

αμινοξζοσ Η37 των δφο ελικϊν. Σρεισ δεςμοί υδρογόνου μεταξφ τθσ ομάδασ αμμωνίου του προςδζτθ και 

τριϊν μορίων νεροφ απεικονίηονται. Οι δεςμοί υδρογόνου με μόρια νεροφ και οι αλλθλεπιδράςεισ van der 

Waals του αδαμαντανικοφ κλωβοφ με τισ πλευρικζσ αλυςίδεσ V27 και Α30 ςτακεροποιοφν τον προςδζτθ 

μζςα ςτον πόρο με τθν ομάδα αμμωνίου να είναι προςανατολιςμζνθ προσ το C-τελικό άκρο του διαφλου. 

(β) ςυνδεμζνου εντόσ του M2TMS31N. Απεικονίηονται τρία μόρια νεροφ μεταξφ του προςδζτθ και των 

αμινοξζων Η37 και δϊδεκα μόρια νεροφ μεταξφ του Ν31 και του Ν-άκρου του πόρου. Η ομάδα αμμωνίου 

του προςδζτθ προςανατολίηεται προσ το Ν-τελικό άκρο, όπου ςχθματίηει δεςμοφσ υδρογόνου με μόρια 

νεροφ ι με τθν καρβονυλομάδα του αμιδίου τθσ πλευρικισ αλυςίδασ του αμινοξζοσ Ν31. Η απϊλεια τθσ 

λιπόφιλθσ κοιλότθτασ των αμινοξζων V27 για τον αδαμαντανικό κλωβό είναι υπεφκυνθ για τθν αςκενι 

ςφνδεςθ των αμινοαδαμαντανίων μζςα ςτον πόρο. 

N-τελικό άκρο 

C-τελικό άκρο 
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Tο κεφάλαιο 4 μελετά τρόπουσ ςφνκεςθσ των πρωτοταγϊν tert-αλκυλαμινϊν ωσ δομικϊν τμθμάτων 

ενϊςεων τθσ φαρμακοχθμείασ. Σο περιεχόμενο του κεφαλαίου αφορά τθ ςυνκετικι χθμεία και τισ 

δυναμικζσ μελζτεσ NMR αυτισ τθσ κατθγορίασ ενϊςεων και των πρόδρομων τουσ ενϊςεων. Μελετικθκαν 

πζντε διαφορετικζσ πορείεσ ςφνκεςθσ πρωτοταγϊν tert-αλκυλαμινϊν αλειφατικισ δομισ που 

περιλαμβάνουν επίςθσ τμιματα αδαμαντανίου (βλζπε χιμα 4). 

 

 

 

Σχήμα 4. Πορείεσ ςφνκεςθσ πρωτοταγϊν tert-αλκυλαμινϊν ωσ δομικϊν τμθμάτων ενϊςεων τθσ 

φαρμακοχθμείασ. 

 

Οι  αμίνεσ που ςυντζκθκαν είναι ανάλογα τθσ αμανταδίνθσ που περιλαμβάνεται ςε ενϊςεισ που δρουν 

ςε διάφορουσ βιολογικοφσ ςτόχουσ. τθν πρϊτθ πορεία μελετικθκε ο ςχθματιςμόσ και θ αναγωγι των tert-

αλκυλαηιδίων (πορεία Α), όπου θ απόδοςθ εξαρτάται από τθν επιλογι του διαλφτθ για τον ςχθματιςμό του 

αηιδίου και το αντιδραςτιριο που χρθςιμοποιείται, κακϊσ και από τισ ςυνκικεσ που εφαρμόηονται ςτθν 

αντίδραςθ αναγωγισ. Σο διχλωρομεκάνιο ι το 1,2-διχλωροαικάνιο και το LiAIH4 βρζκθκαν να είναι οι 

βζλτιςτεσ επιλογζσ. Οι αποδόςεισ τθσ tert-αλκυλαμίνθσ μειϊκθκαν όταν το tert-αλκυλικό υπόςτρωμα 

περιείχε μεγαλφτερεσ ομάδεσ αλκυλίου από το Pr3. Αυτι θ ςυνικθσ πορεία ςφνκεςθσ βρζκθκε να είναι θ 

πιο γενικι, ςυγκριτικά με τισ υπόλοιπεσ τζςςερεισ που κα περιγραφοφν παρακάτω, καλφπτοντασ το 

ευρφτερο φάςμα υποςτρωμάτων ςυμπεριλαμβανομζνων και των ογκωδϊν υποκαταςτατϊν αδαμαντανίου. 

Η αντίδραςθ Ritter (πορεία Β) δεν ιταν αποδοτικι. Παρόλα αυτά θ τροποποιθμζνθ αντίδραςθ Ritter 

(πορεία C), θ οποία βαίνει μζςω ενόσ tert-άλκυλο χλωροακεταμιδίου, οδθγεί ςτο ςχθματιςμό των tert-
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αλκυλαμινϊν με ικανοποιθτικζσ αποδόςεισ ακόμα και ςε ενϊςεισ που περιλαμβάνουν μακριζσ αλκυλικζσ 

αλυςίδεσ. Η πορεία αυτι δεν ιταν αποδοτικι όταν το υπόςτρωμα περιελάμβανε αδαμαντάνιο. Η πορεία D, 

που περιλαμβάνει τθν προςκικθ οργανομεταλλικϊν αντιδραςτθρίων ςε N-tert-βουτυλο-ςουλφινυλο-

κετιμίνεσ παρουςιάηει επίςθσ τουσ ίδιουσ περιοριςμοφσ. Η ςφνκεςθ πρωτοταγϊν tert-αλκυλαμινϊν από 

νιτρίλια με τθ χριςθ οργανομεταλλικϊν αντιδραςτθρίων και Σi(i-PrO)4  είναι μια ςυνκετικι πορεία «μίασ 

φιάλθσ» (μζκοδοσ Ε) που αποδείχκθκε πετυχθμζνθ. Θζλοντασ να διερευνιςουμε τθν επίδραςθ του 

αδαμαντανίου  ςτθ δραςτικότθτα και τθ διαμορφωτικι δυςκαμψία, θ περιςτροφι τθσ 1-αδαμαντυλομάδασ 

μελετικθκε χρθςιμοποιϊντασ δυναμικό NMR (dynamic NMR, DNMR) ςτισ ενϊςεισ Ad-C(Et2)OH και Ad-

C(Et2)Cl. τα φάςματα NMR παρατθρικθκε ςχάςθ των ςθμάτων των ανκράκων 2 ', 8', 9'-C και 4 ', 6', 10'-C 

μειϊνοντασ τθν κερμοκραςία ςτουσ -100 οC. Η ελεφκερθ ενζργεια για περιςτροφι δεςμοφ υπολογίςτθκε 

ότι είναι ΔG≠ = 8.7 ± 0.2 kcal mol-1για το δεςμό Αδαμαντίου-C ςτθν ζνωςθAd-C(Et2)OH και 10.0 ± 0.4 kcal 

mol-1ςτθν ζνωςθ Ad-C(Et2)Cl ςυγκριτικά με 9.3 kcal mol-1ςτθν ζνωςθAd-C(Me2)Cl ι 10.6 kcal mol-1ςτθν 

ζνωςθAd-CMe(t-Bu)Cl. 

το Κεφάλαιο 5 περιγράφεται ο ςχεδιαςμόσ και θ ανάπτυξθ αναςτολζων που ςτοχεφουν τον δίαυλο 

πρωτονίων Μ2 ανκεκτικϊν ςτελεχϊν του ιοφ influenza Α. Οι λοιμϊξεισ από τον ιό influenza οδθγοφν ςε 

πολυάρικμουσ κανάτουσ και ςε εκατομμφρια νοςθλείεσ κάκε χρόνο. Μια πρόκλθςθ που αντιμετωπίηει θ 

ανάπτυξθ φαρμάκων κατά του ιοφ influenza είναι θ ετερογζνεια των διαφόρων υποτφπων του ιοφ που είναι 

εξαπλωμζνοι, και περιλαμβάνουν πολλά ςτελζχθ με διαφορετικι ευαιςκθςία ςτα αντιϊκά φάρμακα. Για 

παράδειγμα οι ιοί influenza Α WT, όπωσ είναι αυτόσ που προκαλεί τθν εποχικι επιδθμία H1N1, είναι 

ευαίςκθτοι ςτα αντιϊκά φάρμακα αμανταδίνθ και ριμανταδίνθ. Aντίκετα οι μεταλλαγμζνοι ιοί S31N, όπωσ 

είναι αυτοί που προκάλεςαν τθν πανδθμία 2009 H1N1 (H1N1pdm09) και είναι υπεφκυνοι για τθν εποχικι 

επιδθμία H3N2, και οι ιοί L26F , V27A, A30T, G34E παρουςιάηουν ανκεκτικότθτα ςε αυτι τθν κατθγορία 

φαρμάκων. Αναφζρουμε ςτθν εργαςία αυτι ενϊςεισ-οδθγοφσ που αντιςτοιχοφν ςε αναςτολείσ των 

μεταλλαγμζνων ιϊν που παρουςίαςαν ςθμαντικι αντιϊκι δράςθ ζναντι των ιϊν WT, S31N, L26F και μζτριεσ 

δραςτικότθτεσ ζναντι των ιϊν V27A, A30T, G34E. Οι ενϊςεισ αυτζσ περιλαμβάνουν τθν αμανταδίνθ ι ζνα 

υποκατεςτθμζνο αμινοαδαμαντάνιο, ςτθ κζςθ 1 ι 2 του αδαμαντανίου (αλκυλομάδα, φκόριο κτλ) ι 

αμινοδιαδαμαντάνιο, αμινοτριαδαμαντάνιο ι πρωτοταγι tert-αλκυλαμίνθ όπου θ αμινομάδα ςυνδζεται με 

μια πολικι ομάδα, πολικι κεφαλι, μζςω μιασ γζφυρασ μεκυλενίου 27–29 (χιμα 5). υγκεκριμζνα, οι 

ενϊςεισ 45, 46, 57 και 58 ιταν οι πιο ςθμαντικζσ παρουςιάηοντασ αναςταλτικι δράςθ ζναντι πολλαπλϊν 

ςτελεχϊν, δθλαδι, των ιϊν S31 (που αντιςτοιχεί ςε WT), S31N, V27A, L26F, A30T και G34E.  Oι ιοί αυτοί 

ςχθματίςτθκαν με εφαρμογι μεκόδων αντίςτροφθσ γενετικισ. 
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Σχήμα 5. Χθμικζσ δομζσ υβριδικϊν μορίων αμινοαδαμαντανικϊν παραγϊγων ςυηευγμζνων με πολικζσ 

ομάδεσ, που ςυντζκθκαν ςτθν παροφςα εργαςία. 

 

Η ζρευνα και διευκρίνθςθ τθσ πρόςδεςθσ του προςδζτθ ςτθ Μ2 μεταξφ πρωτεΐνθσ επιτεφχκθκε 

χρθςιμοποιϊντασ πειράματα EP και προςομοιϊςεισ MD. Ζτςι, τα αποτελζςματα τθσ ΕΡ ζδειξαν τον φραγμό 

τθσ ροισ των πρωτονίων εντόσ του πόρου των ιϊν Μ2 WT και S31N Μ2 από τισ δραςτικζσ ενϊςεισ. Οι 

προςομοιϊςεισ MD των αλλθλεπιδράςεων του ςυμπλόκου υποδοχζα Μ2-προςδζτθ ζδειξαν ότι ζνασ 

αναςτολζασ διπλισ δράςθσ ςτουσ ιοφσ WT και S31N προςδζνεται ςτον δίαυλο WT Μ2 με τθν αρωματικι 

ομάδα τθσ πολικισ κεφαλισ ςτραμμζνθ προσ το C-τελικό άκρο, ενϊ θ ίδια ζνωςθ προςδζνεται ςτο δίαυλο 

S31N Μ2 με τθν αρωματικι του ομάδα να είναι ςτραμμζνθ  προσ το Ν-τελικό άκρο (βλ. Εικόνα 6). 28 
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(α)                                                                                                              (β) 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Εικόνα 6. (α) Αντιπροςωπευτικζσ εικόνεσ από τθν προςομοίωςθ MD του προςδζτθ 58 ςτο M2TMWT με τθν 

ομάδα αμμωνίου προςανατολιςμζνθ ςτο Ν-τελικό άκρο του διαφλου. Απεικονίηονται δυο δεςμοί 

υδρογόνου μεταξφ τθσ ομάδασ αμμωνίου τθσ ζνωςθσ και δφο μορίων νεροφ και μεταξφ τθσ ομάδασ 4-MeO-

2-OH-φαινυλίου του προςδζτθ και δφο μορίων νεροφ. (β) Αντιπροςωπευτικά αντίγραφα από τθν 

προςομοίωςθ ΜD του προςδζτθ 58 ςτο M2TMS31N με τθν ομάδα αμμωνίου προςανατολιςμζνθ προσ το C-

τελικό άκρο του διαφλου. Η ομάδα αμμωνίου του προςδζτθ ςχθματίηει δφο δεςμοφσ υδρογόνου, ζνα με 

ζνα μόριο νεροφ και ζνα με τθν καρβόνυλο ομάδα τθσ πλευρικισ αλυςίδασ του αμινοξζοσ N31. Η ομάδα 

MeO-2-OH-φαινυλίου του προςδζτθ ςχθματίηει δφο δεςμοφσ υδρογόνου, ζνα με ζνα μόριο νεροφ και ζνα 

με τθν αμινομάδα τθσ πλευρικισ αλυςίδασ του αμινοξζοσ Ν31.Οι αλλθλεπιδράςεισ Van der Waals μεταξφ 

του προςδζτθ και τθσ περιοχισ του πόρου M2TM μεταξφ V27 και H37 ςτακεροποιοφν το μόριο εντόσ του 

διαφλου.  
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Extensive Summary 

 

Research Project Description 

Introduction:  

Amantadine (Amt (1)) and rimantadine (Rim (2)) are blockers of proton transport by influenza A virus Μ2 ion 

channel protein, 1,2 and approved as prophylactics and therapeutics against influenza A wild type (WT) 

viruses. However, since 2005, the amantadine-insensitive Ser-to-Asn mutation at position 31 (S31N) in M2 

protein has become globally prevalent, abrogating the clinical usefulness of amantadine3,4and possibly other 

previously reported M2 inhibitors. Thus, new agents are needed to combat drug-resistant strains of 

influenza. 

The primary binding site of amantadine and rimantadine is the transmembrane domain lumen (TM, 

amino acids 22-46) in the four-helix bundle of tetrameric M2 WT, that forms the proton transport path. 

According to high resolution structures from X-ray and solid state NMR (ssNMR) experiments published 

between 2008-2011 by Tim Cross, William DeGrado, and Mei Hong in the highest impact factor Journals i.e., 

Nature, JACS etc, the M2TM protein channel is blocked by amantadine and rimantadine via a pore-binding 

mechanism. 5,6,7,8,9,10,11The adamantyl cage in these molecules is tightly contacted on all sides by V27 and A30 

side chains, producing a steric occlusion of proton transport 6,7,8,9and thereby preventing the continuation of 

the viral life cycle. The ssNMR results also demonstrated that the ammonium group of these drugs is 

pointing towards the four H37 residues at the C-end. 9 This orientation can be stabilized only through 

hydrogen bonds between the ligand and (a) with water molecules in the channel lumen between the 

imidazoles of H37 and the ligand and (b) possibly with A30 carbonyls in the vicinity, according to 

experimental and molecular dynamics (MD) simulations data. 9,12,13,14,15,16,17,18,19Provided that M2TM is a 

minimal model for M2 binding, these experimental  high resolution structures can be used for the prediction 

of new ligands binding more effectively to the M2TM pore for example through MD simulations19 or more 

precisely by binding free energy calculations. 20,21,22 

 

Aims of the PhD thesis: We aim to investigate how subtle changes: (a) in amantadine structure are related 

with the binding affinity against M2TM pore variants resulting in increase or reduce of binding affinity, and 

(b) in M2TM structure caused by a single mutation, i.e.. S31N cause resistance of influenza A virus 

abrogating the clinical effectiveness of amantadine based drugs. The understanding of the molecular basis of 

resistance through biophysical and computational methods will be used for the rational drug design and 

synthesis of novel molecules to combat pandemic mutant influenza A viruses causing disease. Chapter 1 will 

focus on (a) while Chapters 2-5 on (b). 
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Chapter analysis: In Chapter 1 affinity of rimantadine enantiomers (Scheme 1) was revisited using 

biophysical methods and alchemical binding free energy calculations.  

 

 

 

Scheme 1. Structures of studied aminoadamantane derivatives amantadine (1), rimantadine enantiomers, 2-

R and 2-S, and rimantadine analogue 3 . Compound 3 and amino acid sequence of M2TM WT peptide were 

synthesized for the purposes of this study. 

 

We previously used molecular mechanics (MM) Poisson-Boltzmann surface area(MM/PBSA) to interpret 

thermodynamic profiles measured using (a) isothermal titration calorimetry (ITC) for aminoadamantanes 

binding to the avian M2TMWeybridge in order to successfully prioritize aminoadamantane derivatives.22 We also 

applied rigorous relative free energy binding calculations by the Bennett acceptance ratio (BAR) approach to 

accurately predict experimental relative binding affinities of aminoadamantane derivatives towards M2TMWT 

or M2TMWeybridge measured respectively by ITC or spectroscopic methods. 20,21 However, the affinity of 

rimantadine enantiomers to the M2 protein channel has never been investigated in detail. Findings from 

ssNMR studies published by Cross group in 2016 suggested that enantiomers bind to M2 with different 

affinity as expected based on the interaction of enantiomers with a chiral guest biopolymer. In particular, 

Cross group suggested that the (R)-enantiomer of rimantadine binds to the full M2 protein with higher 

affinity than the (S)-enantiomer. 10 This was the first state of the art ssNMR study of the full M2 protein but 

the conclusion, although made sense, seemed to be puzzling as it has been shown before that: (a) 

Rimantadine enantiomers have similar in vivo antiviral activity in protecting mice from lethal influenza; (b) 

Rimantadine was approved as commercial drug in the US in 1993 containing both enantiomers. Intrigued by 

these findings, we applied in collaboration functional assays, such as antiviral assay and electrophysiology 

(EP), to evaluate the binding affinity of rimantadine enantiomers to the M2 protein channel. Additionally the 

binding constants of rimantadine enantiomers against M2TMWT were measured for the first time using ITC 

and found to be equal (see Table 1). For this purpose: (a) M2TM WT peptide, corresponding to residues 22-

46 of Udorn/72 wild type sequence of M2, was synthesized as C-terminally amidated M2TMUdorn/72, including 

the sequence SSDPLVVAASIIGILHLILWILDRL, by standard Fmoc solid phase peptide synthesis using an 

aminomethyl polystyrene resin loaded with the amide linker, (b) purified by reverse phase HPLC and, (c) 

characterized by mass spectroscopy. 
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Table 1.Synopsis of rimantadine enantiomers to influenza A/M2 protein.23 

Rim-R 

Kd M2TMUdorn(ITC) = 0.32 μΜ 

%block to M2Udorn(TEVC) = 95% 

%block to M2WSN/33-N31S (TEVC) = 90% 

IC50 (Udorn/72, CPE) = 0.05 μΜ 

IC50 (WSN/33-M2-N31S, CPE) = 0.05 μΜ 

3 → Rim-R,ΔΔGFEP=0.62 ± 0.14, 

ΔΔGexp=0.33 ± 0.50 

Rim-S 

Kd M2TMUdorn(ITC) = 0.34 μΜ 

%block to M2Udorn(TEVC) = 96% 

%block to M2WSN/33-N31S (TEVC) = 92% 

IC50 (Udorn/72, CPE) = 0.06 μΜ 

IC50 (WSN/33-M2-N31S, CPE) = 0.03 μΜ 

3 → Rim-S,ΔΔGFEP=0.68 ± 0.15, 

ΔΔGexp=0.42 ± 0.48 

 

Our experimental data based on the full M2 protein function, were further supported by MD simulations 

(Figure 1 and 2). Alchemical free energy calculations using the Bennett acceptance ratio (BAR) method were 

performed to calculate the relative binding affinity of rimantadine enantiomers compared to 3, synthesized 

and measured for this comparison, against M2TM in its closed form at pH 8 in 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC) lipids to mimic the membrane environment. Νo significant difference was found 

between the two enantiomers Both enantiomers have similar channel blockage, affinity and antiviral 

potency (Figure 1, Table 1). The work was published in ACS Med. Chem. Lett.2017, 27, 145-150, and part of 

the work in ACS J. Chem. Info.Model.2016, 56, 862-76  i.e., see ref. 23 and 21 respectively in References list 

of the extended summary. 
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Figure 1.Representative replicas from FEP/MD simulations: Ligand 3 bound inside M2TM WT ion channel 

pore in hydrated DMPC bilayer. Σhe full system is shown. 
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(a) 

 

 

 

 (b) 

 

 

 

Figure 2. (a) Ligand 2-S or (b) of 2-R bound to M2TM. Seven and eight waters are shown between the ligand 

and H37 residues respectively. Three hydrogen bonds between the ammonium group of the ligand and three 

water molecules are shown. These hydrogen bonding together with van der Waals interactions of the 

adamantane core with V27 and A30 stabilize the ligand inside the pore with its ammonium group oriented 

towards the C-terminus. 

 

In Chapter 2 the molecular basis of resistance of M2 WT protein to amantadine based drugs is 

investigated. While aminoadamantanes are well-established inhibitors of the influenza A M2 proton channel, 

the mechanisms by which they are rendered ineffective against M2S31N are unclear.  The differences in 

binding and proton blockage by amantadine variants of the influenza M2WT and M2S31N is explained using 

ssNMR and ΜD simulations. For this purpose M2TM S31N peptide corresponding to residues 22-46 of 

Udorn/72 but including the mutation Ser31-to-Asn (C-terminally amidated M2TMS31N: 

SSDPLVVAANIIGILHLILWILDRL) was synthesized by standard Fmoc solid phase peptide synthesis using an 

aminomethyl polystyrene resin loaded with the amide linker and purified by reverse phase HPLC and 

N-terminus 

C-terminus 
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characterized by mass spectroscopy. Ligands 2-7, 9 were re-synthesized and two new ligands i.e., 8, 10 were 

synthesized with subtle changes in structure compared to spiropyrrolidine[2,2']adamantane 6 (Scheme 2) in 

order to investigate how these structural modifications affect ssNMR signals. 

 

 

 

M2TM S31N: SSDPLVVAANIIGILHLILWILDRL 

 

Scheme 2.Ligands synthesized for the studies. M2TM S31N peptide was also synthesized for the purposes of 

this study. 

 

 

 

Figure 3. Summary of the most important binding consequences by amantadine variants to the influenza 

M2TMWT and M2TMS31N.25 
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ssNMR, ITC, EP, anti-viral assays and MD simulations suggested stronger binding interactions for 

aminoadamantanes to M2WT compared to negligible or weak binding to M2S31N. This is due to reshaping of 

the M2pore when N31 is present  which in contrast to wild type (WT), leads:  A) To the loss of the V27 

pocket for the adamantyl cage and to a predominant orientation of the ligand's ammonium group toward 

the N-terminus. S31N mutation of M2TM results in a shift of the hydrophobic adamantyl ring towards the C-

terminus close to G34, due to the repulsive forces of N31 amide side chains to adamantyl ring. In G34 M2TM 

has the highest diameter and adanantane can't be tightly accommodated. As a consequence the stabilizing 

hydrophobic interactions of the V27 isopropyl groups with the adamantyl ring that are present in the M2TM 

WT are lost in M2TM S31N. Additionally ligand is rotated towards the N-terminus to form H-bond with 

Asn31 without having stabilizing van der Waals contacts. B) To the lack of a helical kink upon ligand binding 

to M2TM S31N. The kink, which reduces the tilt of the C-terminal helical domain relative to the bilayer 

normal includes the W41 primary gate for proton conductance and may prevent the gate from opening. Σhis 

represents an alternative view for how these drugs prevent proton conductance i.e., through comparison of 

the kink caused by the ligands to M2TM WT compared to M2TM S31N  (see also Figure 3). The work was 

published in J. Med. Chem. 2014, 57, 4629-4639 and J. Med. Chem. 2017, 60, 1716-1733 i.e., see ref. 24 and 

25 in References list respectively of the extended summary. 

In Chapter 3 the unraveling of the binding, proton blockage and inhibition of the influenza M2 WT and 

S31N by rimantadine variants is further pursued using binding kinetics by means of EP, and biophysical 

methods and assays in the equilibrium state like ITC, antiviral assays and MD simulations. Recently, the 

binding kinetics of a ligand-target interaction, such as the residence time of a small molecule on its protein 

target, are seen as increasingly important for drug efficacy. Here we investigate these concepts to explain 

binding and proton blockage of synthetic rimantadine variants bearing progressively larger alkyl group size 

to influenza A virus M2 WT and M2 S31N protein proton channel. We showed that resistance of M2 S31N to 

rimantadine analogues compared to M2 WT resulted from their higher koff rates compared to the kon rates 

according to EP measurements (see Figure 4). This is due to the fact that, in M2 S31N, the loss of the V27 

pocket for the adamantyl cage resulted in low residence time inside the M2 pore (see Figure 2, 4). Both 

rimantadine enantiomers have similar channel blockage and binding kon and koff against M2 WT. It was also 

shown that a small change in an amino acid at site 28 of M2 WT, which does not line the pore, seriously 

affects M2 WT blockage efficiency. The work was published in ACS Med. Chem. Lett. 2018, 29, 198-203 i.e., 

see ref. 26 in References list. 
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Figure 4. Summary of the most important binding consequences by amantadine variants to the influenza 

M2TMWT and M2TMS31N.26 

 

Based on the observation that aminoadamantane drugs oriented towards the N-end in S31N M2 we then 

seek to design novel compounds targeting M2 S31N by (a) Increasing binding strength with the N-end of M2 

S31N after connecting the amine group of the aminoadamantane derivatives with polar heads, resulting to 

aminoadamantane-polar head conjugates that can form H-bonds and van der Waals interactions with M2TM 

N-end and, (b) Increasing lipophilic cage volume in the aminoadamantane-polar head conjugates in order to 

effect stronger van der Waals interactions in the broad area around G34, where adamantane can't be tightly 

accommodated. Larger adducts can be made by synthesizing alkyl substituted aminoadamantanes, 

aminodiadamantanes, aminotriadamantanes. Indeed these bigger adduct analogues were found to bind to 

M2TM WT using ITC and thus they can fit inside the M2TM pore. Additionally adamantane open chain 

analogues like primary tert-alkyl amines with relatively long alkyl chains will be synthesized. These amines 

were also connected with a polar head to fit favorably inside M2TM S31N as will be discussed in Chapter 5. 

 

 

 

 

 

 

 

 

 

Complex ITC TEVC CPE 

2-R + Μ2 WT Κd  

(μΜ) 

0.32 

kon, koff (M
-1s-1),Kd (μM) 

412, 0.0013, 3.2 

EC50  

(μΜ) 

0.05 

2-S + Μ2 WT 0.34 407, 0.0016, 3.9 0.06 

5 + Μ2 WT 3.43 34, 0.003, 13 1.07 

5 + Μ2 S31N >10 79, 0.14, 1800 > 100 
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(a) 

 

 

 

 

 

                 (b) 

 

 

 

 

 

 

Figure 5. Representative replicas from the simulation of ligand 5 (a) bound to M2TM WT. Seven water 

molecules are shown between the ligand and H37 residues. Three hydrogen bonds between the ammonium 

group of the ligand and three water molecules are shown. Hydrogen bonding with water molecules and van 

der Waals interactions of the adamantane core with V27 and A30 side chains stabilize the ligand inside the 

pore with its ammonium group oriented towards the C-terminus of the channel; (b) bound to M2TMS31N. 

Three water molecules are shown between ligand and the H37 residues and twelve water molecules 

between N31 and the mouth of the pore. The ammonium group of the ligand is oriented towards the N-

terminus, where it forms hydrogen bonds with water molecules or the carbonyl group of the N31 amide side 

chain. The loss of the V27 pocket for the adamantyl cage would be expected to lead to weak binding of 

aminoadamantane ligands. 

 

C-terminus 

N-terminus 
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Chapter 4 is dealing with approaches to the synthesis of primary tert-alkyl amines as medicinal chemistry 

building blocks. The content is towards synthetic chemistry and dynamic NMR studies of this class of 

molecules and their precursors. Five procedures were tested for the synthesis of primary tert-alkyl primary 

amines in aliphatic series including also adamantane adducts (see Scheme 4).  

 

 

 

Scheme 4.Approaches to primary tert-alkyl amines as medicinal chemistry building blocks. 

 

The synthesized amines are analogues of amantadine which is included in compounds acting against 

various biological targets. The first procedure included the formation and reduction of tert-alkyl azides 

(procedure A), where yield depends from the selection of solvent for azide formation and the reagent and 

conditions for its reduction. Dichloromethane or 1,2-dicholoroethane and LiAlH4 were found to be optimal 

choices. The yields of the amine products were diminished when the tert-alkyl substrate includes longer alkyl 

groups than Pr3. This common procedure was the most general compared with the next four described 

below covering a broader range of substrates including also bulky adamantane adducts. Standard Ritter 

reaction (procedure B) was not affordable. A modified Ritter scheme (procedure C), which proceeds through 

a tert-alkyl chloroacetamide produced tert-alkyl amines with good yields also for long alkyl groups. The 

procedure failed when the substrate included an adamantane adduct. Procedure D included the addition of 

organometallic reagents to N-tert-butyl sulfinylketimines and had also the same limitations. The synthesis of 

primary tert-alkyl amines from nitriles using organometallic reagents and Σi(i-PrO)4 was a useful one-flask 

transformation (procedure E). Triggered by the effects of the adamantane adduct in reactivity and 
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conformational strain the rotation of the 1-adamantyl group was investigated using dynamic NMR (DNMR) in 

the synthesized Ad-C(Et2)OH and Ad-C(Et2)Cl. Their NMR spectra resulted in decalescence for carbons 2', 8', 

9'-C and 4', 6', 10'-C signals at temperatures as low as -100 οC. The free energy for bond rotation was 

calculated to be ΔG≠ = 8.7 ± 0.2 kcal mol-1 for adamantyl-C bond in Ad-C(Et2)OH and 10.0 ± 0.4 kcal mol-1 in 

Ad-C(Et2)Cl compared to 9.3 kcal mol-1 in Ad-C(Me2)Cl or 10.6 kcal mol-1 in Ad-CMe(t-Bu)Cl. 

In Chapter 5 the design and development of resistance-breaking inhibitors targeting the M2 proton 

channel of influenza A viruses is described. Influenza virus infections lead to numerous deaths and millions of 

hospitalizations each year. One challenge facing anti-influenza drug development is the heterogeneity of the 

circulating influenza viruses, which comprise several strains with variable susceptibility to antiviral drugs. For 

example, the WT influenza A viruses, such as the seasonal H1N1, tend to be sensitive to antiviral drugs 

amantadine and rimantadine. Ιn contrast, the S31N mutant viruses, such as the pandemic 2009 H1N1 

(H1N1pdm09) and seasonal H3N2, as well as L26F, V27A, A30T, G34E are resistant to this class of drugs. We 

report here lead compounds that represent resistance-breaking inhibitors with fair antiviral potencies 

against WT, S31N, L26F and moderate potencies against V27A, A30T, G34E. The inhibitors included 

amantadine or a substituted aminoadamantane, at 1, or 2- adamantane position (alkyl group, fluoro group 

etc) or aminodiadamantane, aminotriadamantane  or primary tert-alkyl amine compound, linked to amino 

group with a polar head through a methylene bridge 27–29 (Scheme 5). In particular compounds 45, 46, 57 

and 58 were the most interesting being multi-strain inhibitors i.e., exhibiting potency against S31 

(corresponding to WT), S31N, V27A, L26F, A30T and G34E viruses. These viruses were generate  through 

reverse-genetics methods. 
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Scheme 5.Chemical structures of synthesized aminoadamantane-polar heads conjugates. 

 

Target Μ2 protein-ligand binding investigation was achieved using EP and MD simulations. Thus, EP 

supported the blockage of protons flow by the compounds inside M2  WT and S31N M2. MD simulations of 

drug-M2 interactions showed that a dual WT, S31N inhibitor binds in the WT M2 channel with an aromatic 

group facing down toward the C-terminus, while the same drug binds in the S31N M2 channel with its 

aromatic group facing up toward the N-terminus (see Figure 6). 28 
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Figure 6. (a) Representative replica from the MD simulation of ligand 58 bound to M2TM WT with its 

ammonium group oriented towards the C-terminus of the channel. Two hydrogen bonds between the 

ammonium group of the ligand and two water molecules and between 4-MeO-2-OH phenyl group of the 

ligand and two water molecules are shown. (b)Representative replica from the MD simulation of ligand 58 

bound to M2TMS31N with its ammonium group oriented towards the N-terminus of the channel. The 

ammonium group of the ligand form two hydrogen bonds  one with water molecule and one with N31 side 

chain carbonyl group. The 4-MeO-2-OH phenyl group of the ligand forms one hydrogen bond with one water 

molecule and another one with N31 side chain NH2 group. Van der Waals interactions between the ligand 

and the M2TM pore walls between V27 and H37 stabilize the ligand inside the pore.  

 

 

 

(a)                                                                                                                (b) 
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1.1 Abstract 

 

Recent findings from solid state NMR (ssNMR) and molecular dynamics (MD) simulations studies suggested 

that the (R)-enantiomer of rimantadine binds to the M2 channel with higher affinity than the (S)-enantiomer. 

Intrigued by these findings, we applied functional assays, such as antiviral assay and electrophysiology (EP), 

to evaluate the binding affinity of rimantadine enantiomers to the M2 protein channel. Unexpectedly, no 

significant difference was found between the two enantiomers. Our experimental data based on the full M2 

protein function, were further supported by alchemical free energy calculations and Isothermal Titration 

Calorimetry (ITC) allowing an evaluation of the binding affinity of rimantadine enantiomers to the M2TM 

pore. Both enantiomers have similar channel blockage, affinity and antiviral potency. 
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1.2 Introduction 

 

Amantadine (Amt, (1)) and rimantadine (2) (Scheme 1) are blockers of proton transport in the wildtype (WT) 

influenza A M2 proton channel1,2 and have been effective prophylactics and therapeutics against influenza A 

virus.3 The M2 protein of the influenza A virus has a short 97-residue sequence. It forms tetramers, and its 

transmembrane domain (A/M2TM, residues 22-46) comprises the pore of a proton channel that is activated 

by low pH in the viral endosome; the open state of the channel results when the imidazole rings of the four 

His37 residues, which line the inner part of the pore, are protonated.4 Its activation ultimately leads to the 

unpacking of the influenza viral genome and to pathogenesis.5The TM domain of the M2 protein, which 

contains the proton-conducting residue, His37,4 and the channel-gating residue, Trp416,7reproduces most of 

the electrophysiological, pharmacological, and biophysical features of the full-length M2 protein, such as 

low-pH activated proton conductivity, 1-dependent sensitivity of the proton current, and tetramerization of 

the protein.8,9, 10,34 Starting at the exterior of the virus, the N-terminal half of the M2TM sequence forms a 

water-filled pore lined by Val27, Ala30, Ser31, and Gly34. These sites are frequently mutated in 1-resistant 

mutants.11,12 The pore is interrupted by His37 and Trp41, which project towards the center of the channel, 

while Asp44 defines its C-terminal end.10 

Although 1 and 2 have been used as antivirals for decades, it was only after 2008 that high resolution 

structures from x-ray and solid state NMR (ssNMR) experiments have been unveiled of the high resolution 

structures of M2TM in complex with 1 or 213 ,14,15,16,17. According to these findings the M2TM protein channel 

is blocked by 1 and 2 via a pore-binding mechanism.14,15,16,17,9 The adamantane cage in 1 and 2 and 

aminoadamantane analogues18,19,20is tightly contacted on all sides by V27 and A30 side chains, producing a 

steric occlusion of proton transport14,15,16,17and thereby preventing the viral replication. The ssNMR results 

for 2 also demonstrated that the ammonium group of the drug is pointing towards the four H37 residues at 

the C-end (Figure 1).17 This orientation can be stabilized either through hydrogen bonds with water 

molecules in the channel lumen between the imidazoles of H37 and the ligand and/or possibly with A30 

carbonyls21 in the vicinity according to experimental and molecular dynamics (MD) simulations 

data.17,21,22,23,24,25,26,27,28,29 This is consistent with a lowering of the pKa of the proton-sensing His37 by ~ three 

log units compared with the first pKa of histidine in 1 free M2TM. Thus, upon drug binding to M2TM, the pKa 

of His37 drops from 8.2 to 5.4.30,31 

Provided that M2TM is a minimal model for M2 binding,9 these high resolution structures can be used 

for the prediction of new ligands binding more effectively to the M2TM pore. 
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Scheme 1.Structures of studied aminoadamantane derivativesamantadine (1), rimantadine(2)(2-

Rand 2-S) and rimantadine analogue 3. 

 

The effect of ligand's chirality in its binding with a chiral receptor is of outstanding significance and the 

characterization of protein-ligand interactions for each enantiomer separately may identify potential 

stereospecific binding interactions to the receptor. While rimantadine analogues are known antiviral drugs 

for more than four decades, the relative potency of rimantadine enantiomers has not been studied at the 

molecular level. Binding affinity of each enantiomer results from chiral interactions with the binding area 

inside the four-fold symmetric M2 protein. Based on differences in isotropic chemical shift changes 

measured using ssNMR and MD simulations results, it has been recently suggested that 2-R and 2-S have a 

strong but differential binding to full length M2, i.e., that 2-R binds more tightly than 2-S.29 This was the first 

state of the art ssNMR study of the full M2 protein and analysis of the rimantadine enantiomers binding, but 

this conclusion appears to be puzzling as it has been shown before that: (1)2-R and 2-S have similar in vivo 

antiviral activity in protecting mice from lethal influenza32; (2) Rimantadine was developed prior to the 1992 

FDA guidance on the development of stereoisomers. It was approved as commercial drug in the US in 1993 

containing both enantiomers. 
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Figure 1. Structure and amino acid sequence of M2TMUdorn/72. Cartoon representation of M2TM 

(PDB entry: 2KQT13,15) with critical residues for binding: V27 (red), A30 (light blue), His37 (pink) 

depicted as sticks. Side view of M2TMUdorn/72; one monomer of the tetramer was removed for 

visualization purposes; the N-terminal end is at the top. Amino acid sequence of M2TMUdorn/72 

corresponding to 2KQT: SSDPLVVAASIIGILHLILWILDRL. 

 

Using ssNMR analysis and molecular dynamics simulations it has just been recently suggested that 2-R 

and 2-S have a strong but differential binding to full length M2 as it was showed that they affect different 

significant isotropic chemical shift changes at S31 and G34 when bound to the M2 protein as measured using 

ssNMR.29 This was the first state-of-the-art ssNMR study of the full M2 protein but this conclusion appears to 

be puzzling as it has been shown before that: (a)2-R and 2-S  has similar in vivo antiviral activity in protecting 

mice from influenza virus infection induced death32; (b) Rimantadine (2) was approved and used as a racemic 

mixture.  

To solve the controversy between in vitro binding assay (ssNMR) results and the in vivo efficacy 

results, we hereby characterize the binding affinity of two rimantadine enantiomers and their antiviral 

V27 

H37 
 

A30 
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efficacy using a consortium of in vitro and cellular assays. Collectively our results demonstrate that 

rimantadine enantiomers (2-R and 2-S) have equal potency. More specifically we first measured the ITC 

binding affinities of 2-R, 2-S,and 3 against the M2TMUdorn/72 in its closed form at pH 8. Compound 3 is a non-

chiral dimethyl analogue of rimantadine and it was designed and synthesized as a probe to independently 

validate the assay results from 2-R and 2-S. We then applied a free energy perturbation coupled with MD 

simulations (FEP/MD) alchemical calculation scheme to calculate the relative free energies of binding 

between rimantadine enantiomers (2-R and 2-S) as well as compound 3. In particular, we calculated the 

relative free energies of binding for the alchemical transformations 3 to 2-R and 3 to 2-S. Following up, the 

blocking effect of 2-R, 2-S and 3 against full length A/Udorn/72 M2 protein (M2Udorn/72) and A/WSN/33-M2-

N31S conductance was estimated using electrophysiology (EP). Finally, the antiviral potency of these 

compounds was measured against amantadine-sensitive A/Udorn/72 and A/WSN/33-M2-N31S viruses.  
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1.3 Results and Discussion 

 

1.3.1 Ligands Synthesis 

 

For the synthesis of primary tert-alkyl amine 3 (AdCMe2NH2) the tert-alkyl alcohol 3b was prepared 

according to Scheme 2 from the reaction between 1-adamantane carbonyl chloride 3a and 

methylmagensium iodide. Treatment of tert-alkyl alcohol 3b with NaN3/TFA in dichloromethane afforded 

azide3c in high yield which was further subjected to reduction through LiAlH4 to form tert-alkyl amine 3 in a 

good yield.  

 

 

 

Scheme 2.Synthetic scheme for the preparation of corresponding tert-alkyl amine 3. 

 

1.3.2 ITC measurements  

 

Table 1 includes thermodynamic parameters of binding against M2TMUdorn/72. Binding affinities were 

determined by ITC33for M2TM-ligand systems in dodecylphosphocholine (DPC) micelles at pH 8, where 

M2TM fragments form stable tetramers.34 ITC measurements yield the enthalpy of binding (ΔH) as well as 

the dissociation constant (Kd). From Kd, the binding free energy (ΔG) is calculated (Table 1). The estimation of 

the binding entropy is based on the difference between ΔG and ΔH. Binding constants of 1, 2-R, 2-S and its 

racemate 2 measured in a previous work19 were included in Table 2. Enantiomers may have a different 

enthalpy of binding against a protein since the two complexes formed are diastereomers.35 It has been 

suggested through in silico prediction that enantiomers of compound 2 bind with different affinity to the M2 

protein.36As depicted in Table 1 enantiomers 2-R and 2-S have the same Kds against M2TMUdorn/72 (Kd= 0.34 
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and 0.32 μΜ respectively). Racemic 2 has a Kd = 0.51 μΜ which is close to the Kd's of the enantiomers 

considering the experimental errors and the lower chemical purity of the commercial enantiomers (90% for 

2-R and 95% for 2-S) compared to racemic 2. An effect from the impurities on the ITC results of 2-R and 2-S 

cannot be excluded. However, we do not expect large changes in the measured Kd values for 2-R and 2-S, 

given also the very similar/identical affinity results of the two enantiomers from Two Electrode Voltage 

Clamp (TEVC) and antiviral assays.3, having two methyl groups instead of one methyl group in 2, has the 

smallest Kd (0.13 μΜ), i.e., the highest binding affinity of all studied aminoadamantane compounds 

suggesting that polar and lipophilic characteristics are well balanced in its structure. All three compounds (2-

R, 2-S, and 3) were more potent than amantadine (1).   

 

Table 1.Binding constant, free energy, enthalpy, and entropy of binding 

derived from ITC measurements for M2TMUdorn/72.
 

Ligand1 Kd
 2 ΔG3,4 ΔH3,5 -TΔS3,6 

1 2.17 ± 0.52 -7.77 ± 0.14 -6.66 ± 0.50 -1.11 ± 0.52 

2-R 0.32 ± 0.16 -8.97 ± 0.26 -7.54 ± 0.34 -1.42 ± 0.43 

2-S 0.34 ± 0.12 -8.88 ± 0.21 -7.73 ± 0.28 -1.15 ± 0.35 

2 0.51 ± 0.26 -8.64 ± 0.30 -7.60 ± 0.28 -1.04 ± 0.41 

3 0.13 ± 0.12 -9.30 ± 0.43 -4.19 ± 0.28 -5.12 ± 0.51 
1See Scheme 1. 
2Binding constant Kd in µM calculated from measured Ka in M-1 by Kd = 1/Ka 10-6 and error in Kd in µM determined by Kd, error = 

(Ka, error/Ka
2)  10-6 ITC measurements were performed in triplicate for each ligand to calculate means and standard deviations). 

3In kcal mol-1. 
4Free energy of binding computed from Kd by ΔG = -RTln(Kd

ref/Kd) with Kd
ref = 1 M and T = 300 K and 

error in ΔG determined according to   with T = 300 K. 

5Enthalpy of binding and error in the enthalpy of binding calculated from measured binding enthalpy 

and measured error by ΔH = ΔHmeasured( T/ Tmeasured) with T = 300 K and the temperature at which the ITC 

measurements were performed Tmeasured = 293.15 K. 
6Entropy of binding calculated by ΔS = (-ΔG + ΔH)/T and error in ΔS computed by the equation 
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A 

 

B 

 

Figure 2. ITC thermograms for titration of: A. R-Rim with M2TM peptide and B. S-Rim with M2TM peptide. 
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1.3.3 FEP/MD simulations  

 

We then analyzed the binding properties of 2-R and 2-S by alchemical free energy calculations19,37 with the 

Bennett Acceptance Ratio (BAR) method37, 67The calculations for the alchemical transformations 3 → 2-R, 3 

→ 2-S were run and the results of the FEP/MD predictions (Table 2) were compared with binding affinities 

measured by ITC (Table 1).  The computational predictions were set by employing a protocol successfully 

benchmarked by our group in order to match experimental conditions as closely as possible.19 M2TMUdorn/72 

structure was simulated in the closed conformation found at high pH and assigning a neutral form for all 

H37. M2TMUdorn/72-ligand complexes were simulated in DMPC bilayers which represent a better membrane 

mimetic system for retaining proper M2TM structure compared to other glycerophospholipids.38 We used an 

experimental structure (PDB ID 2KQT13,15) (Figure 3).  

 

 

 

Figure 3. System setup used both in Molecular Dynamics (MD) and Free Energy Calculations (FEP). The 

M2TMUdorn/72 domain of Influenza A virus (PDB entry: 2KQT13,15 (purple) embedded in a DPPC lipid bilayer 

(lipids: water, waters: red – white). Sodium ions are colored with blue and chloride ions with green, whereas 

amantadine is bound at the N-terminal end of the M2TM pore (cyan). 

 

 

http://www.alchemistry.org/wiki/Bennett_Acceptance_Ratio


 Binding Affinity of Rimantadine Enantiomers to the M2 Protein Channel  

11 

 

We chose this structure because it was determined at pH 7.5 and in DMPC vesicles,15 i.e., under 

conditions that closely resemble the conditions we applied in our simulations to model high pH and DMPC 

bilayer system. Consequently, this M2TM structure should already be adapted to these environmental 

conditions, such that no large structural changes are to be expected during MD simulations, and only a short 

equilibration phase should be required.ThisM2TMUdorn/72 structure is already adapted to these environmental 

conditions and only a short equilibration phase is required. The experimental relative binding free energy 

values (ΔΔGexp) for the transformations 3 → 2-R  and 3 → 2-Swere0.33 and 0.42 kcal mol-1 (Table 2), favoring 

3, thus suggesting that the addition of an extra methyl group is a successful substitution for increasing 

affinity. The experimental relative binding free energy values were quite close to calculated values (ΔΔGFEP) 

of 0.62 and 0.68 kcal mol-1 respectively. Thus, the calculations also predict the experimental finding by ITC 

that 2-R and 2-S have the same binding affinity against M2TMUdorn/72 (Table 1), which is consistent with the 

results from afore-mentioned antiviral and electrophysiology assays performed using full M2 protein (Tables 

1 and 2). Thus using the functional core of M2 (transmembrane domain) for binding studies are appropriate. 

(Table 2). 

 

Table 2.Relative binding free energies for pairs of 

compounds computed by the BAR method for 

M2TM embedded in a DMPC bilayer or derived 

from experimental binding affinity data in Table 1. 

 

Transformation ΔΔGFEP 
1,2 ΔΔGexp

1,3 

3 → 2-R 0.62 ± 0.14 0.33 ± 0.50 

3 → 2-S 0.68 ± 0.15 0.42 ± 0.48 
1
In kcal mol

-1
. 

2
Propagation error calculated according to the bootstrap method.

28
 

3
Difference in binding free energy calculated from experimentally determined 

Kd values by ΔΔG = -RTln (Kd
A
 / Kd

B
) with T = 300 K and error calculated from 

individual experimental errors by 

                                               

 

 

 

 

 

)error(error error
2

B ΔG,

2

A ΔG,ΔΔG 
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1.3.4 Analysis of trajectories 

 

The simulated complexes of M2TMUdorn/72 with 2-R and 2-S showed that the height of the ligands inside the 

pore differed only slightly, that is, less than 0.3 Å towards the N- relatively to 1 (Table 3) and their 

orientation in the pore are similar in accordance to the similar frequencies for S31 and G34 found for the R- 

and S-enantiomer by Cross group ssNMD data.29 

 

 

Table 3.Structural and dynamic measures from FEP/MD trajectories of M2TMUdorn/72-ligand complexes in DMPC 

bilayer. 

 

Ligand
1
 RMSD(Ca)

2
 Angle C-N 

vector
3
 

Angle C-C 

vector
4
 

V27-Ad
5
 A30-Ad

5
 G34-Ad

6
 G34 Ca- 

lig.CH3
7
 

G34-CH3- 

lig.CH3
8
 

H-bonds 

with 

water
9
 

RMSF 

ligand
1

0
 

1 1.5 ± 0.1 11.2 ± 5.9 - 4.2 ± 0.3 1.1 ± 0.3 7.0 ± 1.5 - - 2.7 ± 0.5 0.1 

2-R 1.5 ± 0.2 44.7 ± 7.6 13.7 ± 6.1 3.9 ± 0.3 1.4 ± 0.3 5.7 ± 0.3 2.9 ± 0.4 3.9 ± 0.3 2.6 ± 0.6 0.3 

2-S 1.1 ± 0.2 55.7 ± 6.1 13.9 ± 7.0 4.2 ± 0.3 1.0 ± 0.3 4.8 ± 0.3 3.2 ± 0.3 3.5 ± 0.3 2.8 ± 0.4 0.3 

3 1.4 ± 0.2 51.5 ± 4.9 5.3 ± 6.6 4.4 ± 0.3 0.8 ± 0.3 5.0 ± 0.4 2.2 ± 0.3 3.8 ± 0.3 2.9 ± 0.3 0.2 

1
See Scheme 1; values taken from ref. 

76
 of the draft; measures for 1 were added for comparison reasons. 

2
Maximum root-mean-square deviation (RMSD) for Ca atoms of M2TM relative to the initial structure (PDB entry: 2KQT) after root-mean-

square fitting of Ca atoms of M2TM; in Å. 
3
Angle between the vector along the bond from the carbon atom of the adamantane core to the ligand nitrogen atom and the normal of 

the membrane; in degree. 
4
Angle between the vector along the bond from the carbon atom of the adamantane core to the carbon bridge of rimantadine analogue; in 

degree. 
5
 Mean distance between center of mass of A30 and centers of mass of adamantane calculated using Gromacs tools; in Å. 

6
 Mean distance between center of mass of G34 and centers of mass of adamantane calculated using Gromacs tools; in Å. 

7
 Mean distance between center of mass of rimantadine methyl and G34 Ca calculated using Gromacs tools; in Å. 

8
 Mean distance between center of mass of rimantadine methyl and A30 methyl calculated using Gromacs tools; in Å. 

9
 Mean number of H-bonds between ligand's ammonium group and waters. 

10
 Root-mean-square fluctuation of a ligand after fitting of the ligand to the average structure considering all ligand atoms; in Å. 

 

The simulated complexes of M2TMUdorn/72 with 2-R and 2-S and 3 showed that the height of the ligands 

inside the pore differed only slightly, that is, less than 0.3 Å towards the N-end relatively to 1 (Table S1) and 

their orientation in the pore are similar in accordance to the similar frequencies for S31 and G34 found for 

the two enantiomers 2-R- and 2-S in the recent ssNMR study.29 The center of mass between V27 and the 

adamantane core of the ligand varies between 4.0-4.5 Å on average (Table 2). For 2-R, 2-Sthe average tilt 

angle was measured ~ 14° in accordance to experimental ssNMR values17 andfor3the average tilt angle was 

measured ~ 5°.  The angle between the pore axis or the normal of the membrane and C-N bond vector was ~ 
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11° for 1 and close to 50° for 2-R, 2-S and 3. These angle values suggest that the ammonium group of all 

aminoadamantane compounds oriented towards the C-end in consistency with previous experimental 

findings15,17 and observations14 (Table 2). The distance Ad-A30 for 1-3 was measured ~ 1 Å, and the 

distance CH3(lig.)-G34Ca for 2-R, 2-S and 3 was ~ 3 Å. and 2 Å respectively in accordance to the REDOR 

measurements.29 The adamantane was embraced by V27 and A30 side chains which defined the binding site 

of the ligands. 1, 2-R, 2-S and 3 form hydrogen bonds through the ammonium group with neighboring water 

molecules (average 3 hydrogen bonds) found C-ward between the ligand and H37 residues. In the  area 

located below the adamantane core towards the N-end no waters were found19,28,39,40which is consistent 

with the proton blocking effect of 1 and other aminoadamantane derivatives18,41A close-up of a snapshot 

from the simulation of ligands 2-R and 2-S is depicted in Figure 4.The CHCH3 fragment which includes the 

chiral carbon of 2-R, 2-S fits into the cleft between G34 and A30 which is a chiral amino acid than can 

differentiate binding interactions with enantiomers. However, the distance CH3(lig.)-A30CH3 which is similar 

for both enantiomers (3.9 ± 0.3 and 3.5 ± 0.3 Å) suggesting no difference in their binding interactions. Taken 

together hydrogen bonding interactions for 2-R, 2-S and geometric measures which reflect van der Waals 

contacts were found to be similar for both enantiomers (see Table 3). These measures are consistent with 

the calculated relative binding affinities which are in accordance to the ITC data and functional assays 

included here and will be presented into the next paragraphs. These measures measures are consistent with 

the calculated relative binding affinities which are in accordance to the ITC data and functional assays 

described previously.  
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(a) 

 

(b) 

 

 

Figure 4. Representative snapshots from the simulation: (a) of 2-S and (b) of 2-Rbound to M2TMUdorn/72. 

Seven and nine waters are shown between the ligand and H37 residues respectively. Three hydrogen bonds 

between the ammonium group of the ligand and three water molecules are shown. Hydrogen bonding 

together with van der Waals interactions of the adamantane core with V27 and A30 stabilize the ligand 

inside the pore with its ammonium group oriented towards the C-end. 
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1.3.5 Electrophysiology experiments  

 

The inhibitors were tested via a TEVC assay using X. laevis frog oocytes microinjected with RNA expressing 

the M2 protein as in a previous report.37 The blocking effect of the aminoadamantane derivatives against M2 

was investigated with electrophysiology experiments using M2Udorn/72 (Table 4, figure 5).  The potency of the 

inhibitors was expressed as the inhibition percentage of the A/M2 current observed after 2 min and 5 min of 

incubation with 100 μM of compound. The electrophysiology experiments against M2Udorn/72 showed that 2-R 

and 2-S block this channel equally to amantadine (about 90%) at a concentration of 100 μM. In addition, we 

also tested these adamantane analogs in inhibiting another amantadine-sensitive M2 channel, A/WSN/33-

M2-N31S (M2WSN/33-N31S) which includes the V28I mutation in M2TM sequence, in electrophysiology assay. 

Again, no significant channel blockage difference was found among 2-R and 2-S, and 3.  

 

Table 4.Block of full-length M2-dependent current by adamantane analogs.1 

Compound 

 

M2Udorn/72 M2WSN/33-N31S 

% Blockafter 2m % Blockafter 5m % Blockafter 2m % Blockafter 5m 

1 90 ± 2% (100 µM; 3) 95 ± 1% (100 µM; 3) ----------------------- ----------------------- 

2 96 ± 1% (100 µM; 3) 96 ± 1% (100 µM; 3) 84 ± 1% (100 µM; 3) 93 ± 0% (100 µM; 3) 

2-R 93 ± 1% (100 µM; 3) 95 ± 1% (100 µM; 3) 71 ± 1% (100 µM; 3) 90 ± 1% (100 µM; 3) 

2-S 95 ± 1% (100 µM; 3) 96 ± 1% (100 µM; 3) 78 ± 1% (100 µM; 4) 92 ± 0% (100 µM; 4) 

3 90 ± 2% (100 µM; 3) 96 ± 1% (100 µM; 4) 56 ± 3% (100 µM; 3) 80 ± 2% (100 µM; 3) 

1For each compound, percent block of pH-dependent M2 current at listed concentrations (+/- s.e.m.).  

Parenthesis show number of replicates. 

A                                                                               B 

 

 

 

 

 

 

 

 

Figure 5.Electrophysiology assay of R-Rim, S-Rim and racemic mixture with A)Udorn M2 and B) 

A/WSN/33-N31S. 
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1.3.6 Anti-viral assays  

 

Finally, antiviral assay was used86,87 to compare the antiviral activity of 1, 2, 2-R, 2-Sand 3 against two 

amantadine-sensitive influenza A strains, A/Udorn/72 (H3N2) and A/WSN/33-M2-N31S42 (H1N1) in MDCK 

cells. All compounds showed sub-micromolar EC50 values against both influenza strains and there is no 

significant difference between the two rimantadine enantiomers (2-R and 2-S) (Table 5), which is consistent 

with results from afore-mentioned FEP/MD, ITC, and electrophysiology assays.  

 

Table 5.Antiviral activity of compounds 1–3 against influenza virus A/Udorn (H3N2) and 

A/WSN/33-M2-N31S (H1N1) in Madin-Darby canine kidney cells. 

 

Compound IC50 (µM)1,2 (A/Udorn/72) IC50 (µM)1,3 (A/WSN/33-M2-N31S) 

1 0.33±0.04 0.52±0.35 

2 0.05±0.02 0.04±0.01 

2-R 0.05±0.01 0.05±0.01 

2-S 0.06±0.02 0.03±0.01 

3 0.04±0.01 0.02±0.01 
1
 Mean and standard deviations of the 50% inhibitory concentration (IC50) of at least three independent measures. 

2
 determined using plaque reduction assay.  

3
determinedusingCPE assay. 

 

 

 

Figure 6. IC50s curves for racemic mixture of Rim, S-Rim (in red) and R-Rim (in blue) against influenza virus 

A/Udorn/72 (H3N2). 
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Our results demonstrated no difference in the binding affinity between the two enantiomers in 

contrast to the recent ssNMR and MD simulations study29 in which it was suggested that 2-R was a stronger 

binder than 2-S. 

In ref. 29, in the presence of 2-R or 2-S a new resonance (i.e. one that was not recorded in the spectrum of 

the apo-M2 protein) was observed for S31 at 120/64 ppm in the 15N/13Ca spectrum which had strong 

intensity for both enantiomers. The G34 resonance had also a stronger intensity for both enantiomers 

compared to the spectrum of the apo-M2. The Ser31 and Gly34 resonance frequencies were similar for both 

2-R and 2-S. These results suggest that both enantiomers bind strongly and the binding site and orientation 

of the drug in the pore are similar for the two enantiomers and this was also mentioned  in ref. 29. The 

authors reported the appearance of an additional resonance of medium intensity for the 2-S enantiomer at 

115/63 ppm close to the frequencies of the S31 resonance of the unbound M2 state at ~ 114/62 ppm which 

may suggest a weaker binding of 2-S and a quantitative binding for 2-R. This resonance was also reported to 

be potentially in exchange with the bound state but there was no exchange correlation experimental 

evidence for this suggestion. However, for 2-R two broader resonances of lower intensity are observed at 

114 and 110 ppm which may correspond to the resonances at 115 and 111 ppm for 2-S; the unequal 

intensities resulted from differences in the relaxation of the relevant nuclear spins for the diastereomeric 

complexes. The lower intensity of these peaks might result to a lower resolution of the extracted slices in 

this region of the 15N/13Ca spectrum for 2-R complex. This might result to a lower resolution of the extracted 

slices in this region of the 15N/13Ca spectrum for 2-R complex. The authors also led to suggest a different 

binding strength for the two enantiomers against M2 based on the position restrained MD simulations. 

Position restrained MD simulations may cause a biased sampling of the conformational space for each 

enantiomer bound to M2 for the limited duration of the trajectories. In particular, the authors observed in 

the MD trajectories much stronger H-bonding interactions and higher binding site occupancy for 2-R than 2-

S. However, the significant and almost equal enhancement of the S31 spectral intensity suggest tight binding 

for both enantiomers. 
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1.4 Conclusions 

 

In conclusion, rimantadine enantiomers (2-R and 2-S) bind equally well to the M2 proton channel and have 

equal channel blockage and antiviral activity against amantadine-sensitive M2 channels. This conclusion was 

supported by a consortium of techniques including antiviral assays, electrophysiology ITC and FEP/MD (Table 

6).  

 

Table 6. Synopsis of rimantadine enantiomers to influenza A/M2 protein. 

 

Rim-R 

Kd M2TMUdorn(ITC) = 0.32 μΜ 

%block to M2Udorn(TEVC) = 95% 

%block to M2WSN/33-N31S (TEVC) = 90% 

IC50 (Udorn/72, CPE) = 0.05 μΜ 

IC50 (WSN/33-M2-N31S, CPE) = 0.05 μΜ 

3 → Rim-R,ΔΔGFEP=0.62 ± 0.14, 

ΔΔGexp=0.33 ± 0.50 

Rim-S 

Kd M2TMUdorn(ITC) = 0.34 μΜ 

%block to M2Udorn(TEVC) = 96% 

%block to M2WSN/33-N31S (TEVC) = 92% 

IC50 (Udorn/72, CPE) = 0.06 μΜ 

IC50 (WSN/33-M2-N31S, CPE) = 0.03 μΜ 

3 → Rim-S,ΔΔGFEP=0.68 ± 0.15, 

ΔΔGexp=0.42 ± 0.48 

 

Our non clinical results support the previous use of rimantadine as a racemic mixture as a 

drug for the prevention and treatment of influenza virus infection. Further correlation of these 

results with the pharmacokinetic and pharmacodynamic properties for each enantiomer in humans 

would confirm these findings. For example, although there are no significant differences in the 

concentration-time profiles and disposition of 2-R and 2-S and of the 3-hydroxyrimantadine 

metabolites, large stereospecific differences in the disposition of their 4-hydroxyrimantadine 

metabolites are observed.43 However, it should be that 3- and 4-hydroxy metabolites, both of which 

are found in rimantadine-treated patients, showed only modest inhibitory activity against influenza 

A virus i.e. they are modestly active metabolites.44 
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1.5 Experimental Work  

 

1.5.1 Ligands 

 

1 was purchased from Merck and 2 from Alfa chemicals (> 99 % purity). Enantiomers of 2 were purchased 

from Enamine; 2-S has 95% chemical purity and 2-R has 90% chemical purity and the enantiomeric excess of 

each enantiomer sample is 99%. Details for the synthesis of compounds 5-8 and 9, 10 can be found in ref. 18 

and 45, respectively. The synthesis of compounds 4 and 11 will be described in chapters 5 and 3 respectively. 

 

2-(Tricyclo[3.3.1.13.7]dec-1-yl)-2-propanol (AdMe2C-OH) 3b.Methylmagnesium iodide was prepared from 

magnesium turnings (1.99 g, 83.1mmol) and methyl iodide (10.7 g, 75.6mmol) in 40 mL of dry diethyl ether. 

A solution of 1-adamantanecarbonyl chloride 3a (2.5 g, 12.6 mmol) in 60 mL of dry diethyl ether was added 

dropwise under Ar atmosphere and stirring. The reaction mixture was heated at gentle reflux for 4h under 

stirring and Ar atmosphere. The mixture was treated with an equal volume of saturated solution of 

ammonium chloride under ice-cooling. The organic layer was separated and the aqueous phase was 

extracted with diethyl ether 2 times. The combined organic phases were washed with water and brine, dried 

(Na2SO4) and evaporated under vacuum to yield a white colored solid residue of 2-(1-adamantyl)-propan-2-

ol 3b. Yield 2.09 g (85.5%); IR (Νujol): ν(ΟΗ) 3400 (br s, O-H) cm-1; 1H-NMR (400MHz, CDCl3) δ (ppm) 1.12 (s, 

6H, 2xCH3), 1.62-1.69 (m, 12H, 2,4,6,8,9,10-H, adamantane H), 1.99 (br s, 3H, 3,5,7-H, adamantane H); 13C-

NMR (200 MHz, CDCl3) δ (ppm) 24.34 (CH3), 28.74 (3,5,7-C, adamantane C), 36.35 (2,8,9-C, adamantane C), 

37.22 (4,6,10-C, adamantane C), 38.84 (1-C, adamantane C), 74.88 (C-OH). 

 

2-(Tricyclo[3.3.1.13.7]dec-1-yl)-2-azido-propane (AdMe2C-N3) 3c. The oily 2-(1-adamantyl)-2-azido-propane 

3c was prepared by treatment of the tertiary alcohol 3b with CH2Cl2/NaN3/TFA. To a stirring mixture of 

sodium azide (503 mg, 7.74 mmol) and dry dichloromethane (15 mL), trifluoroacetic acid (2.94 g, 25.8mmol) 

was added at 0 °C. The resulting mixture was stirred for 10 min at 0 °C and a solution of 2-(1-adamantyl)-

propan-2-ol 3c (500 mg, 2.58mmol) in 15mL of dry dichloromethane was added dropwise under ice-cooling. 

The mixture was stirred vigorously at 0-5 °C for 4 h and additional 24 h at ambient temperature. The mixture 

was made alkaline by adding NH3 12 % (40 mL) and the organic phase was separated and washed with 30 mL 

of water two times. The aqueous phase was extracted two times with dichloromethane (30 mL) and the 

combined organic phases were washed with water, brine and dried (Na2SO4). Solvent was evaporated in 

vacuo to afford 2-(1-adamantyl)-propan-2-azide 3c. Yield: 80%; IR (Νujol): ν(Ν3) 2098 cm-1 (s); 1H-NMR 

(400MHz, CDCl3) δ (ppm) 1.23 (s, 6H, 2xCH3), 1.60-1.71 (m, 12H, 2,4,6,8,9,10-H, adamantane H), 2.0 (br s, 3H, 
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3,5,7-H, adamantane H); 13C-NMR (200 MHz, CDCl3) δ (ppm) 20.79 (CH3), 28.66 (3,5,7-C, adamantane C), 

36.56 (2,8,9-C, adamantane C), 37.07 (4,6,10-C, adamantane C), 39.10 (1-C, adamantane C), 67.57 (C-N). 

 

2-(Tricyclo[3.3.1.13.7]dec-1-yl)-propan-2-amine (AdMe2C-NH2) 3. A solution of 2-azido-2(1-adamantyl)-

propane 3c (250 mg, 1.14 mmol) in 10 mL of dry diethyl ether was added dropwise to a solution of lithium 

aluminum hydride (173 mg, 4.56mmol) in 10 mL of dry diethyl ether under ice-cooling. The mixture was 

heated at reflux for 5 h under stirring. Then the mixture was hydrolyzed with a dropwise addition of 2 mL 

water, 2 mL of sodium hydroxide 10% w/v solution and 6 mL water under stirring and ice-cooling. The 

mixture was filtered under vacuum and the residue was washed 2 times with diethyl ether. Another 30 mL of 

diethyl ether was added to the ethereal filtrate and the solution was extracted with 60 mL (2×30 mL) of 

hydrochloric acid 6% w/v. The aqueous phase was separated and made alkaline through addition of an 

excess solid sodium carbonate under ice-cooling. The aqueous phase was extracted two times with 30 mL of 

dichloromethane. The combined organic extracts were dried (Na2SO4) and evaporated under vacuum, to 

yield a light yellow colored solid residue of 2-(1-adamantyl)-propan-2-amine 3. Yield: 73%; IR (Film): ν(ΝΗ2) 

3373 cm-1 (s); 1H-NMR (400 MHz, CDCl3) δ (ppm) 0.99 (s, 6H, 2xCH3), 1.60-1.68 (m, 12H, 2,4,6,8,9,10-H, 

adamantane H), 1.99 (br s, 3H, 3,5,7-H, adamantane H); 13C-NMR (200MHz, CDCl3) δ (ppm) 25.30 (CH3), 

28.87 (3,5,7-C, adamantane C), 36.23 (2,8,9-C, adamantane C), 37.26 (4,6,10-C, adamantane C), 38.12 (1-C, 

adamantane C), 53.68 (C-N). Anal.Hydrochloride (C13H24NCl) (EtOH-Ether). 
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1.5.2 Peptide synthesis  

 

1.5.2.1 General 

M2TM peptides corresponding to residues 22-46 of Udorn/72 wild type sequence of M2 (C-terminally 

amidated M2TMUdorn/72: SSDPLVVAASIIGILHLILWILDRL) were synthesized by standard Fmoc solid phase 

peptide synthesis using an aminomethyl polystyrene resin loaded with the amide linker and purified by 

reverse phase HPLC as described in detail below. 

 

 

 

Scheme 5.General procedure for Fmoc solid phase peptide synthesis using an aminomethyl 

polystyrene resin loaded with the amide linker. 
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1.5.2.2 Sequence of peptide 

The peptide synthesis was performed using the Fmoc strategy. The peptide synthesis, Udorn sequencing was 

performed according to the following sequence: 

 

S22 S23 D24 P25 L26 V27 V28 A29 A30 S31 I32 I33 G34 I35 L36 H37 L38 I39 L40 W41 I42 L43 D44 R45 L46 

 

Scheme 6.Amino acid residues sequence of M2TMUdorn (22-46). 

 

1.5.2.3 Reagents 

- Commercial resin GAMP 0305075020 (see Scheme 7),300 mg with capacity 0.5 mmol / g. 

- Rink-Amide (linker) ([4-[(R,S)-[1-(9H-fluoren-9-yl)methoxycarbonylamino]-[2,4-dimethoxybenzyl] 

phenoxyaceticacid)(MW539.6) 324 mg (0.3 g x 0.5 mmol/g x 4 = 0.6 mmol).  

- N,N'-Diisopropylcarbodiimide (DIC) (MW 126.2) 75 mg or 94μL (0.6 mmol). 

- Ethyl-2-cyano-2-(hydroxyimino)acetate (Oxyma) (MW 145.7)87 mg (0.6 mmol) 

- Piperidine 20% in DMF 3 mL / 300 mg resin 

- Aminoacids 4 x 0.5 x 0.3 mmol (see Table 11). 
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Table 11.Required amounts of Fmoc amino protected 

amino acids for the synthesis of the 25-peptide 

M2TMUdorn sequence (22-46) of M2 protein. Amounts 

corresponding to about 4 eq amino acid for resin 

capacity 0.5 mmol / g. 

 

Aminoacids Quantity 

Fmoc-Leu-OH 236 mg 

Fmoc-Arg-(Pbf)-OH 433 mg 

Fmoc-Asp(tBu)-OH 275 mg 

Fmoc-Ile-OH 236 mg 

Fmoc-Trp-OH 284 mg 

Fmoc-His(Trt)-OH 412 mg 

Fmoc-Gly-OH 198 mg 

Fmoc-Ser(tBu)-OH 255 mg 

Fmoc-Ala-OH 219 mg 

Fmoc-Val-OH 226 mg 

Fmoc-Pro-OH 283 mg 
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1.5.2.4 Steps of the M2TMUdorn peptide synthesis 

Step 1.Binding of the ligand (linker) in aminomethyl polystyrene resin 

 

300 mg of resin was placed in a plastic tube for solid phase peptide synthesis reactions. The resin was 

washed with DMF (5 x 1min) and the solvent remained in the tube for 30 min, in order to expand the resin. 

Then, the solvent was filtered and the process was repeated twice. The necessary quantities of Rink-Amide 

linker (324 mg, 0.6 mmol), of Oxyma (87 mg, 0.6 mmol) and of DIC (75 mg, 0.6 mmol) were dissolved in DMF 

(5 mL) and were added to the container composition. The mixture was incubated for 24 h at 4 oC to form an 

amide bond between the carboxyl group of the binding molecule (Rink-Amide Linker) and the amino group 

of the resin GAMP (Scheme 7). After the resin was washed 4 times with DMF (1 mL) reaction completion was 

checked using the Kaiser test (ninhydrin test) which informed about the presence or not of free amino 

groups.  

 

 

 

Scheme 7. Coupling of the activated linker molecule (with DIC/Oxyma, see next Scheme 8) to the resin. 

 

For the Kaiser three solutions were used: A. 500 mg of pure ninhydrin in 10 mL of absolute ethanol;  B. 

80 mg of pure phenol in 20 mL of absolute ethanol; C. 2 mL of aqueous 0.001 M solution of KCN in 98 mL of 

distilled pyridine. First, a few resin granules are placed into an empty tube. Then 2 drops of reagent A are 
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added, 4 drops of reagent B and 2 drops of reagent C. The mixture is heated for 5 min at 100 oC in a sand 

bath. The coloring of the grains of peptide resin (blue or brown) indicates the presence of free amino groups 

(positive test). The non-coloring of the grains is an indication hat all the amino groups of the peptide resin 

are blocked (negative test). In this case, the test result is negative, which means that the covalent binding 

reaction of Rink Amide resin in GAMP proceeded quantitatively. 

 

Step 2. N-Fmoc deprotection of the Linker 

Deprotection of the Fmoc group from the a-amino group was carried out by treating the peptide resin with 

20% v/v piperidine in DMF for 10 min, so that the first amino acid could be then coupled (control of the 

deprotection may be realized using a lamp spectrophotometer at 301 nm in which length Fmoc group 

absorbs, see scheme 8). 

 

 

 

Scheme 8. Schematic representation of the step of deprotection of the amino group of the amino acid. 

 

Step 3.  Addition of first amino acid acid 

Oxyma (87 mg, 0.6 mmol) was dissolved in 1 mL DMF in a plastic tube. Amino acid was added and the 

solution was left for 30 min at 4 oC. After the solution reach room temperature, DIC (75 mg or 94 μL, 0.6 

mmol) was added and the resulting solution was placed in the reaction tube. The mixture was stirred at 
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regular intervals and left for 2 h to complete the coupling reaction (see Scheme 9). Then four washes with 

DMF were made and Kaiser test was performed to check for the completion of coupling. In case of a 

negative result so all amino groups were blocked, deprotection of the a-amino group from the Fmoc group 

was carried out using 20% piperidine in DMF so that the next amino acid in the sequence could be coupled. 

 

 

 

Scheme 9. Amino acid activation combined DIC / Oxyma and coupling with hypothetical peptide.  

 

Step 4. Addition of the rest amino acid residues  

For the addition of each amino acid equimolar quantity of activation reagents Oxyma and DIC was used, 87 

mg and 94μL, respectively. The process is repeated for all the remaining amino acids of the peptide 

sequence up to the completion of the synthesis. 

 

Step 5. Cleavage of peptide from resin 

The peptide resin was treated with a solution of TFA/H2O, ethane-1,2-dithiol (EDT), triisopropylmethylsilane 

(TIPS) (TFA/H2O/EDT/TIPS) in a ratio of 95:2.5:2.5:2 (% v/v/v/v) for 2 h to cleave the peptide form the resin 

(C-end amide, see Scheme 10). The reaction mixture was filtrated and washed with 500 μL TFA. The filtrate 

was collected in spherical flask and evaporated. Then the solid residue centrifugated for 12.5 min with Et2O 

(3x15mL) and lyophilized to afford crude peptide: Yield; 370 mg (80%, crude). 
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Scheme 10.Cleavage of peptide from the resin. 

 

 

Step 6. Peptide purification 

Thus, a purification procedure previously described46 and modified was used47 as descibed below. 

The solvent system used for the purification of the crude peptide was determined by analytical 

reverse phase HPLC (RP-HPLC) on a 7 10 Nucleosil C18 *(12.7×250) mm ID column, Macherey – Nagel]. 

- Elution solvents: Α: H2O (0,05% TFA), B: 90:10 CH3CN:(A). 

- Flow: 3 mL / min 

- Solvent elution system: for a period of 30 min in a Α/Β gradient from 75:25 to 60:40 (the above solvent 

system was chosen as the most suitable among those tested). 

The isolation of the pure peptide was realized by reverse phase semi-preparative HPLC (RP-HPLC).  

on Symmetry 300 RP C4 [5 μm, (4.6×250) mm ID+ column.  

- Elution solvents: Α: H2O (0,05% TFA), B: 90:10 CH3CN:(A). 

- Flow: 1 mL/min 

- Solvent elution system: for a period of 40 min in a CH3CN/H2O gradient from 80:20 to 20:80. 
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(In both cases (analytical HPLC and semipreparative HPLC) the column was washed with MeOH of purity 

99.99% (Fischer Scientific) for a period of 20 min and then with water (double distilled, HPLC, grade) for a 

period of 15 to 20 min). 

 

Figure 10 illustrates the analytical spectrum obtained by RP-HPLC, while Figure 11 shows the mass 

spectrum obtained after purification and lyophilization of the fractions containing the pure peptide. The 

retention time was Rf = 26.37 min and the purity was ~ 98%. 

 

 

 

Figure 10.Analytical RP-HPLC chromatograph of Udorn peptide sequence after purification. The retention 

time is noted. 
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Figure 11. ESI-MS spectrum of  Udorn peptide after purification. Mass spectra were obtained on ESI 

Navigator Finnigan spectrometer and the analysis was performed with an ionization mass spectrometer 

through (ESI-MS) Finnigan AQA Thermoquest at the Institute "Radioisotopes &Radiodiagnostic Derivatives" 

of NCSR "Democritus". 
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1.5.3 ITC measurements 

 

ITC is a widely used method in drug discovery, especially in quantitative structure-activity-relationship 

studies.33,48 However, there are some inherent limitations with respect to the overall applicability of this 

method. Since warmth released or consumed by an interaction is detected, the method fails measuring 

interactions that are almost exclusively driven by entropy. The bigger the change of enthalpy during an 

interaction, the easier this interaction can be measured with ITC. A further limitation is set by the affinity of 

the interaction. The product of dissociation constant and receptor concentration (called Wiseman constant) 

determines the slope of the resulting titration curve and should be optimally between 10 and 100.49 For very 

high affinity interactions, one needs to dilute the system. For low affinity interactions (i.e., Kd values in the 

range of 10 µM) a very high quantity of the receptor is needed, and this is accompanied with difficulties due 

to limitations such as availability, costs, solubility, or stability.  

Binding affinities of aminoadamantane derivatives (see Scheme 1 in the main text) for M2TMUdorn/72 

were determined by ITC experiments for M2TM-ligand systems in DPC micelles at pH 8. Furthermore, 

experimental data indicate that 1 binds with higher affinity at alkaline pH to M2TM, where the pore of the 

M2 channel is in the closed state, than at low pH, where the open state of M2TM is prevalent.34,50 

All measurements were performed in triplicate with a TAM 2277 (TA instrument) at pH 8 and 20 °C in a 

buffer of 50 mM NaH2PO4 and 100 mMNaCl. The peptide and the aminoadamantane derivative were 

dissolved in a freshly prepared DPC solution with a concentration of 13 mmol L-1. Measurements were 

conducted using 2 mL of 125 µM peptide (corresponding to 31.25 µM M2TM tetramer). A concentration of 

1.1 mM of the ligand was used for the titrant, of which 7.6 µL (equivalent to 8.4 nmol) were dispensed in the 

peptide/DPC solution with each injection. The time interval between two injections was set to at least 6 

minutes. The time interval between two injections was set to at least 6 minutes. First injection wasn’t used 

due to dilution effects.  

Synthetic M2TM (residues 22-46) was reconstituted at a 1:57 monomer/lipid ratio - which guarantees 

the quantitative formation of M2TM tetramers (see ref. 13, 14 of the draft) - in DPC micelles at pH 8 by 

dissolving and sonicating 225 nmol of M2TM with the 57 fold amount of DPC in the aforementioned buffer 

system. Solutions of ligands 1, 2-R, 2-S, 3 in the buffer were titrated into the calorimetric cell at 20°C. The 

heat evolved was obtained from the integral of the calorimetric signal. The heat associated with the binding 

of the ligand to M2TM was obtained by subtracting the heat of dilution from the heat of reaction.51,52 

Describing in more detail, to determine the heat of dilution ligand as well as receptor (M2TM) were 

dissolved in buffer containing DPC. Two reference experiments were carried out, i.e., (a) ligand was titrated 

into the buffer containing DPC and (b) receptor was titrated into buffer containing DPC. The obtained signals 

showed, that the released heat of each injection is very small and stays constant during the experiment. No 
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interaction is detected between ligand and DPC containing buffer or receptor and DPC containing buffer, 

respectively. The released heat is the heat of dilution, which occurs when the two solutions are mixed. The 

heat of dilution was estimated for each titration experiment individually. At the end of each measurement, 

the receptor is titrated with the ligand being in an excess (the ratio for ligand/receptor after 19 injections is 

2:1 ). If all binding sites are saturated, ligand can't bind to the receptor anymore. The released heat is then 

equivalent to the heat of dilution. As mentioned the heat of dilution is calculated as an average from the last 

five titration steps, when the heat is constant. This heat is take into account as Q correction. It is subtracted 

from all titrations steps in this measurement. Data evaluation was carried out with Digitam for Windows 

v4.1.   

Affinity constants were calculated by non-linear regression of the measured heat per injection using 

Origin 8.053 and are included in Table 1. For the calculation, the concentration of the peptide was kept 

variable because the M2TM tetramer formation is not complete. Data of three independent measurements 

was used, whereby all measurements were performed with the same experimental conditions using one 

stock solution.  

The fit function involves three parameters. One of them is a factor for the correction of the peptide 

concentration (the difference between the concentration, which has been weighted in, and the active 

concentration). The cell volume is fixed at 2 mL. The concentration of the ligand in the solution is known, 

because pure substance was weighted in and the stoichiometry of the binding of ligand to receptor was 

assumed to be 1:1. If these quantities are set, the concentration of active receptor is obtained by fitting the 

measured data points. From the calculations, it can be seen, that the concentration of active receptor is 

lower than the concentration of receptor that has been weighted in. 

Data evaluation was done by plotting the measured heat per amount of substance against the molar 

ratio of titrant to peptide tetramer. The resulting titration curve was fitted using a global fit including the 

data of three independent measurements. 

The measured binding affinity of 1was 2.17 ± 0.52 μM and is comparable with the value of 12 μM 

measured using analytical ultracentrifugation54 and the value of 9 ± 2 μM derived based on kinetic studies in 

electrophysiological experiments. For the M2TM peptide investigated in this study, the solubility in the DPC 

micelles limits the possible concentration. Consequently, affinity constants of low affinity binders (e.g., 

ligand 3) possess relatively large errors. 
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1.5.4 Free energy calculations using the BAR method of M2TM-amantadine complexes in lipids 

bilayers (FEP/MD Simulations) 

 

1.5.4.1 Docking calculations 

The M2TMUdorn-1 complex structure (PDB ID 2KQT13,15) served as a model structure for the docking 

calculations of M2TMUdorn complexes with ligands 1-3 (Scheme 1). N- and C-termini of the M2TM model 

systems were capped by acetyl and methylamino groups after applying the protein preparation module of 

Maestro. The structures of the protein and 1 were saved separately and were used for the subsequent 

docking calculations.  

The ligands in their ammonium forms were built by means of Maestro 8.5 were then minimized by 

means of Macromodel 9.6  and the MMFF94 force field55,56 implemented with Macromodel 9.6 using the 

conjugate gradient (CG) method and a distance-dependent dielectric constant of 4.0 until a convergence 

value of 0.0001 kJ Å-1 mol-1 was reached. Docking poses of aminoadamantane derivatives in the M2TM 

bound state were generated by docking the prepared compound structures into the pore binding site of the 

M2TM. Docking was performed with GOLD 5.257,58 using the CHEMPLP or ASP scoring function 59,60, after 

deletion of 1, and considering six water molecules located within the M2TM pore-binding site between the 

ligand and His37. The option “toggle” was used to let the algorithm decide whether taking into account a 

water molecule or neglecting it based on an empirical desolvation penalty. The region of interest used by 

GOLD was defined to contain the atoms that were within 15 Å of the ligand binding site in the receptor 

structure. The “allow early termination” command was deactivated. For all the other parameters, GOLD 

default values were used. Ligands were submitted to 30 genetic algorithm runs. Ten docking poses were 

produced for each ligand and were visually inspected using the UCSF Chimera package.61 The pose with the 

best score was used in FEP/MD simulations. 

 

1.5.4.2 FEP/MD simulations 

The M2TMUdorn-1 complex structure (PDB ID 2KQT13,15) served as a model structure for the simulations of 

M2TMUdorn complexes with ligands 2-R, 2-S and rimantadine analogue 3 (Scheme 1) in DMPC. We chose this 

structure because it was determined at pH 7.5 and in DMPC vesicles,13,15 i.e., under conditions that closely 

resemble the conditions we applied in our simulations to model high pH and a DMPC or DPPC bilayer 

system. Consequently, this M2TM structure should already be adapted to these environmental conditions, 

such that no large structural changes are to be expected during MD simulations, and only a short 

equilibration phase should be required. It has been also shown that the stability of the binding region for 1 in 

the M2TM tetramer is increased considerably when using DMPC compared to other lipids. 38,6263,64,65,66In 

addition, 2KQT should be considered as the best structure of the amantadine bound state of M2TM since it 
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utilized both isotropic chemical shift restraints and all of the orientational restraints of an earlier structure 

characterized by Cross and coworkers (see ref. 13). 

Relative binding free energies for aminoadamantane derivatives (Scheme 3) bound to M2TMUdorn were 

computed following the BAR approach67 and applying a thermodynamic cycle (Scheme 11). Alchemical free 

energy calculations were carried out for M2TM-ligand ligand complexes under periodic boundary conditions 

with Desmond68,69,70using the settings and the simulation protocol described below and also in 39and 19. 

The M2TM complexes were embedded in a DMPC lipid bilayer extending 10 Å beyond the solutes. 

Complex and ligand systems were solvated using the TIP3P71 water model. Na+ and Cl- ions were placed in 

the water phase to neutralize the systems and to reach the experimental salt concentration of 0.150 M NaCl. 

Membrane creation and system solvation were conducted with the “System Builder” utility of Desmond 

(Figure 3).47,46,51 The OPLS 2005 force field72,73,74,75 was used to model all protein and ligand interactions, and 

the TIP3P model72 was used for water. The particle mesh Ewald method (PME)76,77 was employed to calculate 

long-range electrostatic interactions with a grid spacing of 0.8 Å. Van der Waals and short range electrostatic 

interactions were smoothly truncated at 9.0 Å. The Nosé-Hoover thermostat78 was utilized to maintain a 

constant temperature in all simulations, and the Martyna-Tobias-Klein method79 was used to control the 

pressure. The equations of motion were integrated using the multistep RESPA integrator78with an inner time 

step of 2 fs for bonded interactions and non-bonded interactions within a cutoff of 9 Å. An outer time step of 

6.0 fs was used for non-bonded interactions beyond the cut-off. Periodic boundary conditions were applied. 

Each system was equilibrated in MD simulations with a modification of the default protocol provided 

in Desmond, which consists of a series of restrained minimizations and molecular dynamics simulations 

designed to relax the system, while not deviating substantially from the initial coordinates. First, two rounds 

of steepest descent minimization were performed with a maximum of 2000 steps with harmonic restraints 

of 50 kcal mol-1 Å-2 applied on all solute 2500, followed by 10,000 steps of minimization without restraints. A 

series of four MD simulations was performed. The first simulation was run for 12 ps at a temperature of 10 K 

in the NVT (constant number of particles, volume, and temperature) ensemble with solute heavy atoms 

restrained with a force constant of 50 kcal mol-1 Å-2, followed by an identical simulation in the NPT ensemble. 

The temperature was then raised during a 25 ps simulation to 310 K in the NPT ensemble with the force 

constant retained. The temperatures of 310 K was used in the MD simulations in order to ensure that the 

membrane state is above the melting temperature state of 297 K for DMPC lipids.80 Then an unrestrained 

NPT production simulation at 310 K80 followed saving snapshots in intervals of 4 ps. 

Production simulations at each λ value were run for 4 ns or 6 ns for compounds without and with a 

cyclic group, respectively. A λ schedule comprising 12 windows was used (see Table S1 in ref. 39). The 

complex systems were stable in the alchemical free energy simulations as indicated by an RMSD of the 

protein heavy atoms ≤ 1.5 Å such that the sampled structures could be used for computing relative binding 
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free energies. Free energy differences ΔG were calculated by the BAR method67 and checked for 

convergence by computing ΔG based on increasing time intervals of the alchemical free energy simulations 

(Table S1 in sup. ref. 39).  Errors in the computed relative binding free energies were estimated using block 

bootstrapping as described in Supporting Information in ref. 39. With the definition of the variable coupling 

lambda staging can be achieved by applying the following combinatorial potential (eq.1). 

 

  (1)  -λλΔ)λ( 0100 VVVVVV 
 

  (2)  -λ)λ()λ(   VVVVV  

 

 According to the free-energy perturbation method, the free energy difference for going from 

state A to state B is obtained from the following equation, known as the Zwanzig equation (eq.3). 

 

 
(3)   ln

A

/

BABBA,
BAB TkVV

eTkGGG


  

 

The difference of ΔG between two λ values is according eq. 4 

 

 
(4)   ln

λ

/

Bλdλλ

Bλdλλ TkVV
eTkGG





  

 

Relative binding free energies between pairs of ligands ΔΔGligand A → B were calculated according to eq. 

5 based on ΔG obtained for the transformations of the ligands in the bound and the solvated state, 

respectively, ΔGA,B(b) and ΔGA,B(s) (see thermodynamic cycle in Scheme 11) 

 

(5)  (s)(b) BA,BA,   B A      B A ligand GGGGG    
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ligand A(aq) + M2TM 

     (solvent)

ΔGA 
M2TM-ligand A

       (bound)

ΔGB 
ligand B(aq) + M2TM

     (solvent)

M2TM-ligand B

       (bound)

ΔGA,B(s) ΔGA,B(b)

 

 

Scheme 11. Thermodynamic cycle for the calculation of relative free energies of binding applied to 

alchemical tranformations of aminoadamantane derivatives1, 2-R, 2-S and 3 (Scheme 1). ΔGA, ΔGB 

are the free energies of transfer of A and B from the aqueous phase (unbound state) to the bound 

state, respectively. ΔGA,B(s) and ΔGA,B(b) are the free energy differences of the mutation of A into B 

in aqueous solution, and bound to the protein respectively. 

For structural analyses, snapshots of the different systems were created with VMD81 or 

Maestro.70Trajectories were analyzed with Maestro,70Gromacs82,83 and VMD.81 For the calculation of 

hydrogen bonds, a cut-off angle of 30o deviation from 180o between the donor-hydrogen-acceptor 

atoms and a cut-off distance of 3.5 Å between the donor and acceptor atoms were applied. 

 

 

1.5.5 Two-Electrode Voltage Clamp (TEVC) Assay 

 

The inhibitors were tested via a TEVC assay using X. laevis frog oocytes microinjected with RNA expressing 

the M2 protein as in a previous report.84 The blocking effect of the aminoadamantane derivatives against M2 

was investigated with electrophysiology experiments using M2Udorn/.  Because WSN/33-M2-N31S which will 

be used to compare antiviral potencies using a whole cell assay, M2WSN-N31S was generated and studied in 

parallel. The potency of the inhibitors was expressed as the inhibition percentage of the A/M2 current 

observed after 2 min and 5 min of incubation with 100 μM of compound.  
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1.5.6 Anti-viral assays 

 

1.5.6.1 Cells and viruses 

Madin-Darby canine kidney (MDCK) cells (Cat.no. RIE 328, Friedrich-Loeffler Institute, Riems, 

Germany) were propagated as monolayer in Eagle’s minimum essential medium (EMEM) 

supplemented with 10% fetal bovine serum, 1% non-essential amino acids (NEAA), 1 mM sodium 

pyruvate and 2 mM L-glutamine. Amantadine-sensitive Udorn, and WSN/33-M2-N31S42 were used 

in this study. For the generation of WSN/33-M2-N31S42 the plasmid pHW187-M2-N31 was altered 

by site-directed mutagenesis PCR and afterwards used as part of a plasmid set for virus recovery.85 

Both WSN/33-variants were propagated on MDCK cells in serum-free EMEM supplemented with 

2 mM L-glutamine, 2 μg/mL trypsin, and 0.1% sodium bicarbonate (test medium). Virus containing 

supernatant was harvested after about 48 h of incubation at 37 °C when cytopathic effect became 

microscopically visible. Aliquots were stored at -80 °C until use. The M2 gene identity was verified 

by sequencing.  

 

1.5.6.2 CPE inhibition activity 

CPE inhibition studies were performed on two-day-old confluent monolayers of MDCK cells grown 

in 96-well plates as published.86In CPE inhibition assay, 50 μl of at least six serial half-log dilutions of 

compound in test medium and a constant multiplicity of infection of test virus (0.03 for WSN/33-

M2-N31S) in a volume of 50 µL of the test medium were added to cells. Then, plates were 

incubated at 37 °C with 5% CO2 for 48 h. Crystal violet staining or neutral red staining and optical 

density determination were performed as described before.86,87 After log transformation of 

compound concentrations, linear regression was used to determine the 50% inhibitory 

concentration (IC50). At least three independent assays were conducted to calculate the mean IC50 

and their standard deviations. 

  

1.5.6.3 Evaluation of inhibition activity using Plaque Reduction Assay 

Confluent monolayers of MDCK cells were incubated with the Udorn virus [~ 100 plaque-forming 

units (pfu) per well+ in a DMEM/1% bovine serum albumin mixture for 30 min at 4 ˚C, then 1 h at 37 

˚C. The inoculums were removed, and the cells were washed with phosphate-buffered saline (PBS). 

The cells were then overlaid with DMEM-containing 1.2% Avicel microcrystalline cellulose (FMC 

BioPolymer, Philadelphia, PA) and NAT (1.0 μg/mL). To examine the effect of compounds on plaque 
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formation, the compounds, at various concentrations, were included in the Avicel overlay solution. 

Two days after infection, the monolayers were fixed and stained with a naphthalene black dye 

solution (0.1% naphthalene black, 6% glacial acetic acid, and 1.36% anhydrous sodium acetate). The 

percent of plaque formation was compared to the condition with no compounds. The EC50 values 

of compounds 1-3  were calculated from best fit dose response curves with variable slope. 
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1.6 Supporting information 

 

1.6.1 Scheme and Figure captions 

 

 

.  

 

Figure 12. Two step transformations conducted in FEP calculations using the BAR approach to 

sufficiently sample the configurational space between the start and end states. 
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1.6.2 NMR Spectra of aminoadamantane compound 3  and  synthetic indermediates 3a-3c.  

 

1.6.2.1 1H NMR spectra 
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1.6.2.2 13C NMR spectra 
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CHAPTER 2 

 

 

Binding and Proton Blockage by Amantadine Variants of 

the Influenza M2WT and M2S31N Explained 
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2.1 Abstract 

 

While aminoadamantanes are well-established inhibitors of the influenza A M2 proton channel, the 

mechanisms by which they are rendered ineffective against M2S31N are unclear. Solid state NMR, isothermal 

titration calorimetry, electrophysiology, anti-viral assays and molecular dynamics simulations suggest 

stronger binding interactions for aminoadamantanes to M2WT compared to negligible or weak binding to 

M2S31N. The MD simulations and ssNMR data suggest most likely that the S31N mutation produces an 

unfavorable contact of N31 amide side chains for adamantane ring preventing its binding in the lipophilic 

pocket enclosed by V27. This result in a weaker binding for derivatives with sizeable adducts or loss of 

binding for amantadine and derivatives with small adducts to M2TMS31N in accordance to the ITC and ssNMR 

data. Previous experimental work  and MD simulations  showed that the ammonium group of amantadine 

has a prevalent orientation toward the C-terminus of M2TMWT (Udorn), with the adamantane hydrocarbon 

cage shifted slightly toward N-terminus of the A30/S31 Cα sites producing a region of the pore devoid of 

water consistent with blockage of proton transport and in agreement with ssNMR findings. In contrast our 

MD simulations of Amt and other aminoadamantane derivatives in M2TMS31N suggested that these 

compounds have a variable orientation, but with a propensity to have the ammonium group toward the N-

terminus of the M2TMS31N pore. In this orientation water occupancy is not widely occluded in any 

configuration.  Sizeable adducts are weekly accommodated in the region between A30 and G34 in 

M2TMS31N pore.  The reshaping of the M2pore when N31 is present, which in contrast to wild type (WT), 

leads: A) to the loss of the V27 pocket for the adamantyl cage and to a predominant orientation of the 

ligand's ammonium group toward the N-terminus and, B) to the lack of a helical kink upon ligand 

binding. The kink, which reduces the tilt of the C-terminal helical domain relative to the bilayer normal 

includes the W41 primary gate for proton conductance and may prevent the gate from opening, 

representing an alternative view for how these drugs prevent proton conductance. 
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2.2 Introduction 

 

A proven vulnerability of influenza A infections is the blockage of the viral M2 proton channel. M2 is required 

for acidification of the virion interior during infection and neutralization of the trans-Golgi network during 

viral egress.1 Amantadine ((Amt), 1) (Scheme 1) is an established inhibitor of the influenza A/M2-mediated 

proton currents2 and a licensed influenza A infection therapy.3The primary binding site of 1 is located within 

the pore of the tetrameric M2 transmembrane (M2TM) domain that forms the transmembrane proton 

transit path.4,5 However, since 2005,6 the 1-insensitive Ser-to-Asn mutation at position 31 in M2 (S31N) has 

become globally prevalent,7 abrogating the clinical usefulness of 18 and possibly other previously reported 

M2 inhibitors.9 Thus, new agents are needed to combat drug-resistant forms of influenza. 

 

 

 

Scheme 1. Structures of aminoadamantane derivatives 1-10. 

 

Based on the experimental solid state NMR (ssNMR) structure of the complex M2TM-1 4a,5a,b, the 

replacement of S31 residues at the drug binding site with the more polar and bulky Asn side chains may 

induce the adamantyl ring to move deeper into the M2 pore, toward the C-terminus close to G34, where the 

pore of the helical bundle has its largest diameter, and drugs larger than 1 might be effective. We and others 

have searched for such larger drugs and found, for example compounds 5-7, which are active against 

A/Calif/07/2009 (H1N1) virus encoding S31N but not against WSN/33 also bearing the same mutation.10 

However, while a preliminary ssNMR experiment of the S31N M2TM domain complexed with compound 5 

showed evidence of drug binding, electrophysiology (EP) studies showed no blockage for the full length S31N 

M2 protein.10a These studies therefore indicate that more detailed experimental investigation and modeling 

are needed to explain the mechanisms by which aminoadamantanes are rendered ineffective against M2S31N 

in order to design effective drugs. 
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Recent molecular dynamics (MD) simulations showed that the ammonium group of 1 has a prevalent 

orientation toward the C-terminus of M2TMWT(Udorn), with the adamantane hydrocarbon cage shifted 

slightly toward N-terminus of the A30/S31 Cα11,12,13,14,15, 16,17, 18producing a region of the pore devoid of water 

17,19 consistent with blockage of proton transport and in agreement with ssNMR findings.5c,20, 21 In contrast, 

MD simulations of 1 in M2TMS31N from Gleed et al.17b and rimantadine in M2TMS31N from Alhadeff et al.16 

suggested that these compounds have a variable orientation, but with a propensity to have the ammonium 

group toward the N-terminus17b, 22 of the M2TMS31N pore (Figure 1). In this orientation water occupancy is not 

widely occluded in any configuration.17 These studies16,17b presented a description of the Potential of Mean 

Force (PMF) curves of amantadine and rimantadine in interaction with the M2TMS31N pore but the main 

structural/interaction changes due to S31N and leading to aminoadamantane resistance were not defined.In 

addition, no experimental evidence is presented to date for the binding of aminoadamantane ligands in 

M2TMS31N pore. Nevertheless, the propensity of 1’s amino group to orient towards the N-end was used for 

the successful design of 1-polar head conjugates that were shown to be potent inhibitors of WSN/33 virus 

and proton conductance by M2S31N
23. A ssNMR analysis of a system including one of these compounds, a 

phenylisoxazole derivative linked with amantadine through a methylene bridge, with M2TM in membrane 

bilayers was realized. The results showed that the compound's heterocyclic ring system may be trapped by 

the V27 side chains at N-terminus of the M2TM-pore24  with the isoxazole group forming hydrogen bonds 

with the N31 amide side chains. 

We are interested to investigate how subtle changes in amantadine structure are related with the 

binding affinity against M2TM variants. We previously used molecular mechanics Poisson-Boltzmann surface 

area (MM/PBSA) to interpret thermodynamic profiles measured using isothermal titration calorimetry (ITC) 

for aminoadamantanes binding to the avian M2TMWeybridge (M2TMWeybridge has different two amino acids that 

do not line into the pore, i.e., V28→I28 and L38→F38 compared to M2TMWT) in order to successfully 

prioritize aminoadamantane derivatives.25 We also applied rigorous free energy binding calculations by the 

Bennett acceptance ratio (BAR) approach to accurately predict relative binding affinities of 

aminoadamantane derivatives towards M2TMWT or M2TMWeybridge measured by ITC or other methods 

respectively. 26,27 
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Figure 1. Amt (1) orients toward the protein C-terminus in M2TMWT and toward the protein N-terminus in 

M2TMS31N.Superposition of final snapshots, constant temperature and pressure molecular dynamics 

simulations at 310 K of 1 in complex with S31 or N31 M2 [PDB ID: 2KQT] in 150 mMNaCl, water, and DMPC 

lipid. 1 and waters are shown in yellow-green and purple in WT and S31N respectively. Two of four M2TM 

backbones are shown as green ribbons. In the S31 case, the ammonium group of 1 is projecting toward the 

C-terminus and hydrogen bonding with four water molecules. In the N31 case, the adamantane cage (purple) 

is lower, and the  amantadine amine projects toward the N-terminus and hydrogen bonds with the one N31 

side chain and a water molecule. 

 

Here we investigate the interaction of aminoadamantane derivatives (Scheme 1) with M2TMWT and 

M2TMS31N both experimentally and by MD simulations, with the aim of determining how the S31N mutation 

leads to the inability of 1 and other aminoadamantanes to block S31N M2 proton transport. First, we 

measured binding constants of selected aminoadamantane derivatives with ITC against M2TMWT and 

M2TMS31N in dodecylphosphocholine (DPC) micelles at alkaline pH. Second, we applied a series of MD 

simulations (80 ns trajectories) of the M2TMWT and M2TMS31N complexes with 1-10 (Scheme 1) to analyze in 

some detail how the polar N31 amide side chains affect binding of an aminoadamantaneligand inside the 

M2TM pore. To this end, we suggest that repulsive forces between N31 and the adamantane ring may 

influence the orientation and binding interactions of the ligand, the overall stability of the complexes, and 
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the shape of M2TM. Third, we performed Oriented Sample (OS) and Magic Angle Spinning (MAS) ssNMR 

experiments28,29, 30  on representative M2TM-ligand complexes at alkaline pH using both M2TMWT and 

M2TMS31N sequences to characterize the structural influence of compounds on the channel. Fourth, we 

selected and tested new synthetic derivatives with slightly larger or similarly-sized adducts, like 8 and 10, 

than previously synthesized compounds 5-7, 9 for their abilities to bind M2TMS31N. We realized EP 

experiments for selected compounds against both WT and S31N M2 proteins to test M2 channel blockage 

and additionally measured the antiviral potency of the compounds against the naturally amantadine-

resistant H1N1 influenza strain A/WSN/1933 (WSN/33 with M2N31) and its reverse genetics-generated 

amantadine-sensitive variant with the amino acid substitution N31S in M2 (WSN/33-M2-N31S) using 

cytopathic effect inhibition (CPE) assays. 
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2.3 Results  

 

2.3.1 Chemistry 

 

The synthesis of compounds 3-510a and 6-79a were previously published and resynthesized for the required 

measurements. The synthetic schemes of 2 , 6 and 7 are included in the SI, (Schemes S1 and S2). The 

multistep synthesis of 1′-methylspiro[pyrrolidine-2,2′-adamantane] 8 was accomplished by I. Stylianakis for 

his PhD thesis.  

Compounds 2-8 belong to the class of 2-alkyl-2-aminoadamantanesbearing a substitution at 

adamantane C2 carbon. Tertiary alcohol 11a was obtained by treating 2-adamantanone 11 with allyl 

magnesium bromide (Scheme 2). The unsaturated alcohol 11a was converted to the n-propyl derivative 14 

through catalytic hydrogenation over PtO2. After a lot of experiments with tertiary alcohols in the 

adamantane series and in acyclic series we concluded that the conversion of tertiary alcohols to the 

corresponding azides through NaN3/H2SO4(various concentrations)/CHCl3or NaN3/TFA/CHCl3 can result in 

unreacted alcohol and found that the transformation proceeds efficiently using NaN3/TFA 1M in CH2Cl2. (see 

Chapter 4 for the details). The amine 5 was prepared by means of LiAlH4 reduction of the azide 14a in 

refluxing ether for 5 h. The amines 3, 4 were also synthesized according to Scheme 2. Tertiary alcohols 12, 13 

were obtained by treating 2-adamantanone 11 with an oganolithium (R = Et) or organomagnesium reagent 

(R = Me) (Scheme 3). While 2-methyl-2-adamantanol 12was obtained after treating 2-adamantanone 11 with 

CH3MgI, this is not an efficient method for the preparation of alcohol 13, due to the bulky 2-adamantanone 

11 and to the soft carbanion character of the Grignard reagent making the β-hydride transfer a competitive 

reaction to the alkyl addition and leading to a mixture of the desired tertiary alcohol with 2-adamantanol. 

The conversion of tertiary alcohols 12, 13 to the corresponding azides 12a, 13a was accomplished efficiently 

through treatment with NaN3/TFA 1M in dichloromethane or dichloroethane for 24 h at room temperature. 

The primary tert-alkyl amines 3,4 were prepared by means of LiAlH4 reduction of the azides 12a, 13a in 

refluxing ether for 5 h.  
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Scheme 2.Synthetic scheme for the preparation of aminoadamantanes 3-5.  
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The synthesis of the 1-(1-adamantyl) cyclopentanamine 9 and of the precursor alcohol 18 was realized 

according to a published procedure29 based on the reaction of ethyl 1-adamantanecarboxylate 17 with 1,4-

bis(bromomagnesiobutane). The formation of the precursor azide18 of the amine 9 was accomplished more 

efficiently using NaN3/TFA/CH2Cl2 1M instead of the NaN3/trichloroacetic/CHCl3/H2O mixture (Scheme 3).29 

 

 

    9

ba

CO2Et
c

17 18
HO

19 N3 H2N
 

 

Reagentsandconditions: (a)BrMg(CH2)4MgBr, dry ether,rt 24h, NH4Clsat.  (70%); (b) NaN3, TFA, CH2Cl2, 0 °C, 5h, 

then r.t. 24 h (88%). (c) LiAlH4, dry ether, reflux, 5 h, then H2O, NaOH 10% (65%).  

 

Scheme 3. Synthesis of 1-(1-adamantyl)cyclopentanamine 9.29 

 

For the synthesis of 1-(1-adamantyl)cyclohexanamine 10 the alcohol 21 was prepared according to a 

published procedure30 from 1-adamantyl lithium (1-bromoadamantane 20 + lithium wire) and 

cyclohexanone. Subsequent treatment of alcohols 18 or 21 with NaN3/TFA/CH2Cl2 afforded the 

corresponding azides19 or 22. The amines 9 or 10 respectively were prepared through reduction of the 

azides19 or 22 by means of  LiAlH4/ether/reflux, 5h (Scheme 4). 

 

    10
HO

ba

Br
c

H2NN32220 21  

 

Reagents and conditions: (a)Li, dry THF, cyclohexanone, sonication, 0 ºC, 5h (70%); (b) NaN3, TFA, CH2Cl2, 0 

°C, 5h, then r.t. 24 h (60%). (c) LiAlH4, dry ether, reflux, 5 h, then H2O, NaOH 10% (30%). 

 

Scheme 4. Synthesis of 1-(1-adamantyl)cyclohexanamine 10.30 
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2.3.2 Binding affinities of aminoadamantanes to M2TM by ITC 

 

ITC measurements31 were determined for both M2TMWT and M2TMS31N tetramers at pH 8 corresponding to 

the closed state of the M2TM pore32 (Table 1). Binding data for compounds 1, 5, 6-8 to M2TMWT measured in 

our previous work26 were included in Table 1. Thus, as has been published recently26 (see Table 1) 

compounds 1-8 bind M2TMWT. Compound 9 and the newly synthesized analogue 10, which has a 

cyclohexane ring instead of the cyclopentane in 9, bind M2TMWT with at least an order of magnitude lower 

dissociation constant (Kd) than those for 1-8, possibly because their size do not enable them to fit well inside 

M2TMWT. We note that techniques for measuring affinity against M2TM such as ITC correspond to models of 

molecular recognition for ligand binding to M2TM and do not necessarily reflect functional inhibition of M2 

proton currents or in vitro inhibition of influenza A virus. For example, 9 inhibits M2WT-dependent currents 

as measured by electrophysiology with an IC50 of 10 ± 2 µM (Table 7) and inhibited influenza A virus 

replication in infected cells with an IC50 of 4.34±2.94 μΜ (Table 8) while compound 10 was inactive. 

Nevertheless, ITC and related techniques like Surface Plasmon Resonance (SPR) and structural techniques 

like ssNMR can provide useful insights for M2TM binding and trends in structure-activity relationships for the 

M2-aminoadamantane system. For example, compounds 1-4 did not bind efficiently to M2TMS31N according 

to ITC and previous SPR measurements for 133 while 5, 6 with larger adducts connected to adamantane bind 

weakly to M2TMS31N compared to M2TMWTaccording to ITC (Table 1) and ssNMR.The Kd values of low affinity 

binders (e.g. 5, 6, 9, 10) against M2TMS31N, and 9 against M2TMWT, possess relatively large errors due to the 

limitations of the ITC method (Table 1). Subsequently comparison of the relative Kd values of compounds 5, 

6, 9, 10 do not reflect relative binding affinity strength against M2TMS31N. Nevertheless, although the 

quantitation of the ITC results against M2TMS31N is limited for this method, the measurements suggest that 

the Kd values of 5 and 6 against M2TMS31N are much smaller compared to M2TMWT suggest weaker binding to 

M2TMS31N (Table 1). Narrower linewidths and larger chemical shifts changes for 5 bound to M2TMWT 

compared to M2TMS31N were observed in the ssNMR spectra described below suggesting a reduction in 

dynamics for binding to M2TMWT and a more specific binding site, which in turn causes a significant 

reduction in hydration due to drug induced desolvation of the binding pocket.31 
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Table 1. Binding constants, and other thermodynamic parameters derived from ITC 
measurements for influenza A M2TMWT and M2TMS31N. 
 

M2TMWT 

Ligand 
1
 Kd

2 
ΔG 

3,4 
ΔH 

3,5 
TΔS 

3,6 

1 
7
 2.17 ± 0.52 -32.51 ± 0.59 -27.87 ± 2.09 4.64 ± 2.18 

2 
7
 1.60 ± 0.34 -33.30 ± 0.54 -29.41 ± 1.76 3.89 ± 1.84 

3 
7
 0.89 ± 0.19 -34.77 ± 0.54 -28.41 ± 1.09 6.32 ± 1.21 

4 
7
 0.62 ± 0.14 -35.65 ± 0.54 -29.87 ± 0.88 5.77 ± 1.05 

5 
7
 0.63 ± 0.17 -36.43 ± 0.69 -32.62 ± 1.29 3.90 ± 1.45 

6 
7
 0.36 ± 0.22 -38.11 ± 1.84 -21.49 ± 1.76 16.61 ± 2.57 

7 
7
 0.93 ± 0.36 -34.64 ± 0.96 -15.98 ± 1.17 18.66 ± 1.51 

8 
7
 1.30 ± 0.43 -33.81 ± 0.84 -21.25 ± 1.30 12.55 ± 1.55 

9 14.61 ± 4.62 -27.77 ± 0.79 - 
8
 - 

8
 

10 > 10 - 
8
 - 

8
 - 

8
 

Μ2ΤΜS31N 

Ligand 
1
 Kd

2
 ΔG 

3,4
 ΔH 

3,5
 TΔS 

3,6
 

1-4 - 
9
 - - - 

5 > 10 - 
8
 - 

8
 - 

8
 

6 17.5 ± 8.5 -27.95 ± 1.24 - 
8
 - 

8
 

9 15.8 ± 5.95 -28.22 ± 0.96 - 
8
 - 

8
 

10 9.90 ± 4.99 -29.41 ± 1.29 - 
8
 - 

8
 

 

1
 See Scheme 1. 

2
 Binding constant Kd in µM calculated from measured Ka in M

-1
 by Kd = 1/Ka 10

-6
 and error in Kd in µM determined 

by Kd, error = (Ka, error/Ka
2
)  10

-6
. 

3
 In kJ mol

-1
. 

4
 Free energy of binding computed from Kd by ΔG = -RTln(Kd

ref
/Kd) with Kd

ref
 = 1 M and T = 300 K and error in ΔG 

determined according to  , with T = 300 K. 

5
 Enthalpy of binding and error in the enthalpy of binding calculated from measured binding enthalpy and 

measured error by ΔH = ΔHmeasured ( T / Tmeasured ) with T = 300 K and the temperature at which the ITC 
measurements were performed Tmeasured = 293.15 K. 

6
 Entropy of binding calculated by ΔS = (-ΔG + ΔH)/T and error in ΔS computed by the equation 

 
7
 Measured in ref. 26. 

8
 Values could not be determined reliably due to the limitations of the methods in the area of very weak binding. 

9 
No detectable binding. 
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2.3.3 Solid state NMR of M2TM - aminoadamantanes complexes 

 

2.3.3.1 OS ssNMR spectra 

Drug binding to the channel pore of M2TMWT and M2TMS31N was evaluated using OS ssNMR experiments. 

Spectral correlation observed in these data sets, between anisotropic 15N chemical shifts and 1H-15N dipolar 

coupling values for selectively 15N-labeled backbone amide sites, gives rise to resonance patterns known as 

PISA (polarity index slant angle) wheels.34,35 The shape, size and position of the PISA wheel for α-helical 

membrane proteins in uniformly oriented lipid bilayer preparations is determined by the helical tilt relative 

to the bilayer normal, and is sensitive to drug-induced structural perturbations. Previous investigations by 

Cross and co-workers have reported dramatic changes in anisotropic chemical shifts and dipolar coupling 

values for M2TMWT in the presence of 1.35 PISA wheel analysis of M2TMWT spectra in the apo state and in the 

presence of 135 or 5 correlates the shifts with a substantial reduction in the tilt angle for the C-terminal 

region of the M2TMWT helix, following ligand binding. In contrast, M2TMS31N in the presence of 5 results in a 

uniform 5 ± 2° decrease in the helical tilt imparting a change to the entire helix-helix interface.10a 

Here, to monitor changes in the resonance frequencies and to the resulting PISA wheel in the 

presence of other variants of 1, a 15N-V28,A30,I42 (VAI-M2TM) labeling scheme was used. Residues 28 and 

30 are in the N-terminal domain of the M2TM helix and I42 in the C-terminal region, and hence the labels 

effectively sample both segments. Resonance frequencies for these sites are well resolved allowing for a 

PISA wheel analysis of drug binding in the channel pore that induces small structural perturbations. The 

signals of these three pertinent and isotopically labeled backbone amides were shifted in nearly an identical 

fashion when 1 or 5 bind to the M2TMWT (Figure 2). As before, changes suggest only a slight perturbation to 

the N-terminus and a much more significant structural perturbation to the C-terminus with a change in the 

tilt angle from 32° to just 22°, while the N-terminal tilt changes by only a degree or two (Table 2).4b,35 These 

results imply similar drug induced structural perturbations to the TM configuration of WT M2 protein in the 

presence of 1 or5.  
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Figure 2. Superimposed PISEMA spectra of the M2TMWT (residues 22-46), 15N-labeled at V28, A30, and I42, in 

DMPC lipid bilayers uniformly aligned on glass slides with (red) and without (black) compound 1 (A) and 

compound 5 (B). Assignments without drug were made based on the known structure and spectra of 

M2TMWT.
35 Assignments with drug follow the rotational orientation of the helices. Change in the resonance 

frequencies of the 15N-labeled backbone amide sites are indicated with black arrows. All spectra were 

collected at 720 MHz, pH 7.5, 303K.  The molar ratio of lipid/protein was 30:1.  PISA wheels are drawn for 

helix tilts of 22° and 32° for the N- and C-terminal residues respectively when the drugs are bound. 

 

Table 2. Mean helical tilt values relative to the bilayer normal from MD simulations of 1, 5 in complex 

with M2TMWT in DMPC bilayer. 

 

Ligand 
1
 MD simulations 

2
 

N-terminus/C-terminus 

ssNMR Experiment 
3
 

N-terminus/C-terminus 

2KQT 4
a,

5
b
 

N-terminus/C-terminus 

1 31º ± 4.6º /18º ± 4.9º 32 ± 2° / 22° ± 2° 30° / 19° 

5 31º ± 5.1º /19º ± 5.0º 32 ± 2° / 22° ± 2°  

   1
 See Scheme 1. 

  2 
Calculated using Gromacs tools. 

  3 
This study. 
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For the binding studies toM2TMS31N,no observable effect was detected for binding of 1, while 5 

induces smaller changes compared to those induced by the binding of 1 or 5 to M2TMWT based on the signals 

from the same three backbone amides (Figure 3). In addition, the linewidths are narrower when 5 is bound 

to M2TMWT compared to M2TMS31N, suggesting less dynamics in the WT complex implying a tighter complex.  

 

 

 

Figure 3. Superimposed PISEMA spectra of the M2TMS31N, 15N-labeled at residues V28, A30, and I42, in DMPC 

lipid bilayers uniformly aligned on glass slides with (red) and without (black) compound 1 (A) and compound 

5 (B).  Assignments without drug were made based on the known structure and spectra of M2TMWT.
35 

Assignments with drug follow the rotational orientation of the helices. Theoretical PISA wheel calculated for 

an ideal helix [(ϕ,φ)] = (-60°, -45°)] with a 33° tilt angle relative to the bilayer normal is superimposed on 

M2TMS31N resonance frequencies, which are shifted after compound 5 addition. All spectra were collected at 

720 MHz, pH 7.5, 303K.  The molar ratio of lipid/protein was 30:1.   

There is a small difference in the structure of M2TMS31N versus M2TMWT without drugs in lipid bilayers 

(black resonances in Figure 2 versus Figure 3). The M2TMS31N data suggests a helical tilt of approximately 38°, 

somewhat greater than the helical tilt observed in the WT structure (32°) consistent with prior 
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characterizations.4
,35 

While the binding of 1 to M2TMWT produced a 10° kink near G34 in each helix of the 

tetramer,4b,35 binding of 1 produced no such structural change for the 1-resistant M2TMS31N. The shifts in the 

anisotropic resonance frequencies which resulted when 5 binds to M2TMS31N demonstrates a significant 

change in helical tilt from 38° to 33° in the tetramericcomplex (Table 5). Based on these resonances that 

sample the N- and C- regions of the TM helix, the structural change appears to be a uniform change in tilt. 

Consequently, the residues facing the pore remain the same, but the interactions between helices that 

provide the tetrameric stability may change substantially. Upon binding of 1 or 5 to M2TMWTa kinked helix at 

G34 is produced but when adding these compounds to M2TMS31N helices are not kinked at G34. Instead, 

when 5 bind sto M2TMS31N, the entire helix-helix interface changes with the ~5° reduction in tilt for each of 

the four helices.  

The structurally similar aminoadamantanes 6-8 produced similar ssNMR results when added to  

M2TMS31N (Figure 4) in that the change in structure always reflected a uniform change in helical tilt.8 is a 

new derivative, which was synthesized to test the effect of C-methylation to binding compared to N-

methylation in 6. The measured helical tilt angles are 28° for 6, 31° for 7, and 33° for 8, with the latter 

compound yielding results that are similar to those induced by 5 (Table 5).  For 5-8, there is no evidence for 

partial binding, since the unbound states are not observed in the spectra with drugs present. With 5, V28 

appears to have multiple resonances (Figure 3) clustered on an anisotropic chemical shift of 160 ppm and a 

dipolar interaction of 4 kHz. The structural differences would be small, i.e. no more than 1° change in the 

orientation of the V27-V28 peptide plane with respect to the bilayer normal. This suggests that even with 5 

on the timescale of 10-100µs there is no significant evidence for asymmetry in this tetrameric structure, i.e. 

there is no evidence from these three labeled sites that M2TMS31N bound with different compounds 1, 5-8 

forms a dimer of dimer, as has been suggested for the S31N structure.36,37 If such structures are present they 

must interconvert on a timescale faster than the difference in spectral frequencies in Hz. Furthermore, if this 

was occurring with significantly different structures there would be a reduction in the width and height of 

the PISA wheel, which was not observed. The intensity of the resonances varies, again especially for 

5,suggesting that the compound may have competing binding interactions with the pore leading to 

heterogeneity in the frequencies, the weakening of the A30 resonance and the small dispersion of the V28 

resonances as described above. These dynamics are in sharp contrast to the intense resonance for I42 for 

M2TMS31N bound with 5. The uniformity of the resonance intensities that result from the interaction with 

heterocyclic compounds 6-8 may suggest less dynamics and more potent binders than 5 to M2TMS31N.  
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Figure 4. Superimposed PISEMA spectra of the M2TMS31N (residues 22-46), 15N labeled at residues V28, A30, 

and I42, in DMPC bilayers uniformly aligned on glass slides with (red) and without (black) 6, 7, and 8 (Figures 

4 A-C respectively). Assignments without drug were made based on the known structure and spectra of 

M2TMWT.
35 Assignments with drug follow the rotational orientation of the helices. Theoretical PISA wheels 

calculated for an ideal helix [(ϕ,φ)] = (-60°, -45°)] with varying tilt angles relative to the bilayer normal were 

superimposed on drug bound M2TMS31N spectra (Fig. 4A-C). All spectra were collected at 720 MHz, pH 7.5, 

303K.  The molar ratio of lipid/protein was 30:1.   
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2.3.4 MAS spectra  

 

To evaluate further the effect of 6 binding to M2TMS31N, 2D N-Cα correlation magic angle spinning (MAS) 

ssNMR experiments were performed using uniformly 13C,15N-labeled V7, A30, S31 and G34 

M2TMS31N(13C,15N-VANG labeled M2TMS31N). The labeling used aims to explore the binding interactions of 

amantadine analogs into M2TMS31N pore through measuring the effect of binding to the chemical shifts of 

V27, A30, G34 and N31. In the M2TMWT the binding area includes the expanded area including V27, A30 and 

also G34, S31.4a,5b Spectra were obtained (Figure 5) for both the apo protein (blue) and for 6 bound (red) to 

the labeled M2TMS31N. Addition of the drug to the M2TMS31N sample resulted in chemical shift changes for 

N31 and G34 of 1.2and 2.1ppm, respectively, V27 and A30 resonances remain unchanged, suggesting that 

they are not involved in binding, while the isotropic chemical shift perturbation of the  N31 and G34 residues 

suggest the drug binding site for M2TMS31N suggesting either direct hydrogen bonding with the backbone or 

indirect hydrogen bonding through water molecules.21Significant 15N and/or 13Cα chemical shift changes at 

V27, S31, G34 have been reported when rimantadine is bound to M2TMWT
20,21 with S31 experiencing a 

dramatic 7 ppm shift relative to the apo state.21 Despite the observed chemical shift changes at residues N31 

and G34 when 6 bound to the M2TMS31N, cross peak intensity was not increased as was observed for the WT 

full length M2 in complex with rimantadine.21 This suggests that the conformational heterogeneity of 

M2TMS31N was not increased for these residues in the presence of the drug. A reduction in dynamics which is 

in agreement with narrower linewidths would be anticipated with a specific binding site or a significant 

reduction in hydration due to drug induced desolvation of the binding pocket. The narrower linewidths and 

increased anisotropic chemical shifts for the M2TMWT and M2TMS31N bound to 5 (Figures 2, 3) illustrate 

reduced dynamics and weaker or less specific binding of the drug to the M2TMS31N. 
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Figure 5. Superimposed 2D strip plots for 15N/13C (NCA) correlation spectra of 13C,15N-V27A30N31G34 labeled 

M2TMS31N(residues 22-46) in DMPC lipid bilayers with (red) and without (blue) compound 6.  Spectra were 

collected at 600 MHz proton frequency, at pH 7.5, 10-kHz spinning rate and a calibrated temperature at 

sample of 263K.   
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2.3.5 MD simulations of M2TM - aminoadamantanes complexes 

 

2.3.5.1 Starting structure of protein ligand-complex 

MD simulations of the complexes between 1, 2-alkyl-2-aminoadamantanes 2-5 and cyclic derivatives 6-10 

with both M2TMWT and M2TMS31N provide insights for the binding interactions and possible structural 

changes in the binding area. All of the ligands 1 amino groups were considered to be protonated according 

to model calculations preformed previously for ligands 1 and 6.25,26 The structure of the complex M2TMWT-1 

(PDB ID 2KQT4
a,

5
b) was used as a starting structure for the simulations of M2TMWT-ligand complexes and of 

M2TMS31N-ligand complexes. The PDB ID 2KQT4
a,

5
b structure was chosen since it was determined at pH 7.5 

and DMPC planar bilayers and vesicles4
a,

5
b, i.e., similar conditions to those used in our simulations. 

Subsequently only small structural changes are to be expected in M2TM structure during MD simulations of 

its complexes with ligands and the equilibration phase should be short. It has been shown that the stability 

of the binding region for 1 in the M2TM tetramer is increased considerably when using DMPC compared to 

other lipids.38,39,40,41 In addition, 2KQT (ref. 5b) should be considered as the best structure of the amantadine 

bound state of M2TM since it utilized both isotropic chemical shift restraints and all of the orientation 

restraints of an earlier structure characterized by Cross and coworkers (see ref. 4a). The structure of the 

M2TMS31N-ligand (1-10) complexes were generated from M2TMWT-complexes by mutating S31 to N. (see also 

3.8.2). 

 

2.3.5.2 Complexes of ligands with M2TMWT 

The MD simulations of the M2TMWT-ligand complexes reached equilibration in less than 40 ns with the 

protein system having full flexibility. The RMSDs values (Table 3) were  1.6 Å for M2TM Cα-carbons with 

respect to the initial structure of the production period4a,5b suggesting that M2TMWT-ligand (1-8) complexes 

were very stable and the M2TM tetramer structure was considerably unchanged in the course of the 

simulation. The mean values of the N-terminal and the C-terminal helical tilt of M2TMWT for the complexes 

with 1, 5 from the corresponding MD trajectories were measured to be 31°, 18° and 31°, 19° respectively and 

are in very good agreement with the values of 32°, 22° and 32°, 22°determined by OS ssNMR (Table 2). As 

noted above the starting structure 2KQT4a,5b having helical domain tilt angles of 31°, 19° were determined in 

similar conditions to those used in our MD simulations by Cross and coworkers.4a Even so these findings 

suggest that the ligand-M2TMWT complex was successfully equilibrated and the conditions were well 

adjusted to produce consistent results. Consistent with the experimental findings5b,c and previous 

observations,25,26 the ammonium group of the aminoadamantane compounds was oriented towards the C-

terminus with angles of < 77 between the C-N bond of the ligand and the membrane's normal (Table 3).The 

complexes of compounds 1-8 inside the M2TM lumen are stabilized through: a) formation of hydrogen 
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bonds between their ammonium group and water molecules in the region between H37 residues and the 

ligand and b) van der Waals interactions between adamantyl group and a lipophilic pocket formed by V27 

and A30 side chains (see Figure 6). This binding area is in accordance (a) with the 15N chemical shifts 

perturbations for V27, A30 and S31 in complexes between 1 or 3-azaspiro[5,5]undecane and M2TMWT 

compared to the apo M2TMWT.
38 and, (b) with the measured distance of 4.5 Å between G34Ca and the 

methyl group of rimantadine from REDOR ssNMR experiments in studies of the full length protein.21 In 

addition, for complexes of M2TMWT with 1-8, the distance between the adamantyl ring of the ligand and the 

center of mass of the four V27 (V27-Ad) varies between 4 and 4.9 Å, and the distance between the 

adamantyl ring of the ligand and the center of mass of the four A30 (A30-Ad) varies between 0.5 and 1.4 Å 

(Table 3). The position of the adamantyl ring inside the lumen was similar for ligands 2-8 differing from 1 

only by 0.2-0.6 Å. To account for the position of the ligands towards the C-end we measured the distance 

between the center of mass of the four V27 and the ammonium nitrogen of the ligand (V27-N+) which varied 

between 7.1 and 7.8 Å (Table 3). According to the measures in Table 3 hydrogen bonding ability is higher for 

the subset of ligands 1-5, 9, 10 than for the subset 6, 8 or 7.  Thus 1-5, 9, 10 can form on average 3 hydrogen 

bonds with neighboring water molecules, 6, 8 can form 2 hydrogen bonds, and 7 one hydrogen bond 

respectively (Table 3). This is what was expected since 1-5, 9, 10 have a primary ammonium group, 6, 8 have 

a secondary ammonium group and 7 have a tertiary ammonium group. For ligands 3-8 which include a 

carbon substituent at C-2 adamantane position the molecule is rotated in order to avoid repulsive van der 

Waals forces of the alkyl group with the symmetric M2TM pore. The average angle between the pore axis 

and C-N bond vector was increased progressively according to the alkyl group size, i.e., from 13.5o for 1 to 

25-35o for 2-8 (Table 3).  Although all ligands 1-8 have similar binding mode as shown from the OS ssNMR 

spectra of complexes including 1, 5(Figure 2), a subtle compromise between hydrogen bonding and 

hydrophobic interactions with key pore residues, such as V27, A30, affects the ligand tilt inside the pore and 

its different binding strength as shown by the ITC results (Table 1). The adamantyl ring is slightly toward the 

N-terminus compared to the A30/S31 Cα, producing a region without water molecules. Snapshots of the 

simulation complexes with 5, 6 are shown in Figure 6. 
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(a) 

 

 

(b)

 

Figure 6. Snapshots from the simulation of ligands bound to M2TMWT. Waters within 10 Å from ligand are 

shown. (a) 5 bound to M2TMWT. Eight waters are shown between the ligand and H37 residues. Three 

hydrogen bonds between the secondary ammonium group of the ligand and three water molecules are 

shown (see Table 3). Hydrogen bonding together with van der Waals interactions of the adamantane core 

with V27 and A30 stabilize the ligand inside the pore with its ammonium group oriented towards the C-

terminus. (b) 6 bound to M2TMWT. Eight waters are shown between the ligand and H37 residues. Two 

hydrogen bonds between the secondary ammonium group of the ligand and two water molecules are shown 

(see also Table 3). Hydrogen bonding together with van der Waals interactions of the adamantane core with 

V27 and A30 stabilize the ligand inside the pore with its ammonium group oriented towards the C-terminus. 
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Table 3. Structural and dynamic measures from MD simulations of M2TMUdorn-ligand complexes in DMPC bilayer. 

 

Ligand 
1
 RMSD 

(C-alpha) 
2
 

Angle C-N 

vector 
3
 

V27-Ad 
4
 V27-N

+ 5
 A30-Ad 

6
 G34-Ad 

7
 H-bonds 

8
 RMSF 

ligand 
9 

1 1.6 ± 0.3 13.5 ± 6.7 4.5 ± 0.3 7.2 ± 0.2  1.1 ± 0.2 5.5 ± 0.3 2.7 ± 0.5      0.2 

2 1.4 ± 0.2 25.7 ± 9.0 3.9 ± 0.2 7.1 ± 0.2 1.4 ± 0.3 6.1 ± 0.3 2.6 ± 0.6 0.1 

3 2.1 ± 0.4 33.5 ± 7.2 4.3 ± 0.3 7.3 ± 0.3 0.9 ± 0.3 5.2 ± 0.3 2.7 ± 0.5 0.3 

4 1.3 ± 0.2 35.2 ± 8.8 4.0 ± 0.2 7.2 ± 0.2 1.2 ± 0.3 5.9 ± 0.3 2.6 ± 0.6 0.3 

5 1.3 ± 0.2 28.2 ± 7.1 4.6 ± 0.2 7.5 ± 0.2 0.7 ± 0.2 5.2 ± 0.3 2.7 ± 0.5 0.2 

6 1.4 ± 0.2 77.0 ± 14.1 4.3 ± 0.3 7.0 ± 0.5 0.9 ± 0.3 4.3 ± 0.3 2.1 ± 0.4 0.3 

7-S 1.6 ± 0.3 37.2 ± 10.1 4.3 ± 0.3 7.3 ± 0.3 0.9 ± 0.3 5.3 ± 0.3 0.8 ± 0.4 0.3 

7-R 1.3 ± 0.2 33.5 ± 7.0 4.3 ± 0.3 7.3 ± 0.3 0.9 ± 0.3 5.3 ± 0.3 0.8 ± 0.4 0.3 

8-S 1.5 ± 0.2 30.2 ± 5.5 4.6 ± 0.3 7.6 ± 0.3 0.7 ± 0.2 5.1 ± 0.3 1.9 ± 0.3 0.3 

8-R 1.1 ± 0.2 33.7 ± 6.0 4.9 ± 0.3 7.8 ± 0.3 0.5 ± 0.2 4.5 ± 0.3 2.0 ± 0.2 0.2 

9 2.4 ± 0.5 73.2 ± 23.4 3.7 ± 0.6 5.5 ± 0.8 2.6 ± 0.5 7.4 ±  06 2.7 ± 0.5 0.2 

10 2.1 ± 0.3 41.7 ± 16.2 3.5 ± 0.4 2.1 ± 0.7 4.7 ± 0.7 6.5 ± 0.5 2.5 ± 0.7 0.2 

 

1
 See Scheme 1. 

2
 Maximum root-mean-square deviation (RMSD) for C atoms of M2TM relative to the initial structure (PDB entry: 2KQT) after root-mean-

square fitting of C atoms of M2TM; in Å. 
3
 Angle between the vector along the bond from the carbon atom of the adamantane core to the ligand nitrogen atom and the normal of 

the membrane; in degree. 
4
 Mean distance between the center of mass of V27 and the center of mass of the adamantane core calculated using Gromacs tools; in Å. 

5
 Mean distance between the center of mass of V27 and ammonium nitrogen of the ligand calculated using Gromacs tools; in Å. 

6
 Mean distance between the center of mass of A30 and the center of mass of the adamantane core calculated using Gromacs tools; in Å. 

7
 Mean distance between the center of mass of G34 and the center of mass of the adamantane core calculated using Gromacs tools; in Å. 

8
 Mean number of H-bonds between a ligand's ammonium group and waters. 

9
 Root-mean-square fluctuation of a ligand after fitting of the ligand to the average structure considering all ligand atoms; in Å. 

 

The MD simulations suggest that the M2TMWT-ligand complex stability is reduced when a sizeable 

adduct is attached to adamantane, i.e., the M2TM pore does not efficiently accommodate the large adducts 

in compounds 9 and 10. This is in accordance with the weak or no binding respectively of these drugs 

according to the ITC results (Table 1). For example, the MD simulations showed that the stability of the 

complex is considerably reduced in the case of 10 where after 80 ns the ligand is shifted toward the N-

terminus; the mean distances of the trajectory V27-Ad, A30-Ad and V27-N+ are 3.5 Å, 4.7 Å and 2.1 Å, 

respectively, suggesting a loosening of the M2TM-complex integrity at the N-terminus (a snapshot of the 

simulation complex with 10 is depicted in Figure 7). 
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Figure 7. Snapshots from the simulation of ligand 10 bound to M2TMWT. Waters within 10 Å from ligand are 

shown. Nine waters are shown between the ligand and His37 residues and seven waters between Asn31 and 

the mouth of the pore. Three hydrogen bonds between the ammonium group of the ligand and three waters 

are shown (see Table 3). 

 

2.3.5.3 Complexes of ligands with M2TMS31N 

In the starting configuration of M2TMS31N-aminoadamantane ligand complex the ammonium group points 

toward the C-terminus forming H-bonds with waters between the ligand and H37 residues as in the M2TMWT 

pore. The MD simulations of the complexes between M2TMS31N and 1-8 reach equilibration in less than 60 ns 

with the protein system having full flexibility. In complexes with M2TMS31N the ligand is more mobile inside 

the pore having a propensity to orient its ammonium group toward the N-terminus, in contrast to M2TMWT-

ligand complexes where the ligand forms a strong complex with ammonium group oriented toward the C-

terminus. Thus, after a few ns of unrestrained dynamics the ligand moves toward the C-terminus by ~2 Å, 

probably because the adamantyl group is repelled by the polar N31 side chains resulting in the loss of the 

V27 lipophilic pocket, and the molecule rotates 180º through an attraction to the polar environment around 

N31. This finding is consistent with the narrower linewidths and larger chemical shifts changes for M2TMWT 

when bound with compound 5 compared to M2TMS31N as observed in the ssNMR spectra suggesting a 
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stronger binding interaction with M2TMWT. In addition waters are transferred from the region between the 

ligand and H37 to the area around N31 where the drug's amine can interact with the carbonyls of the N31 

amide groups and waters around the amide side chains. Snapshots of the MD simulation complexes of 

M2TMS31N with 1, 5, 6 and 10 are depicted in Figure 8. The MD runs showed that by progressively increasing 

the size of the adduct connected to the adamantyl moiety in complexes with 2-8 the ammonium group 

orientation turns toward the N-terminus, and the drug keeps this orientation during the entire simulation 

period. While this change was observed for 1 after ~ 20 ns of production, the time needed for the 

aminoadamantane ligand to rotate towards the N-terminus may be increased for some larger adducts. For 

example, in the case of 5 the ligand's ammonium group keeps its orientation toward the C-terminus during 

the first 40 ns and then the molecule turns towards the N-terminus until the end of the 80 ns production 

time. While no significant conformational change was observed for M2TM31N tetramer in its complexes with 

1-8 during the production period, the RMSDs for M2TMS31N Cα-carbons were  2.8 Å from the initial 

structure4a,5b, i.e., 1 to 1.5 Å higher than the RMSDs for M2TMWT Cα-carbons suggesting less dynamics for 

M2TMWT complexes (Table 4). The mean values of the helical tilt angles for the complexes of 1, 5-8 with 

M2TMS31N from the corresponding MD trajectories were measured to be ~ 34°, 31°, 28°, 33°, 31° respectively 

and are close to 38°, 33°, 28°, 31° and 33° determined by OS ssNMR (Table 5). The uniformly tilted helical 

structure is a conversion form the initial kinked state in the 80-ns MD, where the starting structure reflects a 

homology model of 2KQT.4a,5b Here the major finding is the lack of kinked helices in M2TMS31N compared to 

the OS ssNMR structure when 1 binds M2TMWT suggesting than the MD simulations describe well the ligand-

M2TMS31N structure. 
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Figure 8. Snapshots from the simulation of various ligands bound to M2TMS31N. Waters within 10 Å from 

ligand are shown. Several waters are shown covering the region between the mouth the ligand and H37 

residues. Few waters may be found between the ligands and the wall of the pore, suggesting a relatively 

free passage through the lumen. (a) 1 bound to M2TMS31N. Seven waters are shown between the ligand 

and H37 residues and six waters between N31 and the mouth of the pore. In the depicted shapshot one 

hydrogen bond between the ammonium group of the ligand and one water, and one hydrogen bond 

between the ligand and the carbonyl group of N31 amide side chain are shown (see also Table 4). No 

efficient van der Waals interactions can be formed for the adamantane core in the region close to A30 and 

the ligand can't be stabilized inside the pore. (b) 5 bound to M2TMS31N. Three waters are shown between 

the ligand and the region close to H37 residues and three waters between N31 and the mouth of the pore. 

One water is shown between the ligand and the wall of the pore. One hydrogen bond between the 

ammonium group of the ligand, and one water and two hydrogen bonds between the ligand and the 

carbonyl groups of two N31 amide side chain are shown (see also Table 4). Hydrogen bonding together 

with weak van der Waals interactions between the adamantane core and the cleft between A30 and G34 

can weakly stabilize the ligand inside the pore with its ammonium group oriented towards the N-terminus. 

(c) 6 bound to M2TMS31N. Four waters are shown between the ligand and H37 residues and seven waters 

between N31 and the mouth of the pore. Two hydrogen bonds between the ammonium group of the 

ligand and the carbonyl group of N31 amide side chain and one water are shown (see also Table 4). One 

water is shown between the ligand and the wall of the pore. Hydrogen bonding together with weak van 

der Waals interactions between the adamantane core and the cleft between A30 and G34 can weakly 

stabilize the ligand inside the pore with its ammonium group oriented towards the N-terminus. (d) 10 

bound to M2TMS31N. Two waters are shown in the region between the ligand and H37 residues and six 

waters between N31 and the mouth of the pore. One water is shown between the ligand and the wall of 

the pore. Two hydrogen bonds between the ammonium group of the ligand and two waters are shown 

(see also Table 4). Hydrogen bonding together with weak van der Waals interactions between the 

adamantane core and the cleft between A30 and G34 can moderately stabilize the ligand inside the pore 

with its ammonium group oriented towards the N-terminus. 
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Table 4. Structural and dynamic measures from MD simulations of M2TMS31N-ligand complexes in DMPC 

bilayer. 

Ligand 
1
 RMSD 

(C-alpha) 
2
 

Angle C-N 

vector 
3
 

V27-Ad 
4
 V27-N

+ 5
 A30-Ad 

6
 G34-Ad 

7
 H-bonds 

with N31-

CO 
8
 

H-bonds 

with 

waters 
9
 

1 2.6 ± 0.4 112.7 ± 26.5 5.2 ± 0.7 3.9 ± 0.7 1.4 ± 0.9 5.1 ± 1.0 1.2 ± 0.9 1.6 ± 1.0 

2 1.9 ± 0.3 146.3 ± 20.0 6.2 ± 0.5 4.2 ± 0.9 0.8 ± 0.5 3.6 ± 0.4 0.9 ± 0.8 1.8 ± 0.8 

3 1.7 ± 0.3 138.1 ± 13.6 6.2 ± 0.6 3.9 ± 0.4 0.9 ± 0.4 4.5 ± 0.6 1.6 ± 0.6 1.2 ± 0.6 

4 2.3 ± 0.4 145.5 ± 14.5 6.3 ± 0.7 2.4 ± 0.1 1.2 ± 0.6 3.8 ± 0.8 1.6 ± 0.7 1.0 ± 0.5 

5 2.5 ± 0.9 89.7 ± 40.2
10

 6.1 ± 0.2 6.8 ± 0.7 0.2 ± 0.7 4.8 ± 1.9 0.1 ± 0.2 2.8 ± 0.4 

6 2.7 ± 0.6 148.2 ± 11.9 6.6 ± 0.8 3.8 ± 0.7 1.4 ± 0.7 3.3 ± 0.7 0.6 ± 0.6 1.2 ± 0.6 

7-R 2.6 ± 0.4 139.6 ± 24.3 7.5 ± 0.8 4.8 ± 0.7 2.4 ± 0.7 2.8 ± 0.8 0.1 ± 0.2 0.8 ± 0.4 

7-S 2.8 ± 0.7 143.8 ± 21.6 7.1 ± 0.9 4.4 ± 0.7 1.8 ± 0.7 3.4 ± 0.7 0.5 ± 0.5 0.3 ± 0.4 

8-R 2.5 ± 0.4 148.9 ± 15.4 7.4 ± 0.7 4.5 ± 0.5 2.1 ± 0.6 3.7 ± 0.6 0.8 ± 0.7 0.7 ± 0.6 

8-S 2.2 ± 0.5 144.2 ± 15.0 6.8 ± 0.5 4.1 ± 0.5 1.5 ± 0.5 3.5 ± 0.7 0.5 ± 0.5 1.3 ± 0.6 

9 2.4 ± 0.5 73.2 ± 23.4 4.1 ± 0.6 6.5 ± 0.7 2.7 ± 0.5 7.4 ± 0.6 0.03 2.7 ± 0.5 

10 0.7 ± 0.2 156.8 ± 25.3 8.9 ± 0.1 6.8 ± 0.8 3.7 ± 0.1 2.7 ± 1.0 0.01 2.8 ± 0.6 

1
See Scheme 1. 

2
Maximum root-mean-square deviation (RMSD) for C atoms of M2TM relative to the initial structure (PDB entry: 2KQT) after 

root-mean-square fitting of C atoms of M2TM; in Å. 
3
Angle between the vector along the bond from the carbon atom of the adamantane core to the ligand nitrogen atom and the 

normal of the membrane; in degree. 
4
 Mean distance between the center of mass of the four V27 of the pore and the center of mass of the adamantane core calculated 

using Gromacs tools; in Å. 
5
 Mean distance between the center of mass of the four V27 of the pore and ammonium nitrogen of the ligand calculated using 

Gromacs tools; in Å. 
6
 Mean distance between the center of mass of the four A30 of the pore and the center of mass of the adamantane core calculated 

using Gromacs tools; in Å. 
7
 Mean distance between the center of mass of the four G34 of the pore and the center of mass of the adamantane 

core calculated using Gromacs tools; in Å. 
8
 Mean number of H-bonds between a ligand's ammonium group and N31 carbonyl group. 

9
 Mean number of H-bonds between a ligand's ammonium group and waters. 

10
5 has values ~ 30 for the first 40 ns and ~ 150 for the last 40 ns resulting to a mean of ~ 90. 
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Table 5. Mean helical tilt values relative to the bilayer normal from MD 

simulations of 5-8 in complex with M2TMS31N in DMPC bilayer. 

 

Ligand 1 MD simulations 2 Experiment 3,4 

1 34 º ± 4º 38º ± 1º 

5 31º ± 6º 33º ± 1º 

6 28º ± 5º 28º ± 1º 

7 33º ± 4º 31º ± 1º 

8 31º ± 4º 33º ± 1º 

1 
See Scheme 1. 

2 
Calculated using Gromacs tools. 

3 
This study. 

4
Helical tilt is uniform. 

 

For most of the ligands 1-8 the mean angle between the C-N bond vector and the normal of the 

membrane is > 140 for more than 40 ns of the simulation reflecting the propensity of ammonium group to 

orient towards the N-terminus (Table 4).The distance between the center of mass of the four V27 and the 

adamantyl ring of the ligands 1-8 (V27-Ad) was longer than in complexes with the M2TMWT, which is 

consistent with an orientation of the ammonium group towards the N-terminus. On average, the adamantyl 

ring in the M2TMS31N was found to be ~ 1-2 Å toward the C-terminus compared to the M2TMWT complexes. 

Accordingly, the distance between the center of mass of the four V27 and the ligand’s amine nitrogen in 

M2TMS31N complexes was shorter by 3-3.5 Å compared to M2TMWT complexes. In addition especially for the 

ligands with large adducts the adamantyl ring is positioned toward the C-terminus close to G34 (see 

distances A30-Ad and G34-Ad in Table 4) whereas in the M2TMWTcomplexes, adamantyl ring is shifted 

toward the N-terminus embraced by V27 and A30. The sum of the H-bonds between the ammonium groups 

of the ligands and waters and between the ammonium groups and the N31 side chain amides was on 

average three hydrogen bonds for the primary ammonium groups (ligands 1-5), two hydrogen bonds for 

secondary (ligands 6 and 8) and one hydrogen bond for tertiary ones (ligand 7) (Table 4). Compounds 9 and 

10 form three hydrogen bonds only with water molecules in the vicinity of N31 close to the wall of the pore, 

possibly because the ammonium group is sterically crowded between the adamantyl and cycloalkane rings 

and cannot reach the side chains carbonyls of N31 (Table 4). In compound 10, due to the large hydrocarbon 

framework, the adamantyl ring moves more than in any other compound toward the C-terminus, i.e., the 

distance between the center of mass of the four V27 to the adamantyl cage was 3.7-2.3 Å longer than 1-8 to 

fit inside the pore close to G34 and the distance between the center of mass of the four G34 to the 

adamantyl cage was 2.7 Å. A snapshot of the simulation complex with ligand 10 is depicted in Figure 7.  
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2.3.5.4 Additional MD simulations runs 

The MD simulation for M2TMS31N-1 complex was run seven times. In five runs and starting with different N31 

rotamers (as discussed above) the same flipping behaviour was observed. Noteworthy in one simulation run, 

after 1 turning its ammonium towards the N-terminus was shifted considerably towards the N-terminus and 

moves out of the pore after unfolding partially N-terminus. In another trial 1 keeps the ammonium group 

pointing to the C-terminus till the end of the 80 ns simulation run (a close-up view of a snapshot is depicted 

in Figure 9). Three repeats were also performed for 2, 5 and 6. In one trial 2 and 5 kept the ammonium group 

pointing to the C-terminus while in 6 all trials resulted to a N-ward orientation for the ammonium group. As 

discussed above in one of the three MD runs 1 or 5 keep the ammonium group pointing to the C-terminus till 

the end of the 80 ns simulation and the lipophilic framework of 5 fitted between A30 and G34 and this may 

explain the dynamics for V28 residue suggested from OS ssNMR results (see Figure 3); in these trajectories 

ligands move ~ 2.5 Å above the relevant position in M2TMWT pore (see Table 6). 

Table 6. Structural and dynamic measures from MD simulations of M2TMS31N-ligand complexes in DMPC bilayer 

in which 1 and 5 keep a C-ward orientation. 

Ligand 
1
 RMSD 

(C-alpha) 
2
 

Angle C-N 

vector 
3
 

V27-Ad 
4
 V27-N

+ 5
 A30-Ad 

6
 G34-Ad 

7
 H-bonds with 

Asn31-CO 
8
 

H-bonds 

with 

waters 
9
 

1 1.9 ± 0.3 65.5 ± 5 7.0 ± 0.4 8.2 ± 0.2 1.7 ± 0.4 3.0 ± 0.4 0.5 ± 0.8 2.4 ± 0.8 

5 2.4 ± 0.3 31.2 ± 7 5.3 ± 0.5 6.9 ± 0.6 1.1 ± 0.4 5.3 ± 0.4 0 2.8 ± 0.4 

1 
See Scheme 1. 

2
Maximum root-mean-square deviation (RMSD) for C atoms of M2TM relative to the initial structure (PDB entry: 2KQT) after root-

mean-square fitting of C atoms of M2TM; in Å. 
3
 Angle between the vector along the bond from the carbon atom of the adamantane core to the ligand nitrogen atom and the normal 

of the membrane; in degree. 
4
 Mean distance between the center of mass of the four V27 of the pore and the center of mass of the adamantane core calculated using 

Gromacs tools; in Å. 
5
 Mean distance between the center of mass of the four V27 of the pore and ammonium nitrogen of the ligand calculated using Gromacs 

tools; in Å. 
6
 Mean distance between the center of mass of the four A30 of the pore and the center of mass of the adamantane core calculated using 

Gromacs tools; in Å. 
7
 Mean distance between the center of mass of the four G34 of the pore and the center of mass of the adamantane core calculated using 

Gromacs tools; in Å. 
8
 Mean number of H-bonds between a ligand's ammonium group and N31 carbonyl group. 

9
 Mean number of H-bonds between a ligand's ammonium group and waters. 
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Figure 9. Snapshots from the simulation of ligand 1 bound to M2TMS31N.1 bound to M2TMS31N keeping a C-

ward orientation during 80 ns of the MD simulation. Waters within 10 Å from ligand are shown. Five waters 

are shown between the ligand and His37 residues and five waters between Asn31 and the mouth of the 

pore. Three hydrogen bonds between the ammonium group of the ligand and three waters are shown (see 

Table 6). No efficient van der Waals interactions can be formed for the adamantane core in the region close 

to A30 and the ligand can't be stabilized inside the pore. 
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2.3.6 Electrophysiology results of aminoadamantanes blockage using full-length M2 

 

1, its isomer 2, and three compounds with sizeable adducts (5, 6, and 9) were assessed for their ability to 

inhibit low pH-dependent proton currents induced by full-length M2 protein (A/California/07/2009 with 

M2N31) in transiently-transfected, voltage clamped HEK cells (Table 7).10a,42 Data for compounds 1, 2, 5 were 

reported previously.10a It was found that none of these compounds blocked inward proton currents better 

than 1, either following a standard 3-minute exposure to compound or after prolonged exposure for 30 

minutes. These EP-based results indicated that the compounds were unable to block the full-length M2 

channel encoding N31. However, when this M2 protein was modified to encode the 1-sensitive S31 

sequence (through an N31S mutation), all compounds inhibited proton currents with IC50s of 10 µM or less 

(Table 7); by increasing adduct size the blocking effect of inward proton currents is reduced.  

 

Table 7. Block of full-length M2-dependent currents by select compounds in transfected HEK cells.1 

 

Compound 

 

A/California/07/2009 (H1N1)  

M2: N31 

A/California/09/2009 (H1N1)  

M2: S31 

% Block after 3m % Block after 30m % Block after 3m IC50 

1 2 14 ± 2 (100 µM; 26) (N/A) 75 ± 9 (10 µM; 4) 2 ± 3 (3) 

2 2 13 ± 3 (100 µM; 2) 16 (100 µM; 1) 95 ± 8 (10 µM; 2) 2 ± 1 µM (2) 

5 2 0 ± 5 (100 µM; 2) 9 ± 10 (100 µM, 3) 63 ± 5 (10 µM; 2) 7 ± 2 µM (2) 

6  4 ± 3 (100 µM; 2) 5 ± 4 (100 µM, 2) 66 ± 6 (10 µM; 3) 5 ± 2 µM (3) 

9 4 ± 4 (100 µM; 2) 4 ± 10 (100 µM; 4) 46 ± 2 (10 µM; 2) 10 ± 2 µM (2) 

1 For each compound, percent block of pH-dependent M2 current at listed concentrations (+/- s.e.m.) and/or 
IC50 (µM) is shown. Parenthesis show number of replicates.  
2 Data were also reported in Ref. 10a.  
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2.3.7 In vitro testing of aminoadamantanes against influenza A virus 

 

The antiviral potency of the compounds 1-10 was measured against WSN/33 (H1N1) bearing the M2 S31N 

mutation43 and its amantadine-sensitive variant WSN/33-M2-N31S26 in MDCK cells with CPE inhibitory 

assay.44, 45 Compounds1-9 showed sub-micromolar IC50 values against WSN/33-M2-N31S but were inactive 

against WSN/33 (Table 8). Compound 10 was inactive against both strains. The selectivity index (CC50/IC50) of 

compounds 4-7 was comparable to 1. The inhibition efficiency showed stringent head-ammonium group 

requirements for inhibition of amantadine-sensitive influenza A viruses - a result consistent with ITC and EP 

results. 

 

 

Table 8. Antiviral activity of compounds 1–10 against influenza virus A/WSN/33 (H1N1) variants in Madin-

Darby canine kidney cells. 

 

Compound IC50 (µM) 1 CC50 (µM) 2 

 A/WSN/33-M2-N31S A/WSN/33-M2-N31  

1 0.27±0.16 N.A.3 >100  

2 0.42±0.46 N.A. 70.50±25.31 

3 0.33±0.10 N.A. 25.63±7.65 

4 0.34±0.26 N.A. >100 

5 0.34±0.10 N.A. >100 

6 0.34±0.08 N.A. >100 

7 0.90±0.29 N.A. >100 

8 6.12±2.59 N.A. >100 

9 4.34±2.94 N.A. >100 

10 N.A. N.A. >100 

Oseltamivir 0.02±0.01 0.02±0.01 Not determined 

1
 Mean and standard deviations of the 50% inhibitory concentration (IC50) of at least three independent measures. 

2
 Mean and standard deviations of the 50% cytotoxic concentration (CC50) of at least three independent measures. 

3
 N.A., not active, maximum concentration tested: 100 µM. 
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2.4 Discussion 

 

2.4.1 Unraveling the binding differences for aminoadamantanes to M2TMS31N and M2TMWT 

 

Based on the MD simulations results and experimental findings, the molecular basis for weak binding and 

the inability of aminoadamantanes to effectively block M2S31N is described. The results of the experimental 

data from ssNMR and ITC experiments directly correlate with the MD simulation results showing that 

aminoadamantane derivatives are weaker binders in the pore of M2TMS31N compared to M2TMWT and that 

5-8 are stronger binders compared to 1-4 against M2TMS31N. 

The S31N mutation of M2TM results in a shift of the hydrophobic adamantyl ring toward the C-

terminus thereby losing the stabilizing hydrophobic interactions of the V27 isopropyl groups with the 

adamantyl ring that is present in the M2TMWT. The bulky N31 side chains are oriented toward the N-

terminus and the V27 side chains and the ammonium group of the ligands is also turned toward the N-

terminus to form significant hydrogen bonding interactions with the polar N31 side chains and surrounding 

waters. This ammonium group orientational preference of amantadine and rimantadine has been previously 

noted by Gleed et al.17b and Alhadeff et al.16. The hydrogen bonding interactions with N31 is consistent with 

the MAS experimental data performed with compound 6 showing a chemical shift perturbation for N31 and 

G34 compared to the apo M2TMS31N. Distance measurements from ssNMR experiments showed the 

preference for the ammonium group of the aminoadamantane drugs orienting toward the C-terminus in 

M2TMWT5
cand toward the N-terminus in a complex of M2TMS31N with a conjugate of 1 having a 

phenylisoxazole polar head.24 In this class of conjugates23b-d additional van der Waals interactions with the N-

terminus stabilizes the ligand resulting in potential anti-influenza drugs. Here, where the aminoadamantane 

ligands, such as 1-8, are hydrogen-bonded with the polar N31 environment, favorable van der Waals and 

hydrophobic interactions as those in M2TMWT are missing. In the M2TMWT the adamantyl ring is well 

accommodated by the V27 and A30 side chains and sizeable adducts such as ligands 5-8 additionally fill the 

region between A30 and G34 (Figures 1 and 8) but in M2TMS31N the adamantyl ring is close to A30 and in the 

vicinity of G34 (see Tables 3, 4) lacking a favorable hydrophobic pocket. This is consistent with the absence 

of chemical shift perturbations for V27 in the NCA MAS spectrum of 6 bound to M2TMS31N in comparison 

with the apo M2TMS31N compared to the significant chemical shift changes at V27, S31, G34 which have been 

reported when rimantadine is bound to M2TMWTrelative to the apo state.20,21These structural differences 

can be clearly observed in Figures 6 and 8. The lack of favorable van der Waals interactions results to less 

stable complexes and a weaker binding for aminoadamantane ligands consistent with the much smaller Kd 

values of 5 and 6 by ITC against M2TMS31N compared to M2TMWT (Table 1). In addition, linewidths are 

narrower for the M2TMWT-complex with 5 compared to the M2TMS31N complex suggesting less dynamics 
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consistent with stronger interactions for the aminoadamantane derivatives in complexes with M2TMWT. The 

RMSDs for M2TM Cα-carbons are 1.0-1.5 Å higher for the trajectories of M2TMS31N compared to M2TMWT 

complexes further suggesting more dynamics and weaker interactions in the S31N complexes.  

In 1 and analogs with small adducts the adamantyl ring has a only a limited hydrophobic contact with 

A30 and is close to polar N31 side chains which exert repulsive forces on adamantyl ring. It should be noted 

that trajectories sampled in the MD simulations of ligands in the pore were of 80 ns length, i.e., they are 

much shorter than the microsecond to millsecond time scales sampled by ssNMR. The MD runs of the 

complexes of 1-4 with M2TMS31N showed qualitatively that these molecules can't bind M2TMS31N because 

significant favorable van der Waals interactions are missing. This can be observed from snapshot for complex 

of 1 with M2TMS31N in Figure 9. In molecules 5-8 with sizeable adducts of the adamantyl ring fill effectively 

the region between A30 and G34 and the interactions needed for binding are slightly improved resulting in 

weak binding to M2TMS31N as compared to no binding for 1-4. This can be observed from snapshots for 

complexes of 5, 6 with M2TMS31N in Figure 9. Indeed, 1 did not bind as documented by the OS ssNMR spectra 

(Figure 3), but larger adducts as those present in compounds 5-8 appear to stabilize weak binding of the drug 

in the region between A30 and G34 (see Figure 8) and this is in accordance with the results from OS ssNMR 

spectra for weak binding of compounds 5-8 (Figures 3, 4) to M2TMS31N. In addition, we were not able to 

detect any binding for 1-4 with M2TMS31N using ITC while we obtained approximate binding constants for 

5,6,9,10 (Table 1). NMR data were not obtained for 9 and 10 because they produced disordered lipid 

bilayers. Thus, the results from the combination of simulations and experiments showed that 1 (and similarly 

2-4) did not bind M2TMS31N contrary to the weak binding for 1 previously suggested from short simulations17b 

but 5-8 having sizeable adducts display weak binding.  

While binding strength of aminoadamantanes against M2TMWT was sensitive to modification of the 

adduct, the M2TMWT-aminoadamantane complex stability was found to be very sensitive to the adduct size, 

as shown by the ITC and MD simulation results when considering 9 and 10 that produces unstable 

complexes. The MD simulations clearly show that 10 moves considerably toward the N-terminus of the pore 

losing specific binding interactions. Ligands 9 and 10 cause a dramatic reduction in affinity for M2TMWT 

compared to 1-8 but did not affect M2TMS31N affinity, which seems to be similar with that of 5 and 6. The 

forces that cause the rotation of the adamantyl ring in the M2 pore appear to be inherent in the shared 

amine group and are not greatly perturbed by the other ligand variations as characterized by MD and OS 

ssNMR for adducts 1-4, 5-8 against M2TMS31N. Taken together, the results from the combination of MD 

simulations, ITC and OS ssNMR showed no binding for 1 and similar in size analogues and only weak binding 

for sizeable adducts. The binding is more specific as showed by the more stringent head-ammonium group 

requirements in the binding pocket of M2TMWT than in the M2TMS31N according to the ITC but also as 

showed by the EP experiments and anti-viral assay results. 
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Thus, EP experiments indicate that the aminoadamantanes block the S31 but not the N31 full-length 

M2 protein. Notably, while the secondary gate formed by the V27 residues in the M2TMWT
11has the potential 

to limit water access to the pore the hydrophilic asparagine sidechains make this environment less 

hydrophobic and diminish the effectiveness of the V27 gate in the M2TMS31N pore. In the mutant waters are 

observed above and below the ligand and in a few snapshots between the ligand and the wall of the pore 

suggesting a relatively free passage through the M2TMS31N lumen despite the presence of the 

ligand.12,17,18(snapshots from the simulation of the complexes of M2TMS31N with 1, 6, 10 are depicted in 

Figure 8).  

 

2.4.2 Changes in C-terminus structure-function of M2TMS31N and M2TMWT induced by V27 

interactions with the adamantyl cage of amantadine variants 

 

Furthermore it is suggested that the 10º helical kink that reduces the tilt of the C-terminal portion of the 

transmembrane helix in the WT is likely induced by the formation of a strong binding pocket for the 

aminoadamantanes. This hydrophobic pocket formed by the V27 aliphatic sidechains coupled with the 

aliphatic adamantyl cage of the aminoadamantanes may prevent the W41 gate from opening further 

defeating proton conductance. In contrast the aminoadamantanes in M2TMS31N included a loss of V27 

lipophilic pocket and have their amino group drawn toward the N-terminus by the asparagine sidechains 

resulting in the presence of multiple water molecules in this region. In addition the weak binding of the 

amino adamantanes results in no perturbation of the helical tilt and the W41 gate can function normally.  
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2.5 Conclusions 

 

This work represents a study of the binding of amantadine variants against the proton channel formed by 

the tetrameric structure of the influenza A M2 protein. Significantly, we focus on aminoadamantane variants 

of 1 binding to M2TMS31N compared to M2TMWT aiming at investigating why these variants are ineffective in 

blocking proton conductance of the M2S31N channel. The results of this effort are based on a combination of 

experimental techniques and MD simulations both performed in liquid crystalline lipid bilayer environments. 

Aminoadamantane derivatives are known to be blockers of the M2 WT protein. They are known to bind in 

the pore and are presumed to block proton access to the H37 tetrad that is known to shuttle protons 

through aqueous pore into the viral interior.46 There are two gates that can inhibit conductance, the V27 

tetrad, known as the secondary gate at the external entrance to the pore and the W41 tetrad near the exit 

of the pore into the viral interior, known as the primary gate. These aminoadamantane derivatives were 

weaker binders to M2TMS31N compared to M2TMWT as observed by a reduced influence on the protein 

structure and by reduced amplitude of the channel dynamics as observed by both the MD and experimental 

data. Moreover, these aminoadamantane derivatives were ineffective against M2S31N while blocking M2WT 

protein. We suggest that 1 and the similar sized analogs 2-4 lack of binding affinity and the larger sized 

analogs 5-8 showed weak binding affinity to M2TMS31N because of a lack of effective hydrophobic 

interactions as a result of reshaping the cavity when N31 is present which included loss of V27 lipophilic 

pocket. In contrast V27 interactions are present with 1-8 inM2TMWTpore and these ligands are effective 

binders to M2TMWT(see Figure 10). All ligands 1-8 have a tight binding for M2TMWT and the binding is more 

specific as showed by the more stringent head-ammonium group requirements in the binding pocket of 

M2TMWT than in the M2TMS31N according to the ITC, EP and CPE results. The weak binding of 5-8 to M2TMS31N 

was significant enough to induce observable changes in the helix tilt angles characterized by the 

experimental data and by the MD simulations.   

It is interesting to note that the blockage of M2TMWT by both 1 and 5 involved a 10° kink in the TM 

helix and a very significant change in the helix orientation in the C-terminal half of the TM. This is likely due 

to the V27 side chains - adamantane hydrophobic interactions that are not possible in M2TMS31N. While 

aminoadamantane ligand binding causes a kink in the C-terminal half of M2TMWT and a blockage for proton 

conductance by the M2 channel, aminoadamantane ligand interactions with M2TMS31N did not result in a 

helix kink in the TM helix and proton conductance was not blocked (see Figure 10). While the helix kink has 

been associated with blockage and potential disabling the opening of W41 gate in M2TMWT previously47here, 

the explanation for the helix kink in the M2TMWT and its absence in M2TMS31N has been suggested to be 

induced by the V27 interactions with the adamantyl cage in the M2TMWT and the absence of such significant 

interactions in the M2TMS31N.  
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Figure 10. Summary of the most important binding consequences by amantadine variants to the influenza 

M2TMWT and M2TMS31N. 
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2.6 Experimental Work 

 

2.6.1 Ligands synthesis 

 

Melting points were determined using a Buchi capillary apparatus and are uncorrected. IR spectra were 

recorded on a Perkin-Elmer 833 spectrometer. 1H and 13C NMR spectra were recorded on a Bruker DRX 400 

and AC 200 spectrometer at 400 and 50 MHz, respectively, using CDCl3 as solvent and TMS as internal 

standard. Carbon multiplicities were established by DEPT experiments. 2D NMR experiments (HMQC and 

COSY) were used for the elucidation of the structures of indermediates and final products. Microanalyses 

were carried out by the Service Central de Microanalyse (CNRS) France or by a relevant service in 

Demokritos, National Center for Scientific Research, Athens, Greece. The results obtained had a maximum 

deviation of ± 0.4% from the theoretical value. Thus, the purity of the tested compounds was ≥ 95 % as 

determined by elemental analysis.1 was purchased from Merck (> 99 % purity). Details for the synthesis of 

compounds 2,  6and7can be found in ref.10a and9a, respectively. The synthetic scheme of 2 and 6,7 is also 

included in the SI (Schemes S1, S2). All compounds purity was ≥ 95% as determined by elemental analysis. 

 

2-Methyl-tricyclo[3.3.1.13,7]decan-2-amine 3. Tertiary alcohol 12 was obtained after treating a solution of 

adamantanone11 (500 mg, 3.33 mmol)in dry THF (30% solution w/v) with 2-molar excess CH3MgI (obtained 

from 20% solution w/v solution of CH3I (940 mg, 6.67 mmol) in dry ether and 1.3 equivalents of Mg (210 mg, 

8.67 mmol)) under argon atmosphere and stirring the mixture overnight.After treating the mixture with 

saturated ammonium chloride the organic phase was separated and the aqueous phase was extracted twice 

with an equal volume of diethyl ether. The combined organic phase was washed with water and brine, dried 

(Na2SO4) and evaporated to afford the corresponding tertiary alcohol 12; yield 525 mg,  (95%); IR (Nujol) 

ν(OH) 2923 cm-1; 1H NMR (CDCl3, 400 MHz): δ(ppm) 13C NMR (CDCl3, 50 MHz) δ 27.16-27.5 (5,7adamantane-

C), 27.4 (CH3), 33.1 (8,10adamantane -C), 35.2 (4,9adamantane-C), 38.4 (1,3adamantane -C), 39.3 

(6adamantane -C), 74.0 (2adamantane-C). 

To a stirred mixture of sodium azide (187 mg, 2.88 mmol) and dry dichloromethane (5 mL), trifluoroacetic 

acid (0.8 mL, 9.6 mmol) was added at 0 °C. The resulting mixture was stirred for 10 min at 0 °C and a solution 

of the tertiaryalcohol12 (160 mg, 0.96 mmol) in 5 mL of dichloromethane was added dropwise. The mixture 

was stirred at 0-5 °C for 4 h and 24 h at ambient temperature. The mixture was made alkaline by adding NH3 

12 % (30 mL) and the organic phase was separated. The aqueous phase was extracted with dichloromethane 

and the combined organic phases were washed with water, brine and dried (Na2SO4). Solvent was 

evaporated in vacuo to afford azide12a; yield 0.161g (88%); IR (Nujol) ν(Ν3) 2913cm-1;  
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To a stirred suspension of LiAlH4  (127 mg, 3.35 mmol) in dry ether (10 mL) was added dropwise at 0 °C a 

solution of theazide12a (160 mg, 0.84 mmol) in dry ether (5 mL). The mixture was refluxed for 5 h and then 

was treated with water, NaOH 10 % and water. The insoluble inorganic material was filtered-off, washed 

with ether and the filtrate was extracted with HCl 6%. The aqueous phase was made alkaline with solid 

sodium carbonate and was extracted with diclhoromethane or ether. The organic phase was washed with 

brine, dried (Na2SO4) and evaporated in vacuo to afford the amine 3; yield 117 mg, (83 %);1H NMR (CDCl3, 

400 MHz): δ(ppm)1.17 (br s, 3H, CH3), 1.46-1.48 (d,J ~ 9Hz 2H, 4eq, 9eqadamantane-H), 1.54 (d, J ~ 12Hz, 2H, 

8eq, 10eq adamantane-H), 1.63 (br m, 3H, 1, 3,6adamantane-H), 1.76 (br s, 2H, 5,7adamantane-H), 1.93 (d, J 

~ 12 Hz, 2H, 8ax, 10axadamantane-H), 2.01 (d, J ~ 12 Hz, 2H, 4ax, 9axadamantane-H); 13C NMR (CDCl3, 50 

MHz) δ(ppm) 27.3 (7adamantane-C), 27.7 (5adamantane-C), 27.9 (CH3), 33.2 (4,9adamantane-C), 34.7 

(8,10adamantane-C), 38.9(6adamantane-C), 39.6 (1,3adamantane-C), 52.9 (2adamantane-C).Hydrochloride: 

mp> 250 ºC (EtOH-Et2O); Anal. (C11H20NCl) C, H, N. 

 

2-Ethyl-tricyclo[3.3.1.13,7]decan-2-amine 4.Tertiary alcohol 13was obtained after treating a solution of 

adamantanone11 (500 mg, 3.33 mmol)in dry THF (30% solution w/v) with n-ethyllithium (0.5 M in benzene), 

(20 mL, 10,0 mmol) at 0 °C and stirring the mixture overnight; yield 560 mg(94%); 1H NMR (CDCl3, 400 MHz): 

δ(ppm)0.86 (t, J ~ 7 Hz, CH2CH3), 1.40-1.70 (m, 10 H, 1,3, 4eq, 9eq,6, 8eq,10eqadamantane-H, CH2CH3), 1.75-

1.83 (m, 2H, 5,7adamantane-H),1.94 (d, J ~ 12 Hz, 2H, 8ax, 10axadamantane-H), 2.07 (d, J ~ 12 Hz, 2H, 4ax, 

9axadamantane-H); 13C NMR (CDCl3, 50 MHz) δ6.4 (CH2CH3), 27.4, 27.5 (5,7adamantane-C), 30.6 (CH2CH3), 

33.0 (8,10adamantane-C), 34.6 (4,9adamantane-C), 36.6 (1,3adamantane-C), 38.5 (6adamantane-C), 74.9 

(2adamantane-C).  

The tertiaryazide 13a was prepared by treatment of the tertiary alcohol 13 (0.180g, 1.0mmol with CH2Cl2 (5 

mL) / NaN3 (195 mg, 3.00 mmol) / TFA (0.8 mL, 10,0 mmol) according to the same procedure followed for the 

azide12a.; yield 0.160 g (80%); IR (Nujol) ν(Ν3) 2100 cm-1. 

The oily amine 4 was prepared through LiAlH4 (0.120 g, 0.78 mmol) reduction of azide13a (160 mg, 3.12 

mmol) in refluxing ether (10 mL) for 5h according to the same procedure followed for amine 3; yield 100 mg 

(71%); 1H NMR (CDCl3, 400 MHz): δ(ppm)0.85 (t, J ~ 7 Hz, 3H, CH2CH3), 1.55 (br s, 2H, 1,3adamantane-H), 

1.58-1.68 (m, 7H, 4eq, 9eq-H, 8eq, 6adamantane-H, CH2CH3), 1.78 (br s, 1H, 5adamantane-H), 1.81 (br s, 1H, 

7adamantane-H), 1.93 (d, J ~ 12 Hz, 2H, 8ax, 10axadamantane-H), 2.06 (d, J ~ 12 Hz, 2H, 4ax, 

9axadamantane-H); 13C NMR (CDCl3, 50 MHz) δ(ppm) 6.5 (CH2CH3), 27.2, 27.6 (5,7adamantane-C), 30.7 

(CH2CH3), 33.0 (4,9adamantane-C), 33.8 (8,10adamantane-C),36.6 (1,3adamantane-C), 38.5 (6adamantane-

C), 74.9 (2adamantane-C). Hydrochloride: mp> 250 ºC (EtOH-Et2O);Anal. (C12H22NCl) C, H, N. 
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2-n-Propyl-tricyclo[3.3.1.13,7]decan-2-amine 5.Tertiary alcohol 11awas obtained after treating 

adamantanone11 (1000 mg, 6.67 mmol)in dry diethyl ether (30% solution w/v) with CH2CH=CH2MgBrwith 2-

molar excess (obtained from 20% solution w/v solution of CH2CH=CH2Br  (1.6 g, 13.34 mmol) in dry ether and 

1.05 equivalents of Mg (340 mg, 14.01 mmol)) under argon atmosphere and stirring the mixture overnight. 

After treating the mixture with saturated ammonium chloride following usual workup the corresponding 

tertiary alcohol 11a; yield 1.1 g, (89%); δ(ppm) 1.52 (d, J ~ 12 Hz, 2H, 4eq, 9eqadamantane-H), 1.53-1.90 (m, 

10H, 1, 3, 5, 6, 7, 8eq, 10eq, 8ax, 10ax  adamantane-H), 2.15 (d, J ~ 12 Hz, 1H, 4ax, 9ax-H), 2.40 (d, J ~ 6 Hz, 

2H, CH2CH=CH2), 5.05-5.15 (m, 2H, CH2CH=CH2), 5.75-6.0 (m, 1H, CH2CH=CH2); the unsaturated alcohol 

11awas hydrogenated under PtO2 (catalyst was used in 1/20 percentage to the weight of the unsaturated 

compound) to afford the n-propyl analogue 14; yield quant.: 1H NMR (CDCl3, 400 MHz): δ(ppm) 0.92 (t, J ~ 7 

Hz, 3H, CH2CH2CH3), 1.30-1.40 (m, 2H, CH2CH2CH3), 1.52 (d, J ~ 12 Hz, 2H, 4eq, 9eqadamantane-H), 1.58-1.61 

(m, 2H, CH2CH2CH3), 1.68 (d, J ~ 12 Hz, 2H, 8eq, 10eqadamantane-H), 1.67 (~ br s, 2H, 6adamantane-H), 1.68 

(~ br s, 2H, 1, 3adamantane-H), 1.79 (m, 2H, 5, 7adamantane-H), 1.83 (d, J ~ 12 Hz, 2H, 8ax, 

10axadamantane-H), 2.16 (d, J ~ 12 Hz, 2H, 4ax, 9axadamantane-H); 13C NMR (CDCl3, 50 MHz) δ(ppm) 14.9 

(CH2CH2CH3), 15.4 (CH2CH2CH3), 27.4, 27.6 (5, 7adamantane-C), 33.1 (CH2CH2CH3), 34.7 (4, 9adamantane-C), 

37.1 (8, 10adamantane-C), 38.5 (1, 3adamantane-C), 40.9 (6adamantane-C), 75.2 (2adamantane-C).  

The tertiaryazide 14a was prepared by treatment of the tertiary alcohol 14 (640 mg, 3.27 mmol with CH2Cl2 

(20 mL) / NaN3 (640 mg, 9.83 mmol) / TFA (2.6 mL, 32.7 mmol) according to the same procedure followed for 

the azide 12a.; yield 470 mg (66%); IR (Nujol) ν(Ν3) 2100 cm-1; 1H NMR (CDCl3, 400 MHz): δ (ppm)0.96 (t, J ~ 7 

Hz, 3H, CH2CH2CH3), 1.42 (m, 2H, CH2CH2CH3), 1.59 (d, J ~ 12 Hz, 2H, 8eq, 10eqadamantane-H), 1.68 – 2.03 

(m, 12H, CH2CH2CH3, 1, 3, 4eq, 5, 7, 8ax, 9eq, 10ax adamantane-H), 2.10 (d, J ~ 12 Hz, 1H, 4ax, 

9axadamantane-H); 13C NMR (CDCl3, 50 MHz) δ (ppm)14.7 (CH2CH2CH3), 16.4 (CH2CH2CH3), 27.2, 27.4 (5, 

7adamantane-C), 33.8 (CH2CH2CH3) 34.4 (4, 9adamantane-C), 37.9 (8, 10adamantane-C), 38.5 (1, 

3adamantane-C), 40.0 (6adamantane-C), 69.7 (2adamantane-C). 

The oily amine 5 was prepared through LiAlH4 (390 mg, 10.3 mmol) reduction of azide14a (490 mg, 2.57 

mmol) in refluxing ether (10 mL) for 5h according to the same procedure followed for amine 3; yield 350 mg 

(74%); 1H NMR (CDCl3, 400 MHz): δ(ppm)0.92 (t, J ~ 7 Hz, 3H, CH2CH2CH3), 1.29-1.40 (m, 2H, CH2CH2CH3), 

1.52 (d, J ~ 12 Hz, 2H, 4eq, 9eqadamantane-H), 1.58-1.61 (m, 2H, CH2CH2CH3), 1.67 (d, J ~ 12 Hz, 2H, 8eq, 

10eqadamantane-H), 1.66 (~ br s, 2H, 6adamantane-H), 1.68 (~ br s, 2H, 1, 3adamantane-H), 1.78 (br s, 2H, 

5, 7adamantane-H), 1.83 (d, J ~ 12 Hz, 2H, 8ax, 10axadamantane-H), 2.16 (d, J ~ 12 Hz, 1H, 4ax, 

9axadamantane-H); Hydrochloride: mp> 250 ºC (EtOH-Et2O); Anal. (C13H24NCl) C, H. 

 

1-(1-Adamantyl)cyclopentanamine 9.The corresponding cyclopentanol18 used as a starting material was 

prepared from ethyl 1-adamantanecarboxylate 17 and 1,4-bis(bromomagnesiobutane) in dry ether with a 
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70% yield according to a published procedure48,1H NMR (CDCl3, 400 MHz): δ 1.30-1.40 (m, 2H, cyclopentane-

H), 1.50-1.80 (m, 18H, adamantane-H, cyclopentane-H), 1.98 (br s, 3H, 3΄,5΄,7΄-H), 2.16 (s, 1H, OH); 13C NMR 

(CDCl3, 50 MHz) δ 24.2 (3,4-cyclopentane-C), 28.6 (3΄,5΄,7΄-C), 33.8 (2,5-cyclopentane-C), 37.1 (4΄,6΄,10΄-C), 

37.3 (2΄,8΄,9΄-C), 39.5 (1΄-C), 87.6 (1-cyclopentane-C). 

To a stirred mixture of NaN3 (0.270 g, 4.08mmol) and dry dichloromethane (40 mL) at 0 °C, TFA (13.6mmol) 

was added. To the stirred mixture a solution of tertiary alcohol 18 (0.300 g, 1.36 mmol) in dry 

dichloromethane (20 mL) was added and stirring was maintained at 0 °C for 4 h. The mixture was stirred at 

ambient temperature for 24 h and then was treated with NH3 12% (30 mL) at 0 °C. The organic phase was 

separated and the aqueous phase was extracted twice with an equal volume of dichloromethane. The 

combined organic phase was washed with water and brine, dried (Na2SO4) and evaporated to afford oily 

azide19; yield 0.290 g (88%); IR (Nujol) ν(Ν3) 2097 cm-1; 1H NMR (CDCl3, 400 MHz): δ 1.50-1.80 (m, 20H, 

adamantane-H, cyclopentane-H), 1.99 (br s, 3H, 3΄,5΄,7΄-H); 13C NMR (CDCl3, 50 MHz) δ 24.2 (3,4-

cyclohexane-C), 28.6 (3΄,5΄,7΄-C), 30.7 (2,5-cyclohexane-C), 37.1 (4΄,6΄,10΄-C), 36.7 (2΄,8΄,9΄-C), 41.8 (1΄-C), 

81.2 (1-cyclopentane-C). 

To a stirred suspension of LiAlH4 (161 mg, 4.24 mmol) in dry ether (20 mL) was added, drop-wise at 0 °C, a 

solution of the azide19 (260 mg, 1.06 mmol) in dry ether (10 mL). The reaction mixture was refluxed for 5 h 

(TLC monitoring) and then hydrolyzed with water and NaOH (15%) under ice cooling. The inorganic 

precipitate was filtered off and washed with ether, and the filtrate was extracted with HCl (6%). The aqueous 

layer was made alkaline with solid Na2CO3 and the mixture was extracted with ether. The combined ether 

extracts were washed with water and brine and dried (Na2SO4). After evaporation of the solvent the oily 

amine 9 was obtained; yield: 151 mg (65%); 1H NMR (CDCl3, 400 MHz): δ 1.08-1.18 (m, 4H, 3,4-cyclopentane-

H), 1.50-1.80 (m, 18H, adamantane-H, cyclopentane-H, NH2), 1.98 (br s, 3H, 3΄,5΄,7΄-H); 13C NMR (CDCl3, 50 

MHz) δ 24.9 (3,4-cyclopentane-C), 28.8 (3΄,5΄,7΄-C), 34.4 (2,5-cyclopentane -C), 37.0 (4΄,6΄,10΄-C), 37.4 

(2΄,8΄,9΄-C), 39.0 (1΄-C), 66.8 (1-cyclopentane-C).Fumarate: mp 255 ºC (EtOH-Et2O); Anal. (C19H29NO4) C, H, N. 

 

1-(1-Adamantyl)cyclohexanamine (10): Tertiary alcohol 21 was obtained from 1-adamantyl lithium (formed 

by 1-bromoadamantane 20 and lithium wire under sonication) and cyclohexanone in dry THF according to a 

published procedure with 70% yield.49 

To a stirred mixture of NaN3 (0.170 g, 2.61mmol) and dry dichloromethane (20 mL) at 0 °C, TFA (8.70mmol) 

was added. To the stirred mixture a solution of tertiary alcohol 21 (0.204 g, 0.87 mmol) in dry 

dichloromethane (10 mL) was added and stirring was maintained at 0 °C for 4 h. The mixture was stirred at 

ambient temperature for 24 h and then was treated with NH3 12% (30 mL) at 0 °C. The organic phase was 

separated and the aqueous phase was extracted twice with an equal volume of dichloromethane. The 

combined organic phase was washed with water and brine, dried (Na2SO4) and evaporated to afford oily 
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azide22; yield 0.140 g (60%); IR (Nujol) ν(Ν3) 2101 cm-1; 13C NMR (CDCl3, 50 MHz) δ 21.9 (4-cyclohexane-C), 

25.6 (3,5-cyclohexane-C), 28.8 (3΄,5΄,7΄-C), 30.8 (2,6-cyclohexane-C), 35.7 (4΄,6΄,10΄-C), 37.2 (2΄,8΄,9΄-C), 42.0 

(1΄-C), 70.1 (1-cyclohexane-C). 

To a stirred suspension of LiAlH4 (65 mg, 1.70mmol) in dry ether (7 mL) was added, drop-wise at 0 °C, a 

solution of the azide22 (110 mg, 0.425mmol) in dry ether (5 mL). The reaction mixture was refluxed for 5 h 

(TLC monitoring) and then hydrolyzed with water and NaOH (15%) under ice cooling. The inorganic 

precipitate was filtered off and washed with ether, and the filtrate was extracted with HCl (6%). The aqueous 

layer was made alkaline with solid Na2CO3 and the mixture was extracted with ether. The combined ether 

extracts were washed with water and brine and dried (Na2SO4). After evaporation of the solvent the oily 

amine 10 was obtained; yield: 50 mg (30%); 1H NMR (CDCl3, 400 MHz): δ 1.35-1.42 (m, 6H, 3,4,5-

cyclohexane-H), 1.48-1.55 (m, 3H, 2΄,8΄,9΄-H), 1.56-1.70 (m, 12H, 2,6-cyclohexane-H, 4΄,6΄,10΄-H, NH2), 1.98 

(br s, 3H, 3΄,5΄,7΄-H); 13C NMR (CDCl3, 50 MHz) δ 22.1 (4-cyclohexane-C), 26.4 (3,5-cyclohexane-C), 29.0 

(3΄,5΄,7΄-C), 30.5 (2,6-cyclohexane-C), 35.7 (4΄,6΄,10΄-C), 37.5 (2΄,8΄,9΄-C), 38.7 (1΄-C), 54.5 (1-cyclohexane-C). 

Fumarate: mp 264 ºC (EtOH-Et2O); Anal. (C20H31NO4) C, H, N. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



The molecular basis of resistance of the influenza M2 ion channel by aminoadamantanes 
 

 
 

100 
 

2.6.2 M2TM peptide synthesis 

 

M2TMWT peptides corresponding to residues 22-46 of the Udorn (A/Udorn/307/72) sequence of M2 (C-

terminally amidatedSSDPLVVAASIIGILHLILWILDRL) and of the new S31N mutant peptide (C-terminally 

amidatedSSDPLVVAANIIGILHLILWILDRL) were synthesized by standard Fmoc (9-fluorenylmethoxycarbonyl) 

solid phase peptide synthesis using an aminomethyl polystyrene resin loaded with the amide linker and 

purified by reverse phase HPLC before used for the ITC experiments. Details for peptide synthesis and 

purification, can be found in Chapter 1, i.e., in 1.3.2.Additional quantities of these peptides needed were 

purchased from CenticBiotec, Heildeberg, Germany. For ssNMR experiments M2TMWTandM2TMS31N (22-46) 

peptides with 15N labeled at V28, A30 and I42 and M2TMS31N (22-46) peptides with 13C, 15N labeled at 

structurally important residues V27, A304a,5b and N31, G34 (13C,15N-VANG) were synthesized using Fmoc 

chemistry. Fmoc-[15N]-Val, Fmoc-[15N]-Ala, Fmoc-[15N]-Ile and Fmoc-[13C,15N]-Val, Fmoc-[13C,15N]-Ala, Fmoc-

[13C,15N]-Ser and Fmoc-[13C,15N]-Gly were purchased from Cambridge Isotope Laboratory (Andover, MA). 

Solid-phase syntheses of M2TM peptides (0.25 mmol) were performed on an Applied Biosystems 430A 

peptide synthesizer as previously described.50,51 The peptide was cleaved from the resin by the treatment 

with ice cold 95 % TFA, 2.5 % H2O, 1.25 % ethanedithiol, 1.25 % thioanisole and precipitated from TFA using 

ice cold ether. Following centrifugation, the supernatant was discarded and the pellet was washed with cold 

ether again. The precipitated peptide was dried under vacuum. A purification procedure previously 

described52 and modified51 was used. Peptide purity and identity was confirmed using ESI mass spectrometry 

(positive ion mode). 

Figure 10 illustrates the analytical spectrum obtained by RP-HPLC, while Figure 11 shows the mass 

spectrum obtained after purification and lyophilization of the fractions containing the pure peptide. The 

retention time was Rf = 26.85 min and the purity was ~  98 %.  

 

 

 

A
U

0,00

0,10

0,20

0,30

0,40

0,50

0,60

Minutes

2,00 4,00 6,00 8,00 10,00 12,00 14,00 16,00 18,00 20,00 22,00 24,00 26,00 28,00 30,00 32,00 34,00 36,00 38,00 40,00

26
,8

54



The molecular basis of resistance of the influenza M2 ion channel by aminoadamantanes 
 

 
 

101 
 

Figure 10. Analytical RP-HPLC chromatograph of M2TMS31N peptide sequence after purification. The 

retention time is noted. 

 

 

  

 

Expected MS: 2754.36 

[M+2H]2+: 1378.18 

[M+3H]3+: 919.12 

[M+4H]4+: 689.59 

[M+5H]5+: 551.87 

 

 

Figure 11.MS Analysis of the newS31N mutant peptide, C-terminally amidatedSSDPLVVAANIIGILHLILWILDRL. 
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2.6.3 ITC measurements of aminoadamantane ligands binding to M2TM 

 

Binding affinities of the aminoadamantane derivatives1-5, 6, 9, 10 for M2TMS31N were measured by ITC 

experiments53,54 in DPC micelles at pH 8. Compounds 7, 8 were not measured. M2TM fragments form stable 

tetramers at this pH, in contrast to low pH (< 6.5) conditions.55 Furthermore, experimental data indicate that 

1 binds with higher affinity at alkaline pH to M2TM, where the pore of the M2 channel is in the closed state, 

than at low pH, where the open state of M2TM is prevalent.55a,2a 

Synthetic M2TMS31N (residues 22-46) was reconstituted in DPC micelles at pH 8 at a 1:40 

monomer/DPC ratio - which guarantees the quantitative formation of M2TM tetramers55 - by dissolving and 

sonicating 334 nmol of M2TM with the 40-fold amount of DPC in the aforementioned buffer system (for 

M2TMWT a 1:26 ratio was applied for the measurements of ligands 9, 10 compared to 1:57 applied 

previously26). Solutions of the ligands in the buffer were titrated into the calorimetric cell at 20 °C. The 

released heat of binding was derived by subtracting the heat of dilution from the heat of reaction.56,57The 

measured heat per amount of substance against the molar ratio of titrant to peptide tetramer was plotted 

and the affinity constants were calculated by non-linear regression of the measured heat per injection using 

Origin 8.058 and are included in Table 1. Compounds 1-8 have been measured against M2TMWT in a previous 

work (Table 7).26For the calculation, the concentration of the peptide was kept variable because the M2TM 

tetramer formation is not complete.Details for  isothermal titration calorimetry measurements can be found 

in Chapter 1, i.e., 1.3.3.  
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2.6.4 Solid state NMR 

 

2.6.4.1 Sample preparation for solid state NMR 

15N-V28A30I42 M2TMWT or M2TMS31N was co-dissolved in trifluoroethanol (TFE) with DMPC in a 1:30 molar 

ratio. (The molar ratio of 1 protein tetramer to 120 DMPC lipids was used. The molecular weight of the 

M2TMWT peptide is MW = 2729 g/mole and the lipid is MW = 678 g/mole). The solvent was removed under a 

stream of nitrogen gas to yield a lipid film, and then dried to remove residual organic solvent under vacuum 

for 12 hours. Thoroughly dried lipid film was hydrated with 10 mM HEPES buffer at pH 7.5 to form 

multilamellar vesicles containing M2TM in tetrameric state. This suspension was bath sonicated, dialyzed 

against 2L HEPES 10 mM pH 7.5 buffer for 1 day and centrifuged at 196,000xg to harvest 

unilamellarproteoliposomes. The pellet was re-suspended in a 1 mL aliquot of the decanted supernatant 

containing the ligand, resulting in a 1:6 molar ratio of the M2TM tetramer to drug. Typically a preparation for 

solid state NMR would include 5 mg of protein and 37 mg of DMPC. For samples that included drug  the 

molar ratio of drug to tetramer was 6:1. For 1 with a molecular weight of Mw = 187.5 g/mole that would 

mean the addition  0.52 mg for a 5 mg protein sample (There is sufficient evidence in the literature to 

demonstrate that M2 structure is not perturbed by drug concentration. The most obvious example in this 

manuscript, is the absence of structural changes in the S31N spectra in the presence of 1) Following 

overnight incubation at 37°C, the pellet was deposited on 5.7x10mm glass strips (Matsunami Trading, Osaka, 

Japan). The bulk of the water from the sample was removed during a two day period in a 98 % relative 

humidity environment at 298 K. Rehydration of the slides, before stacking and sealing into a rectangular 

sample cell, increased the sample weight by 40-50 %. Compounds 1, 5 were used for ssNMR experiments 

against M2TMWT; compounds 1, 5-8were used for ssNMR experiments against M2TMS31N; compounds 9 and 

10 produce disordered lipid bilayers according to the 31P spectra (not shown). 

 

2.6.4.2 Solid state NMR experiments of M2TM-aminoadamananes complexes  

2.6.4.2.1 OS ssNMR spectra 

PISEMA28 and SAMPI429,30 spectra were acquired at 720 MHz utilizing a low-E 1H/15N double resonance 

probe.59 Acquisition took place at 303 K, above the gel to liquid crystalline phase transition temperature of 

DMPC lipids. Experimental parameters included a 90° pulse of 5 µs and cross-polarization contact time of 

0.8-1 ms, a 4 s recycle delay and a SPINAL decoupling sequence.59 32 t1 increments were obtained for the 

spectrum of 15N-V28A30I42 M2TMWT with compounds 1, 5 and nine t1 for the sample of 15N-V28A30I42 M2TMWT 

without drug. 16-28 t1 increments were obtained for the spectrum of 15N-V28A30I42 M2TMS31N with 

compounds 1, 5-8 and nine t1 increments for the sample of 15N-V28A30I42 M2TMS31N without drug. Spectral 
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processing was done with NMRPIPE60 and plotting with SPARKY. 15N chemical shifts were referenced to a 

concentrated solution of N2H8SO4, defined as 26.8 ppm relative to liquid ammonia.  

 

2.6.4.2.2 NCA MAS spectra 

15N-13Cα correlation experiments were performed on a BrukerAvance 600 MHz NMR Spectrometer with an 

NHMFL 3.2 mm low-E-field triple resonance probe.61,62 The 13C chemical shifts were referenced using the 

published chemical shifts of adamantane relative to DSS63 and 15N chemical shifts were calculated with 

IUPAC relative frequency ratios between the DSS (13C) and liquid ammonia (15N).64,65 Spectra were acquired 

at magic angle spinning (MAS) frequency of 10-12 kHz and a calibrated sample temperature of -10 °C. 30 

points were collected in the 15N dimension for an acquisition time of 5-6.25 ms, while in the direct dimension 

the acquisition time was 10.2 ms. 92 kHz of proton decoupling was used in all experiments. To get one bond 

15N-13C correlation a mixing time of 5 ms was used. Spectra were processed with Topspin. 

 

2.6.5 MD simulations of M2TM-aminoadamantane complexes 

 

2.6.5.1 Docking calculations 

The M2TMUdorn-1 complex structure (PDB ID 2KQT13,15) served as a model structure for the docking 

calculations of M2TMUdorn complexes with ligands 1-10 (Scheme 1). Details for Docking calculations can be 

found in Chapter 1, i.e., 1.3.4.1. 

2.6.5.2 MD simulations 

Models of M2TMS31N-aminoadamantane complexes were generated from M2TMWTaminoadamantane 

complexes by mutating amino acids S31 to N31 with Maestro66and preparing the structure as described 

above i.e. N- and C-termini of the M2TM peptides were capped by acetyl- and methylamino groups, 

respectively. For N31, the side chain rotamers may have χ1angles -160° or -80°  corresponding to N31 side 

chains placed at the interface between helices or inside the lumen respectively. Structures of M2TMS31N(18-

60) in DPC micelles solved by solution NMR spectroscopy show residue 31 in the helix−helix interface67 while 

MAS ssNMR studies in 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) bilayers showed the side chain 

of the N31 residue oriented toward the pore in two helices and toward an adjacent helix in the other two, 

with neighboring N31 side chains close enough to form polar contacts.36 A just-released X-ray structure show 

that N31 residues are oriented into the channel pore forming a hydrogen-bonding network68 and it was 

suggested that this may prevent drug for entering the channel. Preliminary OS ssNMR results in liquid 

crystalline lipid bilayers confirm that the all four of the M2S31N N31 residues are oriented toward the pore. 

Simulations of M2TMS31N-ligands were run a) with N31 side chains placed at the interface between helices67 

(χ1angle is -80°) to avoid a biased starting conformer in which N31 repel adamantane and b) with N31 
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pointing toward the pore in two helices (χ1angle is ~-160°) and toward an adjacent helix in the other two36 

(χ1angle is ~-80°). For comparison reasons few MD simulations with 1, 5, 6 were also performed with the 

starting structure of M2TMS31N having N31 residues pointing into the center of the channel pore (χ1angle is -

160°).68It should be mentioned that when the starting structure has all four N31 side chains placed at the 

interface between helices after a few ns of simulation the side chains of at least two N31 residues change 

orientation pointing inside the pore lumen. This was also observed with the apo protein M2TMS31N after a 

few ns. Configurations with different N31 rotamers produced MD trajectories with similar behavior for 

aminoadamantane ligands. MD simulations were run in triplicate or more for 1, 2, 5, 6 to test reproducibility 

of the behavior of the system. 

The M2TMWT complexes or M2TMS31N complexes were embedded in a DMPC lipid bilayer extending 10 

Å beyond the solutes. Complex and ligand systems were solvated using the TIP3P69 water model. Na+ and Cl- 

ions were placed in the water phase to neutralize the systems and to reach the experimental salt 

concentration of 0.150 M NaCl. Membrane creation and system solvation were conducted with the “System 

Builder” utility of Desmond.70,71 The M2TMWT-1 complex structure in the hydrated DMPC bilayer with ions 

included 18617 atoms. 

The OPLS 2005 force field72, 73, 74 was used to model all protein and ligand interactions, and the TIP3P 

model69 was used for water. The particle mesh Ewald method (PME)75,76 was employed to calculate long-

range electrostatic interactions with a grid spacing of 0.8 Ǻ. Van der Waals and short range electrostatic 

interactions were smoothly truncated at 9.0 Ǻ. The Nosé-Hoover thermostat77 was utilized to maintain a 

constant temperature in all simulations, and the Martyna-Tobias-Klein method77 was used to control the 

pressure. Periodic boundary conditions were applied (50×50×80)Ǻ3. The equations of motion were 

integrated using the multistep RESPA integrator78 with an inner time step of 2 fs for bonded interactions and 

non-bonded interactions within a cutoff of 9 Ǻ. An outer time step of 6.0 fs was used for non-bonded 

interactions beyond the cut-off. 

Each system was equilibrated in MD simulations with a modification of the default protocol provided 

in Desmond, which consists of a series of restrained minimizations and MD simulations designed to relax the 

system, while not deviating substantially from the initial coordinates. First, two rounds of steepest descent 

minimization were performed with a maximum of 2000 steps with harmonic restraints of 50 kcal mol-1 Ǻ-2 

applied on all solute atoms, followed by 10000 steps of minimization without restraints. The first simulation 

was run for 200 ps at a temperature of 10 K in the NVT (constant number of particles, volume, and 

temperature) ensemble with solute heavy atoms restrained with a force constant of 50 kcal mol-1 Ǻ-2. The 

temperature was then raised during a 200 ps MD simulation to 310 K in the NVT ensemble with the force 

constant retained. The temperature of 310 K was used in our MD simulations in order to ensure that the 

membrane state is above the melting temperature state of 297 K for DMPC lipids.79 
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The heating was followed by equilibration runs. First, two stages of NPT equilibration (constant 

number of particles, pressure, and temperature) were performed, one with the heavy atoms of the system 

restrained for 1 ns and one for solvent and lipids for 10 ns, with a force constant of 10 kcal/mol/Ǻ2 for the 

harmonic constraints, respectively. A NPT simulation followed with the Cα atoms restrained for 1ns with a 

force constant of 2 kcal/mol/Ǻ2. The above-mentioned equilibration was followed by a 80 ns NPT simulation 

without restraints. Within this time, the total energy and the RMSD reached a plateau, and the systems were 

considered equilibrated.  

 

2.6.6 Electrophysiology experiments of M2 blockage by aminoadamantanes 

 

Electrophysiology was performed as previously described.10a pcDNA3 vectors encoding the full-length 

A/California/07/2009 (H1N1) M2 protein containing either an N31 or an S31 mutation was co-transfected 

with a pcDNA3 vector encoding eGFP into TSA-201 (HEK parental) cells using standard transfection protocols 

(Lipofectamine 2000, Life Technologies). This construct was previously annotated as A/England/195/2009 

(H1N1)10a but is identical in amino acid sequence to A/California/07/2009 (H1N1). Macroscopic ionic currents 

were recorded in the whole-cell configuration from GFP-positive cells 24−48 h after transfection. Cells were 

perfused continuously at 3-5 mL min-1 with external (bath) solution containing (in mM) 150 NMG, 10 HEPES, 

10 D-glucose, 2 CaCl2, and 1 MgCl2 buffered at pH 7.4 with HCl. For low pH (pH = 5.5) solution, HEPES was 

replaced by MES. Patch electrodes were pulled from thin-walled borosilicate glass (World Precision 

Instruments, Fl) and fire-polished before filling with standard pipet solution containing (in mM) 140 NMG, 10 

EGTA, 10 MES, and 1 MgCl2 buffered at pH 6.0 with HCl. Voltage-clamp experiments were performed with an 

Axopatch 200B amplifier (Molecular Devices, CA) connected to a Digidata 1322A 16-bit digitizer. Data were 

acquired with the pCLAMP8.0 software (Molecular Devices, CA) sampled at 10 kHz and low-pass-filtered at 5 

kHz. Cells were held at − 40 mV. The voltage protocol consisted of a 100 ms pulse to − 80 mV followed by a 

300 ms ramp to + 40 mV and a 200 ms step to 0 mV before stepping back to − 40 mV, which was repeated 

every 4 s. All drugs were prepared as DMSO stocks (50 or 100 mM) and diluted with external solution to 

desired concentrations. To measure block of M2 currents by compounds, cells were recurrently treated with 

pH 7.4 and pH 5.5 solutions until stable, pH-dependent inward currents were reproducibly observed, 

followed by treatment with compound at pH 5.5 for 2-30 min. At the end of each experiment, cells were 

treated with a 100 μM solution of 1. 
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2.6.7 Anti-viral assays 

 

2.6.7.1 Cells and viruses 

Information for cells and viruses can be found in Chapter 1. i.e., see section 1.3.6. 

 

2.6.7.2 CPE inhibition assay of influenza A viruses by aminoadamantanes 

Information for CPE inhibition studies can be found in Chapter 1, 1.3.7. Cytotoxicity and CPE inhibition 

studies were performed on two-day-old confluent monolayers of MDCK cells grown in 96-well plates as 

published.45Cytotoxicity was analyzed 72 h after compound addition (two-fold or half-log dilutions; at least 

two parallels per concentration; maximum concentration 100 µM).  
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2.8 Supporting information 

 

2.8.1 Synthetic Schemes for the preparation of compounds 2, 6, 7 

 

LiAlH4

THF, reflux 24h

O
1) H2NOH HCl (1.5 eq)

2 (63%)

NH2

2) Na2CO3 (1.2 eq)

 EtOH/ H2O

 60oC / 10min

NOH

 (81%)
 

Scheme S1 

 

 

Scheme S2 
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2.8.1.1 Few representative RMSD plots from the MD simulations of M2TMWT-ligand and M2TMS31N ligand 

complexes in DMPC bilayer (M2TM Cα-carbons with respect to the initial structure of the production 

period)      
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2.8.1.2  Nuclear Magnetic Resonance (NMR) Spectra of aminoadamantane compounds  8, 9 and 10  and  

intermediate derivatives 3a, 3b and 3c.  

 

2.8.1.2.1  1H NMR spectra  
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2.8.1.2.2  13C NMR spectra  
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3.1 Abstract 

 

Recently, the binding kinetics of a ligand-target interaction, such as the residence time of a small molecule on its 

protein target, are seen as increasingly important for drug efficacy. Here we investigate these concepts to 

explain binding and proton blockage of rimantadine variants bearing progressively larger alkyl group size to 

influenza A virus M2 WT (wild type) and M2 S31N protein proton channel. We showed that resistance of M2 

S31N to rimantadine analogues compared to M2 WT resulted from their higher koff rates compared to the kon 

rates according to electrophysiology (EP) measurements. This is due to the fact that, in M2 S31N, the loss of the 

V27 pocket for the adamantyl cage resulted in low residence time inside the M2 pore. Both rimantadine 

enantiomers have similar channel blockage and binding kon and koff against M2 WT. To compare the potency 

between  the rimantadine variants against M2 we applied approaches using different mimicry of M2, i.e., 

isothermal titration calorimetry (ITC) and molecular dynamics (MD) simulations, EP and antiviral assays, which 

all prioritize the same rimantadine analogue as an agent against M2 WT bearing influenza A viruses. It was also 

shown that a small change in an amino acid at site 28 (V28I) of M2 WT, which does not line the pore, seriously 

affects M2 WT blockage efficiency.  
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3.2 Introduction 

 

The details of the complex formed between a drug molecule and its protein target is of key importance for in 

vivo drug efficacy. Most efforts in early drug discovery focus on optimization of drug-receptor interactions, such 

as target affinity and selectivity, while minimizing potential adverse ADMET effects. However, novel approaches 

are necessary in early drug discovery for optimal drug design and improved therapy. Recently, the kinetics of a 

ligand-target interaction, such as the residence time of a small molecule on its protein target, is seen as 

increasingly important for in vivo efficacy and safety. 1 

1 and 2 are effective prophylactics and therapeutics against IAVs, provided they contain the WT M2TM 

such as A/Udorn/72 H3N2 (Udorn) and A/Hong Kong/68 H3N2 (HK), but not those containing M2 S31N such as 

A/WSN/33 H1N1 (WSN) (Figure 1). Recent comparison of oriented sample (OS) ssNMR spectra revealed that the 

binding mode of many aminoadamantane ligands to M2TM WT is similar to 1. 2 On the assumption that M2TM is 

a minimal model for M2 binding, 11 these high resolution structures have been used for the design of new 

aminoadamantane ligands against M2 by employing MD simulations. 3,4,5 We have measured binding affinities of 

aminoadamantane derivatives using ITC 6,7 and other methods 8 and used them as probes for accessing free 

energy methods to predict relative binding affinities. 6,7,9 

ssNMR, ITC, EP, antiviral assays and MD simulations suggest stronger binding interactions for 

aminoadamantanes to M2 WT compared to negligible or weak binding to M2 S31N. 2 We showed that this is due 

to reshaping of the M2 pore when N31 is present, which in contrast to M2 WT, leads: a) to the loss of the V27 

pocket for the adamantyl cage and to a predominant orientation of the ligand's ammonium group toward the N-

terminus and, b) to the lack of a helical kink upon ligand binding.2 We published recently that rimantadine 

enantiomers showed no significant difference in terms of their M2 WT channel blockage (%-blocking at 2 or 5 

min), in binding to the corresponding M2TM WT (using ITC), or in antiviral potency against M2 WT influenza 

viruses within the limits of detection. 10 This is consistent with the findings reported many decades ago that the 

biological activity of 2-R and 2-S in vivo against IAV is the same. 11  

Rimantadine 2 is ranked among the best binders to M2TM WT 2,3,6,7,8,9,12,13,14,10 and most potent anti-IAV 

agents among the aminoadamantane derivatives. 2,3,4,5,6,7,8,10 Thus, the synthesis of symmetrical analogues of 

2 with the addition of two methyl (3), ethyl (4) and n-propyl (5) groups on the carbon bridge was accomplished 

[see compounds 3-5 with structure AdCR2NH2 (R=Me, Et, Pr) in Scheme 1] aiming at filling progressively from 3 

to 5 the extra space between the ligand and the walls in M2 WT or M2 S31N with a few alkyl groups. Binding 

affinities of 1, 2, 2-R, 2-S, and 3-5 were measured by ITC and interpreted using MD simulations against the 
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M2TM WT and its S31N variant in their closed form at pH 8. Furthermore, we measured the antiviral activity of 

the rimantadine analogues against IAV strains and the blocking effect of the compounds against full length M2 

using EP. Antiviral potency to the aminoadamantanes is exhibited by IAV containing M2 WT and not by IAV with 

M2 S31N. More specifically, the antiviral potency of the compounds was measured against Udorn and HK  

influenza viruses in MDCK cells. The amino acid sequences of M2 WT in Udorn and HK are identical, not just in 

the TM region but in the full length protein. The antiviral potency of the compounds was additionally measured 

against amantadine-resistant WSN, and the amantadine-sensitive WSN M2 N31S (generated by reverse genetics 

from WSN) in MDCK cells.  Then, the blocking effect of 1, 2, 2-R, 2-S, and 3-5 against full length Udorn M2 

protein (amantadine sensitive) and Udorn M2 S31N (amantadine resistant) was determined using EP with a two-

electrode voltage clamp (TEVC) assay, and the kinetics of binding (i.e. the kon and koff rate constants) were 

compared.  

In this context we seek also to investigate further the block of rimantadine enantiomers against Udorn M2 

WT protein in EP, considering the differences in resonances seen in ssNMR studies32 of 2-R or 2-S bound to the 

full-length Udorn M2 protein. EP was also performed using full length Udorn M2 V28I to examine whether small 

changes in WSN in the side chains of amino acids that do not line the pore (Figure 1) affect aminoadamantane 

blocking properties. In summary, we compared the potency between the rimantadine ligands against M2 using 

four different M2 mimicry methods, i.e. ITC, MD simulations, EP and antiviral assays (Figure 2). 

 

 

 

 

Figure 1. Transmembrane domain sequence for A/Udorn/72 (and A/Hong Kong/68) compared to A/WSN/33, 

which differ at positions 28 and 31. 
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M2TM Udorn/72 WT
M2TM Udorn/72 S31N

M2TM Udorn/72 WT
M2TM Udorn/72 S31N

Udorn/72 WT M2
Udorn/72 S31N M2
Udorn/72 V28I M2

Udorn/72
Hong Kong/68

WSN/33 WT (N31)
WSN/33 N31S

 

 

Figure 2. Comparison of the potency between the rimantadine ligands against M2 using different mimicry of M2 

i.e. ITC and MD simulations, EP and antiviral assays. 
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3.3 Results and Discussion 

 

3.3.1 Compound synthesis 

 

For the synthesis of primary tert-alkyl amines 3-5 the raw tert-alkyl alcohols 7a-c were prepared according to 

Scheme 2 from the reaction between 1-adamantane carbonyl chloride 6 and an organometallic reagent. Tert-

alkyl alcohol 7a was prepared in high yield from the reaction between 1-adamantane carbonyl chloride 6 and 

methylmagnesium iodide. Tert-alkyl alcohol 7b was prepared in high yield from the reaction between 1-

adamantane carbonyl chloride 6 and ethyl lithium. The reaction of allylmagnesium bromide with 1-adamantane 

carbonyl chloride 6 afforded diallyl alcohol 8 which was subsequently hydrogenated under PtO2 as the catalyst 

to afford tert-alkyl alcohol 7c. Treatment of tert-alkyl alcohols 7a,b with NaN3/TFA in dichloromethane afforded 

azides 9a,b in high yields. Azides 9a, b were subjected to reduction through LiAlH4 to form tert-alkyl amine 3 in a 

good yield and 4 in a moderate yield. The same procedure when applied for the synthesis of amine 5 afforded 

azide 9c with 37% yield but the yield for the reduction step was 14% due to the formation of unsaturated 

products and extensive decomposition. 

 

 

 

 

Scheme 1. Structures of studied aminoadamantane derivatives 1-5 
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Scheme 2. Synthetic scheme for the preparation of corresponding tert-alkyl amines 3-5.  

 

 

 

 

 

 

 

 

 

 

 

 



 
Effect of Subtle Changes of Aminoadamantanes Structure and Influenza M2TM Structure in the Binding Kinetics, 

Affinity and Potency  

 

 

 

140 

 

3.3.2 ITC measurements 

 

Table 1 includes thermodynamic parameters of binding against M2TM WT and M2TM S31N. Binding affinities 

were determined by ITC15,16,17 for M2TM-ligand systems in dodecylphosphocholine (DPC) micelles at pH 8, where 

M2TM fragments form stable tetramers. 18,19 ITC measurements yield the enthalpy of binding (ΔH) as well as the 

dissociation constant (Kd). From Kd, the binding free energy (ΔG) is calculated (Table 1). The estimation of the 

binding entropy is based on the difference between ΔG and ΔH. The thermodynamic parameters for 

rimantadine's enantiomers 2-R and 2-S were taken from our previous paper 10 and included in Table 1 for 

comparison with achiral 1 and rimantadine analogues 3-5. 1 has a Kd of 2.17 μΜ. As depicted in Table 1, 

enantiomers 2-R and 2-S have the same Kd values against M2TM WT (Kd = 0.34 and 0.32 μΜ respectively). 

Compound 3, having two methyl groups instead of one methyl group in 2, has the smallest Kd = 0.13 μΜ, i.e., the 

highest binding affinity of all studied aminoadamantane compounds, suggesting that polar and lipophilic 

characteristics are well balanced in its structure. The diethyl derivative 4 and dipropyl derivative 5 exhibit lower 

binding affinities against M2TM WT (Kd = 4.59 μΜ and  Kd = 3.43 μΜ, respectively). A balance between enthalpy 

and entropy determines the free energy of binding as shown in Table 1. For each compound, enthalpy goes 

down and entropy goes up on binding. The entropy presumably changes on binding because the ordered 

clathrate water surrounding the ligand is dispersed as the ligand enters the water-poor channel cavity. This is 

more prominent for 3 and 4, as expected due to their larger hydrophobic surfaces. Presumably, it would have 

gone up even more for 5, but this clathrate effect was probably countered by a reduced ligand entropy in the 

channel due to restricted rotation inside the receptor binding area.  Compounds 1-3 did not bind efficiently to 

M2TM S31N according to ITC and previous SPR measurements for 1 20 while 5, with a larger adduct connected to 

adamantane, binds weakly to M2TM S31N compared to M2TM WT according to ITC. 

 

 

 

 

 

 

 

 



 
Effect of Subtle Changes of Aminoadamantanes Structure and Influenza M2TM Structure in the Binding Kinetics, 

Affinity and Potency  

 

 

 

141 

 

Table 1. Binding constant, free energy, enthalpy, and entropy of binding derived from 

ITC measurements for M2TM WT ( upper table) and the M2TM S31N (lower table) 

Ligand 1 Kd
 2 ΔG 3,4 ΔH 3,5 -TΔS 3,6 

1 2.17 ± 0.52 -7.77 ± 0.14 -6.66 ± 0.50 -1.11 ± 0.52 

2 0.51 ± 0.26 -8.64 ± 0.30 -7.60 ± 0.28 -1.04 ± 0.41 

2-R7 0.32 ± 0.16 -8.97 ± 0.26 -7.54 ± 0.34 -1.42 ± 0.43 

2-S7 0.34 ± 0.12 -8.88 ± 0.21 -7.73 ± 0.28 -1.15 ± 0.35 

3 0.13 ± 0.12 -9.30 ± 0.43 -4.19 ± 0.28 -5.12 ± 0.51 

4 4.59 ± 2.21 -7.33 ± 0.28 -3.29 ± 0.62 -4.03 ± 0.68 

5 3.43 ± 1.05 -7.50 ± 0.18 -6.23 ± 0.45 -1.27 ± 0.48 

 

Ligand 1 Kd
 2 ΔG 3,4 ΔH 3,5 -TΔS 3,6 

1-3 - 8 - 8 - 8 - 8 

5 > 10 - 9 - 9 - 9 

1 See Scheme 1. 
2 Binding constant Kd in µM calculated from measured Ka in M-1 by Kd = 1/Ka  10-6 and error in Kd in µM 

determined by Kd, error = (Ka, error/Ka
2)  10-6. 

3 In kcal mol-1. 
4 Free energy of binding computed from Kd by ΔG = -RT ln(Kd

ref/Kd) with Kd
ref = 1 M and T = 300 K and error in ΔG 

determined according to  

    with T = 300 K. 

5 Enthalpy of binding and error in the enthalpy of binding calculated from measured binding enthalpy and 

measured error by ΔH = ΔHmeasured ( T / Tmeasured ) with T = 300 K and the temperature at which the ITC 

measurements were performed Tmeasured = 293.15 K. 
6 Entropy of binding calculated by ΔS = (-ΔG + ΔH)/T and error in ΔS computed by the equation

 

7 The purity of each enantiomer used was 90% for 2-R and 95% for 2-S; the enantiomeric excess (ee) of both 2-R and 2-S is 99% (Mosher’s 

method); the purity of compound 3 used was > 99%. Values for 2-R and 2-S are close to the Kd = 0.51 μΜ of the racemic  2 considering the 

errors of the measurements and that the commercially available enantiomers have a lower chemical purity compared to racemic 2. 
8 No detectable binding. 
9 Values could not be determined reliably due to the limitations of the methods in the area of very weak binding. 
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3.3.3 In vitro testing against Influenza A Virus  

 

The cytopathic effect (CPE) inhibition assay was used21,22 to compare the antiviral potency of 1-5 against HK, 

Udorn, WSN, and WSN M2 N31S in MDCK cells (Table 2). There was no potency against WSN with the compound 

concentrations used. All compounds showed low micromolar activity against Udorn, HK and WSN M2 N31S with 

3 being the most potent agent exhibiting submicromolar potency. Inhibition of replication of Udorn was further 

confirmed with plaque-reduction assay (results not shown). It is of note that 5 only reduced the plaque size but 

not the number of plaques. The cytotoxicity data (Table 2) showed that 1-4 are non-toxic with CC50 values > 100 

μΜ, but 5 is mildly toxic with a CC50 ~ 57 μΜ.  

 

Table 2. Cytotoxicity (CC50) and antiviral activity (EC50) of compounds 1–5 against IAVs HK, Udorn, WSN, and WSN 

M2 N31S in Madin-Darby canine kidney cells. 

 

Compound EC50 (µM) 1 CC50 (μΜ) 1 

 HK Udorn WSN  

 M2 (V28; S31) M2 (V28; S31) M2 (I28, N31S) M2 (I28, N31)  

1 ND 3 0.78 ± 0.44 0.48 ± 0.05 >100 >100 

2 0.05 ± 0.04 0.09 ± 0.03 0.04 ± 0.02 >100 >100 

2-R ND 3 0.05 ± 0.01 0.04 ± 0.01 >100 >100 

2-S ND 3 0.06 ± 0.02 0.02 ± 0.01 >100 >100 

3 0.012 ± 0.003 0.01 ± 0.001 0.03 ± 0.02 >100 >100 

4 0.46 ± 0.25 0.41 ± 0.23 1.01 ± 0.13 >100 >100 

5 0.45 ± 0.34 1.07 ± 0.31 2 1.06 ± 0.23 >100 57.3 ±11.3 

Oseltamivir 0.002 ± 0.001 0.001 0.02 ± 0.01 0.03 ± 0.01 >100 

1
 Mean and standard deviations of the 50% inhibitory concentration (EC50) and the 50% cytotoxic concentration (CC50) of at least three 

independent assays; 
2
 Inhibition of plaque size without reduction of plaque number; 

3 
ND: Not determined. 
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3.3.4 Electrophysiology measurements 

 

The inhibitors were tested with TEVC using X. laevis frog oocytes microinjected with RNA expressing the M2 

protein as in previous reports. 10,29 The blocking effect of the aminoadamantane derivatives against M2 was 

investigated with EP experiments using Udorn M2 and Udorn M2 S31N. Because WSN has the V28I substitution 

in M2, Udorn M2 V28I was generated and studied in parallel. The potency of the inhibitors was expressed as the 

inhibition percentage of the M2 current observed after 2, 5, and/or 10 min of incubation with 100 μM 

compound (Tables 3-5). After 5 min, 3 and 4 block Udorn M2 and Udorn M2 V28I as well as 1 (about 90% and 

80% respectively). Generally after 2 and 5 min the percentage of current inhibition was progressively increased 

for 3 and 4. It is noteworthy that 5 against Udorn M2 exhibited 27% blocking at 2 min, 38% at 5 min and 61% at 

10 min (Table 3). The IC50 values were calculated from a nonlinear regression fit of the inhibition percentage at 

both 100 μM and 30 μM for these compounds. The IC50 values of 3 and 4 for Udorn M2 and Udorn M2 V28I were 

reduced from 2- to 5-minute time points (Table 3). The IC50 values of 3 and 4 for Udorn M2 at 5-minute time 

point was 4.0 μΜ and 13.2 µM, respectively. For Udorn M2 V28I, 3 has IC50 (5 min) = 17.9 μΜ and 4 has IC50 (5 

min) = 53.8 μΜ (Tables 3 and 4). As discussed previously, 3 these measurements at 2, 5 or 10 min are made prior 

to the establishment of equilibrium due to very slow on- and off-rates for entry (see the kon and koff rate values 

in Tables 3 and 5), especially of the bulky ligands like 5, together with the difficulty of maintaining cells at low pH 

for extended periods. Hence the %-blocking/IC50 values determined by the TEVC procedure can be significantly 

lower/higher than expected for the equilibrium block state or Kd (from ITC). Thus, the very slow binding of 5 

(Table 3) should not be viewed as inconsistent with the high antiviral potency (submicromolar EC50) against WT 

(V28; S31) viruses (Table 2), the latter representing much longer exposure times than EP experiments. 

Compounds 1-3 have similar blocking efficiency for Udorn M2, with 3 being slightly more active; and, 4 

was ~ 3-fold less potent than 3 according to the IC50 (Table 3). For Udorn M2 V28I the percentage of current 

inhibition is lower for 3 and 4 and the IC50 values are ~ 5-fold higher (Table 4). Thus, the comparative 

experiments regarding the blocking effect of the compounds in EP against M2 WT (present in Udorn and HK 

viruses) and M2 V28I (present in WSN M2 N31S virus) showed that 1-4 inhibit Udorn M2 more than Udorn M2 

V28I. The inhibition of 3 and 4 on both Udorn M2 and Udorn M2 V28I are irreversible in our experimental time 

frame, as was also observed for 1 with both proteins (data not shown). 

Compounds 1, 2, 3 and 5 were tested as aminoadamantane representatives for their blocking effect 

against Udorn M2 S31N (Table 5). Although 1 and 3 showed some block after 2 minutes, it proved to saturate at 

a modest level after 5 minutes. Compounds 2 and 5 were very weak blockers with high dissociation rate 
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constants and equilibrium constants. When rate constants are compared in Tables 3 and 5, it is seen that 

aminoadamantane analogues can have comparable kon values in the two constructs, but their residence time 

inside Udorn M2 WT is much higher than in S31N, judging by the much lower koff values. Thus it is the high 

dissociation rate constants, not low association rate constants, that render aminoadamantanes useless against 

S31N viruses like WSN. We previously studied Udorn M2 S31N using a broad set of methods, i.e., ssNMR, ITC, EP, 

antiviral assays and MD simulations, 2 where we concluded that the weaker binding is due to reshaping of the 

M2 pore when N31 is present, leading to the loss of the V27 pocket for the adamantyl cage.2  

In a very recent paper 23 the authors showed that when Kd (TEVC) = koff/kon was smaller than a threshold, 

an in vitro antiviral activity was exhibited. For example for amantadine (1) a koff/kon = 10-6 Μ (1 μM) was 

measured against M2 WT, which correlates with good in vitro antiviral potency. When koff/kon = ~ 100 μΜ or 

higher, antiviral potency was not observed even for quick binders. For example 4-(2-adamantyl)piperidine 

(compound 3 in ref. 23) although a quick blocker against Udorn M2 and the amantadine resistant Udorn M2 

V27A was ineffective against the corresponding influenza A strains.  4-(1-Adamantyl)piperidine (compound 2 in 

ref. 23) had high blocking efficiency of 90% at 2 min against Udorn M2 V27A; similarly for N-amidyl-4-(1-

adamantyl)piperidine (compound 7 in ref. 23)  against Udorn M2. Both 4-(1-adamantyl)piperidine and N-amidyl-

4-(1-adamantyl)piperidine inhibited the corresponding influenza A strains effectively. The authors also showed 

that 2-(1-adamantyl)piperidine (compound 8 in ref. 23) was a slow binder against Udorn M2 (48% at 2 min, but 

90% at 6 min) but still has good antiviral efficacy, possibly because although kon is low, koff is really low. This is 

the case with compound 5 against Udorn M2 WT in the present study (see Table 3): It has a reduced onset of 

block compared to 1, 2, and 3, but also has a low dissociation rate constant, so it still has µM efficacy against 

infections of cell cultures by viral strains with M2 WT.  

In the S31N variants, TEVC (Table 5) shows very high exit rate constants, especially for 2 (0.9 s-1) and 5, 

(0.14 s-1), consistent with the unmeasurably high Kd in ITC (Table 1, lower) and EC50 in CPE (Table 2, WSN). 

Interestingly, in these two cases, 2 and 5 have low %-block of inward currents at 2, 5 and 10 min in Udorn M2 

S31N (Table 5), and somewhat similar kon rates to 1 and 3, albeit lower compared to M2 WT, Table 3), 

demonstrating that mutations can have complex, ligand-dependent effects on entry and exit rates. 

We previously showed 10 that 2-R and 2-S showed similar channel blockage against Udorn M2 WT when 

tested in EP at 100 µM at the 2- or 5-minute time point, and this result is consistent with that from ITC 

measurements (see Table 1) and antiviral assays (see Table 2). The EP measurements showed a koff = 0.0013 s-1 

for 2-R and a koff = 0.0016 s-1 for 2-S (Table 3), i.e. the two enantiomers had very similar binding kinetics. Thus, 2-

R has a bit longer residence time inside the receptor than 2-S, as reflected by its slightly lower koff and Kd values 
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(2.4 vs 3.2 µM). In ref.32, the first ssNMR study of the full length M2 in complex with rimantadine enantiomers 

was published. 2-R was argued to have a higher affinity than 2-S based on differences in peak intensities and 

position restrained MD simulations. The results published in ref. 32 are in qualitative agreement with those 

reported here, but not quantitative agreement, as here we see no statistically significant (ITC and EC50) or 

meaningful (EP) difference. Perhaps this is a consequence of the different methodologies applied, i.e., EP vs 

ssNMR spectroscopy. Chemical shifts differences and peak intensities do not provide an accurate quantitative 

estimate of binding affinity values. The EP results, antiviral assays and ITC results showed clearly that the two 

enantiomers form complexes with M2 protein of essentially equal stability. 

 

 

 

Table 3. Block1 of inward currents in oocytes2 transfected with full-length Udorn M2 by selected compounds. 

 

Compound 

 

Udorn M2 

% Block after 

2 min 

% Block 

after 

5 min 

% Block 

after 

10 min 

IC50 after 

2 min 

(μΜ) 

IC50 after 

5 min (μΜ) kon (M
-1s-1) koff (s

-1) Kd  
4 

1  90 ± 2% 95 ± 1% ND 3 12.5  4.7 327  0.003 9 μM 

2  96 ± 1% 96 ± 1% ND 3 10.8 ND 3 416 0.003 7 μM 

2-R 95 ± 1% 96 ± 1% ND 3 ND 3 ND 3 412 0.0013 3.2 μM 

2-S  93 ± 1% 95 ± 1% ND 3 ND 3 ND 3 407 0.0016 3.9 μM 

3  90 ± 2% 96 ± 1% ND 3 9.3 4.0 230 0.003 13 μM 

4  78 ± 2% 91 ± 1% ND 3 24.3 13.2 ND 3 ND 3 ND 3 

5  27±1.2% 38±1.6% 61±2.3% ND 3 ND 3 34 0.003 88 µM 

1 
For each compound, percent block of pH-dependent M2 current at listed concentrations (+/- s.e.m.) and IC50 (µM) is shown. 

2 
Three replicates were 

used for measurements at 100 µM. 
3 

ND: Not determined. 
4 

Kd = koff/kon.   
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Table 4. Block 1 of full-length Udorn M2 V28I-dependent current 2 by selected compounds. 

 

Compound 

 

Udorn M2 V28I 

% Block after 

2 min 

% Block after 

5 min 

IC50 after 2 min 

(μΜ) 

IC50 after 5 min 

(μΜ) 

1  66.5 ± 1.4% 88.8 ± 1.4% ND 3 ND 3 

2  84 ± 1% 93 ± 0% ND 3 ND 3 

2-R  71 ± 1%  90 ± 1% ND 3 ND 3 

2-S   78 ± 1%  92 ± 0% ND 3 ND 3 

3  56 ± 3% 80 ± 2% 52.0 17.9 

4  43 ± 2% 72 ± 2% 124.5 53.8 

5  ND 3 ND 3 ND 3 ND 3 

1 
For each compound, percent block of pH-dependent M2 current at listed concentrations (+/- s.e.m.) and 

IC50 (µM) is shown. 
2 

Three or four (for compound 2-S) or two (for 1) replicates were used for 

measurements at 100 µM. 
3 

ND: Not determined 

Table 5. Block1 of full-length Udorn M2 S31N-dependent current2 by selected compounds. 

 

Compound 

 

Udorn M2 S31N  

% Block after 

2 min 

% Block after 

5 min 

% Block after 

10 min kon koff Kd  
5 

1  35 ± 2% 36 ± 1% 36.3 ± 1% 143 M-1s-1 0.03 s-1 210 μM 

  2 3 1.0 ± 0.2% 1.5 ± 0.4% ND 4 22 M-1s-1 0.9 s-1 >10 mM 

3  21 ± 2% 30 ± 3% 33 ± 1% 18 M-1s-1 0.008 s-1 444 μM 

5 7.0 ± 0.4% 7.6 ± 0.2%  8.0 ± 0.4%  79 M-1s-1 0.14 s-1 1.8 mM 

1 
For each compound, percent block of pH-dependent M2 current at listed concentrations (+/- s.e.m.) and 

IC50 (µM) is shown. 
2 

Three replicates were used for measurements at 100 µM
.
 

3
 Racemic. 

4 
ND: Not 

determined. 
5 

Kd = koff/kon.   
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3.3.5 MD simulations  

 

M2TM WT complexes were simulated in the closed conformation found at high pH and assigning a neutral form 

for all H37. M2TM-ligand complexes were simulated in DMPC bilayers which represents a better membrane 

mimetic system for retaining proper M2TM structure compared to other glycerophospholipids. 24,25 We used an 

experimental structure (PDB ID 2KQT 26,27 ) determined at pH 7.5, in the presence of 1, and in DMPC bilayers. 

This M2TM structure is already adapted to the high pH condition, and only a short equilibration phase was 

required. MD simulations of the complexes between aminoadamantane variants 1, 2, 2-R, 2-S, 3-5 with M2TM 

provide insights for the binding interactions and possible structural changes in the binding area. The simulated 

M2TM-ligand complexes were stable, and in all cases the M2TM tetramer showed no large conformational 

changes in the course of the simulations, as demonstrated by RMSDs  1.8 Å for M2TM Cα-carbons with respect 

to the initial structure 26,27 (Table 6, 7). No significant differences in measures were detected between 

trajectories with production times of 4 ns and 80 ns (Table 6, 7). 

The axial position of the ligands inside the pore differed only lightly, that is, 0-0.3 Å towards the C-end, 

relative to 1 (Table 7). The center of mass between the four V27 residues and the adamantane cage of the ligand 

varies between 4.1 Å and 4.5 Å on average (Table 7). For rimantadine enantiomers 2-R, 2-S and rimantadine 

analogues 3-5, the average angle between the pore axis (membrane normal, from the N- to the C-terminus of 

the channel) and the C-N bond vector ranges between 51° and 61° (Table 7), i.e. the ammonium group of all 

aminoadamantane compounds oriented towards the C-terminus, consistent with previous experimental 

findings27,28 and observations.6,7,9,10 The ligand ammonium groups form hydrogen bonds with water molecules 

between the ligand and the H37 residues. The adamantane is embraced by V27 and A30 side chains, which 

define the binding site of the ligands. The 6 compounds, 1, 2, 2-R, 2-S, and 3-5, all include a primary ammonium 

group and form, on average, 3 hydrogen bonds with neighbouring water molecules (Table 7). The CHCH3 group 

that includes the chiral carbon in 2-R and 2-S is positioned in the cleft between G34 and A30. A30 has different 

van der Waals interactions between the two enantiomers, being a chiral amino acid. However, the distance 

between the ligand CH3 and the A30 CH3 is similar for the two enantiomers (3.9 ± 0.3 and 3.5 ± 0.3 Å 

respectively); also the distance between V27-Ad (4.2 ± 0.3 and 4.1 ± 0.3 Å respectively see Table 7). Thus, 

hydrogen bonding interactions for 2-R and 2-S and geometric measures which reflect van der Waals contacts 

were found to be similar for the two enantiomers, suggesting equal binding interactions. In diethyl and di-n-

propyl derivatives (4 and 5), the alkyl groups seem to better fill the space between the ligand and the pore walls; 

but, in these cases, restricted motion and the resulting entropy cost of binding may be significant and decrease 
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the binding affinities compared to 3 (Table 1-4). Configurations from the simulations of ligands 2-R, 2-S, 3 and 5 

are depicted in Figure 3. In all cases, in the region located above the adamantane core (i.e. towards the N-

terminus) no water molecules were found 15,16, which is consistent with the proton blocking effect of the 

aminoadamantane derivatives. 2,2,23,29 No Cl- ion entered the pore as it is indicated by the average Cl-N distance 

(Table 7).  

Table 6. Structural and dynamic measures from MD trajectories of A/Udorn/72 M2TM-ligand complexes in 

DMPC bilayer (4 ns). 

 

Ligand 1 RMSD (Cα) 2 Angle C-N vector 3 V27-Ad 4 H-bonds 5 Cl-N distance 6 

1 2 1.5 ± 0.1 11.2 ± 5.9 4.2 ± 0.3 2.7 ± 0.5 32.3 ± 6.6 

2-R 1.5 ± 0.2 44.7 ± 7.6 3.9 ± 0.273 2.6 ± 0.6 33.3 ± 5.8 

2-S 1.1 ± 0.2 55.7 ± 6.1 4.2 ± 0.259 2.8 ± 0.4 35.9 ± 5.9 

3 1.4 ± 0.2 51.5 ± 4.9 4.4 ± 0.3 2.9 ± 0.3 33.7 ± 6.3 

4 1.0 ± 0.1 47.5 ± 6.9 4.5 ± 0.3 2.9 ± 0.3 35.7 ± 7.5 

5 1.5 ± 0.2 49.4 ± 4.3 4.4 ± 0.2 2.9 ± 0.3 30.0 ± 6.0 

 

Table 7. Structural and dynamic measures from MD trajectories of A/Udorn/72 M2TM-ligand complexes in 

DMPC bilayer (80 ns). 

 

Ligand 1 RMSD (Cα) 2 Angle C-N vector 3 V27-Ad 4 H-bonds 5 Cl-N distance 6 

1 2 1.2 ± 0.2 9.8 ± 5.4 4.2 ± 0.3 2.7 ±0.5 23.5 ± 9.3 

2-R 1.8 ± 0.5 52.0 ± 6.7 4.2 ± 0.3 2.6 ± 0.5 34.2 ± 6.5 

2-S 1.2 ± 0.2 50.9 ± 5.3 4.1 ± 0.3 2.9 ± 0.3 33.7 ± 7.4 

3 1.2 ± 0.2 53.8 ± 8.3 4.1 ± 0.2 2.9 ± 0.3 32.7 ± 6.1 

4 1.6 ± 0.5 54.3 ± 6.9 4.4 ± 0.3 2.9 ± 0.3 33.9 ± 7.7 

5 1.0 ± 0.2  61.5 ± 7.1 4.5 ± 0.4 2.9 ± 0.3 32.4 ± 7.4 

1See Scheme 1; measures for 1 were added for comparison reasons. 
2Maximum root-mean-square deviation (RMSD) for Cα atoms of M2TM relative to the initial structure (PDB entry: 2KQT) after root-mean-square 
fitting of Cα atoms of M2TM; in Å.  
3Angle between the vector along the bond from the carbon atom of the adamantane core to the ligand nitrogen atom and the normal to the 
membrane; in degrees. 
4 Mean distance between center of mass of V27 and centers of mass of adamantane calculated using Gromacs tools; in Å. 
5 Mean number of H-bonds between ligand's ammonium group and waters. 
6 Mean distance in Å between the ligand N and the nearest Cl-. 
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The MD simulations of the complex of 3 or 5 with M2TM S31N (Table 8) showed that the ligand can't bind 

tightly to M2TM S31N because significant favourable van der Waals interactions are missing (Figure 4). The S31N 

mutation of M2TM results in a shift of the hydrophobic adamantyl ring towards the C-terminus, due to the 

repulsive forces of amide side chains to adamantyl ring and attraction to water molecules.  As a consequence 

the stabilizing hydrophobic interactions of the V27 isopropyl groups with the adamantyl ring that are present in 

the M2TM WT are lost in M2TM S31N. The bulky N31 side chains are oriented toward the N-terminus; and, the 

V27 side chains and the ammonium group of the ligands are also turned toward the N-terminus allowing 

significant hydrogen bonding interactions between the polar N31 side chains and the nearby water molecules. 

2,30 The hydrogen bonding interactions with N31 are consistent with the magic angle spinning (MAS) 

experimental data performed by us using a spiropyrrolidine adamantane derivative and the same M2TM S31N 

channel. With the adamantane compound present, there was a chemical shift perturbation for N31 and G34 

compared to the apo M2TM S31N. 2 In the M2TM WT, the adamantyl ring is well accommodated by the V27 and 

A30 side chains and sizeable adducts such as ligands 4 and 5 additionally fill the region between A30 and G34 

(Figure 3); but, in M2TM S31N, the adamantyl ring is between A30 and G34 (Figure 4), due to the lack of a 

favorable hydrophobic pocket. We have also found 2 an absence of chemical shift perturbations for V27 in 

M2TM S31N in the presence of bulky ligand, in comparison with the apo M2TM S31N, contrasting with the 

significant chemical shift changes at V27, S31, and G34 relative to the apo state reported when rimantadine is 

bound to M2TM WT. 31,32 

The MD runs of the complexes of 1-3 with M2TM S31N showed qualitatively that these molecules can't 

bind M2TM S31N because significant favorable van der Waals interactions are missing. This can be observed 

from the snapshot of the complex of 3 with M2TM S31N in Figure 4a. Compound 5 has sizeable adducts in 

addition to the adamantyl ring that effectively fill the region between A30 and G34 and the interactions needed 

for binding are slightly improved resulting in weak binding to M2TM S31N according to ITC compared to no 

binding for 1-3. This can be observed from the snapshot for the complex of 5 with M2TM S31N in Figure 4b. 

Indeed, 1 does not bind as documented by the oriented sample (OS) ssNMR spectra, but larger adducts like 

those present in compound 5 appear to stabilize weak binding of the drug in the region between A30 and G34. 

The last point is in agreement with the results from MAS and OS ssNMR spectra. 2 Taken together, the results 

from the combination of MD simulations, ITC and EP showed no binding of 1 and similar in size analogues to M2 

S31N and M2TM S31N, and only possible weak binding for sizeable adducts. 
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Table 8. Structural and dynamic measures from MD trajectories of M2TM S31N-ligand complexes in DMPC 

bilayer (80 ns). 

 

Ligand 1 RMSD (Cα) 2 Angle C-N vector 3 V27-Ad 4 H-bonds with 

waters 5 

H-bonds with 

N31-CO 6 

Cl-N distance 7 

1 2.6 ± 0.4 112.3±27 5.2 ± 0.7 1.4 ± 0.7 1.2 ± 0.9 34.3 ± 7.9 

3 1.8 ± 0.3 122.3±8.7 6.9 ± 0.1 1.9 ± 0.7 1.0 ± 0.7 34.3 ± 7.9 

5 1.8 ± 0.3 115.1±5.2 6.3 ± 0.4 1.7 ± 0.8 1.1 ± 0.8 33.4 ± 7.1 

 

1 See Scheme 1; values taken from ref. 27 of the draft; measures for 1 were added for comparison reasons. 

2 Maximum root-mean-square deviation (RMSD) for Ca atoms of M2TM relative to the initial structure (PDB entry: 2KQT) after root-mean-square fitting of 

Ca atoms of M2TM; in Å. 

3 Angle between the vector along the bond from the carbon atom of the adamantane core to the ligand nitrogen atom and the normal of the membrane; 

in degree. 

4 Mean distance between center of mass of V27 and centers of mass of adamantane calculated using Gromacs tools; in Å. 

5 Mean number of H-bonds between ligand's ammonium group and waters. 
6 Mean number of H-bonds between a ligand's ammonium group and N31 carbonyl group. 
7 Mean distance in Å between the ligand N and the nearest Cl-. 
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(a) 

 

(b) 
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(c) 

 

(d) 

 

 

 

Figure 3. Representative snapshots from the simulation of ligands 2-R (a), 2-S (b), 3 (c), and 5 (d) bound to   

M2TM WT. Six and seven water molecules are shown between the ligand and H37 residues for 2-S and 2-R 

respectively, nine for 3 and seven for 5. Three hydrogen bonds between the ammonium group of the ligand and 

three water molecules are shown. Hydrogen bonding with water molecules and van der Waals interactions of 

the adamantane core with V27 and A30 side chains stabilize the ligand inside the pore with its ammonium group 

oriented towards the C-terminus of the channel. The CHCH3 group that includes the chiral carbon in 2-R and 2-S 

is positioned in the cleft between G34 and A30. A30 has different van der Waals interactions between the two 

enantiomers, being a chiral amino acid. However, the distance between the ligand CH3 and the A30 CH3 is similar 

for the two enantiomers (3.9 ± 0.3 and 3.5 ± 0.3 Å respectively); also the distance between V27-Ad (4.2 ± 0.3 and 

4.1 ± 0.3 Å respectively see Table 7). 
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(a) 

 

 

(b) 

 

 

 

Figure 4. Representative snapshots from the simulations of ligand 3 (a) and 5 (b) bound to   M2TM S31N. Five 

and three water molecules are shown between ligand 3 and 5, respectively and the H37 residues and ten and 

twelve water molecules, respectively between N31 and the mouth of the pore. In these representative 

snapshots for the S31N variant, the ammonium group of the ligand is oriented towards the N-terminus, where it 

forms hydrogen bonds with water molecules or the carbonyl group of the N31 amide side chain. In this 

orientation, loss of the V27 pocket for the adamantyl cage would be expected to lead to weak binding of 

aminoadamantane ligands. 
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3.3.6 Compound prioritization against M2 WT  

 

The IC50 values after 2 or 5 minutes for 1-5 (Table 3) prioritize the same derivative for blocking M2 WT, i.e. 3, in 

agreement to the results from the Kd values from ITC experiments based on M2TM WT binding (Table 1), as well 

as with IC50 values from TEVC experiments based on full length Udorn M2 WT protein inhibition (Table 3). While 

it seems that the correlation between CPE assay for M2 WT viruses (Table 2) and percent block in TEVC results 

experiments at 2 min for 5 is poor, it should be considered that 5 is a slow blocker having an 27% blockage at 2 

min, 38% at 5 min and 61% at 10 min at a concentration of 100 μM. In studies focusing on the development of 

aminoadamantane ligands against IAV, derivatives are often initially tested in TEVC assays at 100 μM 

concentration at 2 min and only the most potent compounds are then tested using whole cell assays. 23,5 If the 

same procedure had been applied here, 5 would not have been tested, even though it proved to be a low µM 

inhibitor according to Kd values from ITC experiments with M2TM WT (Table 1) and CPE assay (Table 2) results. 

Similarly 4 would not be tested based on percent block at 2 minutes in TEVC with Udorn M2 V28I (Table 4). The 

results suggested that TEVC results, when used for compound filtering, need careful interpretation for 

compounds having low association rate constant for binding to the full length M2 which also depends on the M2 

pore. The reduction of M2 blocking efficiency by increasing drug's size has been also observed for other 

lipophilic amines.2  
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3.4 Conclusions  

 

The role of the kinetic behaviour of an aminoadamantane derivative when binding to the influenza A M2 protein 

pore, reflected by association (kon) and dissociation (koff) rate constants, was studied in this work. We 

investigated the binding kinetics of selected rimantadine analogues with M2 WT and M2 S31N and how they 

influenced the outcome of potency. Overall, this work aimed at comparing and explaining binding, proton 

transport blockage, and antiviral potency of aminoadamantane derivatives against M2 WT and M2 S31N. 

Binding was assessed for M2TM with ITC and illuminated with MD simulations. The kinetics of block and unblock 

of proton transport were measured for full length IAV M2 using TEVC EP. Antiviral potency was measured as the 

prevention of infection in cell cultures using CPE assays. The two rimantadine enantiomers have similar binding 

free energies, channel blockage and kon and koff rate constants, and similar antiviral potencies. We conclude that 

they form equally stable complexes and have the same residence time inside M2 WT.  

The inhibitory potency for M2 WT, as determined by ITC, EP, and anti-viral assays with Udorn, HK and 

WSN M2 N31S strains of IAV in MDCK cells, prioritize 3 which is almost equal in structure with rimantadine (2) 

without having a chiral center. Compound 3 has also a promising selectivity index based on the in vitro 

cytotoxicity data. TEVC percent block for 100 µM at 2 minutes also prioritizes 3 in accordance with the ITC, but 

perhaps “underrated” the potential of 5, being only 27%, growing to 38% at 5 minutes and 61% at 10 minutes. 

Slow block could be associated with tight block, and this phenomenon should not be overlooked in short-lasting 

experiments. In this regard, ITC measurements are seen to be an important additional tool for clarifying the 

binding energies of novel derivatives to M2TM given its capacity for sufficient relaxations of equilibrium 

between titration injections. Nevertheless, it is clear from the ITC, CPE (all strains with M2 WT), that 5 (and 4 

where tested) are ~10-fold less active than 3.  

It was also shown that a small change in an amino acid at site 28 (V28I) of M2, which does not line the 

pore, seriously affects M2 blockage kinetics. The IC50s of blocking compounds measured for Udorn M2 and its 

V28I mutant showed that both 3 and 4 inhibit M2 WT more rapidly than the V28I mutant. 

The compounds did not bind to Udorn M2TM S31N according to ITC and did not exhibit antiviral potency 

against WSN virus, which contains both the S31N and the V28I mutations. We showed that a valuable parameter 

to explain the resistance of M2 S31N viruses to rimantadine analogues compared to M2 WT is a higher koff rate 

(i.e. a smaller residence time inside M2 S31N). According to MD simulations and previous ssNMR results this is 

due to the fact that, in M2 S31N, the loss of the V27 pocket for the adamantyl cage resulted in low residence 

time inside M2TM and a lack of antiviral potency; but, for 5, the sizeable adducts resulted in a weak binding 
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which is albeit not sufficient for antiviral potency.  It is the high dissociation rate constants that render 

aminoadamantanes useless against S31N viruses like WSN leading to Kd (TEVC) in the mM range compared to the 

μΜ range for M2 WT binding. Thus, we provided a kinetic perspective to explain rimantadine variant binding, 

proton transport blockage and antiviral potency against influenza M2 WT and M2 S31N. 
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3.5 Experimental Part 

 

3.5.1 Synthesis of the ligands 

 

1 was purchased from Merck and 2 from Alfa chemicals (> 99 % purity). Enantiomers of 2 were purchased from 

Enamine; 2-S has 95% chemical purity and 2-R has 90% chemical purity and the enantiomeric excess of each 

enantiomer sample is 99%. The procedure leading to the synthesis of 3 was described in 1.3.1 (chapter 1). 

 

3-(Tricyclo[3.3.1.13.7]dec-1-yl)-pentan-3-ol (AdEt2C-OH) 7b. A solution of 1-adamantanecarbonyl chloride 6 (700 

mg, 3.53 mmol) in 25 mL of dry diethyl ether was added dropwise under Ar atmosphere and stirring, to a 

solution of 5 mL ethyl lithium (0.5 M in benzene/cyclohexane, 12.5 mmol). The mixture was stirred for 26 h 

under Ar atmosphere at room temperature. The reaction mixture was hydrolyzed with an equal volume of 

saturated ammonium chloride solution under ice-cooling. The organic layer was separated and the aqueous 

phase was extracted with diethyl ether two times. The combined organic phase was washed two times with a 

solution of sodium hydroxide 3% w/v, water and brine, and dried over anhydrous sodium sulfate. After 

evaporation of the solvent under vacuum, a light yellow coloured solid residue of the alcohol 7b was obtained. 

Yield 357mg (45.5%); IR (Nujol): v(OH) 3502 cm-1 (br s); 1H-NMR (400MHz, CDCl3) δ (ppm) 0.93 (t, J~7 Hz, 6H, 

2xCH3), 1.56 (q, J~7 Hz, 4H, 2xCH3CH2), 1.61-1.70 (m, 12H, 2,4,6,8,9,10-H, adamantane H), 2.05 (br s, 3H, 3,5,7-H, 

adamantane H); 13C-NMR (200MHz, CDCl3) δ: 9.47 (CH3), 25.93 (CH3CH2), 28.90 (3,5,7-C, adamantane C), 36.71 

(2,8,9-C, adamantane C), 37.40 (4,6,10-C, adamantane C), 38.51 (1-C, adamantane C), 40.48 (C-OH). 

 

3-(Tricyclo[3.3.1.13.7]dec-1-yl)-pentan-3-amine (AdEt2C-NH2) 4. The oily 3-(1-adamantyl)-3-azido-pentane 8b 

was prepared by treatment of the tertiary alcohol 7b with CH2Cl2/NaN3/TFA according to the same procedure 

followed for 2-(1-adamantyl)-2-azido-propane 9a. The reaction afforded an oily mixture of azide 9b along with 3-

(1-adamantyl)-pent-2-ene as an elimination by-product. The yield of the azide preparation was 65 % based on 

the integration of 13C NMR peaks. The crude oily mixture was used without further purification for the LiAlH4 

reduction step.  

3-(1-Adamantyl)-3-pentanamine4 was prepared through LiAlH4 reduction of azide 9b in refluxing ether for 

5h according to the same procedure followed for 2-(1-adamantyl)-propan-2-amine 3. Amine 4 was afforded as a 

light yellow colored oil. Yield: 10.9%; MS: 222.4; 1H-NMR (400 MHz, CDCl3) δ (ppm) 0.88 (t, J~7 Hz, 6H, 2xCH3), 
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1.08 (br s, 2H, NH2), 1.33-1.52 (m, 2H, 2xCH3CH2), 1.60-1.69 (m, 12H, 2,4,6,8,9,10-H, adamantane H), 1.97 (br s, 

3H, 3,5,7-H, adamantane H);  13C-NMR (200MHz, CDCl3) δ (ppm) 9.90 (CH3), 26.73 (CH3CH2), 29.04 (3,5,7-C, 

adamantane C), 36.75 (2,8,9-C, adamantane C), 37.45 (4,6,10-C, adamantane C), 38.60 (1-C, adamantane C), 

39.86 (C-NH2). Anal. Fumarate (C19H31NO4) (EtOH-Ether). 

 

4-(Tricyclo[3.3.1.13.7]dec-1-yl)-hept-1,6-dien-4-ol (AdAllyl2C-OH) 8.Allylmagnesium bromide was prepared from 

magnesium turnings (1.33 g, 55.4 mmol) and allyl bromide (6.1 g, 50.4 mmol) in 60 mL of dry diethyl ether. A 

solution of 1-adamantanecarbonyl chloride 6 (2 g, 10.1 mmol) in 60 mL of dry diethyl ether was added dropwise 

to the first solution, under Ar atmosphere and stirring. The reaction mixture was heated at gentle reflux for 4h 

under stirring and Ar atmosphere and an additional 24 h at room temperature under stirring and Ar 

atmosphere. The mixture was hydrolyzed with an equal volume of saturated solution of ammonium chloride 

under ice-cooling. The organic layer was separated and the aqueous phase was extracted with diethyl ether two 

times. The combined organic phase was washed with water and brine, dried (Na2SO4) and evaporated under 

vacuum to yield a yellow colored oil residue of 4-(adamant-1-yl)-hept-1,6-dien-4-ol 8. Yield: 1.74 g (70%); IR 

(Film) δ: ν(ΟΗ) 3568 cm-1 (s), ν(=C-H) 3074 cm-1 (s), 3008 cm-1 (m), ν(C=C) 1636 cm-1 (s); 1H-NMR (400MHz, CDCl3) 

δ (ppm) 1.70 (m, 12H, 2,4,6,8,9,10-H, adamantane H), 1.99 (br s, 3H, 3,5,7-H, adamantane H), 2.28-2.40 (m, J~7 

Hz, 4H, 3,5-CH2), 5.09 (t, J~7 Hz, 4H, 2xCH2=), 5.88-5.98 (m, J~7 Hz, 2H, 2xCH=); 13C-NMR (200MHz, CDCl3) δ 

(ppm) 28.81 (3,5,7-C, adamantane C), 36.57 (2,8,9-C, adamantane C), 37.29 (4,6,10-C, adamantane C), 39.29 

(CH2), 40.34 (1-C, adamantane C), 76.08 (C-OH), 118.11 (=CH2), 135.82 (CH=). 

 

4-(Tricyclo[3.3.1.13.7]dec-1-yl)-heptan-4-ol (AdPr2C-OH) 7c. The 4-(adamant-1-yl)-hept-1,6-dien-4-ol 8 (840 mg, 

3.42 mmol) was dissolved in 80 mL of absolute ethanol and the solution was hydrogenated over Adams catalyst 

(80 mg) for 20 h. Vacuum filtration of the catalyst and solvent evaporation under vacuum yields a white solid 

residue of 4-(1-adamant-1-yl)-heptan-4-ol 7c. Yield: 720 mg (84%); IR (Νujol): ν(ΟΗ) 3469 cm-1 (s), 1H-NMR 

(400MHz, CDCl3) δ (ppm) 0.90 (t, J~7 Hz, 6H, 1, 2xCH3), 1.29-1.39 (m, J~7 Hz, 4H, 2,6-CH2), 1.41-1.50 (m, J~7 Hz, 

4H, 3,5-CH2), 1.65 (m, 12H, 2,4,6,8,9,10-H, adamantane H), 1.98 (br s, 3H, 3,5,7-H, adamantane H), 2.17 (s, 1H, -

OH); 13C-NMR (200MHz, CDCl3) δ (ppm) 15.29 (CH3), 18.19 (CH2), 28.89 (3,5,7-C, adamantane C), 36.59 (2,8,9-C, 

adamantane C), 36.88 (CH2), 37.39 (4,6,10-C, adamantane C), 40.28 (1-C, adamantane C), 41.39 (C-OH). 

 

4-(Tricyclo[3.3.1.13.7]dec-1-yl)-heptan-4-amine (AdPr2C-NH2) 5. The oily 3-(adamant-1-yl)-heptan-4-azide 9c was 

prepared by treatment of the tertiary alcohol 7c with CH2Cl2/NaN3/TFA as previously described. The reaction 
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afforded a yellow colored oily mixture consisting of the desired 3-(adamant-1-yl)-4-azido-heptane 9c (54 %) 

andof 4-(adamant-1-yl)-hept-3-ene (46%) as an elimination byproduct. Yield of the azide: 37%.  The crude oily 

mixture was used without further purification for the LiAlH4 reduction step. 4-(Adamant-1-yl)-heptan-4-amine 

5was prepared through LiAlH4 reduction of azide 9c in refluxing ether for 5h according to the same procedure 

described previously. Amine 5 was afforded as a light yellow coloured oil.Yield (based on azide): 14%; MS: 250.1; 

1H-NMR (400MHz, CDCl3) δ (ppm) 0.89 (t, J~7 Hz, 6H, 2xCH3), 1.19 (br s, 2H, NH2), 1.25-1.41 (m, J~7 Hz, 8H, 

4xCH2), 1.61 (m, 12H, 2,4,6,8,9,10-H, adamantane H), 1.98 (br s, 3H, 3,5,7-H, adamantane H); 13C-NMR (200MHz, 

CDCl3) δ (ppm) 15.45 (CH3), 18.59 (CH2), 29.07 (3,5,7-C, adamantane C), 36.65 (2,8,9-C, adamantane C), 37.45 

(CH2), 37.97 (4,6,10-C, adamantane C), 39.53 (1-C, adamantane C), 56.94 (C-N). Anal. Fumarate (C21H35NO4) 

(EtOH-Ether). 

 

3.5.2 Peptide synthesis and ITC measurements 

 

Binding affinities of aminoadamantane derivatives 1, 2, 2-R, 2-S and 3-5 (Scheme 1) for Udorn M2TM were 

determined by ITC experiments for M2TM-ligand systems in dodecylphosphocholine (DPC) micelles at pH 8.  

M2TM peptides corresponding to residues 22-46 of Udorn/72 wild type sequence of M2 (C-terminally amidated 

M2TMUdorn/72: SSDPLVVAASIIGILHLILWILDRL) were synthesized by standard Fmoc solid phase peptide synthesis 

using an aminomethyl polystyrene resin loaded with the amide linker and purified by reverse phase HPLC. The 

final peptide purity was 98%. Details for a) peptide synthesis and purification, and  b) isothermal titration 

calorimetry measurements can be found in Chapter 1, i.e., in 1.3.2 and 1.1.3.2 respectively. 

 

3.5.3 Two-electrode voltage clamp assay 

 

The inhibitors were tested in a TEVC assay using Xenopus laevis frog oocytes microinjected with RNA expressing 

either the WT or the S31N mutant of the M2 protein as previously reported. 29  Oocytes from Xenopus laevis 

(Ecocyte, Austin, TX) were maintained in ND-96++ solution (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1mM MgCl2, 

2.5 mM sodium pyruvate, 5 mM HEPES-NaOH, pH 7.4) at 17 ºC until injection of ~ 40 ng of Udorn or Udorn S31N 

mRNA.  After injection, the oocytes were maintained in ND96++ pH 7.4 until electrophysiological recording. 72 

hrs after mRNA injection, whole-cell currents were recorded with a TEVC apparatus at Vm = -20 mV. Oocyte 

currents were recorded in standard Barth’s solution (0.3 mM NaNO3, 0.71 mM CaCl2, 0.82 mM MgSO4, 1.0 mM 

KCl, 2.4 mM NaHCO3, 88 mM NaCl, 15.0 mM HEPES, pH 7.5. Inward proton current was induced by perfusion 
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with Barth’s pH 5.3. A concentration of 100 µM compound in Barth’s was used to perfuse the oocytes 

transfected with either M2 WT or mutant M2. The potency of the inhibitors was expressed as percentage 

inhibition of M2 current observed after 2, 5, or 10 min of incubation with either 100 or 30 μM of compounds. 

The IC50 values were calculated from a nonlinear regression fit of the inhibition percentage using a simple 

sigmoid function at 100 μM and 30 μM for these compounds. 

 

3.5.4 Cells and viruses 

 

Information for cells and viruses can be found in Chapter 1, 1.3.6. Amantadine-sensitive IAVs Udorn and HK 

(identical amino acid composition in M2 with V28 and S31), naturally amantadine-resistant WSN M2 WT (with 

I28 and N31 in M2 WSN M2 N31) and its mutated amantadine-sensitive variant WSN M2 N31S 33 were used in 

this study.  

 

 

3.5.5 Evaluation of cytotoxicity and CPE inhibition activity  

 

Information for CPE inhibition studies can be found in Chapter 1, 1.3.7. Cytotoxicity and CPE inhibition studies 

were performed on two-day-old confluent monolayers of MDCK cells grown in 96-well plates as published. 33 

Cytotoxicity was analyzed 72 h after compound addition (six half-log dilutions; at least two parallels per 

concentration; maximum concentration 100 µM). The neuraminidase inhibitor oseltamivir carboxylate (GS4071; 

GlaxoSmithKline) that inhibits all studied IAVs similarly was used as positive control. 

 

3.5.6 Evaluation of inhibition activity using Plaque Reduction Assay 

 

Cytotoxicity and CPE inhibition studies were performed on two-day-old confluent monolayers of MDCK cells 

grown in 96-well plates as published. 33 Cytotoxicity was analyzed 72 h after compound addition (six half-log 

dilutions; at least two parallels per concentration; maximum concentration 100 µM). In the CPE inhibition assay, 

50 μL of at least six serial half-log dilutions of compound in test medium and a constant multiplicity of infection 

of test virus (0.03 for WSN and for WSN M2 N31S; 0.003 for HK; and 0.002 for Udorn in a volume of 50 µL of the 

test medium were added to cells. Then, plates were incubated at 37 °C with 5% CO2 for 48 h. The neuraminidase 



 
Effect of Subtle Changes of Aminoadamantanes Structure and Influenza M2TM Structure in the Binding Kinetics, 

Affinity and Potency  

 

 

 

161 

 

inhibitor oseltamivir carboxylate (GS4071; GlaxoSmithKline) that inhibits all studied IAVs similarly was used as 

positive control. Crystal violet staining and optical density determination were performed as described 

before.34,33 After log transformation of compound concentrations, linear regression was used to determine the 

50% cytotoxic (CC50) and 50% inhibitory concentration (EC50). At least three independent assays were conducted 

to calculate the mean CC50 and EC50 and their standard deviations 
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3.6 Supporting Information  

 

3.6.1 Nuclear Magnetic Resonance (NMR) Spectra of aminoadamantane compounds 4 and 5 and the 

intermediate derivatives 7b, 7c and 8. 

 

Spectra of aminoadamantane compound 3 and the intermediate derivatives  6, 7a, 9a can be found in Chapter 1, 

1.4.2.    

 

3.6.1.1 1H NMR spectra 
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3.6.1.2 13C NMR spectra  
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CHAPTER 4 

 

Approaches to primary tert-alkyl amines as medicinal 

chemistry building blocks 
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4.1 Abstract 

 

Amantadine is a lipophilic symmetrical hydrocarbon cage amine and represents a building block which can 

be favorably modified and linked with known pharmacophoric groups resulting in enhanced biological 

activity. Five procedures were tested for the synthesis of primary tert-alkyl primary amines in aliphatic series 

including also adamantane adducts. The synthesized amines are analogues of amantadine or other cage-like 

amines. The first procedure included the formation and reduction of tert-alkyl azides (procedure A), where 

yield depends from the selection of solvent for azide formation and the reagent and conditions for its 

reduction. Dichloromethane or 1,2-dicholoroethane and LiAlH4 were found to be optimal choices. The yields 

of the amine products were diminished when the tert-alkyl substrate includes longer alkyl groups than Pr3. 

This procedure was the most general covering a broader range of substrates including also bulky 

adamantane adducts. Standard Ritter reaction (procedure B) was not affordable. A modified Ritter scheme 

(procedure C), which proceeds through a tert-alkyl chloroacetamide produced tert-alkyl amines with good 

yields also for long alkyl groups. The procedure failed when the substrate included an adamantane adduct. 

Procedure D included the addition of organometallic reagents to N-tert-butyl sulfinyl ketimines and has also 

limitations. The synthesis of primary tert-alkyl amines from nitriles using organometallic reagents and Τi(i-

PrO)4 was a useful one-flask transformation (procedure E). Triggered by the effects of the adamantane 

adduct in reactivity and conformational strain the rotation of the 1-adamantyl group was investigated using 

dynamic NMR (DNMR) in the synthesized Ad-C(Et2)OH and Ad-C(Et2)Cl which were related synthetic 

intermediates in the present study. Their NMR spectra resulted in decoalescence for carbons 2', 8', 9'-C and 

4', 6', 10'-C signals at temperatures as low as -100 οC. The free energy for bond rotation was calculated to be 

ΔG≠ = 8.7 ± 0.2 kcal mol-1 for Ad-C(Et2)OH and 10.0 ± 0.4 kcal mol-1 for Ad-C(Et2)Cl compared to 9.3 kcal mol-1 

for Ad-C(Me2)Cl or 10.6 kcal mol-1 for Ad-CMe(t-Bu)Cl. 
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4.2 Introduction 

 

Remarkably simple aminoadamantane structures hit targets like viroporins to combat Influenza virus A and 

the NMDA receptor for symptomatic relief in Parkinson Disease and Alzheimer Disease.1 Adamantane is a 

lipophilic symmetrical hydrocarbon cage and when is included itself or favorably modified as a substituent in 

drug molecules can result in enhanced biological activity. Amantadine or simple amantadine analogues 

represent building blocks which can be favorably modified and linked with known pharmacophoric groups 

resulting in enhanced biological activity.  

 

 

 

 

Scheme 1. Few examples of molecules bearing 1-adamantyl linked with a pharmacophoric group. 
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Examples1 are molecules with glucocerebrosidase activity potentially useful for atherosclerosis,2a K+ 

channel activity and hypoglemic properties,2b affinity for opioid receptor,2c affinity for σ-receptor2d which is 

involved in psychotic disorders, depression, neuroprotection, affinity for soluble epoxide hydrolase2e which 

seems valuable for various diseases, dipeptidyl peptidase IV inhibitory potency2f for the treatment of type 2 

diabetes mellitus, influenza A amantadine resistance etc 2g  etc (Scheme 1).  

Our efforts for more than 25 years include research on synthetic aminoadamantanes, that is, synthesis 

and biological evaluation of new derivatives mainly against influenza virus A, dynamic NMR spectroscopy 

and other physical organic chemistry studies, and biophysical studies of aminoadamantanes interaction with 

the transmembrane domain of M2 protein (M2TM) or the full M2 protein, i.e., solution NMR and solid state 

NMR (ssNMR) studies for mapping the binding site, measurements of binding constants using Isothermal 

Titration Calorimetry (ITC) and other assays used as experimental probes for binding free energy 

calculations, electrophysiology for studying kinetics of binding, biomolecular simulations.3 It was only after 

2008 that high resolution structures from X-ray and ssNMR experiments showed that the primary binding 

site of amantadine is the lumen of the four-helix bundle of tetrameric M2 (M2TM: amino acids 22-46) that 

forms the proton transport path.4-13  

We are interested in the preparation of primary tert-alkyl amines in aliphatic series including common 

alkyl chain or adamantane substituents which may be used as lipophilic amine building blocks for the 

development of drug molecules acting in WT and mutant M2 protein of influenza A viruses which are 

resistant to amantadine 2g, 3h-n,13-18 or other biological targets (Scheme 1). For example it was reported that 

1,1,3,3-tetramethylbutylamine (tert-octylamine, nPeMe2CNH2)
15  and 2-(1-adamantyl)-2-propanamine 

(AdCMe2NH2)
3m,n block M2 channel with an efficiency comparable to amantadine (Figure 1). 
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Pr3CNH3
+ 

 

nPeMe2CNH3
+ 

 

AdNH3
+  

AdCMe2NH3
+ 

N.T. inhibition 87% 

(at 2 min)15 

inhibition 90%  

(at 2 min) 15 

 

inhibition 90%  

(at 2 min) 18 

 

   
 

 

Figure 1. Up: Pr3CNH3
+ and nPeMe2CNH3

+ are open cage analogues of amantadine and nPeMe2CNH3
+, AdNH3

+ 

and Ad-CMe2-NH3
+ are potent influenza A WT M2 pore blockers. Down: van der Waals spheres 

representation of Pr3CNH2 , nPeMe2CNH2,
 AdNH2

 and Ad-CMe2-NH2.  

 

The preparation of primary tert-alkyl amines is considered to be a difficult problem. 19 When one of 

the substituent of the α,α,α-trisubstituted primary amine is a tert-alkyl group like adamantyl steric crowding 

is expected to increase the difficulty of conformational motions and the reactivity. When the starting 

material is a tert-alkyl alcohol a general and widely used route is the Ritter reaction20 providing the primary 

tert-alkyl amine in two steps. However, this procedure has some considerable disadvantages such as the 

drastic conditions and moderate overall yields. While several procedures are widely applied to convert 

primary and secondary alcohols to the corresponding azides -based on SN2 mechanism- only limited 

examples of robust procedures have been published on the conversion of tert-alkyl alcohols21 and some of 

the latter procedures used elaborate reactants.21d-g In addition, while several reagents have been developed 

for the reduction of primary and secondary azides to the corresponding amines, this is not the case when a 

tert-alkyl azide is the substrate and its reduction is considered to be inconvenient19.  In this work we present 

results obtained during our synthetic efforts to prepare primary tert-alkyl amines with various alkyl groups 

including adamantyl group. 
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4.3 Results and Discussion 

 

4.3.1 Synthetic studies 

 

4.3.3.1 From tert-alkyl alcohols through tert-alkyl azides reduction (Procedure A) 

The conversion of tertiary adamantanols to the corresponding azides (tert-alkyl alcohol → tert-alkyl azide → 

primary tert-alkyl amine, procedure A) was routinely realized in our lab using a mixture of CHCl3/H2SO4 57 % 

and sodium azide in good yields.21a,b,22,23 When these reaction conditions were applied to tert-alkyl alcohols, 

like n-BuEt(n-Pr)C-OH (1b) - obtained from 3-heptanone (1a) + n-PrMgBr - a mixture of the azide BuEtPrC-N3 

(1c) and the precursor alcohol 1a was obtained in 60:40 ratio based on the integration of 13C NMR signals 

(Table 1, entry 1). The reaction proceed via the formation of a carbonium ions which is trapped by the azide 

anion. It seems that the 2-alkyl-2-adamantyl carbonium intermediates from tertiary 2-alkyl-2-adamantanols 

are more stable and formed more efficiently compared to those formed by tert-alkyl alcohols.24 A more 

efficient formation of the azide was not achieved after increasing the sulfuric acid concentration to 70 % 

(Table 1, entry 2); instead a ketone product was also formed along with the azide. This ketone may be 

obtained through a Schmidt rearrangement25 mechanism where an imine is formed which can be hydrolyzed 

to a ketone as has been reported for the tert-butyl substrate.25b The tert-alkyl alcohol 1b was treated with 

CHCl3/TFA 0.5M/NaN3 mixture, and the reaction product was a mixture of the azide 1c and the precursor 

alcohol 1b in a 70:30 ratio according to the 13C NMR spectrum. An increase in TFA concentration to 1 M was 

tested but the same mixture was afforded (Table 1, entries 3, 4). Increase of the TFA concentration to 5M 

caused a decomposition of the substrate. Changing the solvent from CHCl3  to CH2Cl2 or ClCH2CH2Cl (i.e., from 

CHCl3/TFA 1 M/NaN3  to CH2Cl2 or ClCH2CH2Cl/TFA 1 M/NaN3) resulted to the azide as the only product (Table 

1, entry 5). The reactions conditions were then tested against tert-alkyl alcohols 1b-7b (Table 2, entries 1-7). 

Alcohols 1b-4b, 6b were obtained from the reaction between ketone 1a-3a and the suitable Grignard 

reagent (Table 2, entries 1-4,6). However, the reaction applied for the preparation of iBuPr2C-OH (5b) (Table 

2, entry 5) including 3-heptanone (1a) and freshly prepared isobutyl magnesium bromide yielded a mixture 

of the tert-alkyl alcohol 5b and 3-heptanol in a ratio of 70:30 according to the 13C NMR spectrum; 3-heptanol 

was formed through a β-hydride transfer of the Grignard reagent.26 The desired i-BuPr2C-OH (5b) was 

obtained from the  addition of isobutyl lithium to 4-heptanone (2a) and similarly i-BuBu2C-OH (7b) (Table 2, 

entry 7) was afforded through addition of isobutyl lithium to 5-nonanone (3a). Starting from alcohols 1b-7b 

and using the conditions shown in Table 2, i.e., CH2Cl2 or ClCH2CH2Cl/TFA 1 M/NaN3, the azides 1c-7c 

respectively were afforded with yields 71-87% (Table 2).  

 



Tert-alkyl amines analogues of amantadine 

 

 

 

179 

 

Table 1. Optimization of the reaction conditions for the conversion of a tert-alkyl alcohol to the 

corresponding tert-alkyl azide using NaN3 in an acidic environment. 

 

 

Entry Solvent/acid  Product (percentage)a 

1 CHCl3/H2SO4 57 % 1c (~ 60%) + 1b ( ~ 40%) 

2 CHCl3/H2SO4 70 % 1c  (~ 45%) + ketone product (~ 55%) 

3 CHCl3/TFA 0.5 M 1c (~ 70%) + 1b (~ 30%) 

4 CHCl3/TFA 1 M 1c (~ 70%) + 1b (~ 30%) 

5 CH2Cl2 or ClCH2CH2Cl /TFA 1 M 1c 

aApproximate percentages were measured from integration of 13C NMR signals. 

 

Table 2. Conversion of tert-alkyl alcohols to tert-alkyl azides using a NaN3/TFA in CH2Cl2 or ClCH2CH2Cl 

(Procedure A). 

 

 

Entry Ketone + organometallic reagent Isolated 

Yield 

Alcohol 

R1,R2,R3 

Azide 

R1,R2,R3 

Isolated 

Yielda 

1 3-heptanone 1a + PrMgBr 80% Bu,Et,Pr, 1b Bu,Et,Pr, 1cb 87% 

2 4-heptanone 2a + PrMgBr 78% Pr,Pr,Pr, 2b Pr,Pr,Pr,, 2cb 78% 

3 5-nonanone 3a + BuMgBr 80% Bu,Bu,Bu, 3b Bu,Bu,Bu, 3cb 82% 

4 4-heptanone 2a + BuMgBr 71% Bu,Pr,Pr, 4b Bu,Pr,Pr, 4cb 71% 

5 4-heptanone 2a + iBuLi 80% iBu,Pr,Pr, 5b iBu,Pr,Pr, 5cb 86% 

6 5-nonanone 3a + PrMgBr 70% Bu,Bu,Pr, 6b Bu,Bu,Pr, 6cb 75% 

7 2,6-dimethyl-heptan-4-one 4a + BuLi 80% iBu,iBu,Bu, 7b iBu,iBu,Bu, 7cc 76% 

aCompletion of reaction was checked by 13C NMR peaks integration; bCH2Cl2 used; cClCH2CH2Cl used 
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Thus, according to the reactions conditions included by Table 2 changing the solvent from CHCl3  to 

CH2Cl2 or ClCH2CH2Cl increased considerably tert-alkyl azide yield. The tert-alkyl azide formation proceeds 

through an ion pair intermediate (tert-alkyl carbocation/TFA anion) - generated by the tert-alkyl alcohol 

treatment with TFA - which is more favored in dichloromethane compared to chloroform. The higher 

dielectric constant of CH2Cl2 (ε = 8.93) or ClCH2CH2Cl (ε = 10.4) compared to CHCl3 (ε = 4.81) may stabilize the 

carbonium ion and thus facilitate its formation (nucleophilic solvation).27 Protic solvents have also high 

dielectric constants  but tert-alkyl azides are formed in low yields in protic solvents due to competitive 

solvolysis reactions.28 The stability of various carbonium ions in different solvents can be compared by 

calculating the difference in the free energy for the isodesmic reaction between 1-adamantyl cation (1-Ad+) 

and the related hydrocarbon,29 i.e, for the reaction R3CH + 1-Ad+ → R3C
+ + Ad-H. We investigated the 

comparative efficiency for the formation of Pr3C
+ and of Bu3C

+ in CHCl3, CH2Cl2 and ClCH2CH2Cl using this 

isodesmic reaction (R=Pr,Bu). Calculations were performed using the standard B3LYP/6-31G(d,p) level30 and 

the Polarizable Continuum Model of Tomasi (PCM)31 as the implicit solvent model (see Supporting 

Information). The results in Table 3 suggested the easier formation of Pr3C
+ and of Bu3C

+ in CH2Cl2 and 

ClCH2CH2Cl than in CHCl3. 

 

Table 3. Difference in free energy (kcal mol-1) calculated for the isodesmic reaction R3CH + 1-Ad+ → R3C
+ + 

Ad-H (R=Pr, Bu),  in CHCl3,  CH2Cl2, ClCH2CH2Cl at B3LYP/6-31+G(d,p) level using PCM as continuous solvent 

model. 

 

Solvent ΔG (kcal mol-1) 

 Pr3C
+ Bu3C

+ 

  

CHCl3 + 3.2 + 2.1 

CH2Cl2 + 2.8 + 1.7 

ClCH2CH2Cl + 2.7 + 1.6 

 

It was tested if primary tert-alkyl amines 1d-7d could be formed conventionally from primary tert-alkyl 

azides 1c-7c  through a LiAlH4 reduction21g,32,33 or a catalytic hydrogenation, for example using Pd/C.33 In 

general, these methods are considered to be high yielding21g,33,34d without never being explored 

systematically regarding the structure of the tert-alkyl substrate; for example in one case it was found that 

the reduction took a different route yielding a triazene.35 As previously mentioned the reduction of tert-alkyl 

azides for the preparation of tert-alkyl amines was reported to be an inconvenient transformation without 

further explanations and citations.19 The reduction of the tert-alkyl azides 1c-7c using LiAlH4 in refluxing ether 
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for 5 h yielded the primary tert-alkyl amines 1d-7d in good (Table 4, entries 1,2,5) to moderate yields (entries 

3,4,6,7); 4 equivalents of LiAlH4 were used in a slurry having a concentration of 1 g LiAlH4/80 mL dry ether. 

Amines were isolated through standard hydrolysis conditions and filtration of the reaction mixture. The 

ethereal solution was extracted with hydrochloride solution 6%, the acidic solution was made alkaline with 

solid sodium carbonate and the mixture was extracted with ether to afford amines 1d-7d having a purity >  

95% (according to the relative integration of amine signals with impurities signals detected in 13C NMR 

spectra). The amines were further purified through formation of crystalline fumaric acid salts and 

recrystallization of the ammonium salts using ethanol/ether. A suspicious competitive reaction of the 

reduction is the formation of an imine which can be formed through an intramolecular Schmidt 

rearrangement via a nitrene intermediate.36 When refluxing THF was used lower yields were obtained. The 

yield was not improved when the refluxing conditions were changed to ambient temperature for avoiding 

possible azide decomposition at refluxing ether conditions. It is noteworthy that a critical reduction in yield 

was noted upon the transition from Pr3 to Bu3 substrate (Table 4, see entries 2 and 3).  

 

             Table 4. Reaction of tert-alkyl azides with LiAlH4 in refluxing dry ether (Procedure A). 

 

 

 

Entry Azide 

R1,R2,R3 

Amine product  

R1,R2,R3 

Isolated 

Yielda 

1 Bu,Et,Pr, 1c Bu,Et,Pr, 1d 65 % 

2 Pr,Pr,Pr, 2c Pr,Pr,Pr, 2d 60 % 

3 Bu,Bu,Bu, 3c Bu,Bu,Bu, 3d 20 % 

4 iBu,Pr,Pr, 4c iBu,Pr,Pr, 4d 14 % 

5 Bu,Pr,Pr, 5c Bu,Pr,Pr, 5d 58 % 

6 Bu,Bu,Pr, 6c Bu,Bu,Pr, 6d 35 % 

7 iBu,iBu,Bu, 7c iBu,iBu,Bu, 7d 20 % 

aCompletion of reaction was observed by NMR 

 

To investigate further the effect of the structure of the tert-alkyl group to the reduction yield of the 

azido group, we synthesized the alcohols 5b, 6b and the corresponding azides 5c, 6c including the 
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combination of BuPr2 and Bu2Pr substitution on the tertiary carbon (see Table 4, entries 5, 6). As depicted in 

Table 4, the yield for the BuPr2 substrate (amine 5d, 58%; Table 4, entry 5) was similar to that obtained with 

Pr3 substrate (amine 2d, 60%; Table 4, entry 2) and reduced progressively from Bu2Pr (amine 6d, 35%; Table 

4, entry 6) to Bu3 or i-Bu2Bu substrate (amines 3d, 7d, 20%, Table 4, entries 3,7). Also, changing the tri-alkyl 

group from Pr3 to i-BuPr2 reduced significantly the yield (amine 4d, 14%, Table 4, entry 4).  

We tested few other reagents for reduction of the tert-alkyl azido group. Some representative trials 

are described below showing that no improvement was achieved in yield compared to LiAlH4 reduction. The 

catalytic hydrogenation with Pd/C (10%)32 for 18 h was tested using different solvents (AcOEt, MeOH, 

MeOH/NH3(g), MeOH/CHCl3)
34 or different pressure conditions (50 psi or 1 Atm). For example, for the 

BuEtPrC-N3 (1c) the higher yield achieved with catalytic hydrogenation was 57% for amine 1d and Bu3C-N3 

(3c) provided Bu3C-NH2 (3d) with 11% yield. The yields were poor when reduction of EtPrBuC-N3 (1c) was 

attempted with FeCl3/NaI37 (10%) or Me3SiCl/NaI38 (4%) or by applying Staudinger reaction conditions and 

then hydrolysis of the phosphazene in THF/H2O under reflux40 (13%) or NaBH4/CuSO4·5H2O
39 (23%). When 

Pr3C-N3 (2c) was used in combination with (EtO)3P/benzene/TosOH/EtOH21d,40 or SnCl2/PhSH/Et3N
41 the yields 

of the obtained amine 2d were 35% and 33% respectively; when Bu3C-N3 (3c) was used as substrate the 

same reagents afforded Bu3C-NH2 (3d) with yields 18% and 8%.  

The conclusion drawn from the trials described above, is that the weak spot of procedure A, which is 

responsible for the serious decrease of the overall yield, is the reduction step of the tert-alkyl azide to the 

corresponding primary tert-alkyl amine; especially when the alkyl chain length is increasing. We investigated 

other possibly more affordable procedures especially for the synthesis of crowded amines like 3d (Bu3) which 

was produced in low yield with procedure A.  

 

4.3.3.2 From tert-alkyl alcohols using Ritter reaction (Procedure B) 

The Ritter reaction20 using standard20,42 (KCN, c. H2SO4, heat; Table 5, entries 1, 2) or slightly modified 

conditions (urea, c. H2SO4, heat; Table 5, entry 3)43 was tested. The results showed that standard Ritter 

reaction conditions proved at best equally affordable compared to procedure A for the preparation of the 

BuEtPrC-NH2 (1d), and significantly worst for the preparation of Bu3C-NH2 (3d).  
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Table 5. Standard Ritter reaction conditions for the formation of primary tert-alkyl amines from tert-alkyl 

alcohols (Procedure B). 

 

 

 

Entry 
Alcohol 

R1,R2,R3 
step 

Intermediate 

R1,R2,R3,R4 
step 

Amine product  

R1,R2,R3 

Overall 

yield 

  i  ii   

1 Bu,Et,Pr, 1b 
c. H2SO4, AcOH, KCN / 70oC, 

2h20,42 
Bu,Et,Pr,H 

NaOH 40%, 

HOCH2CH2OH / 

180 oC, 24 h 

 

Bu,Et,Pr, 1d 

 

47% 

2 

 

Bu,Bu,Bu, 

3b 

c. H2SO4, AcOH, KCN / 70oC,  

2h20,42 
Bu,Bu,Bu,H 

NaOH 40%, 

HOCH2CH2OH / 

180 oC, 24 h 

Bu,Bu,Bu, 3d 4% 

3 
Bu,Bu,Bu, 

3b 

Urea, H2SO4 86% / 70oC, 

0.5h and overnight rt43 
Bu,Bu,Bu,NH2 

KOH 40%, 

HOCH2CH2OH / 

180 oC, 24 h 

 

Bu,Bu,Bu, 3d 

 

5% 

 

We then tested a modified Ritter reaction scheme, proposed as a general scheme for the synthesis of 

primary tert-alkyl amines (Procedure C).44 This methodology includes the formation of N-tert-alkyl 

chloroacetamides after reaction of tert-alkyl alcohols with chloroacetonitrile (ClCH2CN) and the smooth 

cleavage of the chloroacetyl group in the intermediate chloroacetamide with thiourea (Table 6).  

Using this procedure, Pr3C-NH2 (2d) and Bu3C-NH2 (3d) were successfully obtained from the 

corresponding tert-alkyl alcohols 2b and 3b through intermediate chloroacetamides 8 and 9; in the latter 

case the yield of the chloroacetyl group cleavage step was lower. Increasing alkyl group size reduced the 

efficiency of Ritter-like procedures for the synthesis of primary tert-alkyl amines, possibly due to a retro-

Ritter reaction. Especially when standard reaction conditions were applied, the yield was reduced 

dramatically (Scheme 3).45 After work-up of the reaction mixture in the second step, described in Tables 5 

and 6, and isolation of amines 2d or 3d through extraction with diluted hydrochloric acid, the organic layer 

contained an unsaturated product, possibly formed through a retro-Ritter reaction. However, the modified 

Ritter reaction scheme (procedure C) includes as a second step a more efficient chloroacetyl group cleavage, 
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providing the primary tert-alkyl amine in yields 80% and 60% for Pr3C and Bu3C substrate respectively. The 

second step of procedure A i.e., the azide reduction had moderate to low yields (60% and 20%) for the same 

substrates. However, in the first step the tert-alkyl azides 2c, 3c are formed in higher yields compared to the 

tert-alkyl chloroacetamides 8 and 9. Starting from the same commercially available ketone, both procedures 

include three steps, procedure C the sequence ketone → tert-alkyl alcohol → tert-alkyl chloroacetamide → 

tert-alkyl amine, and procedure A the sequence ketone → tert-alkyl alcohol → tert-alkyl azide → tert-alkyl 

amine. The overall three steps yields for amines 2d (Pr3C), 3d (Bu3C) were for procedure C 30%, 25% while 

for procedure A were 37% and 13% respectively.  

 

Table 6. Modified Ritter reaction through chloroacetamides which are hydrolyzed with thiourea for the 

preparation of primary tert-alkyl amines (Procedure C). 

 

Entry Alcohol 

R1,R2,R3 

Chloroacetamide 

R1,R2,R3 

Isolated 

Yield 

Amine 

R1,R2,R3 

Isolated 

Yield 

1 Pr,Pr,Pr, 2b Pr,Pr,Pr, 8 48% Pr,Pr,Pr, 2d 80% 

2 Bu,Bu,Bu, 3b Bu,Bu,Bu, 9 51% Bu,Bu,Bu, 3d 61% 

 

4.3.3.3 From the addition of organometallic reagents to N-tert-butylsulfinyl imines (Procedure D) 

The procedure including the addition of organomagnesium or organolithium reagents to N-tert-butylsulfinyl 

imines46 10 and 12 was tested and proved to be successful for the synthesis of the tert-alkyl amines 2d and 

3d (Procedure D,  Scheme 5). However, it included more elaborate conditions and more expensive reagents 

like tert-butanesulfinamide compared to the previous procedures. For the preparation of Bu3C-NH2 (3d) the 

addition of BuLi/AlMe3 to imine 13 was applied, which proved to be more efficient compared to BuMgBr or 

BuLi.46 Procedure D afforded Pr3C-NH2 (2d) and Bu3C-NH2 (3d) with 28% and 19% yield starting from ketones 

2a and 3a respectively. It is recalled that, using the same ketone as starting material, procedure A afforded 

2d and 3d in 37% and 13% yield respectively, while procedure C in 30% and 25% respectively. Again, 

procedure C proved to be optimal for the test case of the crowded amine 3d. 
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Table 7. Synthesis of primary tert-alkyl amines by the addition of organometallic reagents to N-tert-

butylsulfinyl imines (Procedure D). 

 

R1 R2

O

R1 R2

N
S

O

R1 R2

HN
S

O

R3

R1 R2

NH3 , Cl

R3

H2N
S

O

Ti(OEt)4
THF

HCl

EtOH
Dioxane

n-PrMgBr

ether, -60 oC

       or

n-BuLi, Me3Al

Toluene, -78 oC
 

Entry Ketone 

R1,R2 

N-tBu-sulfinylimine 

R1,R2 

Isolated 

Yield 

tBu-sulfinamidea 

R1,R2,R3 

Amine 

R1,R2,R3 

Isolatedb 

Yield 

1 Pr,Pr, 2a Pr,Pr, 10 70% Pr,Pr,Pr, 11 Pr,Pr,Pr, 2d 40% 

2 Bu,Bu, 3a Bu,Bu, 12 77% Bu,Bu,Bu, 13 Bu,Bu,Bu, 3d 25% 

ayield not determined; bfrom imine 

  

The efficiency of procedures A, C, D depends from the reactant substrate. For example starting from 5-

nonanone 3a the synthesis of Bu3C-NH2 3d was accomplished in three steps with a yield of 13%, 25%, 19%, 

respectively. Starting from 4-heptanone 2a the synthesis of Pr3C-NH2 2d was accomplished in three steps 

with a yield of 37%, 30%, 22% respectively. The gradual reduction in yield for procedure A from Pr3C to Bu3C 

is notable.  

 

4.3.3.4 Examples for the preparation of primary tert-alkyl amines in adamantane series (Procedures A-D) 

The synthesis of the antiviral bulky aminoadamantanes 8d-20d 3m,n,23 was considered through procedure A 

(Table 8, entries 1-13). Although the yields included in Table 8 are not optimized, the procedure seems 

general and efficient for all the substrates applied except entry 10 in which treatment of the diallyl azide 

with LiAlH4 did not afford the diallylamine. While in all cases refluxing ether seems to be an optimal choice 

for LiAlH4 reduction of tert-alkyl azides we noticed that these conditions did not work well in one of the last 

reactions tested before submission of this manuscript (Table 8, entry 7). I.e., it was observed that between 

Bn and pMeOBn substrates (Table 8, entries 6 and 7) while refluxing ether was enough to complete 

reduction for Bn substrate, for pMeOBn the reduction yield was only 18% and most of azide 14c was isoleted 

unreacted. Refluxing THF was applied for effective reduction of the azide 14c. 
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Table 8. Conversion of some tertiary alcohols in adamantane series to tert-alkyl amines using procedure 

A.3m,n,23 

 

 

Entry Alcohol Azide, yield Amine, yield 

  

R

OH

 

  

 

1 

 

8b: R = Me 

 

8c, 88% 

 

8d, 77% 

 

2 

 

9b: R = Et 

 

9c, 80% 

 

9d, 71% 

 

3 

 

10b: R = n-Pr 

 

10c, 66% 

 

10d, 74% 

 

4 

 

11b: R = n-Bu 

 

11c, 76% 

 

11d, 23% 

 

5 

 

12b: R = Ph 

 

12c, 95% 

 

12d, 55% 

 

6 

 

13b: R = Bn 

 

13c, 50% 

 

13d, 45% 

 

7 

 

14b: R =pMeOBn 

 

14c, 53% 

 

14d, 18%, 48%a 

  

 

  

 

8 

 

15b: R = Me 

 

15c, 80% 

 

 

15d, 73% 

 

9 16b: R = Et 16c, 77% 16d, 23% 
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10  17b: R = allyl 17c, 44% 

 

17db 

11  18b: R = n-Pr 18c, 37% 

 

18d, 14% 

 

 

12 

  

19b 

 

 

 

 

19c, 90% 

 

 

 

19d, 56% 

 

 

 

 

 

13 

 

OH

 

 

20b 

 

 

 

20c, 65% 

 

 

 

20d, 48% 

 

 

 

aTHF, reflux; bcomplex mixture 

 

In scheme 2 the synthesis of aminoadamantanes 15d, 16d, 18d is representatively showed 3m,n from 

the starting tert-alkyl alcohols 15b, 16b, 18b. Compound 15b can be prepared conveniently from the 

reaction between 1-adamantane carbonyl chloride 16 or the corresponding ethyl ester and CH3MgΙ. 

However, the reaction between 21 and CH3CH2MgBr afforded a mixture of the tert-alkyl alcohol Ad(Et)2C-OH 

16d and the sec-alkyl alcohol AdEtCH-OH. This alcohol was formed via a β-hydride addition from the 

organometallic reagent to the carbonyl group, instead of an alkyl addition, due to the crowded electrophilic 

carbonyl in 16. Thus, 16d was prepared in high yield from the reaction between 1-adamantane carbonyl 

chloride 21 and EtLi. Application of procedure A afforded AdMe2C-NH2 15d in high overall yield, including a 

high yield both for formation of the azide 15c (80%) and for the azide reduction through LiAlH4 (73%). The 

same procedure when applied for the synthesis of amine 16d afforded azide 16c with 77% yield, but the 

yield for the reduction step was 23%, due to the formation of unsaturated products and extensive 

decomposition. Compounds 15d, 16d, 18d yields were improved compared to previous results.3n The 

reaction of allylmagnesium bromide with 21 afforded diallyl alcohol 17b which was subsequently 
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hydrogenated under PtO2 as the catalyst to afford alcohol 18b. A trial to afford cyclopentenol precursor of 

cyclopentanol 19b through cyclization of diallyl alcohol using first generation Grubbs catalyst was 

unsuccessful as noted in ref. 47. Diallyl azide 17c was prepared with 44% from diallyl alcohol 17b but the 

catalytic hydrogenation led to a complex mixture of products; reduction through LiAlH4 of diallyl azide 17c 

did not afford diallylamine but led to decomposition.  

 

COCl

Me Me

OH

Et Et

OH

OH

Pr Pr

OH

Me Me

N3

Et Et

N3

Pr Pr

N3

Me Me

NH2

Et Et

NH2

Pr Pr

NH2

N3

1. MeMgBr 

    (3 eq.)

2. NH4Cl (aq) 

    0 oC

1. EtLi 

    (3 eq.)

2. NH4Cl (aq) 

    0 oC

1. AllylMgBr 

    (5 eq.)

2. NH4Cl (aq) 

    0 oC

NaN3 / TFA 1M

CH2Cl2 / 0 oC

then r.t. / 24 h

NaN3 / TFA 1M

CH2Cl2 / 0 oC

then r.t. / 24 h

NaN3 / TFA 1M

CH2Cl2
4h / 0 oC

LiAlH4

ether / reflux / 5 h

LiAlH4

ether / reflux / 5 h

LiAlH4

ether / reflux / 5 h

NaN3 / TFA 1M

CH2Cl2 / 0 oC

then r.t. / 24 h

H2 / PtO2

EtOH

H2 / PtO2

EtOH

21

15b: 86%

16b: 78%

15c: 80%

16c: 77%

15d: 73%

16d: 23%

17b: 70%
18b: 84% 18c: 37% 18d: 14%

17c: 44%  

 

Scheme 2. Synthetic scheme applied for the conversion of 15b, 16b and 18b to the corresponding tert-alkyl 

amines 15d, 16d and 18d (procedure A).  

 

Procedure C, while provided amine 11d through chloroacetamide 22 successfully, was not productive 

when applied for the synthesis of 15d or 18d. The relevant trials afforded chloroacetamides  23, 24 with low 

to moderate yield, due to the formation of an alkene by-product, and the cleavage of the chloroacetyl group 

with thiourea gave the tert-alkyl amines 15d, 18d respectively only in traces (Scheme 3). Procedure D was 

also not productive since the reaction of 1-adamantyl ethyl ketone 26 with tert-butanesulfinamide did not 

afford the corresponding N-tert-butylsulfinyl imine 27. The formation of intermediates 25 or 27 is suffering 

from steric hindrance (Scheme 3) as suggested by the molecular mechanics calculation (the structures of the 

derivatives were generated and minimized in Maestro48 using the MMFF94 force field49 implemented with 

Macromodel 9.648).  
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OH

RR
OH

NH

O
Cl

NH2NH

S

NH

OH

NH

ClCH2CN

c. H2SO4
AcOH

S

NH2H2N

EtOH : AcOH
5 :1

OH-
(aq)

11b 22: 51% 11d: 39%

ClCH2CN

c. H2SO4
AcOH

S

NH2H2N

EtOH : AcOH
5 :1

OH-
(aq)

15b,18b 23,24: 10%-37% 15d,18d: traces

RR
HN Cl

O

RR
HN N

H

S
HO NH

RR
NH2

O

S
H2N

Ti(OEt)4
THF

26

O N
S

O

27: traces

25

 

 

Scheme 3. Results from the application of procedures C and D for the synthesis of amines 10d, 15d and 18d.  

 

4.3.3.5 From the addition of organometallic reagents to nitriles (Procedure E) 

The one flask synthesis of primary tert-alkyl amines by the addition of organometallic reagents to nitriles in 

the presence of Lewis acid catalysts was investigated 50-56,58 after a recent report which applied Ti(Oi-Pr)4 in 

combination with ethylmagnesium bromide to afford 16d in 52% yield.57 As will be discussed below this 

result was not reproduced in our hands. In the original Kulinkovich-Szymoniak protocol for the synthesis of 

cyclopropanamines (Scheme 4),50,52 Ti(Oi-Pr)4 is already present in ethereal solution of two equivalents of the 

Grignard reagent, before nitrile is added. These reaction condition allow first the formation of the suggested 

three-membered titanocene ring b, formed by the reaction of the Grignard reagent with Ti(Oi-Pr)4, which 

reacts then with nitrile to form a five-membered titanocene complex c including an electrophilic imine bond. 

The fate of this latter reactive intermediate is depending upon treatment of the reaction mixture with the 

next reagent. A cyclopropanamine g can be formed by the addition of BF3·Et2O through a rearrangement 

transformation (efg) or a primary tert-alkyl amine d upon addition of an organometallic reagent to the 

imino bond.50 In order this reaction scheme to proceed the starting Grignard reagent should have a β-

hydrogen to allow the formation of the three-membered titanocene (Scheme 4).  
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Scheme 4. Kulinkovich-Szymoniak reaction  protocol.  

 

In the Kulinkovich-de Meijere reaction conditions19,53 for the synthesis of primary tert-alkyl amines the 

reaction scheme has been simplified (Scheme 5). The Grignard reagent reacts first with the nitrile i to form 

an imino derivative j and then Ti(Oi-Pr)4 is added to activate the imino functionality for the addition of a 

second equivalent of an organometallic reagent. The equivalent of the organometallic reagent needed for 

nucleophilic addition to the imino bond can be provided from an initial excess of the Grignard reagent in the 

reaction flask or can be added separately. In the latter case the organometallic reagent can be a Grignard or 

an organolithium reagent including the same or different alkyl group as regards the first step. These reaction 

conditions were considered to be optimized for the synthesis of primary tert-alkyl amines k. Both procedures 

can combine the introduction of different alkyl groups using Grignard or the combination of Grignard and 

organolithium reagents.19,53 
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Scheme 5.  Kulinkovich-de Meijere reaction protocol. 

 

The synthesis of few tert-alkyl amines was firstly tested through a procedure which included the 

addition of an excess of organometallic reagent (3-4 equivalents) to nitriles mediated by Ti(OiPr)4 in one flask 

according to the Kulinkovich-de Meijere reaction conditions (Table 9, procedure E).19 Starting from 

commercially available butanenitrile 14 and pentanenitrile 15 the preparation of PrBu2C-NH2 (6d) and Bu3C-

NH2 (3d) was accomplished in 25% and 20% yield respectively (Table 9, entries 1, 2) but the reaction took 

place in one flask with non-expensive reagents. Thus, regarding the preparation of the amine 3d, this 

procedure has a higher yield (20%) compared  to procedure A (three steps from ketone, yield 13%), but has 

slightly lower or similar yields compared to procedure C (three steps from ketone,  yield 25%) and procedure 

D (three steps from ketone,  yield 19%). 

There was no particular limitation to the structure of the Grignard reagent but this reaction was 

originally tested for nitriles up to secondary or benzonitrile in the relevant papers.19,53 We then applied the 

Kulinkovich-de Meijere reaction to pivalonitrile (28). Treatment of nitrile 28 with propylmagnesium bromide 

(3 eq)/Ti(Oi-Pr)4 afforded the t-BuPr2C-NH2 (29) in 20% yield (Table 9, entry 3). Following common workup of 

the reaction mixture, the yield was determined for the reactions depicted in Table 9 after fumarate salt 

formation and recrystallization of the amine product.   

 

4.3.3.6 Examples for the preparation of primary tert-alkyl amines in adamantane series (Procedure E) 

The Kulinkovich-de Meijere protocol was applied using 1-adamantanacarbonitrile (30) and the simple 

Grignard reagents RMgBr (R=Me, Et) for the synthesis of primary tert-alkyl adamantanamines having the 

structure AdCR2NH2 (R=Me, Et groups) by the addition of organometallic reagents to 1-

adamantanecarbonitrile (30) using Ti(O-iPr) (Table 9, entries 4-10). As mentioned above the reaction of 30 

with ethylmagnesium bromide/Ti(OiPr)4 using a Kulinkovich-Szymoniak protocol was reported to produce 

16d in 52% yield.57 The addition of ethylmagnesium bromide to 1-adamantanecarbonitrile (30) using Ti(O-

iPr) and Kulinkovich-de Meijere protocol afforded a mixture of AdEtCH-NH2 (32) in 3% yield and AdEt2C-NH2 

16d in a 4% yield (ratio 60:40 according to 13C NMR spectrum) (Table 9, entry 5). We thought that a β-

hydride addition from the second equivalent of the organometallic reagent to an imino group may explain 

the formation of the sec-alkyl amine 32 with the desired tert-alkyl amine 16d. However, it was striking that 
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the application of MeMgBr afforded the secondary amine, that is, the rimantadine AdMeCH-NH2 (31) in 15% 

yield (measured after fumarate salt formation) (Table 9, entry 4); unreacted AdMeC=NH imine was identified 

in the filtrate after filtration of the solid fumarare salt of amine 31. The reaction of adamantanacarbonitrile 

30 with 1,4-bis(bromomagnesiobutane) afforded cyclopentanamine23 19d in 10% yield (Table 9, entry 7).  

The overall yield using procedure A for the transformation of alcohol to amine 19d starting from the 

commercially available 1-adamantanacarboxylic acid using treatment of 1-adamantanacarboxylic ethylester 

with 1,4-bis(bromomagnesiobutane)23 was ~ 32%.   

 

Table 9. One flask synthesis of primary tert-alkyl amines by the addition of organometallic reagents to 

nitriles mediated by Ti(OiPr)4 (Procedure E). 

 

 

 

Entry nitrile reagents, 

conditions 

Product: yield, protocol 

  Kulinkovich-De 

Meijere  

 

Kulinkovich-

Szymoniak 

1 

 

nBuMgBr (3 eq) 

Ti(OiPr)4 

ether / 24h / 

reflux  

N/A 

2 

 

   nBuMgBr  

(3 eq) 

Ti(OiPr)4 

ether / 24h / 

reflux 
 

N/A 

3 

 

nPrMgBr (3 eq) 

Ti(OiPr)4 

ether / 24h / 

reflux  

N/A 
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4 

 

MeMgBr (3 eq) 

Ti(OiPr)4 

ether / 24h / 

reflux 
 

N/A 

5 

 

EtMgBr (3 eq) 

Ti(OiPr)4 

ether / 24h / 

reflux  

N/A 

6 

 

EtLi (3 eq) 

Ti(OiPr)4 

ether / 24h / 

reflux  

N/A 

7 

 

BrMg(CH2)4MgBr 

(2 eq) 

Ti(OiPr)4 

ether / 24h / 

reflux  

N/A 

8 

 

1. MeMgBr (1 

eq), Ti(OiPr)4 

ether / 1h / rt 

2. MeLi (2 eq) 

ether /24h 

/reflux 
  

9 

 

1. EtMgBr (1 

eq), 

Ti(OiPr)4 

ether / 1h / rt 

2. EtLi (2 eq) 

ether / 24h / 

reflux 
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10 

 

1. MeMgBr (2 

eq), 

Ti(OiPr)4 

ether / 1h / rt 

2. MeMgBr (1 

eq), 

ether / 1h / rt 

N/A 

 

11 

 

1. MeMgBr (1 

eq), 

Ti(OiPr)4 

ether / 1h / rt 

2. MeMgBr (2 

eq), 

ether / 1h / rt 

Me Me

NH2

15d: 8 %  

 

     

     

 

The application of an organolithium reagent as the organometallic reagent of the second step was also 

tested using the Kulinkovich-de Meijere protocol (Scheme 5). The Grignard reagent was added to the nitrile 

(Scheme 5, from i to j) followed by Ti(O-iPr)4 and then an organolithium reagent was added (see Scheme 5, 

from j to k). As mentioned before, this scheme was used as an equivalent set of reaction conditions.19,53 The 

desired tert-alkyl amine 16d was obtained in 10% yield (Table 9, entry 9). In the fumarate salt, a small 

amount of the secondary amine 32 was again detected (10% contamination). When Kulinkovich-Szymoniak50 

reaction conditions were used i.e., when nitrile and Ti(O-iPr)4 were placed in the reaction flask following by 

treatment with EtMgBr and then EtLi or with two equivalents of EtMgBr, according to ref. 52, pure amine 

16d was isolated as crystalline fumarate, in 10% yield (Table 9, entry 9). Application of the Kulinkovich-de 

Meijere  protocol or the Kulinkovich-Szymoniak protocol for the treatment of 1-adamantanecarbonitrile 30 

with Ti(O-iPr)4, MeMgBr and MeLi afforded tert-alkyl amine 15d in 10 or 11% yield respectively (Table 9, 

entry 8). Application of the Kulinkovich-de Meijere protocol for the treatment of 1-adamantanecarbonitrile 

30 with Ti(O-iPr)4, MeMgBr and MeMgBr afforded tert-alkyl amine 15d in 8% yield (Table 9, entry 11). 

Application of Kulinkovich-Szymoniak reaction conditions for the treatment of 1-adamantanecarbonitrile 30 

with Ti(O-iPr)4 and 2 equivalents MeMgBr  amines 15d in 10% yield respectively (Table 9, entry 10). The 

reaction of 30 with three equivalents of EtLi afforded 16d in 2% yield (Table 9, entry 6); organolithium 
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reagent may be consumed by the reaction with Ti(O-iPr)4. 
59 Trials using allylmagnesium bromide afforded a 

complex mixture of products either using Kulinkovich-de Meijere or Kulinkovich-Szymoniak.  

 

4.3.2 Dynamic NMR spectroscopy 

 

From previous studies using DNMR 60 it has been shown that single bond rotational barriers were found 

lower than expected when bulky but rigid groups, like 1-adamantyl, were attached to one end of an ethane 

bond compared to smaller but flexible tert-butyl group (see Table 10). For example, the 1-adamantyl 

rotation barrier for 35 was about 1 kcal mol-1 lower than the barrier of the corresponding tert-butyl analogue 

34.61 This results because of the more negative entropy of activation for the tert-butyl compound 34. The 

effect is due to the flexibility in attaining a stable rotational ground state in tert-butyl compound 34. In 

contract in 1-adamantyl analogue 35 similar constraints are present in both the ground state and transition 

state (see also Table 10, rotation barriers b in 36 and 37). On the other hand, when the same groups are 

acting only as substituents on an ethane bond rather than forming one end of it, the bulkier adamantyl 

group in 37 hinders rotation more than the smaller tert-butyl group in 36 (see Table 10, rotation barriers a in 

36 and 37). It was presented above that pivalonitrile 28 reacted more efficiently with Grignard reagents in 

presence of Ti(iPrO)4 compared to 1-adamantanecarbonitrile 30 since reaction transition states are more 

hindered for 1-adamantyl substitution compared to tert-butyl (Table 9). We studied also 2-(1-adamantyl)-1-

methylpiperidine 42 and 2-(2-adamantyl)-1-methylpiperidine 43 and show that the rotational barrier is much 

higher in the latter case due to rotational flexibility of 1-adamantyl compared to 2-adamantyl group in the 

transition state.3e The relative size of each substituent group as regards its effect in rotational barrier 

investigated depends on the context and the substitution pattern.  

The rotation of the tert-butyl group has been studied, 61-64 and recently also the rotation of the 

adamantyl group or other cage like compounds has received attention. 65-67,3e The compounds depicted in 

Table 10 and other compounds 3e,61-64 have been studied so far. We were intrigued to further investigate the 

behavior of the 1-adamantyl group in rotation barriers via DNMR, following up our previous studies in the 

field (see for example ref. 3d,e). We investigated the tertiary alcohol AdCEt2OH 16b and its chloride AdCEt2Cl 

44 prepared from reaction of 16b with HCl(g) in anhydrous CH2Cl2 (-50 0C, 15 min).65 We studied compounds 

16b and 44 since it is interesting to compare the energy barrier by rotation around Ad-C bond with 

compounds 35, 37 (rotation barrier b, see Table 10) previously studied.61 
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Table 10. Energy barriers (kcal mol-1) for rotation around specified C-C bond as determined from previous 

DNMR spectroscopy studies for compounds 34-43 61,3e and for compounds 16b and 44 in the present study. 

 

 

 

 

Compound 

 

 

 

34 

 

 

35 

 

 

 

36 

 

 

37 

 

 

 

38 

 

 

 

39 

ΔG≠ 10.4 9.3 11.4, a 11.4 b 12.2, a 10.6 b 6.1 6.9 

Compound  

 

 

40 

 

 

41 

 

 

 

42 

 

 

 

43 

 

 

16b 

 

 

44 

ΔG≠ 9.8 8.2   7.6 n.d. c 8.7 10.0 

a bond roration a; b bond rotation b; c n.d., not determined since was too high to be detectable. 

 

By lowering the temperature of an NMR sample of alcohol 16b in CDFCl2, the dynamic behavior was 

identified by following the lineshape of the signals of carbons 2', 8', 9'-C and 4', 6', 10'-C. At 181 K (-92 0C) a 

broadening of these signals was observed and the splitting of each signals to two peaks with a ratio of 2:1 

was observed at 166 K (-107 0C).3e One adamantyl carbon of the set of carbons 2', 8', 9'-C (designated as α in 

the upper part of Figure 3) has a gauche orientation relative to two ethyl group carbons while the other two 

adamantyl carbons of the set of carbons 2', 8', 9'-C (designated as b in the upper part of Figure 3) have one 

ethyl group carbon to a gauche position and the hydroxyl group also to a gauche position, thus explaining 

the observed 2:1 ratio. The signals of carbons 4', 6', 10'-C were also affected but the dynamic effect was 

smaller since these carbons are more distant from the hindered bond rotation. Decalescence occurs at 178 K 

(-95 0C) for carbons 2', 8', 9'-C signal and at 173 K (-100 0C) for carbons 4', 6', 10'-C signal (Figure 3). The 

peaks separation for carbons 2', 8', 9'-C was 1.7 ppm and 0.3 ppm for carbons 4', 6', 10'-C. From lineshape 

analysis the free energy for bond rotation was calculated to be ΔG≠ = 8.7 ± 0.2 kcal mol-1. 68 
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Figure 3. VT spectra for compound 16b (1H NMR 600 MHz in CDFCl2). On the left is shown the evolution of 

the CH2 signals on lowering the temperature. On the right are reported the line-shape simulations with the 

corresponding rate constants. The bond rotation studied is shown in the upper scheme of the figure. 

 

In the case of the chloride 44 the lineshape analysis is hampered by the presence of some alkene due to 

the elimination in the presence of HCl. However, the coalescence temperature of the signals is reached at 
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higher temperature, between -50 and -60 0C, with a separation of 185 Hz between signals at -130 0C (Figure 

3).  

 

 

 

 

 

Figure 3. Low temperature 13C-NMR spectra of compound 44 in CDFCl2. The asterisks indicate the signals of 

the alkene due to elimination of chloride 44. 

 

According to the dynamic NMR theory for a biased equilibrium,69,70 at the temperature of maximum 

broadening the major form converts to the minor with a rate constant approximated using equation (1): 

 

kc = 2π·p·δν              (1) 
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where p=population of the minor signal and δν = carbons signals separation at frozen rotation temperature. 

For the set of carbons 4', 6', 10'-C, p = 0.33 and δν = 185 Hz resulting to kc = 383 s-1 and ΔG≠ = 10.0 ± 0.4 kcal 

mol-1. 

The bond rotation barriers of alcohol 16b and chloride 44 showed that replacement of hydroxyl group 

with a bulker chlorine raises the energetic requirements for bond rotation. Similarly comparison of the bond 

rotation barrier between chlorides 35 and 40 (see Table 10) clearly show that by increasing the size of the 

alkyl groups the bond rotation barrier is raised. 
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4.4 Conclusion 

 

Five procedures were tested for the synthesis of  tert-alkyl amines included aliphatic alkyl chains or alkyl 

chains and an adamantyl group. These compounds represent analogues of amantadine or other cage-like 

amines and may provide useful building blocks for drug molecules targeting various biological targets.1-3  

 

 

 

 

Scheme 6. Procedure tested of the preperation of primary tert-alkyl amines. 

 

The first procedure included the formation and reduction of tert-alkyl azides (procedure A), where yield 

depends from the selection of solvent for azide formation and the reagent and conditions for azide 

reduction. Dichloromethane or 1,2-dicholoroethane and LiAlH4 were found to be optimal choices between 

those tested.  Procedure B and procedure C correspond to the the standard and the modified Ritter reaction. 

The modified scheme which proceeds through a tert-alkyl chloroacetamide. Procedure D included the 

addition of organometallic reagents to N-tert-butyl sulfinyl ketimines. Procedure E applied the one flask 

reaction of nitriles with organometallic reagent in the presence of Ti(iPrO)4.  For bulky amines including 

adamantane adducts like 11d, 15d-20d procedures C and D were not affordable and the reduced reactivity 

of the relevant substrate was due to the bulky adamantane moiety. This suggests that procedure A is 

valuable for a broader range of substrates. The applicability of Ti(iPrO)4 mediated reactions between nitriles 
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and Grignard/organolithium reagents was further investigated using few additional nitriles and 1-

adamantanecarbonitrile. The results from previous and ongoing antiviral testing showed that few tert-alkyl 

amines bearing an hydrocarbon framework of branched alkyl chains or alkyl chains and adamantane may 

provide useful analogues of amantadine or aminoadamantane derivatives for antiviral projects. To study also 

how adamantane ring effected conformational restrictions, and as a continuation also to previous efforts for 

the investigation of the rotation around 1-adamantyl group, 3e,61-65 DNMR experiments in Ad-C(Et2)OH 16d 

and its Ad-C(Et2)Cl 44 were performed. The NMR signals resulted in decoalescence for carbons 2', 8', 9'-C and 

4', 6', 10'-C signals at temperatures as low as-100 0C and the free energy for bond rotation was ΔG≠ = 8.7 ± 

0.2 kcal mol-1 for Ad-C(Et2)OH and 10.0 ± 0.4 kcal mol-1 for Ad-C(Et2)Cl, compared to 9.3 kcal mol-1 for Ad-

C(Me2)Cl 35 or 10.6 kcal mol-1 for Ad-CMe(t-Bu)Cl 37.  
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4.5 Experimental Section 

 

4.5.1 Chemistry 

 

IR spectra were recorded on a Perkin-Elmer 833 spectrometer. 1H and 13C NMR spectra were recorded on a 

Bruker DRX 400 and AC 200 spectrometer at 400 and 50 MHz, respectively, using CDCl3 as solvent and TMS 

as internal standard. Carbon multiplicities were established by DEPT experiments. The 2D NMR techniques 

(HMQC and COSY) were used for the elucidation of the structures of intermediates and final products. 

Microanalyses were carried out by the Microanalyses lab of the National Center for Scientific Research, 

Demokritos, Athens, and the results obtained had a maximum deviation of ± 0.4% from the theoretical 

value. Preparation of compounds 15d-18d in Scheme 2 3m,n was described in chapter 3. Preparation of 

compounds 8d-110d in Table 8 3h was described in chapter 3. Preparation of compounds 19d, 20d in Table 8 

3l was described in chapter 2. 

 

4.5.1.1 Procedure A 

 

4-Ethyloctan-4-amine (BuEtPr-CNH2) 1d. 4-Ethyloctan-4-ol 1b was obtained after treating a solution of 3-

heptanone 1a (1g, 8.77 mmol) in dry ether (30% solution w/v) with 1.2-molar excess of CH3CH2CH2MgBr 

(obtained from an 20% solution w/v solution of 1-bromopropane (2.1 g, 17.54 mmol)  in dry ether and 1.3 

equivalents of Mg (548 mg, 22.8 mmol)) under argon atmosphere and stirring the mixture overnight. After 

treating the mixture with saturated ammonium chloride following usual workup the corresponding tertiary 

alcohol 1b was obtained. Yield 1.1 g, (80%); IR (Nujol) ν(Ν3) 3392 cm-1; 1H NMR (CDCl3, 400 MHz): δ (ppm) 

0.85 (t, J ~ 7 Hz, 3H, ((CH2)3CH3), 0.91 (t, J ~ 7 Hz, 6H, (CH2)2CH3, CH2CH3), 1.22-1.48 (m, 13H,   (CH2)3CH3, 

(CH2)2CH3, CH2CH3, OH); 13C NMR (CDCl3, 50 MHz) δ (ppm) 7.9 ((CH2)3CH3), 14.3 ((CH2)2CH3), 14.9 (CH2CH3), 

16.9 ((CH2)2CH2CH3), 23.5 (CH2CH2CH3), 25.8 (CH2CH2CH2CH3), 31.7 (CH2CH3), 38.6 (CH2(CH2)2CH3), 41.4 

(CH2CH2CH3), 74.3 (COH). 

To a stirred mixture of sodium azide (488 mg, 7.50 mmol) and dry dichloromethane (15 mL), 

trifluoroacetic acid (2 mL, 25 mmol) was added at 0 °C. The resulting mixture was stirred for 10 min at 0 °C 

and a solution of the 4-ethyl-4-octanol 1b (400 mg, 2.50 mmol) in 10 mL of dichloromethane was added 

dropwise. The mixture was stirred at 0-5 °C for 4 h and 24 h at ambient temperature. The mixture was made 

alkaline by adding NH3 12 % (40 mL) and the organic phase was separated. The aqueous phase was extracted 

with dichloromethane and the combined organic phases were washed with water, brine and dried (Na2SO4). 

Solvent was evaporated in vacuo to afford 4-azido-4-ethyloctane, 1c. Yield 398 mg, (87%); IR (Nujol) ν(Ν3) 

2093 cm-1; 13C NMR (CDCl3, 50 MHz) δ (ppm) 8.1 ((CH2)3CH3), 14.2 ((CH2)2CH3), 14.6 (CH2CH3), 
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17.0((CH2)2CH2CH3), 23.2 (CH2CH2CH3), 25.8 (CH2CH2CH2CH3), 29.3 (CH2CH3), 35.8 (CH2(CH2)2CH3), 38.5 

(CH2CH2CH3), 67.3 (CN3). 

To a stirred suspension of LiAlH4  (223 mg, 5.87 mmol) in dry ether (20 mL) was added dropwise at 0 °C 

a solution of the alkyl azide 1c (269 mg, 1.47 mmol) in dry ether (15 mL). The mixture was refluxed for 5 h 

and then was treated with water, NaOH 10 % and water. The insoluble inorganic material was filtered-off, 

washed with ether and the filtrate was extracted with HCl 6%. The aqueous phase was made alkaline with 

solid sodium carbonate and was extracted with diclhoromethane or ether. The organic phase was washed 

with brine, dried (Na2SO4) and evaporated in vacuo to afford the amine 1d. Yield 150 mg, (65%); 1H NMR 

(CDCl3, 400 MHz): δ (ppm) 0.81 (t, J ~ 7 Hz, 3H, ((CH2)3CH3), 0.89 (t, J ~ 7 Hz, 6H, (CH2)2CH3, CH2CH3), 1.21-1.39 

(m, 14H,   (CH2)3CH3, (CH2)2CH3, CH2CH3, NH2); 
13C NMR (CDCl3, 50 MHz) δ (ppm) 7.9  ((CH2)3CH3), 

14.3((CH2)2CH3), 15.0(CH2CH3), 16.8((CH2)2CH2CH3), 23.6 (CH2CH2CH3), 25.9 (CH2CH2CH2CH3), 32.6 (CH2CH3), 

39.6 (CH2(CH2)2CH3), 42.4 (CH2CH2CH3), 53.6 (CNH2). MS (ES+) : C10H24N
+ (M+H+) 158.190 Found: 158.178. 

Anal. Calcd. for C14H27NO4 : C, 61.51; H, 9.96; N, 5.12. Found: C, 61.54; H, 10.16; N, 5.01. 

 

4-Propylheptan-4-amine (Pr3C-NH2) 2d. Tertiary alcohol  2b was obtained after treating a solution of 4-

heptanone 2a (1g, 8.77 mmol) in dry diethyl ether (30% solution w/v) with 1.2-molar excess CH3CH2CH2MgBr 

(obtained from an 20% solution w/v solution of 1-bromopropane (2.1 g, 17.54 mmol)  in dry ether and 1.3 

equivalents of Mg (548 mg, 22.8 mmol)) under argon atmosphere and stirring the mixture overnight. After 

treating the mixture with saturated ammonium chloride following usual workup 4-propylheptan-4-ol 2b was 

obtained. Yield 1.1 g, (78%); IR (Nujol) ν(Ν3) 3392 cm-1; 1H NMR (CDCl3, 400 MHz): δ (ppm) 0.91 (t, J ~ 7 Hz, 

9H, 3x CH2CH2CH3),  1.15-1.41 (m, 12H, 3xCH2CH2CH3 , 3xCH2CH2CH3), 2.10 (br s, OH); 13C NMR (CDCl3, 50 

MHz) δ 14.9 (CH3), 17.0 (CH2CH2CH3), 42.0 (CH2CH2CH3), 74.7 (COH). 

  The 4-azido-4-propylheptane 2c was prepared by treatment of the tertiary alcohol 2b (400 mg, 2.50 

mmol) with CH2Cl2 (15 mL) / NaN3 (488 mg, 7.50 mmol) / TFA (2 mL, 25 mmol) according to the same 

procedure followed for 4-azido-4-ethyloctane 1c. Yield 356 mg, (78%); IR (Nujol) ν(Ν3) 2101 cm-1; 13C NMR 

(CDCl3, 50 MHz) δ (ppm) 14.4 (3xCH2CH2CH3), 16.9 (3xCH2CH2CH3), 38.9 (3xCH2CH2CH3), 66.8 (CN3). 

The oily amine 2d was prepared through LiAlH4 (288 mg, 7.60 mmol) reduction of azide 2c (350 mg, 

1.90 mmol) in refluxing ether (20 mL) for 5h according to the same procedure followed for 4-ethyloctan-4-

amine 1d. 950 mg, Yield 50%; 1H NMR (CDCl3, 400 MHz): δ (ppm) 0.81 (t, J ~ 7 Hz, 9H), 1.27 (m, 12H), 2.11(s, 

NH2); 
13C NMR (CDCl3, 50 MHz) δ (ppm) 14.9 (CH3), 16.8(CH2CH2CH3), 42.9(CH2CH2CH3), 53.4 (CNH2). MS 

(ES+): C10H24N
+ (M+H+) 158.190 Found: 158.178. Anal. Calcd. for C14H27NO4 : C, 61.51; H, 9.96; N, 5.12. Found: 

C, 61.66; H, 10.06; N, 5.13. 
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4-Propyl-octan-4-amine (BuPr2C-NH2) 5d. 4-Propyl-octan-4-ol 5b was obtained after treating a solution of 4-

heptanone 2a (1g, 8.77 mmol)  in dry diethyl ether (30% solution w/v) with 1.2-molar excess 

CH3CH2CH2CH2MgBr (obtained from an 20% solution w/v solution of 1-bromobutane (2,4 g, 17.54 mmol) in 

dry ether and 1.3 equivalents of Mg (548 mg, 22.8 mmol)) under argon atmosphere and stirring the mixture 

overnight. After treating the mixture with saturated ammonium chloride following usual workup the 

corresponding tertiary alcohol 5b was obtained. Yield 990 mg, (71 %); IR (Nujol) ν(Ν3) 3392 cm-1; 1H NMR 

(CDCl3, 400 MHz): δ (ppm) 0.85-0.91 (m, 9H, CH3), 1.21-1.31 (m, 9H, 2xCH3CH2CH2, CH3CH2CH2CH2, OH), 1.34-

1.42 (m, 6H, 2x CH3CH2CH2, CH3CH2CH2CH2); 
13C NMR (CDCl3, 50 MHz) δ (ppm) 14.2 ((CH2)3CH3), 14.8 

(2x(CH2)2CH3), 16.8 ((CH2)2CH2CH3), 23.5 (2xCH2CH2CH3), 25.8 (CH2CH2CH2CH3),  39.1 (2xCH2CH2CH3), 41.8 

(CH3CH2CH2COH), 74.5 (COH). 

The 4-azido-4-propyloctane 5c was prepared was prepared by treatment of the tertiary alcohol 5b 

(900 mg, 5.23 mmol) with CH2Cl2 (20 mL) / NaN3 (1 g, 15.7 mmol) / TFA (4.1 mL, 52 mmol) according to the 

same procedure followed for 4-azido-4-ethyloctane 1c. Yield 730 mg, (71%); IR (Nujol) ν(Ν3) 2095 cm-1; 13C 

NMR (CDCl3, 50 MHz) δ (ppm) 14.2 ((CH2)3CH3), 14.6 (2x(CH2)2CH3), 17.0 ((CH2)2CH2CH3), 23.2 (2xCH2CH2CH3), 

25.9 (CH2CH2CH2CH3), 36.4 (2xCH2CH2CH3), 39.0 (CH3CH2CH2CN3), 66.9 (CN3).  

The oily amine 5d was prepared through LiAlH4 (540 mg,14.2 mmol) reduction of azide 5c (700 mg, 

3.55 mmol) in refluxing ether (25 mL) for 5h according to the same procedure followed for 4-ethyloctan-4-

amine 1d. Yield 365 mg, (60%); 1H NMR (CDCl3, 400 MHz): δ (ppm) 0.85-0.89 (m, 9H, CH3), 1.16-1.27 (m, 14H, 

2xCH3CH2CH2, CH3CH2CH2CH2); 
13C NMR (CDCl3, 50 MHz) δ (ppm) 14.0 ((CH2)3CH3), 14.8 (2x(CH2)2CH3), 16.7 

((CH2)2CH2CH3), 23.4 (2xCH2CH2CH3), 25.7 (CH2CH2CH2CH3), 39.9 (2xCH2CH2CH3), 42.8 (CH3CH2CH2CNH2),  53.2 

(CNH2). Anal. Calcd. for C15H29NO4 : C, 62.69; H, 10.17; N, 4.87. Found: C, 62.66; H, 10.53; N, 4.89. 

 

5-Butyl-nonan-5-amine (Bu3C-NH2) 3d. 5-Butyl-nonan-5-ol, 3b was obtained after treating a solution of 5-

nonanone 3a (1 g, 7.04 mmol) in dry diethyl ether (30% solution w/v) with 1.2-molar excess 

CH3CH2CH2CH2MgBr (obtained from an 20% solution w/v solution of 1-bromobutane (1.9 g, 14.08 mmol) in 

dry ether and 1.3 equivalents of Mg (440 mg, 18.3 mmol)) under argon atmosphere and stirring the mixture 

overnight. After treating the mixture with saturated ammonium chloride following usual workup the 

corresponding tertiary alcohol 3b was obtained. Yield 1.1g, (80%); IR (Nujol) ν(Ν3) 3392 cm-1;  1H NMR (CDCl3, 

400 MHz): δ (ppm) 0.88 (t, J ~ 7 Hz, 9H, 3xCH3CH2CH2CH2), 1.18-1.31 (m, 13H, 3xCH3CH2CH2CH2, 3x 

CH3CH2CH2CH2, OH), 1.34-1.42 (m, 6H, 3x CH3CH2CH2CH2); 
13C NMR (CDCl3, 50 MHz) δ (ppm) 14.2 (3xCH3), 

23.4 (3xCH3CH2CH2CH2), 25.8 (3xCH3CH2CH2CH2), 39.1 (3xCH3CH2CH2CH2), 74.4 (COH). 

The 5-azido-5-butylnonane 3c was prepared by treatment of the tertiary alcohol 3b (500 mg, 2.50 

mmol) with CH2Cl2 (20 mL) / NaN3 (489 mg, 7.50 mmol) / TFA (2 mL, 25 mmol) according to the same 

procedure followed for 4-azido-4-ethyloctane 1c. Yield 460 mg, (82%); IR (Nujol) ν(Ν3) 2095 cm-1; 13C NMR 
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(CDCl3, 50 MHz) δ (ppm) 14.2 (3xCH3), 23.2 (3xCH3CH2CH2CH2), 25.9 (3xCH3CH2CH2CH2), 36.4 

(3xCH3CH2CH2CH2), 66.9 (CN3). 

The oily amine 3d was prepared through LiAlH4 (270 mg, 7.11 mmol) reduction of azide 3c (400 mg, 

1.78 mmol) in refluxing ether (20 mL) for 5h according to the same procedure followed for 4-ethyloctan-4-

amine 1d. Yield 20%; 1H NMR (CDCl3, 400 MHz): δ (ppm) 0.89 (t, J ~ 7 Hz, 9H, 3xCH3CH2CH2CH2), 1.15-1.30 (m, 

12H, 3xCH3CH2CH2CH2); 
13C NMR (CDCl3, 50 MHz) δ (ppm) 14.3 (3xCH3), 23.6(3xCH3CH2CH2CH2), 25.9 

(3xCH3CH2CH2CH2), 40.1 (3xCH3CH2CH2CH2), 53.2 (CNH2). MS (ES+) : C13H30N
+ (M+H+) 200.240 Found: 200.045. 

Anal. Calcd. for C17H33NO4 : C, 64.73; H, 10.54; N, 4.44. Found: C, 64.54; H, 10.42; N, 4.63. 

 

5-Propyl-nonan-5-amine (Bu2PrC-NH2) 6d. 5-Propyl-nonan-5-ol 6b was obtained after treating a solution of 

5-nonanone 3a (1 g, 7.04 mmol) in dry diethyl ether (30% solution w/v) with 1.2-molar excess 

CH3CH2CH2MgBr (obtained from 20% solution w/v solution of 1-bromopropane (1.9 g, 14.08 mmol) in dry 

ether and 1.3 equivalents of Mg (440 mg, 18.3 mmol)) under argon atmosphere and stirring the mixture 

overnight. After treating the mixture with saturated ammonium chloride following usual workup the 

corresponding tertiary alcohol 6b was obtained. Yield 915 mg,  (70%); IR (Nujol) ν(Ν3) 3392 cm-1; 13C NMR 

(CDCl3, 50 MHz) δ (ppm) 14.2 (2x CH3(CH2)3), 14.8 (CH3(CH2)2), 16.8 (2xCH3CH2(CH2)2), 23.5 (2xCH3CH2CH2CH2), 

25.8 (CH2CH2CH3), 39.2 (2xCH3(CH2)2CH2), 41.8 (CH2CH2CH3), 74.5 (COH). 

The 5-azido-5-propylnonane 6c was prepared by treatment of the tertiary alcohol 6b (500 mg, 2.69 

mmol) with CH2Cl2 (20 mL) / NaN3 (524 mg, 8.06 mmol) / TFA (2.2 mL, 27 mmol)  according to the same 

procedure followed for 4-azido-4-ethyloctane 1c. Yield 425 mg, (75%); IR (Nujol) ν(Ν3) 2094 cm-1; 13C NMR 

(CDCl3, 50 MHz) δ (ppm) 14.1 (2x CH3(CH2)3), 14.6 (CH3(CH2)2), 17.0 (2xCH3CH2(CH2)2), 23.2 (2xCH3CH2CH2CH2), 

25.8 (CH2CH2CH3), 36.4 (2xCH3(CH2)2CH2), 39.1 (CH2CH2CH3), 66.9 (CN3). 

The oily amine 6d was prepared through LiAlH4 (289 mg, 7.60 mmol) reduction of azide 6c (400 mg, 

1.90 mmol)  in refluxing ether (20 mL) for 5h according to the same procedure followed for 4-ethyloctan-4-

amine 1c. Yield 35%; 1H NMR (CDCl3, 400 MHz): δ 0.86-0.89 (m, 9H, CH3), 1.15-1.28 (m, 16H, CH2); 
13C NMR 

(CDCl3, 50 MHz) δ (ppm) 14.4 2x CH3(CH2)3), 15.1 (CH3(CH2)2), 16.9 (2xCH3CH2(CH2)2), 23.7 (2xCH3CH2CH2CH2), 

25.9 (CH2CH2CH3), 40.4 (2xCH3(CH2)2CH2), 42.9 (CH2CH2CH3), 53.4 (CNH2). Anal. Calcd. for C16H31NO4: C, 63.75; 

H, 10.37; N, 4.65. Found: C, 6.84; H, 10.16; N, 5.01. 

 

2-Methyl-4-propyl-heptan-4-amine (i-BuPr2C-NH2) 4d. 2-methyl-4-propyl-heptan-4-ol 4b was obtained after 

adding to i-butyllithium (14 mL, 21.9 mmol) reagent (1.6 M in hexanes) a solution of  4-heptanone 2a (1g, 

8.77 mmol) in dry ether (30% solution w/v) at 0 °C under argon atmosphere and stirring the mixture 

overnight, with lithium reagent being in a 2.5 molar excess. After treating the mixture with saturated 

ammonium chloride following usual workup the corresponding tertiary alcohol 4b was obtained. Yield 1.2 g, 



Tert-alkyl amines analogues of amantadine 

 

 

 

206 

 

(80%); IR (Nujol) ν(Ν3) 3422 cm-1; 1H NMR (CDCl3, 400 MHz): δ (ppm) 0.86-0.89 (m, 6H, 2x(CH2)2CH3)  0.92 (d, 

J ~ 4 Hz, 6H, CH2CH(CH3)2), 1.23-1.25 (m, 4H, 2xCH2CH2CH3), 1.31 (d, J ~ 6 Hz, 2H, CH2CH(CH3)2), 1.37-1.41 (m, 

4H, 2xCH2CH2CH3), 1.73 (sep, J ~ 6 Hz, 1H, CH2CH(CH3)2); 
13C NMR (CDCl3, 50 MHz) δ (ppm) 14.78 

(2xCH2CH2CH3), 17.01 (2xCH2CH2CH3), 23.8 (CH2CH(CH3)2), 24.9 (CH2CH(CH3)2), 42.23 (2xCH2CH2CH3), 48.13 

(CH2CH(CH3)2), 75.22 (COH). 

The 4-azido-2-methyl-4-propylheptane 4c was prepared by treatment of the tertiary alcohol 4b (500 

mg, 2.90 mmol) with CH2Cl2 (25 mL) / NaN3 (570 mg, 8.72 mmol) / TFA (2.3 mL, 29 mmol) according to the 

same procedure followed for 4-azido-4-ethyloctane 1c. Yield 490 mg, (86%); IR (Nujol) ν(Ν3) 2101 cm-1; 13C 

NMR (CDCl3, 50 MHz) δ (ppm) 14.6 (2xCH2CH2CH3), 17.1 (2xCH2CH2CH3), 23.9 (CH2CH(CH3)2), 24.4 

(CH2CH(CH3)2), 39.1(2xCH2CH2CH3), 45.1 (CH2CH(CH3)2), 67.0 (CN3).  

The oily amine 4d was prepared through LiAlH4 (309 mg, 8.12 mmol) reduction of azide 4c (400 mg, 

2.03 mmol) in refluxing ether (20 mL) for 5h according to the same procedure followed for 4-ethyloctan-4-

amine 1d. Yield 49 mg, (14%); 1H NMR (CDCl3, 400 MHz): δ (ppm)  0.84-0.88 m, 6H, 2x(CH2)2CH3)  0.89 (d, J ~ 

4 Hz, 6H, CH2CH(CH3)2), 1.92-1.27 (m, 11H, 2xCH2CH2CH3, CH2CH(CH3)2); 
13C NMR (CDCl3, 50 MHz) δ (ppm) 

14.86 (2xCH2CH2CH3), 16.93 (2xCH2CH2CH3), 23.8 (CH2CH(CH3)2), 25.4 (CH2CH(CH3)2),  43.36 (2xCH2CH2CH3), 

49.15 (CH2CH(CH3)2), 54.17 (CNH2). MS (ES+) : C11H26N
+ (M+H+) 172.210 Found: 172.090.  Anal. Calcd. for 

C15H29NO4 : C, 62.69; H, 10.17; N, 4.87. Found: C, 62.34; H, 10.16; N, 4.61. 

 

2-Methyl-4-isobutyl-octan-4-amine (i-Bu2BuC-NH2) 7d. 2-Methyl-4-isobutyl-octan-4-ol 7b was obtained 

after adding a solution of  2,6-dimethyl-heptan-4-one 4a  (1 g, 7.04 mmol) in dry diethyl ether (30% solution 

w/v) to n-butyllithium (1.6 M in hexanes), (13.5 mL, 21.1 mmol) at 0 °C under argon atmosphere and stirring 

the mixture overnight, with lithium reagent being in a 3.0 molar excess; After treating the mixture with 

saturated ammonium chloride following usual workup the corresponding tertiary alcohol 7b was obtained. 

Yield 1.1 g, (80%); IR (Nujol) ν(Ν3) 3460 cm-1; 1H NMR (CDCl3, 400 MHz): δ (ppm) 0.88 (t, J ~ 7 Hz, 3H, 

(CH2)2CH3) 0.92-0.95 (m, 12H, 2x CH2CH(CH3)2), 1.19-1.35 (m, 10H, CH2CH2CH2CH3, 2xCH2CH(CH3)2), 1.74 (sep, 

2H, J ~ 6 Hz, 2xCH2CH(CH3)2); 
13C NMR (CDCl3, 50 MHz) δ (ppm) 14.2 (CH3(CH2)3), 23.5 (CH3CH2(CH2)2), 23.9 

(2xCH2CH(CH3)2), 25.0 (2xCH2CH(CH3)2), 26.4 (CH2CH2CH2CH3), 39.9 (CH2(CH2)2CH3), 48.7 (2xCH2CH(CH3)2), 

75.9 (COH).   

The 4-azido-2-methyl-4-isobutyloctane 7c was prepared by treatment of the tertiary alcohol 7b (500 

mg, 2.69 mmol) with CH2Cl2 (25 mL) / NaN3 (525 mg, 8.07mmol) / TFA (2.2 mL, 26.9 mmol) according to the 

same procedure followed for 4-azido-4-ethyloctane 1c. Yield 430 mg, (76%); IR (Nujol) ν(Ν3) 2099 cm-1; 13C 

NMR (CDCl3, 50 MHz) δ (ppm) 14.2 (CH3(CH2)3), 24.0 (CH3CH2(CH2)23), 24.2 (2xCH2CH(CH3)2), 24.6 

(2xCH2CH(CH3)2), 26.3 (CH2CH2CH2CH3), 36.4 (CH2(CH2)2CH3), 45.5 (2xCH2CH(CH3)2),  67.1 (CN3). 
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The oily amine 7d was prepared through LiAlH4 (288 mg, 7.58 mmol)  reduction of azide 7c (400 mg, 

1.90 mmol) in refluxing ether (20 mL) for 5h according to the same procedure followed for 4-ethyloctan-4-

amine 1d. Yield 70 mg, (20%); 1H NMR (CDCl3, 400 MHz): δ (ppm)  0.89 (t, J ~ 7 Hz, 3H, CH3(CH2)3) 0.92-0.94 

(m, 12H, 2x CH2CH(CH3)2), 1.19-1.37 (m, 10H,  CH2CH2CH2CH3, 2xCH2CH(CH3)2), 1.63-1.76 (m, 2H, 

2xCH2CH(CH3)2); 
13C NMR (CDCl3, 50 MHz) δ (ppm) 14.3 (CH3(CH2)3), 23.5 (CH3CH2(CH2)2), 23.8 

(2xCH2CH(CH3)2), 25.5 (2xCH2CH(CH3)2), 26.3 (CH2CH2CH2CH3), 40.9 (CH2(CH2)2CH3), 49.7 (2xCH2CH(CH3)2), 

55.1 (CNH2).  Anal. Calcd. for C17H33NO4 : C, 64.73; H, 10.54; N, 4.44. Found: C, 64.34; H, 10.08; N, 4.81.  

 

2-n-Butyl-(tricyclo[3.3.1.13,7]decan)-2-amine 11d. The 2-n-Butyl-tricyclo[3.3.1.13,7]decan-2-azide 11c was 

prepared by treatment of the tertiary alcohol 11b (300 mg, 1.44 mmol) with CH2Cl2 (20 mL) / NaN3 (281 mg, 

4.32 mmol) / TFA (1.2 mL, 14.4 mmol) according to the same procedure followed for 4-azido-4-ethyloctane 

1c. Yield 255 mg, (76%); IR (Nujol) ν(Ν3) 2088 cm-1; 1H NMR (CDCl3, 400 MHz): δ (ppm) 0.96 (t, J ~ 7 Hz, 3H, 

CH3CH2CH2CH), 1.32-1.42 (m, 4H, CH3CH2CH2CH2), 1.62 (d, J ~ 12 Hz, 2H, 4eq,9eq-adamantane-H), 1.70-1.93 

(m, 12H, adamantane-H, CH3CH2CH2CH2), 2.14 (d, J ~ 12 Hz, 2H, 4ax,9ax-adamantane-H); 13C NMR (CDCl3, 50 

MHz) δ (ppm) 14.2 (CH3CH2CH2CH2), 23.3 (CH2CH2CH2CH3), 24.9 (CH3CH2CH2CH3), 27.2, 27.4 (5,7-adamantane 

C), 33.8 (4,9-adamantane C), 33.7 (8,10-adamantane C), 34.4 (1,3-adamantane C), 35.2 (CH3CH2CH2CH2), 38.5 

(6-adamantane C), 69.7 (2-adamantane C). The oily amine 11d was prepared through LiAlH4 (130 mg, 3.43 

mmol) reduction of azide 11c (200 mg, 0.860 mmol) in refluxing ether (15 mL) for 5h according to the same 

procedure followed for 4-ethyloctan-4-amine 1d. Yield 41 mg, (23%); 1H NMR (CDCl3, 400 MHz): δ (ppm) 0.88 

(t, J ~ 7 Hz, 3H, CH3CH2CH2CH), 1.18-1.32 (m, 4H, CH3CH2CH2CH2), 1.45-165 (m, 10H, adamantane-H, 

CH3CH2CH2CH2), 1.77 (br s, 2H, 5,7-adamantane-H), 1.93 (d, J ~ 12 Hz, 2H, 8ax,10ax-adamantane-H), 2.03 (d, J 

~ 12 Hz, 2H, 4ax,9ax-adamantane-H), 2,13 (~ br s, 2H, NH2); 
13C NMR (CDCl3, 50 MHz) δ (ppm)  14.3 

(CH3CH2CH2CH2), 23.7 (CH2CH2CH2CH3), 24.6 (CH3CH2CH2CH3), 27.5, 27.8 (5,7 adamantane-C), 34.1 (4,9 

adamantane-C), 33.2 (8,10 adamantane-C), 37.5 (1,3 adamantane-C), 38.6 (6 adamantane-C), 39.1 

(CH3CH2CH2CH2), 54.5 (2 adamantane-C). Fumarate: mp 220 oC (EtOH-Et2O); Anal. . Calcd. for (C18H29NO4): C, 

66.84; H, 9.04; N, 4.33. Found: C, 66.34; H, 9.22; N, 4.84. 

 

2-Phenyl-(tricyclo[3.3.1.13,7]decan)-2-amine 12d. The 2-Phenyl-tricyclo[3.3.1.13,7]decan-2-azide 12c was 

prepared by treatment of the tertiary alcohol 12b (300 mg, 1.32 mmol) with CH2Cl2 (20 mL) / NaN3 (265 mg, 

3.95 mmol) / TFA (1.1 mL, 13.2 mmol) according to the same procedure followed for 4-azido-4-ethyloctane 

1c. Yield 290 mg, (95%); IR (Nujol) ν(Ν3) 2098 cm-1;13C NMR (CDCl3, 50 MHz) δ (ppm) 26.8, 27.4 (5,7-

adamantane-C), 33.1 (4,9-adamantane-C), 33.4 (8,10-adamantane-C), 34.1 (1,3-adamantane-C), 37.7 (6-

adamantane-C), 70.3 (2-adamantane-C), 125.6, 127.3, 127.8, 128.9, 140.3 (phenyl). 
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The oily amine 12d was prepared through LiAlH4 (897 mg, 3.95 mmol) reduction of azide 12c in 

refluxing ether (15 mL) for 5h according to the same procedure followed for 4-ethyloctan-4-amine 1d. Yield 

123 mg, (55%); 1H NMR (CDCl3, 400 MHz): δ (ppm) 1.53 (br s, 2H, 6-adamantane-H), 1.61-1.80 (m, 6H, 

adamantane-H), 1.90 (br s, 2H, 5,7-adamantane-H), 2.33 (d, J ~ 12 Hz, 1H, 4ax, 9ax-adamantane-H), 2.45 (br 

s, 2H, 1,3-adamantane-H), 7.18-7.25 (m, 5H, phenyl-H); 13C NMR (CDCl3, 50 MHz) δ (ppm) 27.2, 27.6 (5,7 

adamantane-C), 32.9 (4,9 adamantane-C), 34.6 (8,10 adamantane-C), 35.8 (1,3 adamantane-C), 38.2 (6 

adamantane-C), 57.8 (2 adamantane-C), 125.2, 126.2, 128.8, 148.7 (Ph). Hydrochloride: mp> 265 oC (EtOH-

Et2O); Anal. (C16H22NCl): C, 72.84; H, 8.41; N, 5.31. Found: C, 72.12; H, 8.32; N, 5.02. 

 

2-Benzyl-(tricyclo[3.3.1.13,7]decan)-2-amine 13d. The 2-Benzyl-tricyclo[3.3.1.13,7]decan-2-azide 13c was 

prepared by treatment of the tertiary alcohol 13b (500 mg, 2.07 mmol) with CH2Cl2 (25 mL) / NaN3 (540 mg, 

8.28 mmol) / TFA (1.7 mL, 20.7 mmol) according to the same procedure followed for 4-azido-4-ethyloctane 

1c. Yield 280 mg, (50%); IR (Nujol) ν(Ν3) 2096 cm-1; 13C NMR (CDCl3, 50 MHz) δ (ppm) 27.1, 27.4 (5,7-

adamantane C), 33.7 (4,9-adamantane C), 33.8 (8,10-adamantane C), 34.1 (1,3-adamantane C), 38.4 (6-

adamantane C), 41.4 (CH2Ph), 69.8 (2-adamantane C), 126.7, 128.2, 130.3, 136.6 (Ph).  

The oily amine 13d was prepared through LiAlH4 reduction of azide 13c in refluxing ether for 5h 

according to the same procedure followed for 4-ethyloctan-4-amine 1d. Yield 45%; 1H NMR (CDCl3, 400 

MHz): δ (ppm) 1.61 (d, J ~ 12 Hz, 2H, 4eq, 9eq-adamantane-H), 1.61 (br s, 1H, 6-adamantane-H), 1.73 (br s, 

1H, 5,7-adamantane-H), 1.78 (d, J ~ 12 Hz, 2H, 8eq, 10eq-adamantane-H), 1.87 (br s, 1H, 3-adamantane-H), 

1.97 (br s, 1H, 1-adamantane-H), 2.09 (d, J ~ 12 Hz, 1H, 8ax, 10ax-adamantane-H), 2.29 (d, J ~ 12 Hz, 1H, 4ax, 

9ax-adamantane-H), 2.97 (s, 2H, CH2Ph), 7.10-7.32 (m, 5H, phenyl-H); 13C NMR (CDCl3, 50 MHz) δ (ppm) 27.6, 

27.8 (5,7-adamantane C), 33.2 (4,9- adamantane C), 34.3 (8,10- adamantane C), 37.3 (1,3- adamantane C), 

39.2 (6- adamantane C), 44.2 (CH2Ph), 55.1 (2-adamantane C), 126.3, 128.1, 130.7, 138.4 (Ph). Fumarate: mp 

205 ºC (EtOH-Et2O); Anal. (C21H27NO4) : C, 70.56; H, 8.41; N, 5.31. Found: C, 70.99; H, 8.53; N, 5.02. 

 

2-(p-Methoxy)benzyl-(tricyclo[3.3.1.13,7]decan)-2-amine 14d. 2-(p-Methoxy)benzyl-2-adamantanol  14b was 

obtained after adding dropwise a solution of  2-adamantanone (500 mg, 3.33 mmol) in dry THF  (6 mL) to a 

solution of pMeOBnMgCl (0.25 M in THF, 27 mL, 6.66 mmol) at room temperature and under argon 

atmosphere. The resulting mixture was stirred overnight and then heated at 45 ºC for 2 hours. After treating 

the mixture with saturated ammonium chloride following usual workup the corresponding tertiary alcohol 

14b was obtained. Yield 725 mg, (80%); 1H NMR (CDCl3, 400 MHz) δ (ppm) 1.48 (d, J = 12 Hz, 2H, 4eq, 9eq 

adamantane-H), 1.53 (br s, 1H, OH), 1.66 (br s, 1H, 6 adamantane-H), 1.71 (br s, 1H, 5,7 adamantane-H), 1.77 

(br s, 1H, 3 adamantane-H), 1.80 (d, J = 12 Hz, 2H, 8eq, 10eq adamantane-H), 1.91 (br s, 1H, 1 adamantane-

H), 2.08 (d, J = 12 Hz, 1H, 8ax, 10ax adamantane-H), 2.22 (d, J = 12 Hz, 1H, 4ax, 9ax adamantane-H), 2.93 (s, 
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2H, CH2Ar), 3.79 (s, 3H, OCH3), 6.85 (d, J = 6 Hz, 2H, phenyl-H), 7.15 (d, J = 6 Hz, 2H, phenyl-H); 13C NMR 

(CDCl3, 50 MHz) δ (ppm) 27.4, 27.5 (5,7 adamantane-C), 33.1 (4,9 adamantane-C), 34.7 (8,10 adamantane-C), 

36.9 (1,3 adamantane-C), 38.5 (6 adamantane-C), 43.9 (CH2Ar), 74.7 (2 adamantane-C), 126.5, 128.3, 130.7, 

137.4 (Ar). 

The corresponding azide 14c was prepared from alcohol 14b (720 mg, 2.64 mmol) according to the 

same procedure followed for 4-azido-4-ethyloctane 1c using CH2Cl2 (30 mL) / NaN3 (515.5 mg, 7.93 mmol) / 

TFA (3.01 mg, 26.4 mmol). Yield 730mg, (93 %). 

The oily amine 14d was prepared through LiAlH4 (358 mg, 9.43 mmol) reduction of azide 14c (700 mg, 

2.36mmol) in refluxing THF (20 mL) for 5h. Yield 307 mg, (48%); 1H NMR (CDCl3, 400 MHz) δ (ppm) 1.62 (d, J 

= 12 Hz, 2H, 4eq, 9eq adamantane-H), 1.73 (d, J = 12 Hz, 2H, 8eq, 10eq adamantane-H), 1.77 (br s, 1H, 5,7 

adamantane-H), 1.84 (br s, 1H, 6 adamantane-H), 1.93 (br s, 1H, 3 adamantane-H), 1.97 (br s, 1H, 1 

adamantane-H), 2.09 (d, J = 12 Hz, 1H, 8ax, 10ax adamantane-H), 2.24 (d, J = 12 Hz, 1H, 4ax, 9ax 

adamantane-H), 2.93 (s, 2H, CH2Ar), 3.80 (s, 3H, OCH3), 6.84 (d, J = 6 Hz, 2H, phenyl-H), 7.15 (d, J = 6 Hz, 2H, 

phenyl-H). Fumarate: mp 205 °C (EtOH–Et2O). Anal. Calcd for C21H36NO5 C, 65.94; H, 9.49; N, 3.66. Found: C, 

65.05; H, 9.58; N, 3.72. 

 

4-(Tricyclo[3.3.1.13,7]dec-1-yl)-hept-1,6-dien-4-azide (AdAllyl2C-N3) 17c. The 4-(1-Adamantyl)-hept-1,6-dien-

4-azide 17c  was prepared by treatment of the tertiary alcohol 17b (500 mg, 2.03 mmol) with CH2Cl2 (20 mL) 

/ NaN3 (396 mg, 6.09 mmol) / TFA (1.6 mL, 20.3 mmol)  according to the same procedure followed for 4-

azido-4-ethyloctane 1c. Yield 265 mg, (44%); 1H-NMR (400MHz, CDCl3) δ (ppm) 1.64-1.75 (m, 12H, 

2,4,6,8,9,10-H, adamantane-H), 1.82 (br s, 3H, 3,5,7-H, adamantane-H), 1.99-2.20 (m, 4H, 3,5-CH2), 5.09 (t, 

J~7 Hz, 4H, 2xCH2=), 5.90-5.98 (m, 2H, 2xCH=); 13C-NMR (200MHz, CDCl3) δ (ppm) 28.78 (3,5,7-C, 

adamantane-C), 36.57 (2,8,9-C, adamantane-C), 37.01 (4,6,10-C, adamantane-C), 39.28 (CH2), 41.09 (1-C, 

adamantane-C), 55.14 (C-N3), 118.06 (=CH2), 135.61 (CH=). 

 

1-(Tricyclo[3.3.1.13,7]dec-1-yl)cyclopentanamine 19d. The synthetic details and characterization were 

included in Chapter 2. 

 

1-(Tricyclo[3.3.1.13,7]dec-1-yl)cyclohexanamine 20d.  The synthetic details and characterization were 

included in Chapter 2. 

 

2-(Tricyclo[3.3.1.13.7]dec-1-yl)-propan-2-amine (AdMe2C-NH2) 15d. The synthetic details and 

characterization were included in Chapter 1. 
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3-(Tricyclo[3.3.1.13.7]dec-1-yl)-pentan-3-amine (AdEt2C-NH2) 16d. The synthetic details and characterization 

were included in Chapter 3. 

 

4-(Tricyclo[3.3.1.13.7]dec-1-yl)-hept-1,6-dien-4-ol (AdAllyl2C-OH) 17b. The synthetic details and 

characterization were included in Chapter 3. 

 

4-(Tricyclo[3.3.1.13.7]dec-1-yl)-heptan-4-amine (AdPr2C-NH2) 18d. The synthetic details and characterization 

were included in Chapter 3. 

 

4.5.1.2 Procedure B 

 

4-Ethyloctan-4-amine (BuEtPr-CNH2) 1d. A solution of conc. H2SO4 (6 mL) and AcOH (6 mL) was added 

dropwise to a mixture of  alcohol 1b (500 mg, 3.16 mmol), AcOH (6 mL) and KCN (258 mg, 3.96 mmol) at 70 

ºC and heating was maintained for 2 h. The resulting mixture was treated with water (10 mL) and NaOH 10% 

(10 mL) and stirred for 15 min. The mixture was extracted with ether (2x15 mL), the combined organic 

phases were washed with water and the solvent was evaporated in vacuo to afford the amine 1d acetamide. 

A mixture of the amine 1d acetamide (430 mg, 2.32 mmol) and KOH (1.04 g, 18.6 mmol) in di(ethylene 

glycol) (2 mL) was heated for 24h in a sealed tube at 180 o C. After cooling, the tube was opened and the 

mixture poured into water (50 mL). The mixture  was extracted with diclhoromethane (3x20 mL) and washed 

with HCl 6%. The aqueous phase was made alkaline with solid sodium carbonate and was extracted with 

diclhoromethane. The organic phase was washed with brine, dried (Na2SO4) and evaporated in vacuo to 

afford the 4-ethyloctan-4-amine 1d; Yield 47%. Amine 3d was prepared according to the same procedure; 

Characterization of compound 1d is included in compounds synthesized by Procedure A. 

 

5-Butylnonan-5-amine (Bu3C-NH2) 3d. The amine 3d acetamide was prepared as above for the preparation 

of tert-alkyl amine 1d through treatment of alcohol 3b (500 mg, 2.50 mmol), with conc.H2SO4 (6 mL) / AcOH 

(6 mL) / KCN (203 mg, 3.13 mmol). The amine 3d was prepared through treatment of 3d acetamide (400 mg, 

1.76 mmol) with KOH (780 mg, 18.6 mmol) in di(ethylene glycol) (2 mL) and following the same workup. 

Yield 20 mg (4%). Characterization of compound 3d is included in compounds synthesized by Procedure A. 
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4.5.1.3 Procedure C 

 

4-propylheptan-4-amine (Pr3C-NH2) 2d. To a mixture of the alcohol 2b (300 mg, 1.90 mmol) and ClCH2CN 

(287 mg, 3.80 mmol), AcOH (0.3 mL, 5.25 mmol) was added and the mixture was cooled to 0-3 °C. H2SO4 (0.3 

mL, 5.70 mmol) was added dropwise keeping the temperature below 10 °C. The reaction mixture was 

allowed to reach rt, stirred for 24 h and poured into ice water (10 mL). Chloroacetamide 8 was extracted 

with ether (3 × 10 mL). The combined extracts were washed with NaHCO3 10% and brine, and dried (NaSO4). 

Solvent was evaporated in vacuo to afford compound 8 which was used without further purification for the 

next step. Yield 200 mg (45%); IR (Nujol) ν(C=O) 1668 cm-1; 1H NMR (CDCl3, 400 MHz) δ (ppm) 0.96 (t, J ~ 7 

Hz, 9H, 3xCH2CH2CH3),  1.33-1.47 (m, 12H, 3xCH2CH2CH3 , 3xCH2CH2CH3), 4.27 (s, COCH2Cl). 

A solution of the amide 8 (180 mg, 0.772 mmol) and thiourea (70.6 mg, 0.927 mmol) in EtOH (6 

mL)/AcOH (1.2 mL) was refluxed for 10 h. Then water (15 mL) was added to the reaction mixture and the 

resulting precipitate was filtered off. The filtrate was made alkaline with NaOH 20%, washed with ether (3 × 

30 mL) and extracted with HCl 6%. The aqueous phase was made alkaline with solid sodium carbonate and 

was extracted with dichloromethane or ether. The organic phase was washed with brine, dried (Na2SO4) and 

evaporated in vacuo to afford the amine 2d. Yield 100 mg (80 %); Characterization of compound 2d is 

included in compounds synthesized by Procedure A. 

 

5-Butylnonan-5-amine (Bu3C-NH2) 3d. Chloroacetamide 9 was prepared through treatment of 

tributylsubstituted methanol 3b (300 mg, 1.50 mmol) with NCCH2Cl (282 mg, 3.00 mmol), H2SO4 (0.3 mL, 5.70 

mmol) / AcOH (0.3 mL, 5.25 mmol) according to the same procedure followed for the chloroacetamide 8. 

Yield 252 mg, (61%); IR (Nujol) ν(C=O) 1689 cm-1; 1H NMR (CDCl3, 400 MHz) δ (ppm) 0.97 (t, J ~ 7 Hz, 9H, 

3xCH3CH2CH2CH2), 1.29-1.35 (m, 12H, 3xCH3CH2CH2CH2, 3x CH3CH2CH2CH2), 1.38-1.47 (m, 6H, 3x 

CH3CH2CH2CH2), 4.27 (s, COCH2Cl). The amine 3d was prepared as above for the preparation of tert-alkyl 

amine 2d through treatment of 9 (200 mg, 0.725 mmol) with thiourea (66 mg, 0.871 mmol) in EtOH (6 

mL)/AcOH (1.2 mL) and following the same workup. Yield 19 mg (13%). Characterization of compound 3d is 

included in compounds synthesized by Procedure A. 

 

2-n-Butyl-(tricyclo[3.3.1.13,7]decan)-2-amine 11d. Chloroacetamide 22 was prepared through treatment of 

tributylsubstituted methanol 3b (300 mg, 1.44 mmol) with NCCH2Cl (271 mg, 2.88 mmol), H2SO4 (0.3 mL, 5.70 

mmol) / AcOH (0.3 mL, 5.25 mmol) according to the same procedure followed for the chloroacetamide 8. 

Yield 209 mg, (51%); IR (Nujol) ν(C=O) 1690 cm-1 ; 1H NMR (CDCl3, 400 MHz) δ (ppm) 0.96 (t, J ~ 7 Hz, 3H, 

CH3CH2CH2CH), 1.35-1.45 (m, 4H, CH3CH2CH2CH2), 1.63 (d, J ~ 12 Hz, 2H, 4eq,9eq-adamantane-H), 1.76-2.02 

(m, 12H, adamantane-H, CH3CH2CH2CH2), 2.05 (d, J ~ 12 Hz, 2H, 4ax,9ax-adamantane-H), 4.32 (s, COCH2Cl). 
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The amine 11d was prepared as above for the preparation of tert-alkyl amine 2d through treatment of 22 

(200 mg, 0.704 mmol) with thiourea (67 mg, 0.880 mmol) in EtOH (6 mL)/AcOH (1.2 mL) and following the 

same workup. Yield 57 mg (39%). Characterization of compound 11d is included in compounds synthesized 

by Procedure A. 

 

2-(Tricyclo[3.3.1.13.7]dec-1-yl)-propan-2-amine 15d. Chloroacetamide 23 was prepared through treatment 

of tributylsubstituted methanol 15b (300 mg, 1.55 mmol) with NCCH2Cl (290 mg, 3.09 mmol), H2SO4 (0.3 mL, 

5.70 mmol) / AcOH (0.3 mL, 5.25 mmol) according to the same procedure followed for the chloroacetamide 

8. Yield 42 mg, (10%); IR (Nujol) ν(C=O) 1673 cm-1; 1H NMR (CDCl3, 400 MHz) δ (ppm)  0.80 (s, 6H, 2xCH3), 

1.58-1.70 (m, 12H, 2,4,6,8,9,10-H, adamantane H), 2.01 (br s, 3H, 3,5,7-H, adamantane H), 4.30  (s, COCH2Cl). 

The amine 15d was prepared as above for the preparation of tert-alkyl amine 2d through treatment of 23 

(40 mg, 0.150 mmol) with thiourea (9 mg, 0.118 mmol) in EtOH (3 mL) / AcOH (0.6 mL) and following the 

same workup. Yield traces. Characterization of compound 15d is included in Chapter 1. 

 

4-(Tricyclo[3.3.1.13.7]dec-1-yl)-heptan-4-amine 18d. Chloroacetamide 24 was prepared through treatment 

of tributylsubstituted methanol 18d (300 mg, 1.20 mmol) with NCCH2Cl (226 mg, 2.40 mmol), H2SO4 (0.3 mL, 

5.70 mmol) / AcOH (0.3 mL, 5.25 mmol) according to the same procedure followed for the chloroacetamide 

8. Yield 144 mg, (37%); IR (Nujol) ν(C=O) 1690 cm-1; 1H NMR (CDCl3, 400 MHz) δ (ppm)  0.92 (t, J~7 Hz, 6H, 

2xCH3), 1.35-1.43 (m, 8H, 2x CH2CH2CH3), 1.63-1.70 (m, 12H, 2,4,6,8,9,10-H, adamantane H), 2.01 (br s, 3H, 

3,5,7-H, adamantane H), 4.28 (s, COCH2Cl). The amine 18d was prepared as above for the preparation of 

tert-alkyl amine 2d through treatment of 24 (140 mg, 0.430 mmol) with thiourea (26 mg, 0.344 mmol) in 

EtOH (3 mL) / AcOH (0.6 mL) and following the same workup. Yield traces. Characterization of compound 

18d is included in Chapter 3. 

 

4.5.1.4 Procedure D 

 

4-Propylheptan-4-amine (Pr3C-NH2) 2d. To a stirred mixture of 4-heptanone 2a (224 mg, 1.97 mmol) and 

Ti(EtO)4 (900 mg, 3.93 mmol) in dry THF (4 mL), tert-butanesulfinamide (250 mg, 2.06 mmol) was added and 

the resulting reaction mixture was refluxed overnight. The mixture was cooled at 0 ºC and the solvent was 

evaporated in vacuo. The residue was purified by flash chromatography on silica gel (40-63 μm) using 40:60 

Et2O/hexane as an eluent to afford the sulfinyl ketimine 10. Yield 48%; 1H NMR (CDCl3, 400 MHz) δ (ppm) 

0.88-0.98 (m, 6H, (CH2)2CH3), 1.20 (s, 9H, C(CH3)3), 1.56-1.60 (sex, J~7, 4H CH2CH2CH3), 2.32-2.38 (m, 2H, 

CH2CH2CH3), 2.54-2.71 (m, 2H, CH2CH2CH3). 
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Propylmagnesium bromide (2.07 mmol) (obtained from 20% solution w/v 1-bromopropane in dry 

ether and 1.3 equivalents of Mg) was cooled at -78 °C and treated dropwise with a solution of the tert-butyl 

sulfinyl ketimine 10 (205 mg, 0.942 mmol) in dry ether (2 mL). The resulting mixture was stirred for 1 h at -

78°C and then allowed to reach slowly ambient temperature and stirred for additional 15 h. The mixture was 

then cooled at 0 °C, treated with sat. aq. Na2SO4 (5 mL) and stirred for 10 min. After suction filtration, the 

mixture was extracted with ethyl acetate (2 x 15 mL) and the organic phase was washed with brine, dried 

(Na2SO4) and evaporated in vacuo to afford crude tert-butyl sulfinamide 11 which was used without further 

purification for the next step.  

A solution of sulfinamide 11 (121 mg, 0.463 mmol) in dioxane (1 mL) was cooled at 0 ºC and treated 

dropwise with HCl 2.5 M in ethanol (4.0 mL, 2.31 mmol). The resulting solution was allowed to reach 

ambient temperature and stirred for 40 min. The solution was concentrated under vacuum to a volume of 1 

mL and 2 mL of ether was added to afford amine 2d hydrochloride as a precipitate. Yield 13 mg (18%); 

Characterization of compound 2d is included in compounds synthesized by Procedure A. 

 

5-Butylnonan-5-amine (Bu3C-NH2) 3d. Tert-butyl sulfinyl aldimine 12 was prepared according to the same 

procedure followed for tert-butyl sulfinyl ketimine 10. Yield 77% ; 1H NMR (CDCl3, 400 MHz) δ (ppm) 0.89 (t, J 

~ 7, 6H, (CH2)3CH3), 1.19 (s, 9H, C(CH3)3), 1.33 (sex, J ~ 7, 4H, (CH2)2CH2CH3), 1.54 (q, J ~ 7, 4H, CH2CH2CH2CH3), 

2.38 (t, J ~ 7, 2H, CH2(CH2)2CH3), 2.58-2.73 (m, 2H, CH2(CH2)2CH3); 
13C NMR (CDCl3, 50 MHz): δ (ppm) 13.9 

(2x(CH2)3CH3), 22.3 (C(CH3)3), 23.0 (2x(CH2)2CH2CH3), 27.8 (CH2CH2CH2CH3),  29.6 (CH2CH2CH2CH3), 36.4 

(2xCH2CH2CH2CH3), 56.2 (C(CH3)3), 189.1 (C=N). 

A 0.7 M solution of sulfinyl ketimine 12 (387 mg, 1.58 mmol,) in dry toluene (2 mL) was cooled at -78 

ºC and treated dropwise with a 2M solution of AlMe3 in toluene (0.8 mL, 1.1 molar excess). The mixture was 

stirred for 5 min and a solution of 1.6M n-butyl lithium in hexanes (2 mL, 0.4 M in toluene, 2.2 molar excess) 

was added dropwise at -78 ºC. The resulting mixture was stirred for additional 4 h at -78 oC and then allow to 

reach 0 ºC. The mixture was treated with sat. aq. Na2SO4 (5 mL) and stirred for 10 min. After suction 

filtration, the mixture was extracted with ethyl acetate (2 x 15 mL) and the organic phase was washed with 

brine, dried (Na2SO4) and evaporated in vacuo to afford crude tert-butyl sulfinamide 13 which was used 

without further purification for the next step.  

A solution of sulfinamide 13 (227 mg, 0.750 mmol) in dioxane (1 mL) was cooled at 0 ºC and treated 

dropwise with HCl 2.5 M in ethanol (6.5 mL, 3.75 mmol). The resulting solution was allowed to reach 

ambient temperature and stirred for 40 min. The solution was concentrated under vacuum to a volume of 1 

mL and 2 mL of ether was added to afford amine 3d hydrochloride as a precipitate. Yield 45 mg (25 %); 

Characterization of compound 3d is included in compounds synthesized by Procedure A. 
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4.5.1.5 Procedure E 

 

5-Propyl-nonan-5-amine (Bu2PrC-NH2) 6d.  Kulinkovich-de Meijere reaction protocol: A solution of 

butanenitrile 14 (1.0 g, 14.5 mmol) in 40 mL anhydrous ether was added dropwise to a 3.2 molar excess of 

BuMgBr (3M in dry ether, obtained from 1-bromobutane (5.9 g, 46.4 mmol) with 1.2 equivalents of Mg (1.4 

g, 55.7 mmol)). After stirring the mixture for 30 min, 1 equiv of Ti(Oi-Pr)4 (4.1 g, 14.5 mmol) was added 

successively at rt and the reaction mixture was gently refluxed for 24 h. After treating the mixture with 

NaOH 10%, following usual workup the corresponding amine 6d was obtained. Yield 670 mg (25%), (Table 9, 

entry 1); Characterization of compound 6d is included in compounds synthesized by Procedure A. 

 

5-Butyl-nonan-5-amine (Bu3C-NH2) 3d. Kulinkovich-de Meijere reaction protocol: A solution of 

pentanenitrile 15 (1.0 g, 12.0 mmol) in 40 mL anhydrous ether was added dropwise to a 3.2 molar excess of 

BuMgBr (3M in dry ether, obtained from 1-bromobutane (4.9 g, 36.0 mmol) and 1.2 equivalents of Mg (1.0 g, 

43.2 mmol)). After stirring the mixture for 30 min, 1 equiv of Ti(Oi-Pr)4 (3.4 g, 12.0 mmol) was added 

successively at rt and the reaction mixture was gently refluxed for 24 h. After treating the mixture with 

NaOH 10% following usual workup the corresponding amine 3c was obtained. Yield 510 mg (20%), (Table 9, 

entry 2);; Characterization of compound 3d is included in compounds synthesized by Procedure A. 

 

4-(Tert-butyl)-heptane-4-amine (tBuMe2C-NH2) 29. Kulinkovich-de Meijere reaction protocol: Tert-alkyl 

amine 29 was prepared through the reaction of pivalonitrile 28 (500 mg, 6.02 mmol) in 30 mL of anhydrous 

diethyl ether with a 3M PrMgBr in dry ether (obtained from PrBr (2.20 g, 18.07 mmol)  and 1.2 equivalents of 

Mg (520 mg, 21.7 mmol)) and Ti(Oi-Pr)4 (2.0 g, 7.22 mmol) according to the same procedure described above 

for the amines 3d and 6d (Procedure E). Fumaric salt formation and recrystallization afforded 340 mg of 

fumaric salt of amine 29. Yield 20%, (Table 9, entry 3);  1H NMR (CDCl3, 400 MHz) δ (ppm) 0.84-0.90 (m, 15H, 

(CH2)2CH3, (CH2)2CH3, C(CH3)3), 1.28-1.40 (m, 8H, (CH2)2CH3); 
13C NMR (CDCl3, 50 MHz) δ (ppm) 15.37 

(2x(CH2)2CH3), 18.62 (2xCH2CH2CH3),  26.3 (C(CH3)3), 38.9 (2xCH2CH2CH3),  42.2 (C(CH3)3), 57.5(CNH2). 

 

3-(Tricyclo[3.3.1.13,7]dec-1-yl)-propan-2-amine (AdMe2CNH2) 15d. Kulinkovich-de Meijere reaction protocol: 

A solution of 3M MeMgBr (1 mL, 3.11 mmol) in diethyl ether was added dropwise to 1-adamantanenitrile 30 

(500 mg, 3.11 mmol) in ether (30 mL). After stirring the mixture for 30 min, 1.2 equiv of Ti(Oi-Pr)4 (975 mg, 

3.43 mmol) was added successively at rt. The mixture was allowed to stir at room temperature under argon 

atmosphere for 1 h. Then, 4 mL of methylithium solution (1.6 M in diethyl ether, 6.22 mmol) was added 

dropwise and the reaction mixture was gently refluxed for 24 h. After treating the mixture with NaOH 10% 
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following usual workup the corresponding amine 15d was obtained. Yield 60 mg (10%), (Table 9, entry 8); 

Characterization of compound 15d is included in compounds synthesized by Procedure A. 

 

3-(Tricyclo[3.3.1.13,7]dec-1-yl)-propan-2-amine (AdMe2CNH2) 15d. Kulinkovich-de Meijere reaction protocol: 

A solution of 3M MeMgBr (1 mL, 3.11 mmol) in diethyl ether was added dropwise to 1-adamantanenitrile 30 

(500 mg, 3.11 mmol) in ether (30 mL). After stirring the mixture for 30 min, 1.2 equiv of Ti(Oi-Pr)4 (975 mg, 

3.43 mmol) was added successively at rt. The mixture was allowed to stir at room temperature under argon 

atmosphere for 1 h. Then, 2.1 mL of MeMgBr solution (3 M in diethyl ether, 6.22 mmol) was added dropwise 

and the reaction mixture was gently refluxed for 24 h. After treating the mixture with NaOH 10% following 

usual workup the corresponding amine 15d was obtained. Yield 60 mg (10%), (Table 9, entry 11); 

Characterization of compound 15d is included in compounds synthesized by Procedure A. 

 

3-(Tricyclo[3.3.1.13,7]dec-1-yl)-propan-2-amine (AdMe2CNH2) 15d. Kulinkovich-Szymoniak reaction  

protocol: Tetraisopropoxy titanium (975 mg, 3.43 mmol) was added in a solution of 1-adamantanenitrile 30 

(500 mg, 3.11 mmol) in 30 mL of anhydrous diethyl ether, under stirring and argon atmosphere. After 20 

min, 1 mL of MeMgBr solution in diethyl ether (3 M, 6.22 mmol) was added dropwise and the mixture was 

allowed to stir at room temperature under argon atmosphere for 1 h. Then, 4 mL of methylithium solution 

(1.6 M in diethyl ether, 6.22 mmol) was added dropwise and the reaction mixture was gently refluxed for 24 

h. After treating the mixture with NaOH 10% following usual workup the corresponding amine 15d was 

obtained. Yield 66 mg (11%), (Table 9, entry 8); Characterization of compound 15d is included in compounds 

synthesized by Procedure A. 

 

3-(Tricyclo[3.3.1.13,7]dec-1-yl)-propan-2-amine (AdMe2CNH2) 15d. Kulinkovich-Szymoniak reaction protocol: 

A solution of 3M MeMgBr (2.1 mL, 6.22 mmol) in diethyl ether was added dropwise to 1-adamantanenitrile 

30 (500 mg, 3.11 mmol) in ether (30 mL). After stirring the mixture for 30 min, 1.2 equiv of Ti(Oi-Pr)4 (975 

mg, 3.43 mmol) was added successively at rt. The mixture was allowed to stir at room temperature under 

argon atmosphere for 1 h. Then, 1 mL of MeMgBr solution (3 M in diethyl ether, 3.11 mmol) was added 

dropwise and the reaction mixture was gently refluxed for 24 h. After treating the mixture with NaOH 10% 

following usual workup the corresponding amine 15d was obtained. Yield 60 mg (10%), (Table 9, entry 10); 

Characterization of compound 15d is included in compounds synthesized by Procedure A. 

 

3-(Tricyclo[3.3.1.13,7]dec-1-yl)-pentan-3-amine (AdEt2CNH2) 16d. Kulinkovich-de Meijere reaction protocol: 

Amine 16d was prepared through the reaction of 1-adamantanenitrile 30 (500 mg, 3.11 mmol) in 30 mL of 

anhydrous diethyl ether with EtMgBr 3M in dry ether (obtained from EtBr (1.02 g, 9.33 mmol)  and 1.2 
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equivalents of Mg (672 mg, 28.0 mmol)) and Ti(Oi-Pr)4 (970 mg, 3.42 mmol) according to the same 

procedure described above for the amines 3d and 6d (Procedure E) to afford 120 mg of mixture. For 

purification of the crude product 2 mL of an ethanolic solution of fumaric acid (66 mg, 0.569 mmol) was 

added to a solution of the crude amine in 2 mL ethanol. The mixture was evaporated under vacuum, to yield 

a white colored crystal residue which was treated with diethyl ether and filtered under vacuum to afford a 

non-separable mixture of AdEtCH-NH2 (32) in 3% yield and AdEt2C-NH2 16d in a 4% yield (ratio 60:40 

according to 13C NMR spectrum), (Table 9, entry 5). Characterization of compound 16d is included in 

compounds synthesized by Procedure A. 

 

3-(Tricyclo[3.3.1.13,7]dec-1-yl)-pentan-3-amine (AdEt2CNH2) 16d. Kulinkovich-de Meijere reaction protocol: 

Amine 16d was prepared through the reaction of 1-adamantanenitrile 30 (500 mg, 3.11 mmol) in 30 mL of 

anhydrous diethyl ether with 19 mL of ethyllithium solution (0.5 M in cyclohexane/benzene, 9.33 mmol) and 

Ti(Oi-Pr)4 (970 mg, 3.42 mmol) according to the same procedure described above for the amines 3d and 6d 

(Procedure E). Yield 14 mg (2%), (Table 9, entry 6). Characterization of compound 16d is included in 

compounds synthesized by Procedure A. 

 

3-(Tricyclo[3.3.1.13,7]dec-1-yl)-pentan-3-amine (AdEt2CNH2) 16d. Kulinkovich-de Meijere reaction protocol: 

Amine 16d was prepared through the reaction of 1-adamantanenitrile 30 (500 mg, 3.11 mmol) in 30 mL of 

anhydrous diethyl ether with EtMgBr 3M in dry ether (obtained from EtBr (340 mg, 3.11 mmol) and 1.2 

equivalents of Mg (90 mg, 3.73 mmol)) and Ti(Oi-Pr)4 (970 mg, 3.42 mmol) according to the same procedure 

described above for the amines 3d and 6d (Procedure E).  The mixture was allowed to stir at room 

temperature under argon atmosphere for 1 h. Then, 12 mL of ethyllithium solution (0.5 M in 

cyclohexane/benzene, 6.22 mmol) was added dropwise and the reaction mixture was gently refluxed for 24 

h. After treating the mixture with NaOH 10% following usual workup the corresponding amine 16d was 

obtained. Yield 70 mg (10%), (Table 9, entry 9); Characterization of compound 16d is included in compounds 

synthesized by Procedure A. 

 

3-(Tricyclo[3.3.1.13,7]dec-1-yl)-pentan-3-amine (AdEt2CNH2) 16d. Kulinkovich-Szymoniak reaction  protocol: 

Tetraisopropoxy titanium (975 mg, 3.43 mmol) was added in a solution of 1-adamantanenitrile 30 (500 mg, 

3.11 mmol) in 30 mL of anhydrous diethyl ether, under stirring and argon atmosphere. After 20 min, 3.1 mL 

of ethyl magnesium bromide solution in diethyl ether (1 M, 3.11 mmol) was added dropwise and the mixture 

was allowed to stir at room temperature under argon atmosphere for 1 h. Then, 12 mL of ethyllithium 

solution (0.5 M in cyclohexane/benzene, 6.22 mmol) was added dropwise and the reaction mixture was 

gently refluxed for 24 h. After treating the mixture with NaOH 10% following usual workup to yield 300 mg of 
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a yellow oily product, which was purified by recrystallization; 2 mL of an ethanolic solution of fumaric acid 

(166 mg, 1.43 mmol) was added to a solution of the crude amine in 2 mL ethanol. The mixture was 

evaporated under vacuum, to yield a white colored crystal residue which was treated with diethyl ether and 

filtered under vacuum to afford 60 mg (yield 10%) of the fumarate salt of amine 16d; Yield 65 mg (10%), 

(Table 9, entry 9); Characterization of compound 16d is included in compounds synthesized by Procedure A. 

 

1-(Tricyclo[3.3.1.13,7]dec-1-yl)cyclopentanamine 19d. Kulinkovich-de Meijere reaction protocol: A solution 

of 1-adamantanenitrile 30 (300 mg, 1.86 mmol) in ether (5 mL) was added dropwise to a 2 molar excess of 

BrMg(CH2)2MgBr (3M in dry ether, obtained from dibromobutane with 2.2 equivalents of Mg). After stirring 

the mixture for 30 min, 1 equiv of Ti(Oi-Pr)4 (529 mg, 1.86 mmol) was added successively at rt and the 

reaction mixture was allowed to stir at room temperature under argon atmosphere for 24 h. After a 

dropwise addition of an equal volume of a sodium hydroxide 10% w/v solution under ice cooling, the 

mixture was stirred for 30 min and filtered under vacuum. The filtrate was extracted with diethyl ether 

(2x10mL). The combined ethereal phases were extracted with 30 mL (2x15 mL) of hydrochloric acid 6% w/v. 

The aqueous phase was separated and made alkaline through addition of an excess solid sodium carbonate 

under ice-cooling. The aqueous phase was extracted two times with 15 mL of dichloromethane. The 

combined organic extracts were washed 2 times with an equal volume of water and brine, dried (Na2SO4) 

and evaporated under vacuum to yield 173 mg of a yellow oily product, which was purified by 

recrystallization; 2 mL of an ethanolic solution of fumaric acid (94 mg, 0.829 mmol) was added to a solution 

of the crude amine in 2 mL ethanol. The mixture was evaporated under vacuum, to yield a white colored 

crystal residue which was treated with diethyl ether and filtered under vacuum to afford 60 mg (yield 10%) 

of the fumarate salt of 3-(1-adamantyl)-pentan-3-amine 19d; Characterization of compound 19d is included 

in compounds synthesized by Procedure A. 
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4.5.2 Computational chemistry details 

 

All structures included by the isodesmic reaction R3CH + 1-Ad+ → R3C
+ + AdH were fully optimized at the 

B3LYP/6-31+G**30 level using PCM31 as continuous solvent model; calculations were performed using the 

GAUSSIAN 03 package (detailed results of the thermochemistry calculations, that is, SCF energies, SCF + ZPVE 

energies, enthalpies, free energies and cartesian coordinates for the optimized structures of the species 

included in the isodesmic reaction can be found in the Supporting Information). Frequency calculations were 

also performed at the B3LYP/6-31+G** to locate minima; no imaginary frequencies were found.  

 

 

4.5.3 Dynamic NMR Spectroscopy 

The low temperature NMR spectra were obtained by using a flow of dry nitrogen which entered into an inox 

steel heat exchanger immersed in liquid nitrogen and connected to the NMR probe head by a vacuum-

insulated transfer line. The 600 MHz 1H spectra were acquired using a 5 mm direct probe with a 9000 Hz 

spectral width, 2.0 µs (20° tip angle) pulse width, 3 s acquisition time and 1 s delay time. A shifted sine bell 

weighting function equal to the acquisition time (i.e., 3 s) was applied before the Fourier transformation. 

Temperature calibrations were performed before the experiments, using a digital thermometer and a Cu/Ni 

thermocouple placed in an NMR tube filled with isopentane The uncertainty in the temperature 

measurements can be estimated from the calibration curve as ±1 °C. Line shape simulations were performed 

using a PC version of the QCPE DNMR6 program.68 Electronic superimposition of the original and the 

simulated spectra enabled the determination of the most reliable rate constants at a few different 

temperatures. These constants provided the free energies of activation (G≠) by means of the Eyring 

equation. Within the experimental uncertainty, the latter values were found essentially invariant in the 

examined temperature range, thus implying an almost negligible activation entropy S≠.70 
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4.7 Supporting Information 

 

Detailed results of the thermochemistry calculations (SCF energies, SCF + ZPVE energies, enthalpies, free energies 

and cartesian coordinates for the optimized structures of the species included in the isodesmic reaction in Table 

3).  

Table S1. Calculated results for the species included in the isodesmic reaction R3CH + 1-Ad+ → R3C
+ + Ad 

(R=Et, Pr, Bu) in 1,2-dichloroethane (DCE), dichloromethane (DCM) and chloroform (CFM) using PCM model 

as the continuous solvent model. 

 

 

 

 

 

 

 

 

 

 

 

4-n-propyl-heptane 

Solvent SCF Energy SCF Energy + zpve Enthalpy Entropy Free Energy 

DCE -247473.95 -247284.5753 -247275.3773 34.67177642 -247310.0491 

DCM -247473.95 -247284.5602 -247275.3616 34.67114891 -247310.0327 

CFM -247473.91 -247284.4522 -247275.2554 34.66738385 -247309.9228 

 

 

5-n-butyl-nonane 

Solvent SCF Energy SCF Energy + zpve Enthalpy Entropy Free Energy 

DCE -321490.21 -321247.5404 -321235.7357 41.78585039 -321277.5216 

DCM -321490.20 -321247.5209 -321235.7162 41.78522288 -321277.5014 

CFM -321490.1455 -321247.3847 -321235.5812 41.78459537 -321277.3658 

 

 

adamantane 

Solvent SCF Energy SCF Energy + zpve Enthalpy Entropy Free Energy 

DCE -245202.58 -245049.7712 -245044.8766 22.68697455 -245067.5636 

DCM -245202.58 -245049.7613 -245044.8668 22.68634704 -245067.5531 

CFM -245202.56 -245049.6924 -245044.7991 22.68446451 -245067.4835 

 

 

Adamantane1-cation 

Solvent SCF Energy SCF Energy + zpve Enthalpy Entropy Free Energy 

DCE -244683.99 -244539.1033 -244534.0073 24.45592352 -244558.4632 

DCM -244683.28 -244538.5125 -244533.3957 24.49545661 -244557.8912 

CFM -244678.65 -244533.9013 -244528.7808 24.50235922 -244553.2832 

 

 

Tri n-propyl cation 

Solvent SCF Energy SCF Energy + zpve Enthalpy Entropy Free Energy 

DCE -246955.13 -246772.81 -246763.64 34.5764 -246798.22 

DCM -246954.50 -246772.16 -246763.00 34.5350 -246797.53 

CFM -246949.79 -246767.33 -246758.21 34.3549 -246792.57 

 

 

Tri n-butyl cation 

Solvent SCF Energy SCF Energy + zpve Enthalpy Entropy Free Energy 

DCE -320972.37 -320737.95 -320726.25 40.6293 -320766.87 

DCM -320971.70 -320737.26 -320725.57 40.5992 -320766.17 

CFM -320966.76 -320732.23 -320720.57 40.4913 -320761.06 
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Example of a Gaussian program format used to run a representative calculation for 3-ethylpentane in 

chloroform 

 

$RunGaus 

%mem=12000Mb 

%nproc=8 

%chk=3_ethyl_pentane_chloroform.chk 

# opt b3lyp/6-31+g(d,p) scrf=(iefpcm,solvent=chloroform)   

 

3_ethyl_pentane_chloroform 

 

0 1 

 

--Link1-- 

%mem=12000Mb 

%nproc=8 

%chk=3_ethyl_pentane_chloroform.chk 

#freq b3lyp/6-31+g(d,p) scrf=(iefpcm,solvent=chloroform)   

guess=read geom=check 

 

3_ethyl_pentane_chloroform 

 

0 1 

 

--Link1-- 

$RunGaus 

%mem=12000Mb 

%nproc=8 

%chk=3_ethyl_pentane_chloroform.chk 

#b3lyp/6-31+g(d,p) scrf=(iefpcm,solvent=chloroform)   

POP=NBOREAD 

guess=read geom=check 

 

3_ethyl_pentane_chloroform 
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0 1 

 

$NBO BNDIDX $END 

 

--Link1-- 

%mem=12000Mb 

%nproc=8 

%chk=3_ethyl_pentane_chloroform.chk 

#b3lyp/6-31+g(d,p) scrf=(iefpcm,solvent=chloroform)   

Output=wfn 

guess=read geom=check 

 

3_ethyl_pentane_chloroform 

 

0 1 

 

3_ethyl_pentane_chloroform.wfn 

 

Cartesian coordinates level of species optimized at the B3LYP/6-31+G** ; species are included by the 

isodesmic reaction R3CH + 1-Ad+ → R3C
+ + Ad (R=Et, Pr, Bu) in 1,2-dichloroethane (DCE), dichloromethane 

(DCM) and chloroform (CFM) using PCM model as the continuous solvent model. 

 

1-adamantane cation-DCE 

1 1  

C 0.637672 1.29647 1.122213 

C 0.640062 1.300002 -0.50405 

H 1.668962 1.351515 1.472194 

C 1.460316 0.094449 -0.98463 

C -0.81502 1.213551 -0.98665 

H 1.106148 2.247125 -0.78958 

C 0.806831 -1.20667 -0.49758 

H 1.496925 0.093732 -2.07997 

H 2.494833 0.1639 -0.63254 
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C 0.802274 -1.19501 1.128337 

C -0.64678 -1.31671 -0.97936 

H 1.394651 -2.08502 -0.77824 

C 0.000573 0.00385 1.343753 

H 0.333768 -2.11394 1.482169 

H 1.831025 -1.11161 1.48001 

C -1.43812 -0.0913 1.1264 

H 0.052386 2.147348 1.472013 

H -1.99958 0.775992 1.475517 

H -1.88151 -1.02183 1.482143 

H -1.1041 -2.2457 -0.62292 

H -0.66443 -1.35458 -2.07452 

H -0.83599 1.242432 -2.08203 

C -1.44771 -0.09795 -0.49951 

H -1.39198 2.075523 -0.63579 

H -2.50169 -0.16895 -0.78196 

 

1-adamantane cation-DCM 

1 1 

C -1.12221 -0.89533 1.132329 

C -1.14184 -0.89876 -0.49333 

H -2.07354 -0.5024 1.492225 

C -1.3677 0.541524 -0.97395 

C 0.204641 -1.4482 -0.98569 

H -1.97252 -1.55358 -0.77084 

C -0.2134 1.435558 -0.4989 

H -1.41185 0.555776 -2.06888 

H -2.32837 0.923959 -0.61315 

C -0.20138 1.425976 1.127203 

C 1.142164 0.907672 -0.99077 

H -0.36798 2.480879 -0.78037 

C 0.009522 -0.00043 1.343565 

H 0.619046 2.054986 1.474497 

H -1.16387 1.793375 1.484818 
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C 1.347796 -0.53201 1.117589 

H -0.95438 -1.91481 1.480935 

H 1.486731 -1.55506 1.468374 

H 2.150805 0.120328 1.461762 

H 1.957726 1.54985 -0.64199 

H 1.165471 0.932057 -2.08624 

H 0.203018 -1.48483 -2.08107 

C 1.344043 -0.53607 -0.50934 

H 0.356147 -2.47403 -0.63384 

H 2.323723 -0.9262 -0.79853 

 

1-adamantane cation-CMF 

1 1 

C -0.21545 1.42355 1.127981 

C -0.21924 1.434797 -0.49832 

H 0.599615 2.056968 1.479989 

C 1.141827 0.916075 -0.98389 

C -1.36542 0.534387 -0.98084 

H -0.37873 2.479501 -0.77962 

C 1.350668 -0.52705 -0.50273 

H 1.169824 0.941164 -2.07919 

H 1.951978 1.563419 -0.63196 

C 1.344693 -0.52604 1.12343 

C 0.219347 -1.44573 -0.98604 

H 2.334111 -0.91105 -0.78788 

C 0.001695 -0.0025 1.344061 

H 1.488648 -1.54864 1.47413 

H 2.141829 0.129817 1.475042 

C -1.12442 -0.90273 1.126226 

H -1.18093 1.786481 1.482014 

H -2.0804 -0.51476 1.479415 

H -0.95565 -1.92201 1.475391 

H 0.375666 -2.47126 -0.63551 

H 0.22385 -1.48181 -2.08147 
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H -1.4032 0.550409 -2.07601 

C -1.13324 -0.90538 -0.5007 

H -2.33087 0.910566 -0.62602 

H -1.95845 -1.565 -0.78338 

 

Adamantane DCE 

0 1 

C 0 1.781806 0 

C 0.893024 0.893024 0.893024 

H -0.62427 2.435782 0.624265 

C 0 0 1.781806 

C 1.781806 0 0 

H 1.526924 1.526924 1.526924 

C -0.89302 -0.89302 0.893024 

H 0.624265 -0.62427 2.435782 

H -0.62427 0.624265 2.435782 

C -1.78181 0 0 

C 0 -1.78181 0 

H -1.52692 -1.52692 1.526924 

C -0.89302 0.893024 -0.89302 

H -2.43578 -0.62427 -0.62427 

H -2.43578 0.624265 0.624265 

C 0 0 -1.78181 

H -1.52692 1.526924 -1.52692 

H 0.624265 2.435782 -0.62427 

H 0.624265 0.624265 -2.43578 

H -0.62427 -0.62427 -2.43578 

H -0.62427 -2.43578 -0.62427 

H 0.624265 -2.43578 0.624265 

H 2.435782 -0.62427 0.624265 

C 0.893024 -0.89302 -0.89302 

H 2.435782 0.624265 -0.62427 

H 1.526924 -1.52692 -1.52692 
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Adamantane DCM 

0 1 

C 0 1.781804 0 

C 0.893024 0.893024 0.893024 

H -0.62425 2.435799 0.624254 

C 0 0 1.781804 

C 1.781804 0 0 

H 1.526924 1.526924 1.526924 

C -0.89302 -0.89302 0.893024 

H 0.624254 -0.62425 2.435799 

H -0.62425 0.624254 2.435799 

C -1.7818 0 0 

C 0 -1.7818 0 

H -1.52692 -1.52692 1.526924 

C -0.89302 0.893024 -0.89302 

H -2.4358 -0.62425 -0.62425 

H -2.4358 0.624254 0.624254 

C 0 0 -1.7818 

H -1.52692 1.526924 -1.52692 

H 0.624254 2.435799 -0.62425 

H 0.624254 0.624254 -2.4358 

H -0.62425 -0.62425 -2.4358 

H -0.62425 -2.4358 -0.62425 

H 0.624254 -2.4358 0.624254 

H 2.435799 -0.62425 0.624254 

C 0.893024 -0.89302 -0.89302 

H 2.435799 0.624254 -0.62425 

H 1.526924 -1.52692 -1.52692 

 

Adamantane CFM 

0 1 

C 0 1.78179 0 

C 0.893024 0.893024 0.893024 

H -0.62418 2.435913 0.624181 
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C 0 0 1.78179 

C 1.78179 0 0 

H 1.526918 1.526918 1.526918 

C -0.89302 -0.89302 0.893024 

H 0.624181 -0.62418 2.435913 

H -0.62418 0.624181 2.435913 

C -1.78179 0 0 

C 0 -1.78179 0 

H -1.52692 -1.52692 1.526918 

C -0.89302 0.893024 -0.89302 

H -2.43591 -0.62418 -0.62418 

H -2.43591 0.624181 0.624181 

C 0 0 -1.78179 

H -1.52692 1.526918 -1.52692 

H 0.624181 2.435913 -0.62418 

H 0.624181 0.624181 -2.43591 

H -0.62418 -0.62418 -2.43591 

H -0.62418 -2.43591 -0.62418 

H 0.624181 -2.43591 0.624181 

H 2.435913 -0.62418 0.624181 

C 0.893024 -0.89302 -0.89302 

H 2.435913 0.624181 -0.62418 

H 1.526918 -1.52692 -1.52692 

 

Tripropylcation DCE 

1 1  

C -0.0693 -0.03906 0.149056 

C 0.970347 -1.06126 -0.07011 

C -1.3848 -0.21802 -0.47302 

C 0.155197 1.093323 1.054553 

H -1.94945 0.71666 -0.4921 

H -1.29256 -0.63523 -1.47996 

C -2.21087 -1.25355 0.398949 

C 2.453433 -0.6249 -0.12076 
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H 0.844603 -1.70128 0.829715 

H 0.714794 -1.6944 -0.92477 

C 0.692358 2.363763 0.264038 

H -0.78405 1.385923 1.534447 

H 0.903237 0.847318 1.811205 

C -3.62027 -1.4132 -0.17426 

H -1.68589 -2.21257 0.401067 

H -2.25819 -0.89471 1.431363 

C 3.380186 -1.84041 -0.22282 

H 2.598449 0.023013 -0.99142 

H 2.709622 -0.04033 0.767717 

H 4.422494 -1.51483 -0.28751 

H 3.282583 -2.49022 0.653478 

H 3.158902 -2.43651 -1.11448 

H -4.17681 -2.13616 0.43064 

H -4.16735 -0.4656 -0.15914 

H -3.59268 -1.78097 -1.20452 

H 0.975027 3.057225 1.06131 

H 1.609988 2.098404 -0.2657 

C -0.30768 3.029717 -0.67828 

H 0.123576 3.963941 -1.05187 

H -0.54612 2.412285 -1.5491 

H -1.24181 3.279638 -0.16439 

 

Tripropylcation DCM 

1 1  

C -0.06975 -0.03864 0.148671 

C 0.969354 -1.06134 -0.07131 

C -1.38555 -0.21654 -0.47298 

C 0.15558 1.093295 1.054474 

H -1.94979 0.718391 -0.49125 

H -1.29434 -0.63344 -1.48017 

C -2.21156 -1.25212 0.399241 

C 2.452932 -0.6264 -0.12061 



Tert-alkyl amines analogues of amantadine 
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H 0.842746 -1.7026 0.82754 

H 0.713686 -1.69327 -0.92683 

C 0.694545 2.363093 0.263896 

H -0.78346 1.387096 1.534066 

H 0.903152 0.846565 1.81138 

C -3.62078 -1.41252 -0.17422 

H -1.68626 -2.21098 0.402007 

H -2.25926 -0.89273 1.43147 

C 3.378563 -1.8428 -0.2222 

H 2.599391 0.021714 -0.99088 

H 2.708919 -0.04228 0.768242 

H 4.421156 -1.51823 -0.28688 

H 3.280283 -2.49223 0.654295 

H 3.156906 -2.439 -1.11368 

H -4.17734 -2.13488 0.431357 

H -4.16807 -0.46503 -0.16022 

H -3.59297 -1.78144 -1.20405 

H 0.978558 3.055976 1.061196 

H 1.61161 2.096373 -0.26612 

C -0.30489 3.030639 -0.6779 

H 0.127808 3.963944 -1.05203 

H -0.54516 2.413517 -1.54845 

H -1.2382 3.282489 -0.16345 

 

 

Tripropylcation CFM 

1 1 

 

C -0.07181 -0.03839 0.147385 

C 0.966929 -1.06219 -0.0725 

C -1.38657 -0.21403 -0.47641 

C 0.152909 1.091627 1.055409 

H -1.95002 0.721402 -0.49589 

H -1.29675 -0.63285 -1.48298 



Tert-alkyl amines analogues of amantadine 
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C -2.21365 -1.24812 0.398302 

C 2.451762 -0.62992 -0.11733 

H 0.838155 -1.70662 0.823779 

H 0.712375 -1.69179 -0.93025 

C 0.699861 2.36036 0.266647 

H -0.78702 1.389381 1.530858 

H 0.896937 0.843159 1.815432 

C -3.62423 -1.40622 -0.17281 

H -1.68976 -2.20792 0.400592 

H -2.25899 -0.88824 1.430605 

C 3.375084 -1.8477 -0.22261 

H 2.601453 0.022199 -0.98409 

H 2.706854 -0.05017 0.774738 

H 4.418291 -1.52501 -0.28388 

H 3.274513 -2.50089 0.650791 

H 3.154588 -2.43971 -1.11709 

H -4.18056 -2.12749 0.434075 

H -4.17047 -0.4582 -0.15791 

H -3.59941 -1.7758 -1.20238 

H 0.982287 3.052107 1.065547 

H 1.61901 2.090603 -0.2582 

C -0.29305 3.031209 -0.67957 

H 0.143743 3.963888 -1.0502 

H -0.53032 2.416542 -1.55274 

H -1.22832 3.285657 -0.16993 

 

 

Tri-n-butyl cation DCE 

1 1 

C -0.09311 -0.14241 0.306147 

C -1.3479 0.545709 -0.03391 

C 1.179101 0.60228 0.281538 

C -0.11374 -1.55344 0.717467 

H 1.80236 0.071487 -0.46105 



Tert-alkyl amines analogues of amantadine 
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C 1.187619 2.109506 0.016014 

H 1.698166 0.363604 1.22485 

C -2.68879 -0.18293 0.072041 

H -1.35591 1.488846 0.537721 

H -1.17945 0.91529 -1.0651 

C 1.169867 -2.39379 0.74933 

H -0.52583 -1.44748 1.746385 

H -0.92523 -2.07364 0.194247 

H 0.972697 -3.25245 1.400025 

C 1.598907 -2.91135 -0.63478 

H 1.990569 -1.84216 1.220573 

C 2.854723 -3.78641 -0.56318 

H 0.77242 -3.48753 -1.06977 

H 1.779929 -2.07238 -1.31923 

H 3.133618 -4.15303 -1.5561 

H 3.70609 -3.22576 -0.16089 

H 2.691838 -4.65698 0.08226 

C 2.616113 2.674771 0.02273 

H 0.718915 2.326192 -0.95135 

H 0.59324 2.624107 0.781328 

C 2.651629 4.18506 -0.2316 

H 3.088814 2.453149 0.988598 

H 3.213131 2.159134 -0.7409 

H 3.679981 4.559785 -0.22071 

H 2.21541 4.432837 -1.20611 

H 2.089001 4.729401 0.53552 

C -3.86051 0.733864 -0.30999 

H -2.69405 -1.0615 -0.58438 

H -2.83182 -0.54782 1.096572 

C -5.21562 0.026318 -0.21201 

H -3.85845 1.61714 0.342171 

H -3.71024 1.10302 -1.33296 

H -6.03104 0.701861 -0.4891 

H -5.25856 -0.84181 -0.87973 



Tert-alkyl amines analogues of amantadine 
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H -5.40539 -0.32638 0.808302 

 

Tri-n-butyl cation DCM 

1 1 

C -0.09308 -0.14224 0.305606 

C -1.34781 0.546166 -0.03419 

C 1.179299 0.60215 0.280587 

C -0.11406 -1.55319 0.717185 

H 1.801728 0.071525 -0.46292 

C 1.18824 2.109568 0.016104 

H 1.699443 0.362523 1.223064 

C -2.68873 -0.18246 0.071158 

H -1.35561 1.488693 0.538632 

H -1.17957 0.917493 -1.06478 

C 1.169338 -2.39393 0.749502 

H -0.52664 -1.447 1.745932 

H -0.9256 -2.07328 0.193832 

H 0.972079 -3.25203 1.400878 

C 1.597817 -2.91259 -0.63436 

H 1.990381 -1.84226 1.220126 

C 2.853697 -3.78751 -0.56267 

H 0.771201 -3.48921 -1.06853 

H 1.778442 -2.07415 -1.31963 

H 3.132137 -4.15483 -1.55543 

H 3.705242 -3.22661 -0.16116 

H 2.691144 -4.65765 0.083409 

C 2.61694 2.674394 0.022487 

H 0.719059 2.327282 -0.9508 

H 0.594386 2.623804 0.782101 

C 2.652854 4.184784 -0.23107 

H 3.089977 2.452128 0.988046 

H 3.213496 2.158941 -0.74163 

H 3.681351 4.559026 -0.22055 

H 2.21626 4.433313 -1.20521 



Tert-alkyl amines analogues of amantadine 
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H 2.090964 4.728996 0.53666 

C -3.86054 0.734769 -0.30954 

H -2.69415 -1.06028 -0.58633 

H -2.83159 -0.54869 1.095253 

C -5.21565 0.027299 -0.21137 

H -3.85803 1.617603 0.343223 

H -3.71069 1.104641 -1.3323 

H -6.03107 0.703107 -0.48771 

H -5.25906 -0.84039 -0.87961 

H -5.40508 -0.32596 0.808796 

 

Tri-n-butyl cation CFM 

1 1 

C -0.09335 -0.14103 0.304274 

C -1.34767 0.548901 -0.03484 

C 1.180418 0.600972 0.276896 

C -0.11653 -1.55173 0.717546 

H 1.79966 0.068978 -0.46881 

C 1.193701 2.108778 0.014216 

H 1.704491 0.358094 1.216546 

C -2.68987 -0.17752 0.071423 

H -1.35316 1.491494 0.538482 

H -1.18139 0.923055 -1.06487 

C 1.165299 -2.39512 0.750155 

H -0.53002 -1.4446 1.746043 

H -0.92972 -2.07063 0.195095 

H 0.967546 -3.25156 1.403418 

C 1.590911 -2.91735 -0.63339 

H 1.988379 -1.84462 1.218754 

C 2.843665 -3.79661 -0.56147 

H 0.762051 -3.49181 -1.06614 

H 1.773928 -2.08049 -1.3204 

H 3.12083 -4.16453 -1.55413 

H 3.697283 -3.23926 -0.15967 



Tert-alkyl amines analogues of amantadine 
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H 2.677903 -4.66642 0.083937 

C 2.624106 2.669922 0.021894 

H 0.725559 2.32945 -0.95258 

H 0.600633 2.623946 0.780355 

C 2.664444 4.180584 -0.22871 

H 3.096502 2.444316 0.987015 

H 3.219361 2.154306 -0.74316 

H 3.69402 4.551147 -0.21694 

H 2.229657 4.432712 -1.20263 

H 2.104473 4.725434 0.539818 

C -3.86056 0.741884 -0.30795 

H -2.69744 -1.05514 -0.58653 

H -2.83245 -0.54451 1.095389 

C -5.21659 0.036282 -0.21104 

H -3.85676 1.623994 0.345819 

H -3.70957 1.112907 -1.33011 

H -6.03032 0.713417 -0.48819 

H -5.26112 -0.83108 -0.87946 

H -5.40819 -0.31645 0.808833 

 

4-n-propyl-heptane-DCE 

0 1 

 

C 0.20492 -0.00465 0.592223 

H 0.429043 0.357282 1.608794 

C -0.83658 -1.13703 0.76458 

C -0.32918 1.20453 -0.20839 

C 1.531168 -0.53994 0.00544 

C -1.35989 -1.79164 -0.52378 

H -0.38733 -1.91784 1.395202 

H -1.69393 -0.7536 1.333888 

H -0.52459 0.899855 -1.24682 

C -1.5872 1.872659 0.365631 

H 0.461258 1.964074 -0.26519 



Tert-alkyl amines analogues of amantadine 
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C -2.37362 -2.90827 -0.24262 

H -1.83001 -1.03391 -1.16372 

H -0.52261 -2.20405 -1.10109 

H -2.73639 -3.36332 -1.17106 

H -1.92711 -3.70375 0.366396 

H -3.24397 -2.52375 0.302808 

C -1.98194 3.145324 -0.39434 

H -2.42967 1.170204 0.346946 

H -1.41568 2.117592 1.42345 

H -2.88427 3.600962 0.028568 

H -1.18093 3.893511 -0.35716 

H -2.18282 2.928009 -1.45052 

H 1.398942 -0.76544 -1.06253 

C 2.743022 0.389562 0.174136 

H 1.765042 -1.49828 0.491733 

C 4.04523 -0.22707 -0.35143 

H 2.565026 1.340836 -0.34247 

H 2.860263 0.63552 1.239093 

H 4.893168 0.453469 -0.21542 

H 4.280368 -1.16192 0.171737 

H 3.97055 -0.45633 -1.42134 

 

4-n-propyl-heptane-DCM 

 

0 1 

 

C 0.204926 -0.00466 0.592252 

H 0.429039 0.357254 1.608832 

C -0.83659 -1.13703 0.764587 

C -0.32913 1.204541 -0.20835 

C 1.531173 -0.53996 0.005477 

C -1.35991 -1.79161 -0.52378 

H -0.38738 -1.91785 1.39521 

H -1.69392 -0.7536 1.333926 



Tert-alkyl amines analogues of amantadine 
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H -0.52443 0.899921 -1.24682 

C -1.58722 1.872627 0.36559 

H 0.461288 1.964102 -0.26506 

C -2.37366 -2.90823 -0.24265 

H -1.83001 -1.03386 -1.16373 

H -0.52265 -2.20401 -1.1011 

H -2.73644 -3.36325 -1.17109 

H -1.92719 -3.70373 0.366351 

H -3.24401 -2.52373 0.30279 

C -1.9819 3.145337 -0.39433 

H -2.42969 1.170167 0.346794 

H -1.41581 2.117483 1.423446 

H -2.88428 3.600931 0.028507 

H -1.18093 3.893548 -0.35702 

H -2.18266 2.928123 -1.45055 

H 1.398932 -0.76554 -1.06247 

C 2.743024 0.389558 0.174083 

H 1.765067 -1.49828 0.491804 

C 4.045236 -0.22711 -0.35142 

H 2.565021 1.340783 -0.34261 

H 2.860265 0.63564 1.239011 

H 4.893168 0.453444 -0.21548 

H 4.280401 -1.16191 0.171816 

H 3.970579 -0.45648 -1.4213 

 

4-n-propyl-heptane-CFM 

0 1 

C -2.37392 -2.90797 -0.24283 

C -1.36004 -1.79145 -0.52377 

C -0.83668 -1.13699 0.764626 

C 0.204968 -0.00472 0.592417 

C 1.531204 -0.54008 0.005689 

C 2.743038 0.38955 0.173747 

C 4.045283 -0.22733 -0.35135 



Tert-alkyl amines analogues of amantadine 
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C -0.32889 1.204614 -0.2081 

C -1.58734 1.872426 0.365332 

C -1.9817 3.145409 -0.39425 

H 0.42902 0.357085 1.609056 

H -0.38768 -1.91789 1.395288 

H -1.69388 -0.7536 1.334159 

H -0.52346 0.900341 -1.24681 

H 0.461454 1.964284 -0.2643 

H -1.82996 -1.03363 -1.16381 

H -0.52283 -2.20388 -1.10114 

H -2.73672 -3.36289 -1.17127 

H -1.92769 -3.70361 0.366122 

H -3.24431 -2.52363 0.302639 

H -2.42978 1.169925 0.345851 

H -1.4167 2.116787 1.423422 

H -2.8844 3.600721 0.02813 

H -1.18095 3.893792 -0.35613 

H -2.18168 2.928849 -1.45073 

H 1.398871 -0.76613 -1.06214 

H 1.765226 -1.49828 0.492192 

H 2.564999 1.340465 -0.3435 

H 2.86026 0.636422 1.238498 

H 4.893177 0.453317 -0.21584 

H 4.280639 -1.16179 0.172349 

H 3.970799 -0.45742 -1.42107 

 

5_nButyl_nonane-DCE 

0 1 

C 3.802276 -1.46243 -0.511 

C 2.601864 -0.94539 0.29456 

H 3.839145 -0.94075 -1.47764 

H 3.650417 -2.52571 -0.74338 

C 5.14153 -1.2853 0.214143 

H 5.14715 -1.82229 1.170404 



Tert-alkyl amines analogues of amantadine 
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H 5.975517 -1.6655 -0.38622 

H 5.338981 -0.22775 0.427173 

H 2.556571 -1.47905 1.255747 

H 2.771388 0.111732 0.538855 

C 1.265202 -1.11093 -0.44223 

C 0.001499 -0.75181 0.371425 

H 1.288016 -0.51828 -1.36793 

H 1.172878 -2.15897 -0.76137 

C -1.26177 -1.11364 -0.44172 

H 0.002415 -1.39933 1.263288 

C 0.000051 0.704254 0.897929 

C -2.59867 -0.94921 0.294836 

H -1.2854 -0.522 -1.36805 

H -1.16794 -2.16189 -0.75974 

C -3.79837 -1.46835 -0.51048 

H -2.55284 -1.48208 1.256434 

H -2.76956 0.107883 0.538302 

C -5.13794 -1.29223 0.214293 

H -3.83569 -0.94746 -1.47754 

H -3.64519 -2.53162 -0.74201 

H -5.97133 -1.67424 -0.38574 

H -5.14295 -1.82816 1.171154 

H -5.33686 -0.23471 0.426112 

H -0.87202 0.840047 1.550949 

H 0.873828 0.842856 1.548052 

C -0.00355 1.815089 -0.16329 

C -0.00312 3.223946 0.44761 

H 0.872945 1.713911 -0.818 

H -0.88332 1.712442 -0.81333 

C -0.00825 4.341372 -0.60204 

H -0.87933 3.334022 1.101834 

H 0.877421 3.336202 1.095598 

H -0.00755 5.331626 -0.13295 

H 0.874187 4.279387 -1.25045 



Tert-alkyl amines analogues of amantadine 
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H -0.89542 4.277482 -1.24378 

 

5_nButyl_nonane_DCM 

0 1 

C 3.802265 -1.4625 -0.51097 

C 2.601854 -0.94537 0.294536 

H 3.839147 -0.94092 -1.47767 

H 3.650385 -2.52578 -0.74328 

C 5.141517 -1.28534 0.214164 

H 5.147146 -1.82225 1.170465 

H 5.975502 -1.66558 -0.38616 

H 5.339009 -0.22778 0.427139 

H 2.55655 -1.47893 1.255778 

H 2.771402 0.111763 0.538778 

C 1.265191 -1.11093 -0.44224 

C 0.00149 -0.7518 0.371409 

H 1.287983 -0.51834 -1.36798 

H 1.172874 -2.15897 -0.76138 

C -1.26178 -1.11363 -0.44174 

H 0.002401 -1.3993 1.263283 

C 0.00005 0.704259 0.897921 

C -2.59868 -0.94917 0.294811 

H -1.28538 -0.52205 -1.3681 

H -1.16796 -2.16188 -0.75976 

C -3.79838 -1.46838 -0.51046 

H -2.55285 -1.48194 1.256461 

H -2.76958 0.107937 0.538228 

C -5.13794 -1.29223 0.214314 

H -3.83572 -0.94759 -1.47757 

H -3.64519 -2.53166 -0.74192 

H -5.97134 -1.67428 -0.38568 

H -5.14297 -1.82808 1.171213 

H -5.3369 -0.2347 0.426079 

H -0.87201 0.840052 1.550955 



Tert-alkyl amines analogues of amantadine 
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H 0.873803 0.842845 1.548076 

C -0.00352 1.815102 -0.16329 

C -0.0031 3.223964 0.447602 

H 0.872959 1.713919 -0.81801 

H -0.88327 1.712458 -0.81337 

C -0.0082 4.341389 -0.60204 

H -0.87931 3.334051 1.10183 

H 0.877408 3.336217 1.095632 

H -0.0075 5.331642 -0.13296 

H 0.874239 4.279422 -1.25045 

H -0.89534 4.277528 -1.24381 

 

5_nButyl_nonane-CFM 

0 1 

C 3.802203 -1.46286 -0.5108 

C 2.601797 -0.94526 0.294412 

H 3.839124 -0.94193 -1.47784 

H 3.650211 -2.5262 -0.74275 

C 5.141448 -1.28553 0.214247 

H 5.147193 -1.82197 1.170784 

H 5.975416 -1.66606 -0.38587 

H 5.339195 -0.22797 0.426885 

H 2.556453 -1.47821 1.255986 

H 2.771472 0.111936 0.538351 

C 1.265112 -1.11099 -0.44227 

C 0.001432 -0.75176 0.37135 

H 1.287762 -0.51877 -1.36824 

H 1.172849 -2.15903 -0.76141 

C -1.26184 -1.11359 -0.44179 

H 0.00231 -1.39918 1.263298 

C 0.000048 0.704271 0.897902 

C -2.59875 -0.94891 0.294679 

H -1.28527 -0.52235 -1.36836 

H -1.16813 -2.16182 -0.75984 



Tert-alkyl amines analogues of amantadine 
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C -3.79847 -1.46851 -0.51031 

H -2.5529 -1.48112 1.256643 

H -2.76972 0.108258 0.537829 

C -5.13802 -1.29214 0.214388 

H -3.83583 -0.94833 -1.47774 

H -3.64523 -2.53184 -0.74145 

H -5.97142 -1.67443 -0.3854 

H -5.14318 -1.82754 1.171514 

H -5.33719 -0.23461 0.425838 

H -0.87192 0.840074 1.55103 

H 0.873643 0.842758 1.548265 

C -0.00339 1.815151 -0.16327 

C -0.00298 3.224053 0.447544 

H 0.873041 1.713927 -0.81807 

H -0.88296 1.712529 -0.8136 

C -0.00788 4.341459 -0.60208 

H -0.87913 3.334223 1.101807 

H 0.877333 3.3363 1.095839 

H -0.0072 5.331709 -0.13306 

H 0.874567 4.279599 -1.25046 

H -0.89485 4.277786 -1.24407 
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CHAPTER 5 
 
 
 
 

Discovery of resistance-breaking inhibitors targeting the M2 
proton channel of influenza A viruses 
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5.1 Abstract 

 

Influenza virus infections lead to numerous deaths and millions of hospitalizations each year. One challenge 

facing anti-influenza drug development is the heterogeneity of the circulating influenza viruses, which comprise 

several strains with variable susceptibility to antiviral drugs. For example, the wild-type (WT) influenza A 

viruses, such as the seasonal H1N1, tend to be sensitive to antiviral drugs, amantadine and rimantadine, while 

the S31N mutant viruses, such as the pandemic 2009 H1N1 (H1N1pdm09) and seasonal H3N2, as well as L26F, 

V27A, A30T, G34E are resistant to this class of drugs. We report here lead compounds that represent 

resistance-breaking inhibitors with good antiviral potencies against WT, S31N, L26F and at the same time 

moderate potencies against V27A, A30T, G34E. Electophysiology and molecular dynamics (MD) simulations of 

drug-M2 interactions supported the potency of the compounds against WT and S31N M2. Namely, the dual 

inhibitor binds in the WT M2 channel with an aromatic group facing down toward the C-terminus, while the 

same drug binds in the S31N M2 channel with its aromatic group facing up toward the N-terminus.  
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5.2 Introduction 

 

Amantadine 1 and rimantadine 2 (Scheme 1) are blockers of proton transport by viral ion channels, 1,2 and 

approved as prophylactics and therapeutics against influenza A viruses (IAV). 3The primary binding site of 1 and 

2 is the transmembrane domain lumen (TM, amino acids 22-46) in the four-helix bundle of tetrameric M2, that 

forms the proton transport path. 1,4 According to high resolution structures from X-ray and solid state NMR 

(ssNMR) experiments the M2TM protein channel is blocked by 1 and 2 via a pore-binding mechanism. 

5,6,7,8,9,10,11 The adamantyl cage in these molecules is tightly contacted on all sides by V27 and A30 side chains, 

producing a steric occlusion of proton transport 6,7,8,9 and thereby preventing the continuation of the viral life 

cycle. The ssNMR results also demonstrated that the ammonium group of the drug is pointing towards the four 

H37 residues at the C-end (Figure 1). 9 This orientation can be stabilized only through hydrogen bonds with 

water molecules in the channel lumen between the imidazoles of H37 and the ligand and possibly with A30 

carbonyls in the vicinity according to experimental and MD simulations data. 9,12,13,14,15,16,17,18 Provided that 

M2TM is a minimal model for M2 binding10, these high resolution structures can be used for the prediction of 

new ligands binding more effectively to the M2TM pore for example through MD simulations or more precisely 

by free energy calculations 19,20,21  

Resistance to M2 WT proton channel drugs is associated with mutations in the transmembrane domain 

of the M2 protein. The homotetrameric structure of the M2 channel places constraints on the types of drug-

resistant mutations that can be accommodated. 22 Amino acid substitution L26F, V27A, A30T, G34E and S31N 

were shown to confer cross-resistance to 1 and 2 demonstrating their impact for inhibitor binding in IAV. 

23,24,25,26,27 The vast majority, 95%, of resistant viruses bear the S31N substitution in M2, 1% have V27A, and 

L26F, A30T, and G34E are rare. 28,29 The substitution V27A most often emerged underdrug selection pressure. 

24,25 The other mutations confer amantadine resistance but this is not a result of the amantadine drug selection 

pressure. 24 The M2 S31N mutant is a natural mutation and one of the most conserved viral proteins among 

currently circulating influenza A viruses that happens to maintain nearly identical channel function as the M2 

WT but is resistant to amantadine. The presence of L26F, V27A, and particularly S31N in IAV circulating 

worldwide pushed the search for novel ion channel blockers with stronger, preferably resistance-overcoming 

activity.  

Few polycyclic amines 30,31 from Vazquez group were dual M2 WT as well as V27A inhibitors, see for 

example compounds 4-6 in Scheme 1. A 7,8,9,10-tetramethyl-3-azapentacyclotridecane 30 was found to be 

active against WT, V27A, and L26F mutant viruses, see compound 5 in Scheme 1. Between the 

aminoadamantane analogues synthesized by DeGrado group, 32,33 a spiroadamantanamine analogue, 34 see 



Aminoadamantane-polar head conjugates inhibiting multiple-influenza A viruses resistant to amantadine 

 
 

250 
 

compound 7 in Scheme 1, was reported as active against active against M2 WT, V27A, and L26F and 4-(1- and 

2-adamantyl)piperidines was a dual V27A and  WT inhibitor. Numerous other aminoadamantanes have been 

synthesized 35,36,37,38,39  but have not been tested for their ability to block M2 proton transport. Recently it was 

observed that few of these inhibit S31N viruses through a mechanism that was not M2 proton blockage. 38, 39  

Hu after testing that pinanamine is more active than amantadine against a M2 WT strain 40 found that 

the attachment of the 4-imidazole or p-hydroxyphenyl to the lipophilic amine pinanamine through a methylene 

bridge, see for example compound 14 in Scheme 1, led to dual activity against M2 WT and S31N viruses. 41,42  



Aminoadamantane-polar head conjugates inhibiting multiple-influenza A viruses resistant to amantadine 

 
 

251 
 

NH

9: R = H
10: R = Me

OR

NH

11: R = Me
12: R = Ph

O

N

R

NH

13

S

Br

Me Me

Me

HN

14

HO

HN NH2

NH

8

 
9:A/M2 wt IC50 = 59.0 μΜ 

A/M2 S31N IC50 = 35.2 μΜ 

10: A/M2 wt IC50 = 79.0 μΜ 

A/M2 S31N  IC50 = 43.1 μΜ 

 

 
11:A/M2 wt % block = 55 % 

A/M2 S31N IC50 = 104.0 μΜ 

12: A/M2 wt % block = 20 % 

A/M2 S31N  IC50 = 14.0 μΜ 

 

 
13:A/M2 wt IC50 = 4.6 μΜ 

A/M2 S31N IC50 = 1.8 μΜ 

 
14:A/M2 wt % block = 91 % 

A/M2 S31N % block = 0 % 

 
8 :A/M2 wt IC50 = 15.0 μΜ 

N

HN

NH2

1 2

NH2

Me Me

Me

NH2

3

N

NH

NH2 NH

NH

4

NH2

5 6 7

     A/M2 wt IC50 = 18.0 μM 

    A/M2 V27A IC50 = 0.70 μM 

    A/M2 S31N IC50 > 100 μM 

 A/M2 L26F IC50 = 8.6 μM 

 

 
 A/M2 wt IC50 = 3 μM 

A/M2 V27A IC50 = 0.29 μM 

A/M2 S31N IC50 > 100 μM 

 A/M2 wt IC50 = 2.1 μM 

A/M2 V27A IC50 = 17.2 μM 

A/M2 S31N IC50 > 100 μM 

 

 A/M2 wt IC50 = 18.7 μM 

A/M2 V27A IC50 = 0.3 μM 

A/M2 S31N IC50 > 100 μM 

A/M2 L26F IC50 = 5.6 μM 

 A/M2 wt IC50 = 16.1 μM  

 A/M2 V27A IC50 > 500 μM  

 A/M2 S31N IC50 = 200 μM 

 A/M2 wt IC50 = 16.1 μM  

A/M2 V27A IC50 > 500 μM   

A/M2 S31N IC50 = 200 μM 

 A/M2 wt IC50 = 6.02 μM 

A/M2 S31N IC50 > 100 μM 

 

Scheme 1. Representative aminoadamantanes or analogues and their polar head conjugates potency against 

M2 WT and amantantadine resistant M2 V27A, M2 L26F and M2 S31N viruses. 
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Extensive SAR investigations of molecules including an aryl derivative linked with amantadine analogue 

through a methylene bridge, see for example compounds 9-13 in Scheme 1, using electrophysiological testing, 

and antiviral assaying combined with MD simulations and solution NMR structural investigations of complexes 

with M2TM S31N were performed from DeGrado and Wang. 43,44,45,46,47,48 A ssNMR analysis of a system 

including compound 12 in complex with M2TM S31N in membrane bilayers showed that the compound's 

heterocyclic ring system may be trapped by the V27 side chains at N-terminus of the M2TM-pore with the 

isoxazole group forming hydrogen bonds with the N31 amide side chains. 49 Recent findings from MD 

simulations and OS (Oriented Sample) ssNMR spectra, ITC and electrophysiology revealed that different 

aminoadamantane ligands, for example compounds 17, 20 in Scheme 2, bind similarly to M2 WT. However the 

M2 N31 M2 mutation abolishes the lipophilic pocket enclosed by V27 side chains causing a propensity for 

amantadine variants to change orientation pointing ammonium group N-ward in the M2TM S31N pore 

compared to the tight C-ward orientation in the M2TM WT pore, see Chapters 2 and 3.14,50,51  

 

25: R = i-Pr 
26: R = F

R

NH2

 15 :R = H
 16: R = Me
 17: R = n-Pr

21: R = Me

22: R = Et

23: R = n-Pr

R R

NH2

NH2

30 31

HN

20

NH2

2827

NH2

NH2

29

R

NH NH2

NH

18: R = Me
19: R = n-Pr

R

NH2

NH

24

NH2

NH

NH2

 
 

 

Scheme 2. Aminoadamantanes tested and used as templates for connecting with polar heads through a 

methylene bridge. 

 

DeGrado and Wang suggested using solution NMR studies and MD simulations that dual inhibitors 

having an aminoadamantane-polar head conjugate structure, see for example compound 13 in Scheme 1, 

inhibiting both M2 WT and S31N. They showed that these compounds bind with different orientations to the 
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M2 WT relative to S31N proton channel. They oriented with their polar head C-ward inside the WT M2TM pore 

and N-ward inside the S31N M2TM pore i.e., there is a flipping in the pore.45 

In this campaign was investigated the potency of aminoadamantane analogues or other lipophilic amines 

and of their conjugates with polar head groups against the amantadine resistant strains L26F, V27A, A30T, 

G34E and S31N. Several modifications of amantadine template was tested: (a) the substitution at 3-position of 

adamantane with a propyl or fluorine group, see compounds 25, 26); (b) the 2-alkyl-2-aminoadamantane 

skeleton in compounds 15-17, 20; the addition of a CR2 methylene bridge or a phenyl group between 

adamantane and amino group resulting in rimantadine derivatives 21-23 or compound 27; (c) the guanidine 

group in derivatives 18, 19, 24 since this group was reported to boost in some cases the antiviral potency; (d) 

the expansion of adamantane to the diadamantoids in compounds 28, 29; (e) the tert-alkyl as open 

adamantane analogues in compounds 30, 31. The addition of a substituted isoxazolyl or thiophenyl or 

hydroxylphenyl group attached with lipophilic amine through a methylene bridge as applied by Wang and 

DeGrado in previous reported series 43,44,45,46,47,48 resulted in the polar head conjugates 32-62 (Scheme 3). These 

efforts resulted in several potent lead compounds with a high selectivity index against amantadine resistant 

influenza A viruses. 
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37: R1 = OH , R2 = H , R3 = H
38: R1 = H , R2 = OH , R3 = H
39: R1 = H , R2 = H , R3 = OH
40: R1 = OH , R2 = H , R3 = OMe
41: R1 = OH , R2 = H , R3 = OH

NH

R3

42:  R = Me 
43:  R = Ph

NH

O

N

R

NH

NH2

O

4432: R1= H, R2= Me

33: R1= H, R2= H

34: R1= Me, R2= Me

NH

R1

OR2

55: R = iPr
56: R = F

R

NH

OMe

R1 R2

NH

O

N

R3

49: R1 = Me, R2 = H,   R3 = Me

50: R1 = Me  R2 = H,   R3 = Ph

51: R1 = Me, R2 = Me, R3 = Ph

52: R1 = Et,   R2 = Et,   R3 = Ph

53: R1 = Pr, R2= Pr, R3 = Ph

Me Me

NH

S

Br

54

R1 R2

NH

OMe

45: R1 = Me, R2 = H

46: R1 = Me, R2 = Me 

47: R1 = Et,   R2  = Et

48: R1 = Pr, R2 = Pr

HO R1

R2

HO
HO

35:  R = Me 
36:  R = H

N

OR

NH

5857

NH

OMe

OMe

HO

HO

NH

59

OMe

HO

HO

NH

OMe

HO

NH

O

N
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OMe

HO

60 61 62

 

Scheme 3. Chemical structures of synthesized aminoadamantane-polar heads conjugates. 
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5.3 Results and Discussion 

 

5.3.1 Synthesis of aminoadamantane derivatives and other lipophilic amine analogues 15-31 

 

The synthesis of aminoadamantanes 15-17 38 20 52 and 21-23 53 and diamantoids analogs 28 and 29 54 was 

realized as previously described. Guanidine derivatives 18, 19 and 24 were prepared through the reaction of 

the corresponding amines 16, 17 and 21 with 1H-pyrazole-1-carboxamidine. 39 (Scheme 4). The yield was good 

to moderate depending the steric crowding around starting compound nucleophilic amine group. 

 

R

NH2

16: R = Me
17: R = n-Pr

CH3CN, Et3N, 70 oC, 6h

R

NH NH2

NH

18: R = Me (73%)
19: R = n-Pr (42%)

N
N

H2N NH

HCl

 

 

CH3CN, Et3N, 70 oC, 6h

N
N

H2N NH

HCl

NH

24 (32%)

NH2

NH

NH2

21
 

 

Scheme 4. Synthetic scheme of compounds 18, 19 and 24, analogues of 2-alkyl-2-aminoadamantane 

derivatives 16 and17 and of tert-alkyl amine 21 respectively. 

 

 For the synthesis of 3-isopropyl-1-aminoadamantane 25, tert-alkyl alcohol 63 was used as starting 

material prepared from the reaction of 1-adamantanecarbonyl chloride with methyl magnesium iodide. The 

alkyl metathesis of alcohol 63 afforded 3-isopropyl-1-adamantanol 64 after treatment with TFA in high yield. 55 

A modified Ritter included formation of chloroacetamide 65 in excellent yield which afforded amine 25 in 20% 

yield after treatment with thiourea in a micture of ethanol and acetic acid.  56 The synthesis of amines 16, 17 

and 21-23 has been previously described in Chapters 2 and 3. The synthesis of 3-fluoroamantadine 2 was 

accomplished with a sequence of high yield reactions based on the fluorination of methyl 3-hydroxyadamantyl 
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carboxylate ester using diethylaminosulfur trifluoride (DAST.) 57 Thus potassium permanganate-mediated 

bridgehead hydroxylation followed by DAST fluorination was utilized to sequentially insert bridgehead fluorine 

atoms. 3-Fluoroadamantyl Carboxylic acid was treated with diphenylphosphoryl azide 58, triethylamine and 

benzyl alcohol 70 ºC to afford benzyl carbamate 71. Hydrogenolysis (10 % Pd/C, HOAc) cleanly yielded amine 

26 as its acetate salt.  

 

1) TFA (10eq), 

 70 oC, 3h

2) Na2CO3 (aq.)

 reflux, 5h

OH

R

NH

R

NCCH2Cl

c.H2SO4, AcOH.

RT, 24h

CH2Cl
O

1) thiourea /
EtOH : AcOH (5:1)

reflux,10h

2) NaHCO3 10%

NH2

R

OH

R R

63: R = Me 64: R = i-Pr (84%) 65: R = i-Pr (96%) 25: R = i-Pr (20%)

O OH

KMNO4 (1.1 eq), KOH

66

O OH

70 oC, 3h
OH

1) TBAHSO4 (aq.), Na2CO3

RT, 40min

O OMe

2) CH3I / acetone
RT, 48h

OH

 DAST / DCM

O OMe

-78 oC then RT

2h

F

O OMe

F

 NaOH (aq.) (2eq)

RT, overnight

O OH

F

1) DPPA, Et3N / benzene
reflux, 45 min

2) BnOH
reflux, 72h

NHCOBn

F

H2., Pd / C
CH3COOH

RT , 5h

O

NH3

F

CH3COO

67 68 (83%) 69 (98%)

69 70 (88%) 71 (95%) 26 (75%)  
 

Scheme 5. Synthesis of 1-alkyl-3-aminoadamantane derivatives 25, 1-fluoro-3-aminoadamantane 26.  

 

For the synthesis of 4-(1-adamantyl)aniline 27, the reaction between 1-adamantanol 72 and toluene in 

the presence of TFA afforded 4-(1-adamantyl)toluene 73. Compound 73 was oxidized with potassium 

permanganate to yield a mixture of two carboxylic acids which were converted to the corresponding esters 75 

and the hydroxyderivative 74 in 48% and an 20% yield respectively from the hydrocarbon 73. Ester 74 was 

converted to carboxylic acid 76, acid chloride 77 and acyl azide 78 which produced the desired amine 27 after 

Curtius rearrangement in xylene at 105-130 ºC. For the synthesis of 4-isobutyl-2-methyloctan-4-amine 31 the 

reaction including di-isobutylketone 79 and freshly prepared butyl magnesium bromide yielded a mixture of 

the tert-alkyl alcohol 80 and 2,6-heptan-4-ol; heptanol was formed through a β-hydride transfer of the 

Grignard reagent. 59 The desired i-Bu2BuCOH (80) was obtained from the  addition of n-butyl lithium to ketone 
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79. Starting from alcohols 1b-7b and using CH2Cl2/TFA 1 M/NaN3, the azide 81 was afforded in 76% yield. The 

reduction of the tert-alkyl azides 81 using LiAlH4 in refluxing ether for 5 h yielded the primary tert-alkyl amine 

31 in 20% yield. 

75

1)NaOH /  EtOH : H2O
reflux, 2h

2)HCl : H2O, 1:2

0oC

76 (75%)

COOHCOOEt

27 (30%)

NH3 Cl

77

COCl

78 (55%)

CON3

0oC --> RT

30min

NaN3/  
acetone : H2O

1) xylene 

105 --> 130 oC

2) HCl 36%

90-95 oC

OH

72

RT, 12h

toluene/TFA

73 (86%)

CH3

2)HCl 15%
3) SOCl, reflux
4) EtOH, reflux

1)KMnO4 / pyridine:H2O

25--> 100 oC

76

COOH

SOCl2

reflux

COOEt

OH

74

 

 

LiAlH4

Et2O, reflux 5h

1) n-BuLi (3eq.),

79 80 (80%) 81 (76%)

NH2

31 (20%)

N3
OH

O

2) NH4Cl (aq), 0 oC

Et2O/hexane

NaN3 / TFA 1M 

 DCE

0 oC then RT, 24h

 

Scheme 6. Synthesis of 4-(1-adamantyl)aniline 27 and 4-isobutyl-2-methyloctan-4-amine 31. 
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5.3.2 Binding of lipophilic amines to M2TM WT 

 

In order to test if aminoadamantanes may provide useful templates for attaching a CH2-polar head fragment 

we estimate their ability to fit between M2TM WT pore walls by measuring their Kd values using Isothermal 

Titration Calorimetry (ITC).  

 

Table 1. Binding constants, and other thermodynamic parameters derived from ITC 
measurements for influenza A M2TM WT. 

 

M2TM WT 

Ligand 1 Kd
 2 ΔG 3,4 ΔH 3 TΔS 3,5 

1 2.17 ± 0.52 -31.78 ± 0.59 -27.73 ± 2.05 4.56 ± 2.13 

2 0.51 ± 0.26 -35.54 ± 0.29 -31.16 ± 0.27 4.26 ± 0.40 

15  1.60 ± 0.34 -32.52 ± 0.51 -29.41 ± 1.76 3.89 ± 1.83 

16  0.89 ± 0.19 -33.96 ± 0.53 -27.78 ± 1.08 6.18 ± 1.20 

17  0.71 ± 0.15 -34.52 ± 0.50 -35.17 ± 1.13 0.65 ± 1.23 

21  0.13 ± 0.12  -38.02 ± 1.77 -17.12 ± 1.11 20.91 ± 2.09 

22  4.59 ± 2.21 -29.95 ± 1.17 -13.48 ± 2.58 16.47 ± 2.83 

23  3.43 ± 1.05 -30.67 ± 0.75 -25.47 ± 1.87 5.20 ± 2.01 

25 -8 -8 -8 -8 

26  6.33 ± 1.53 -29.18 ± 0.59 -14.71 ± 1.25 -14.46 ± 1.38 

28  13.56 -27.32 -25.21 2.55 

29  -8 -8 -8 -8 
1 See Scheme 2. 
2 Binding constant Kd in µM calculated from measured Ka in M-1 by Kd = 1/Ka  10-6 and 

error in Kd in µM determined by Kd, error = (Ka, error/Ka
2)  10-6. 

3 In kJ mol-1. 
4 Free energy of binding computed from Kd by ΔG = -RT ln(Kd

ref/Kd) with Kd
ref = 1 M and 

T = 293.15 K and error in ΔG determined according to  

  

  with T = 293.15 K. 
5 Entropy of binding calculated by ΔS = (-ΔG + ΔH)/T and error in ΔS computed by the 

equation 

  
8 No detectable binding. 

 

Table 1 includes thermodynamic parameters of binding against M2TM WT. Binding affinities were 

measured for the M2TM-ligand systems in dodecylphosphocholine (DPC) micelles at pH 8, where M2TM 

fragments form stable tetramers (see Chapters 1-3). 60 As described in Chapters 1-3 compounds 1,2,15-17, 21-

2

d

error d,

error
K

K  R
 ΔG 












T

2

error

2

errorerror
ΔHΔGΔS 
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23, 26 bind M2TM. The 4-aminodiamantane 28 and the aminotriamantane 29 can also fit between M2TM pore 

walls. No detectable binding was observed for 25 and 29. 

 

 

 

5.3.3 Synthesis of aminoadamantanes-polar head conjugates 32-62  

 

Few polar head groups found to be efficient in previous works 43,44,45 were installed on the N-terminal of 

lipophilic amines 15-31 through reductive amination. The reaction of the primary amine with 2-hydroxy-4-

methoxy-benzaldehyde using NaCNBH3 in methanol for 15 min, as described  earlier,  44  afforded the 

corresponding imine. Elongation of the reduction for few hours led to cleavage of the adduct affording the 

starting amine from the reaction mixture. These imines can be formed by refluxing the starting amine with the 

suitable aldehydes in benzene using a Dean-Stark adaptor for the separation of water. They were also formed 

by treating amine with aldehyde in methanol but was found that the yield was increased when was present 

possibly increasing carbonyl reactivity acting as a Lewis acid. We found that after imine isolation the reduction 

proceeded to the formation of the amine after treatment of the imine with PTSA and NaBH4 in methanol. Thus, 

using this protocol the N-(2-hydroxy-4-methoxy-benzyl)methyl derivatives 32, 34, 45-48, 55-62 were obtained. 

Demethylation of the methoxy group from the 2-hydroxy-4-methoxy-benzyl moiety of compounds 32, 35, 40 

through treatment with excess BBr3 in dichloromethane at -78 ºC afforded derivatives 33, 36, 41. In compound 

44 the aminoacetyl group was installed to the amino group of 17. Starting from 17 the N-azidoacetyl derivative 

84 was prepared through the N-bromoacetyl derivative in compound 83. Reduction of the azido group under 

Staudinger reaction conditions 61 afforded compound 44. 
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24h

33: R1= H (80%)

41: R1= Pr (43%)

36: 75%

K2CO3 (aq.), (1.2 eq) 
RT, 24h17

NH2

83 (69%)

HN

BrCH2COCl (1.1 eq) / DCM

Br

O

RT, 5h

NaN3 (2eq) / EtOH

84 (82%)

HN
N3

O

RT, 48h

PPh3 (1.1 eq) / THF : H2O

HN
NH2

O

44 (50%)

 
 

Scheme 7. Reductive amination reaction scheme using NaCNBH3 in methanol applied for the synthesis of 

compounds 32, 24, 40 through imines 82a, 82b, 35 starting from amines 15-17. Demethylation of 35, 32, 40 led 

to 36, 33,41. Synthesis of the aminoacetamide derivative 44 starting from amine 17. 

 

Reductive amination of aminoadamantanes 17 with NaBH4 in methanol and Ti(OiPr)4 
43 as the Lewis acid 

afforded N-(hydroxyphenyl)methyl derivatives 37-39 or the isoxazolylmethyl derivatives 42, 43. Similarly 

rimantadine analogues 2, 21-23 were converted to the isoxazolylmethyl derivatives 49-53 respectively and 

from 2 derivative 54 was formed.  
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Scheme 8. Reductive amination reaction scheme using NaBH4 in methanol and Ti(OiPr)4  applied for the synthesis 

of compounds 37-39, 42, 43 and 49-54 starting from amines 17, 2, 21-23.  
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Scheme 9. Reductive amination reaction scheme using NaCNBH3 in methanol applied for the synthesis of 

compounds 55-59 through imines  86-89.  
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Scheme 10. Reductive amination scheme using NaCNBH3 in methanol through imines 90, 91 or NaBH4 in 

methanol and Ti(OiPr)4  applied for the synthesis of compounds 60, 62 or 61 respectively.  
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5.3.4 In vitro testing against Influenza Virus A  

 

The cytopathic effect (CPE) inhibition assay was used 30, 62 to compare the antiviral activity of the compounds in 

Table 2  against WSN/33 variants without (WSN/33-M2-N31S, generated by reverse genetics from the 

amantadine-resistant WSN/33-M2-WT consisting N31) or with drug resistance-conferring mutations in M2 

(WSN/33-M2-WT, WSN/33-M2-L26F/N31S, WSN/33-M2-V27A/N31S, WSN/33-M2-A30T/N31S, WSN/33-M2-

G34E/N31S) in MDCK cells. All aminoadamantyl compounds 1, 2, 8, 23, 15-30 showed low micromolar activity 

against WSN/33-M2-S31. Compounds 21, 24 and the diamantanoid analogue 28 were the most potent 

compounds exhibiting equal potency to rimantadine (2) against WSN/33-M2-N31S. Guanidine derivatives 18, 

19, 24 exhibited comparable potency to the parent amines 16, 17, 21. When a polar head was installed in the 

amino group of aminoadamantane analogues the micromolar potency was maintained for many compounds 

and rimantadine derivatives 45-48 and 51-54 and 57, 58 exhibited similar potency to 1. The activity testing 

against WSN virus confirmed the published potency of compounds 10, 12. 43,44 From the new lipophilic amine-

polar head conjugates, compounds 33, 34, 45, 46, 49, 52, 53, 57, 58, 62 exhibited potency. In particular 46, 57 

and 58 were the most interesting exhiniting potency comparable to 10. Compared to 10 in 46, 57, 58 the 

amantadine 1 scaffold was replaced with 2-(1-adamantyl)-propan-2-amine 21, 4-(1-adamantyl)-1-benzenamine 

27 and 4-aminodiamantane 28 respectively. 
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Table 2. In Vitro Efficacy (IC50, µM) of aminoadamantane derivatives tested against initial cell infection. 

 CC50 *µM+ IC50 ± SD (µM)
a
 

Compound 
ID 

 
A/WSN/33 
(M2 N31S) 

 

A/WSN/33 
WT 

(M2 N31) 
 

A/WSN/33 
(M2 

L26F/N31S) 
 

A/WSN/33 
(M2 

V27A/N31S) 
 

A/WSN/33 
(M2 

A30T/N31S) 
 

A/WSN/33 
(M2 

G34E/N31S) 
 

1 >100 0.25 ± 0.06 n.a 55.78 ± 6.80 n.a n.a n.a 

2 >100 0.04 ± 0.01 n.a 3.10 ± 0.40 n.a. n.a. n.a. 

8   >100 0.29 ± 0.10 n.a 39.22 ± 23.09 n.a n.a n.a 

10   49.86±12.28 1.13 ± 0.03 8.70± 4.38 n.a. n.a. n.a. n.a. 

12   67.80±0.62 n.a. 1.18 ± 0.17 n.a. n.a. n.a. n.a. 

15   70.50 ±25.31 0.50 ±0.38 n.a. 20.97 ± 5.00 n.a n.a n.a 

16   25.63±7.65 0.33 ±0.10 n.a 16.10 ± 8.72 n.a n.a n.a 

17   12.24 0.34 ± 0.10 n.a 1.99 ± 0.74 n.a n.a n.a 

18   38.51 ± 0.13 0.69 ± 0.26 n.a 23.13 ± 6.34  n.a           n.a         n.a 

19  >100 0.29± 0.14 n.a 1.79 ±1.05 n.a n.a n.a 

20   >100 0.34 ± 0.08 n.a 8.75 ± 4.72 n.a n.a n.a 

21   >100 0.03 ± 0.02 n.a 0.79 ± 0.37 n.a n.a n.a 

22   >100 1.01 ± 0.13 n.a 5.95 ± 3.35 n.a n.a n.a 

23   71.28±11.46 1.06 ± 0.23 n.a 0.55 ± 0.23 n.a n.a n.a 

24   >100 0.04± 0.01 n.a 1.01 ± 0.50 n.a n.a n.a 

25   >100 14.12 ± 3.72 n.a. 69.45 ± 28.73 n.a. n.a n.a. 

26   >100 16.19 ± 5.36 58.80±20.99 n.a n.a n.a n.a 

27   >100 2.51 ± 1.24 56.80±17.09 45.30 ± 10.76 n.a. 40.64± 18.78 n.a 

28   >100 0.07 ±0.02 n.a 0.74 ±0.26 15.46 ± 6.97 n.a n.a 

29 17.66 ± 0.09 0.72 ±0.33 n.a. n.a. n.a. n.a. n.a. 

30 >100 5.63 ±2.01 n.a n.a n.a n.a n.a 

31   >100 n.a  n.a n.a n.a n.a n.a 

32   68.10 ± 3.65 12.47 ± 6.70 n.a n.a n.a n.a n.a 

33 >100 1.08 ± 0.33 36.98 ± 8.52 48.86 ± 13.71 n.a n.a 37.75± 12.57 

34 >100 4.88 ± 2.76 37.73±13.38 30.25 ± 24.51 63.51 ± 30.59 50.15 ± 12.80 49.18 ± 9.05 

35   69.40 ± 12.02 1.72 ± 0.78 n.a 23.03 ± 10.29 n.a n.a n.a 

36   >100 7.50 ± 1.64 n.a 28.73 ± 7.58 n.a n.a n.a 

37 >100 n.a n.a n.a n.a N.T N.T 

38   >100 n.a n.a n.a n.a n.a n.a 

39   30.22 ± 3.05 1.17 ± 0.08 n.a 3.67 ± 1.73 n.a n.a n.a 

40   
>100 1.06 ± 0.59 n.a 4.20 ± 0.60 n.a n.a 17.89 ± 6.56 

41 >100 0.66 ± 0.37 n.a 9.29 ± 2.74 n.a 56.58 ± 24.98 n.a 

42  >100 n.a n.a n.a n.a N.T N.T 

43  35.36 ± 3.23 n.a n.a n.a n.a N.T N.T 

44  >100 5.98 ± 0.49 n.a 30.82 ± 12.17 n.a n.a n.a 

45  >100 0.27 ± 0.08 41.74 ± 1.76 17.55 ± 9.26 78.16 ± 15.42 34.90 ± 1.32 50.65 ± 2.08 

46  >100 0.13 ± 0.02 19.86 ± 6.92 1.80 ± 0.29 n.a 43.98 ± 8.50 19.22 ± 9.36 

47  >100 0.19 ± 0.08 n.a 1.44 ± 0.44 n.a n.a n.a 

48  27.34 ± 3.37 0.37 ± 0.10 n.a 0.60 ± 0.23 n.a n.a n.a 

49  >100 1.00 ± 0.65 86.37 ± 8.47 91.30 ± 7.25 n.a n.a n.a 

50  21.70 ± 8.61 1.14 ± 0.46 n.a. n.a. n.a. n.a. n.a. 



Aminoadamantane-polar head conjugates inhibiting multiple-influenza A viruses resistant to amantadine 

 
 

266 
 

a
 measured in triplicate 

 

Testing against WSN/33-M2-V27A/N31S revealed that only 4-aminodiamantane 28 showed significant 

potency  while conjugates 34 and 45 very weak potency. The addition of a sizeable substituent in amantadine 1 

in proximity to 1-amino group seems to favor potency against WSN/33-M2-L26F/N31S and compounds 2, 17, 

19-24, 28 exhibited low micromolar potency compared to 1 and 15 for example which exhibited weak or 

moderate potency. In other cases where lipophilic sleleton size was increased like in compounds 27, 29 

potency was abolished. The addition of the guanidino group in compounds 18, 19, 24 retained potency. The 

addition of a CH2-polar head in 17, 21, 23 resulted in inhibitors 39-41, 46-48, 52-54 covering a potency from 

submicromolar to micromolar range and in 27 resulted in micromolar inhibitors 57, 58. Testing against 

WSN/33-M2-A30T/N31S revealed that compound 27 was the only aminoadamantane showing some potency; 

the polar head conjugates 34, 41, 45, 46, 57, 60 exhibited moderate potency while 55, 57 inhibited virues with 

a micromolar potency. None of the aminoadamantanes was proved to be active against WSN/33-M2-

G34E/N31S; compounds 33, 34, 45, 57, 58, 60 exhibited moderate potency while 40, 46, 55 inhibited virues 

with a micromolar potency. 

 

 

 

 

 

 

 

51  67.60 ± 1.45 0.19 ± 0.09 n.a n.a n.a n.a n.a 

52  >100 0.89 ± 0.64 56.97±31.59 14.27 ± 3.04 n.a n.a n.a 

53  >100 0.69 ± 0.13 70.15 ± 7.86 1.52 ± 0.49 n.a n.a n.a 

54  85.99 ± 3.60 0.29 ± 0.17 n.a 9.06 ± 2.53 n.a n.a n.a 

55  57.24 ± 6.07 13.21 ± 5.97 n.a n.a n.a 19.10 ± 7.17 23.44 ± 4.14 

56  >100 63.43 ±17.64 n.a n.a n.a n.a n.a 

57  
>100 0.66 ± 0.21 17.43 ± 

11.94 
21.57 ± 10.65 55.02 ± 21.57 22.53 ± 13.06 47.99 ± 14.34 

58  >100 0.29 ± 0.11 21.24 ± 8.92 17.31 ± 12.09 47.47 ± 15.20 38.40 ± 6.22 55.79 ± 11.58 

59 27.14 ± 9.43 8.10 ± 2.72 n.a n.a n.a n.a n.a 

60 >100 26.35 ±10.42 n.a 40.33 ± 17.18 n.a 38.02 ± 3.68 37.01 ± 7.23 

61 >100 n.a n.a n.a n.a n.a n.a 

62  
65.30 ± 5.80 58.94 ± 

10.98 
60.36 ± 2.76 n.a n.a n.a n.a 

Oseltamivir  0.03±0.02 0.01±  0.00 0.04± 0.02 0.03±0.01 0.01 ±0.00 0.04±0.03 
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Table 3. In vitro efficacy (IC50, µM) of Scheme 1 compounds against 

influenza virus A(H1N1)pdm09 viruses. a 

 

Compound IC50 

 Jena/8178 Calif/07 

46 24.23 ±7.63 13.99 ±3.76 

32 74.33 ±0.00 54.59 ±0.00 

33 40.96 ±8.41 62.64 ±26.04 

62 n.a 73.58 ±6.85 

52 58.77 ±21.70 53.83 ±38.83 

45 18.19 ±6.79 13.23 ±2.95 

49 13.23 ±3.98 8.16 ±5.39 

27 37.82 ±1.54 19.88 ±7.35 

57 12.96 ±5.22 15.71 ±5.06 

58 18.43 ±7.25 21.88 ±5.88 

Oseltamivir 0.14 ±0.13 0.29 ±0.27 

Amantadine - - 
a
 measured in triplicate 

 

Between the various adamantyl scaffolds used for installation of a polar head compounds 21, 25, 27 and 

28 were the most successful. (a) Compound 21 as part of compounds 46 which exhibited potency against 

WSN/33, WSN/33-M2-N31S, WSN/33-M2-L26F/N31S, WSN/33-M2-G34E/N31S; (b) compound 27 led to 

derivative 57 which exhibited potency against WSN/33, WSN/33-M2-N31S, WSN/33-M2-L26F/N31S, WSN/33-

M2-A30T/N31S; (c) compound 28 led to derivative 58 which was potent especially against WSN/33, WSN/33-

M2-N31S, WSN/33-M2-L26F/N31S. Additionally aminoadamantane 25 was the lipophilic amine part of 

compound 55 which exhibited potency against WSN/33-M2-A30T/N31S and WSN/33-M2-G34E/N31S. The 

cytotoxicity data showed that compunds 46, 57, 58 are non-toxic with CC50 values > 100 μΜ. In order to 

confirm the potency of the most interesting compounds against  epidemic viruses  testing was performed 

against Calif/07 and a German domestic strain Jena/8178 using few representative compounds (Table 3). As 

can been observed compounds 45, 46, 49, 57 and 58 exhibited potency against these epidemic strains. 

Noteworthy is that aminoadamantane 27 exhibited some potency against Calcif/07 but not against Jena/8178 

strain. We have  also previously noted that aminoadamantne derivatives can inhibit S31N viruses through a 

mechanism other than M2 pore blocking. 63 
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5.3.5 TEVC experiments 

 

Verification of the M2 as the protein target for inhibition of infuenza A viruses was performed by measuring 

the blocking effect of the compounds against full length M2 using EP. The blocking effect against full length M2 

protein was determined with a two-electrode voltage clamp (TEVC) assay at 10 min following 3 min washout. 

Compounds 46, 57 and 58 exhibiting high antiviral potencies against WSN/33-M2-N31S were tested. Testing 

confirmed that the drugs are acting by efficiently blocking M2 WT.  

 
 Table 4. Block of full-length Udorn M2 WT  current  by selected compounds 

 

Ligand 

 

Udorn M2 WT 

% Block after 10 min wash-in 1  % Block after 3 min wash-out 

46 80.0 ± 1.7% 2.0 ± 0.8% 

 573 81.0 ± 2.1% 0% 

58 81.0 ± 1.6% 0% 

 
 1 For each compound, percent block of pH-dependent M2 current at listed 
concentrations (+/- s.e.m.). 2 Three replicates were used for measurements at 
100 µM.  
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5.3.6 MD simulations 

 

We used MD simulations of M2TM in a phospholipid bilayer to investigate the dual inhibitory behavior adopted 

by compounds 40, 46, and 57-59 against M2 WT and S31N proton channels.  A structure of M2TM S31N - 12 

complex used as a template was generated using: (a) the coordinates of ligand 12 from the PBD ID 2LY0 43 (22-

65), obtained using NMR spectroscopy in micelles solution at alkaline pH, 43 and (b) the structure of M2TM 

S31N obtained from M2TM WT (22-46), determined at pH 7.5 (PDB ID 2KQT 6,8) and in DMPC bilayers, in the 

presence of 1, after mutation of Ser31 to Asn (see experimental methods). The molecules were firstly docked 

inside the M2TM S31N (22-46) pore. The program GOLD5.2, 64,65,66 and the GoldScore 65  as the scoring function 

were applied. The highest-scored docking solutions adopt an orientation of the polar head towards the N-end. 

The orientations of the compounds towards the C-end were obtained as lower in score docking solutions. 

M2TM-ligand complexes were simulated in DMPC bilayers which represents a better membrane mimetic 

system for retaining proper M2TM structure compared to other glycerophospholipids. 67, 68 We used an 

experimental structure of M2TM which is already adapted to the high pH condition and DMPC bilayers.  

MD simulations of M2TM WT in complex with ligands 1, 28, 29, 40, 46, 57, 58 were performed. 

Trajectories of 80 ns were obtained. In the M2TM WT the ammonium’s position of the ligands aligned itself 

with the backbone carbonyl of G34, in most cases slightly above the experimental binding position for 

amantadine. 5,6,7,9  The M2TM backbone showed a kink at G34 in contrast to the low pH apo protein structure. 

5,16 The average angle between the pore axis, which is equal to the membrane normal, from the N- to the C-

terminus of the channel, and the C-N bond vector ranges between 11° and 47° (Table 5A), i.e. the ammonium 

group of all aminoadamantyl compounds oriented towards the C-terminus, consistent with previous 

experimental findings 5,6,7,9  and observations. 13,14,15,19,20,21 The center of mass between the four V27 residues 

and the adamantyl Cage of the ligands 1, 28, 40, 46, 57, 58 varies between 4.2 Å and 5.8 Å on average (Table 

5A).  However in triadamantane analogue 29 the ammonium’s position shifts by about 1.3 Å toward C-end 

where pore is broader and can accomodate the larger size of lipophilic moiety close to G34. Diadamantane and 

triadamantane analogues of amantadine, 28 and 29 fit inside the M2TM pore according to the ITC results (see 

Table 1 and Figure 1). Two layers of waters are observed, one close to Ala30 and the other deeper close to 

Gly34 being enabling the protons transport through the channel. These two layers were observed also in the 

recent crystal structure of aminoadamantane drugs-M2TM complexes. 69 The top most layer of waters close to 

Ala30 is completely displaced in the structure of triadamantane analogue 29. The inhibitor ammonium group is 

within H-bonding distance of the layer of waters immediately above the gating His37 residues. This is 

consistrent with the X-ray structure 69 of the  complex between a spiroadamantanamine 70 and M2TM complex 
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and with the shift of ammonium’s position of triadamantaneanalogue 29 by about 1.3 Å toward C-end which 

causes the displacement of waters layer close to Ala30. 

The primary ammonium groups in 28 and 29 group form, on average, three hydrogen bonds with 

neighbouring water molecules (Table 5A) and the lipophilic cage is embraced by V27 and A30 side chains, 

which define the binding site of these ligands. For conjugate molecules 40, 46, 57, 58  the ammonium group 

gradually converges to stable positions along the pore and the ligand is spanning the M2TM pore from V27 to 

H37. The ligand ammonium group form hydrogen bonds with two water molecules between the ligand and the 

H37 residues. The 4-MeO-2-OH phenyl group adopted an anti conformation around the N-CH2 bond which is 

aligned with M2TM pore axis forming a hydrogen bond with G34 carbonyls. The simulated M2TM-ligands 1, 28, 

29, 40, 46, 58 were stable, and in all cases the M2TM tetramer showed no large conformational changes in the 

course of the simulations, as demonstrated by RMSDs  1.8 Å for M2TM Cα-carbons with respect to the initial 

structure (PDB ID 2KQT) 5,6,7   (see Figure S1).  The movement of 57 accompanied by a more distinct  

conformational change of the M2TM backbone, in the direction toward the low pH structure. 16 6 After 80 ns, 

the root-mean-square deviation (RMSD) of the backbone atoms from the starting structure 5,6,7 was 3 Å. The 

region located above the adamantyl core, i.e. towards the N-terminus, no water molecules were found, 13 14 50  

which is consistent with the proton blocking effect of the aminoadamantane derivatives. 1,71, 30, 32,  No Cl- ion 

entered the pore as it is indicated by the average Cl-N distance (Table 5A).  

MD simulations were also performed for the complexes of few ligands exhibited potency in complex with 

S31N M2TM mutant. They were stabilized inside the pore in a similar orientation compared to the S31N 

M2TM-M2WJ332 structure PDB ID 2LY0. 43 In the simulated M2TM S31N - complexes including ligands 1, 28, 

29, 40, 46, 57, 58 the M2TM tetramer showed RMSDs  2.6 Å for M2TM Cα-carbons with respect to the initial 

PDB ID 2KQT 5,6,7, see Figure S2 and Table 5B.  

The lipoplilic amine is spanning the region between G34 and A30, the 4-MeO-2-OH moiety facing toward 

V27, and the ammonium is forming hydrogen bonds with the side chain of N31 and waters distributed in the N-

end. The V27 side chains are packed tightly around the 4-MeO-2-OH group only partially exposed to the outer 

solvent and the Cγ atoms from opposite monomers are separated by 7.2 Å (Figure 2). During the simulation, 

the N-terminal residues slightly expand to accommodate the thermal fluctuations of the ligand 58 i.e., the 

separation between opposing Cγs increases to 9.2 Å. The ligand is more flexible and the RMSFvalues are higher 

that those in M2TM WT complexes. Water molecules that are initially positioned around 58 leave the region 

between V27 and G34, with the exception of two water molecules coordinating the ammonium group, also 

seen in the previous S31N-M2WJ332 simulations. 43 MD simulations with ligand 58 having its polar head 

towards the N-end were tested. They resulted to higher RMSD values of 3.0-3.5 A suggesting this orientation is 

not preferred inside M2TM S31N pore walls compared the orientation towards the C-end.  
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Table 5A. Structural and dynamic measures from MD trajectories of M2TMUdorn/72-ligand complexes in DMPC 
bilayer (80 ns). 
 

Ligand1 RMSD  
(C-alpha)2 

Angle C-N 
vector3 

V27-N V27-Ad4 H-bonds5 Cl-N 
distance 6 

RMSF 
ligand 7 

1 1.5 ± 0.1 11.2 ± 5.9 7.2 ± 0.2 4.2 ± 0.3 2.7 ±0.5 32.3 ± 6.6 0.4 

28  1.8 ± 0.4 12.2 ± 2.0 8.6 ± 0.3 4.9 ± 0.3 2.8 ±0.4 34.0 ± 6.6 0.4 

29 1.5 ± 0.2 15.8 ± 7.8 9.9 ± 0.4 5.8 ± 0.4 2.8 ± 0.3 29.3 ± 8.9 0.1 

40 1.7 ± 0.4 46.6 ± 6.7 7.4 ± 0.2 4.8 ± 0.2 2.9 ± 0.3 33.9 ± 5.9 0.5 

46 1.8 ± 0.3 36.1 ± 7.0 8.3 ± 0.3 4.9 ± 0.3 3.0 ± 0.6 35.5 ± 6.4 0.6 

57 3.0 ± 0.4 12.1 ± 5.7 11.7 ± 0.4 4.3 ± 0.4 2.9 ± 0.9 33.9 ± 7.7 0.8 

58 1.7± 0.3 13.0 ± 6.7 8.0 ± 0.2 4.2 ± 0.2 2.6 ± 0.9 32.0 ± 7.5 0.9 
 

 
Table 5B. Structural and dynamic measures from MD trajectories of M2TMS31N-ligand complexes in DMPC bilayer (80 
ns). 

 

Ligand1 RMSD (C-
alpha)2 

Angle C-N 
vector3 

V27-N V27-Ad4 H-bonds 
(lig-Asn31) 

H-bonds5 Cl-N 
distance 6 

RMSF 
ligand 7 

40 2.3 ± 0.6 37.8 ± 11.3 5.9 ± 0.4 7.3 ± 0.5 0.8 ± 0.6 1.5 ± 0.6 37.0 ± 7.9 0.6 

46 2.3 ± 0.3 45.7 ± 12.2 3.0 ± 0.7 6.8 ± 0.8 0.6 ± 0.5 2.0 ± 1.1 32.1 ± 7.9 1.4 

57 2.6 ± 0.4 11.1 ± 4.5 4.0 ± 0.2 11.2 ± 0.2 3.7 ± 0.7 0.5 ± 0.6 32.4 ± 8.2 1.4 

58 1.7 ± 0.3 11.0 ± 6.9 3.0 ± 0.9 6.5 ± 0.4 1.8 ± 0.9 2.3 ± 0.8 31.1 ± 7.2 0.8 

59 2.3 ± 0.5 30.8 ± 5.6 2.7 ± 0.3 6.1 ± 0.4 1.1 ± 0.3 2.0 ± 0.8 33.3 ± 7.5 0.4 
 

1 See Scheme 1; values taken from ref. 53; measures for 1 were added for comparison reasons. 

2 Maximum root-mean-square deviation (RMSD) for Ca atoms of M2TM relative to the initial structure (PDB 
entry: 2KQT) after root-mean-square fitting of Ca atoms of M2TM; in Å. 

3 Angle between the vector along the bond from the carbon atom of the adamantyl core to the ligand nitrogen 
atom and the normal of the membrane; in degree. 

4 Mean distance between center of mass of V27 and centers of mass of adamantyl calculated using Gromacs 
tools; in Å. 

5 Mean number of H-bonds between ligand's ammonium group and waters. 
6 Distance from the closest chlorine atom. 
7 Maximum root-mean-square flunctuation of the ligand. 
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Figure 1. (a) Representative replica from the simulation of compound 28 bound to M2TMWT in hydrated DMPC 

after 100 ns of production. Waters within 5 Å from ligand define two layers of waters between the ligand's 

ammonium group and His37. Three hydrogen bonds between the ammonium group of the ligand and three 

water molecules of an upper layer close at  are shown. (b) Snapshot from the simulation of 29 bound to 

M2TMWT in hydrated DMPC. Waters within 5 Å from ligand define one layer of waters between the ligand's 

ammonium group and His37. Three hydrogen bonds between the ammonium group of the ligand and three 

water molecules are shown. For both ligands water network that connect carbonyl groups in the protein 

together with van der Waals interactions of the adamantyl Core with V27 and A30 stabilize the ligand inside 

the pore with its ammonium group oriented towards the C-terminus. 
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Figure 2. (a) Representative replica from the MD simulation of ligand 58 bound to  M2TM WT with its 

ammonium group oriented towards the C-terminus of the channel. Two hydrogen bonds between the 

ammonium group of the ligand and two water molecules and between 4-MeO-2-OH phenyl group of the ligand 

and two water molecules are shown. (b) Representative replica from the MD simulation of ligand 58 bound to 

M2TM S31N with its ammonium group oriented towards the N-terminus of the channel. The ammonium group 

of the ligand form two hydrogen bonds one with and one water molecule and one with N31 side chain carbonyl 

group. The 4-MeO-2-OH phenyl group of the ligand forms one hydrogen bond with one water molecule and 

another one with  N31 side chain NH2 group. Van der Waals interactions between the ligand and the M2TM 

pore walls between V27 and H37 stabilize the ligand inside the pore.  
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5.4 Conclusions 

 

The heterogeneity of influenza viruses poses a great challenge in the development of anti-influenza drugs. For 

effective neutralization of influenza viruses, influenza vaccines normally contain two strains of influenza A 

viruses, /California/7/2009 (H1N1)-like virus and A/Texas/50/2012 (H3N2) virus, plus at least one strain of 

influenza B virus, typically B/Massachusetts/ 2/2012. 72 Although influenza vaccines remain the cornerstone in 

prophylaxis of influenza infection, they are much less active than small molecule antivirals in treating influenza-

infected patients. 73 Moreover, due to antigenic shift and antigenic drift of influenza viruses, influenza vaccines 

have to be reformulated each year; plus, there is generally a six-month delay in vaccine production. The 

limitations of influenza vaccines together with the heterogeneous makeup of influenza viruses call for 

broadspectrum small molecule antivirals. Our design was based on the hypothesis that dual inhibitors bind to 

WT and M2-S31N channels with opposite orientations: the heterocyclic headgroup faces down toward the C-

termini and toward N-terminus in WT and S31N channel, respectively. Using this approach we developed a 

class of broad-spectrum inhibitors. Compounds like 46, 57, 58 have fair antiviral potencies against WT, S31N, 

L26F and at the same time moderate potencies against V27A, A30T, G34E. MD simulations results confirmed 

that the inhibitors bind to the WT and S31N channels in opposite orientations, although we cannot rule out the 

possibility of other minor conformational states of the drug in the S31N. The multiple starin inhibitors reported 

herein provide promising lead compounds for further medicinal chemistry optimization with the ultimate goal 

of developing broadspectrum anti-influenza drugs. 
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5.5 Experimental Part 

 

5.5.1 Synthesis of aminoadamantane fragments and derivatives 

 

3-Ιsopropyl-1-aminoadamantane (25). In 2-(1-adamantyl)-2-propanol 63 (430 mg, 2.22 mmol) was added 

dropwise trifluoracetic acid (16.39 g, 143.77 mmol). The resulting mixture was stirred for 4 h at 65 °C  and was 

quenched with saturated aq. Na2CO3 (68 mL). The mixture was refluxed for 3.5 h and then overnight at room 

temperature. The aqueous phase was extracted with Et2O (2x80mL) and the combined organic phases were 

washed with water, brine and dried (Na2SO4). Solvent was evaporated in vacuo to afford the 3-isopropyl-1-

adamantanol 64: yield 240 mg, (56%); 1H-NMR (400 MHz, CDCl3) δ (ppm) 0.80-0.82 (d, J = 7 Hz, 6H, CH(CH3)2), 

1.28 (m, 1H, CH(CH3)2), 1.38 (br s, 4H, 4, 10-adamantyl H), 1.42 (br s, 2H, 6-adamantyl H), 1.52 (br s, 3H, OH, 

5,7-adamantyl H), 1.59-1.68 (m, 4H, 8,9-adamantyl H), 2.18 (br s, 2H, 2-adamantyl H); 13C-NMR (50 MHz, CDCl3) 

δ 16.67 (CH(CH3)2), 30.89 (5,7-adamantyl C), 35.97 (6-adamantyl C), 37.18 (CH(CH3)2), 38.00 (4,10- adamantyl 

C), 38.63 (3-adamantyl C), 45.18 (8,9-adamantyl C), 47.21 (2-adamantyl C), 69.46 (1- adamantyl C). In a mixture 

of alcohol 64 (75 mg, 0.387 mmol) and cloroacetonitrile (59 mg, 0.774 mmol) was added 0.06 mL of CH3COOH 

and the mixture was cooled down. Then H2SO4 was added dropwise  (114 mg, 1.161 mmol) and the 

temperature is below 10 οC. The reaction mixture was  then stirred for 24 h at room temperature. Then it was 

quenched with 10 mL of ice water and the insoluble inorganic material was filtered-off. The aqueous phase was 

extracted with Et2O (3x10mL) and the combined organic phases were washed with 10 % aq NaHCO3 (2x20mL), 

water, brine and dried (Na2SO4). Solvent was evaporated in vacuo to afford the acetamide 65; yield 50 mg (48 

%); IR (Νujol) ν(C=O) 1673 cm-1 (s); 1H-NMR (400 MHz, CDCl3) δ (ppm) 0.80-0.82 (d, J = 7 Hz, 6H, CH(CH3)2), 1.28 

(m, 1H, CH(CH3)2), 1.44 (br s, 4H, 4,10-adamantyl H), 1.52 (br s, 2H, 6-adamantyl H), 1.71 (br s, 2H, 5,7-

adamantyl H), 1.87-1.99 (m, 4H, 8,9-adamantyl H), 2.15 (br s, 2H, 2-adamantyl H), 3.92 (CH2Cl), 6.24 (NH);  13C-

NMR (50 MHz, CDCl3) δ 16.56 (CH(CH3)2), 29.69 (5,7-adamantyl C), 36.09 (6-adamantyl C), 37.31 (CH(CH3)2), 

38.06 (4,10-adamantyl C), 41.07 (CH2Cl), 45.24 (3-adamantyl C), 43.05 (8,9-adamantyl C), 43.30 (2-adamantyl 

C), 53.55 (1-adamantyl C), 164.74 (C=O). To a solution of the acetamide 65 (50 mg, 0.185 mmol) in 6 mL EtOH / 

CH3COOH (5:1), thiourea (17 mg, 0.222 mmol) was added and the mixture stirred for 14h under reflux and then 

15 mL H2O was added.  The insoluble inorganic material was filtered-off, washed with ether and the filtrate was 

extracted with HCl 6%. The aqueous phase was made alkaline with solid sodium carbonate and was extracted 

with diclhoromethane or ether. The organic phase was washed with brine, dried (Na2SO4) and evaporated in 

vacuo to afford the amine 25: yield 15 mg (12%); MS: 194.1916; 1H-NMR (400 MHz,CDCl3) δ (ppm) 0.77-0.73 (d, 

J = 7 Hz, 6H, CH(CH3)2), 1.18-1.20 (m, 1H, CH(CH3)2), 1.23 (br s, 4H, 4,10 adamantane-H), 1.32 (br s, 2H, 6-
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adamantyl H), 1.46 (br s, 2H, 5,7- adamantyl H), 1.60 (m, 4H, 8,9-adamantyl H), 2.05 (br s., 2H, 2-adamantyl H); 

13C-NMR (50 MHz, CDCl3) δ 16.62 (CH(CH3)2), 30.03 (5,7-adamantyl C), 36.05 (6-adamantyl C), 37.20 (3-

adamantyl C), 37.30 (CH(CH3)2), 38.02 (4,10-adamantyl C), 45.12 (8,9-adamantyl C), 47.24 (2- adamantyl C), 

49.36 (1-adamantyl C).  

 

3-Fluoro-1-aminoadamantane (26). The synthetic protocol used for preparation of F-Am 26 was adapted from 

that described by Jasys and coworkers.57  The reaction between 1-adamantanecarboxylic acid 66 and KMnO4 

afforded 3-hydroxyadamantanecarboxylic acid 67 which was transformed through its tetrabutylammonium salt 

to the corresponding methyl ester 68.  Under a N2 atmosphere to 24 mL of dichloromethane was added DAST 

(26.17 mL, 200 mmol), which was cooled to -78 oC. To this solution was added dropwise a dichloromethane 

solution (10 mL) of methyl 3-hydroxyadamantane-1-carboxylate 68 (42.0 g, 200 mmol). The suspension was 

allowed to warm at ambient temperature and stirred for 1 h. The resulting solution was quenched with water 

(500 mL). The organic  layer was separated, washed with brine, dried (Na2SO4), filtered and concentrated in 

vacuo to afford crude 69 which slowly crystallized; yield 41.6 g (98 %); 1H NMR (CDCl3, 400 MHz) δ (ppm) 1.70-

1.80 (m, 6H), 2.20-2.35 (m, 3H), 2.50-2.60 (m, 6H), 7.00-7.70 (m, 5H, C6H5). Under an argon atmosphere was 

added to crude ester 69 (41.6 g , 196 mmol), 100 mL methanol, 75 mL of THF, 50 mL of water followed by 

NaOH pellets (16.0 g, 400 mmol). The solution was stirred overnight. The organic solvents were removed under 

reduced pressure, water (200 mL) was added and the solution was acidified to a pH of 1.0 with 6N HCl. The 

resulting solid precipitate was filtered, washed with water and air dried to afford 3-fluoroadamantane-1-

carboxylic acid 70; yield 34.1 g (88 %). Under an argon atmosphere was added 3-fluoroadamantane-1-

carboxylic acid 70 (7.65 g, 38.6 mmol) to 150 mL of benzene. To this solution was added Et3N (5.37 mL, 38.38 

mmol) followed by DPPA (Diphenylphosphoryl azide) (8.31 mL, 38.8 mmol). The reaction mixture was heated to 

reflux for 45 min, then cooled at ambient temperature at which point benzyl alcohol (8.0 mL, 77.4 mmol) was 

added. The resulting reaction mixture was refluxed for 72 h. The crude reaction mixture was allowed to cool, 

concentrated in vacuo and was chromatographedd on silica gel using 4:1 hexane:EtOAc to afford 3-

fluoroadamantan-1ylamine benzyl carbamate 71; yield 11.1 g (95 %); 1H-NMR (400 MHz,CDCl3) δ (ppm) 1.53 

(m, 2H, 6-H), 1.75-1.95 (m, 10H, 2, 8, 9, 4, 10-H), 2.33 (br s, 2H, 5, 7-H), 4.76 (br s, 1H, NH), 5.03 (br s, 2H, 

CH2C6H5, 7.33 (m, 5H, C6H5). The benzyl carbamate 71 was dissolved in 100 mL of HOAc, 2 g of 10 % Pd/C was 

added and the mixture was hydrogenated (50 psi) for a period of 5 h. The crude reaction mixture was filtered, 

the catalyst was washed with HOAc and the filtrate was concentrated in vacuo to afford crude product 26 as its 

acetate salt; yield 7.4 g, (75 %); Acetate: 1H-NMR (phosphate buffer, pH 7, 10 % D2O, 500 MHz) δ (ppm) 1.60-

1.69 (m, 2H, 6-H), 1.87 (s, 4H, 4, 10-H), 1.89-1.98 (m, 7H, 8,9-H, CH3COO-), 2.09 (br d, 2H, 2-H), 2.48 (br s, 2H, 

5,7-H); LC-MS (m/z) 170.3 (FC10H14NH3
+). Base: mp 210 C (EtOH-ether); 1H-NMR (CDCl3, 400 MHz) δ (ppm) 1.41 
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(br s, 2H, 6-H), 1.49 (br s, 2H, NH2), 1.51 (br s, 4H, 4,10-H), 1.74 (d, 2H, J = 6 Hz, 2-H), 1.79 (m, 4H, 8,9-H), 2.31 

(br s, 2H, 5,7-H); 13C-NMR (CDCl3, 50 MHz) δ (ppm) 31.33, 31.55 (5,7-C), 34.67 (6-C), 41.44, 41.77 (4,10-C), 44.74 

(8,9-C), 51.14, 51.47 (2-C, 3-C), 93.29 (d, JC-F = 183.8 Hz, 1-C). 

 

4-(1-Adamantyl)aniline (27). The synthetic protocol used for preparation of 4-(1-adamantyl)aniline 27 was 

adapted from the literature. 74 The reaction between 1-adamantanol 72 with toluene/TFA afforded 1-(p-tolyl-

)adamantane 73 which was transformed through reaction with (a) KMnO4 in pyridine/H2O; (b) HCl 15%; (c) 

SOCl2, reflux; (d) EtOH, reflux  to the mixture of esters 74 and 75. The crude product was purified by flash 

colum chromatography (n-hexane/Et2O, 9:1) resulting in ethyl 4-(1-adamantyl)benzoate 75 as the less polar 

extract; 230 mg; IR (Nujol) v(C=O) 1715 cm-1; 1H NMR (400 MHz, CDCl3) δ (ppm) 1.36-1.40 (t, 3H, J = 7Hz, CH3), 

1.75-1.80 (m, 6H, 4,6,10-adamantyl H), 1.92 (br.s, 6H, 2,8,9-adamantyl H), 2.11 (br s, 3H, 3,5,7-adamantyl H), 

4.34-4.39 (q, 2H, J = 7Hz, CH2O) 7.43 (d, J = 8 Hz, 2H, 3,5-H C6H5), 7.98-8.00 (m, 3H, C6H5). An aqueous conc. 

solution of NaOH (130 mg) was added to a mixture of ester 75 (230 mg, 0.809 mmol) in ethanol (10 ml), which 

was then refluxed under vigorous stirring for 2 h. Ethanol was removed in vacuo and water was added into the 

residue. The mixture was acidified by the dropwise addition of a HCl 10% solution, under stirring and cooling. 

The acidified mixture was allowed to stand overnight in the refrigerator and the precipitate formed was 

collected by filtration, washed with water and dried over P2O5 to give the carboxylic acid 76 as a white solid; 

yield 160 mg (75 %); 1H NMR (400 MHz, DMSO-d6) δ (ppm) 1.73 (br.s, 6H, 4,6,10-adamantyl H), 1.87 (br.s, 6H, 

2,8,9-adamantyl H), 2.06 (br.s, 3H, 3,5,7-adamantyl H), 7.47 (d, J = 8 Hz, 2H, 3,5-H C6H5), 7.87-7.89 (m, 3H, C6H5), 

12.78 (s, 1H, CO2H). Benzoic acid 76 (160 mg, 0.625 mmol) was treated with thionyl chloride (4 ml) at 60-65 oC 

for 25 min. Thionyl chloride was removed under reduced pressure and the last traces were removed 

azeotropically with the aid of benzene. The residue was dissolved in anhydrous acetone (10 ml) and a solution 

of sodium azide (93 mg, 1.88 mmol) in water (5 ml) was added dropwise into the above acetone solution with 

stirring at 0 oC. The reaction mixture was stirred at 0 oC for 15 min and then at room temperature for 30 min. 

Acetone was evaporated in vacuo and water was added into the residue. The mixture was extracted with 

benzene, the combined benzene extracts were washed with water, dried over Na2SO4 and evaporated under 

reduced pressure below 40 oC. Carbonylazide 78 was obtained as a solid; yield 90 mg (55 %); mp 114-116 oC; IR 

(Nujol), v(N=N) 2134.9 cm-1, v(C=O) 1694.7 cm-1. A solution of carbonylazide 78 (90 mg, 0.320 mmol) in dry 

xylene (3 ml) was heated gradually until the appearance of gas evolution (~105 oC). Heating was continued 

carefully until the temperature reach at 128-130 oC. The mixture was stirred at this temperature until nitrogen 

evolution ceased (30-40 min). The mixture was then allowed to cool at 95-90 oC and concentrated hydrochloric 

acid (4-5 ml) was added rapidly dropwise  into the mixture. Vigorous gas evolution was observed and stirring at 

this temperature was continued until the evolution of carbon dioxide ceased. The mixture was allowed to cool 
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at room temperature and the solvents were removed under high vacuum. The residue was treated with dry 

ether and the solid so formed was separated by filtration and washed with dry ether; yield 25 mg  (30 %) of 

hydrochloride of 27. mp>250 oC (EtOH-Et2O); 1H NMR (400 MHz, MeOD) δ (ppm) 1.81 (br s, 6H, 4,6,10-

adamantyl H), 1.94 (br s, 6H, 2,8,9-adamantyl H), 2.09 (br s, 3H, 3,5,7-adamantyl H), 7.31 (d, J = 8 Hz, 2H,  3,5-H 

C6H5), 7.53-7.55 (m, 3H, C6H5), 8.06 (br s, 3H, NH3
+).  

 

4-Amino-4-isobutyl-2-methyloctane (30). Tertiary alcohol 80 was obtained after adding a solution of 2,6-

dimethyl-heptan-4-one 79 (1 g, 7.04 mmol) in anhydrous diethyl ether (30% solution w/v) in a solution of n-

butyllithium (1.6 M in hexanes, 13 mL, 21.1 mmol) at 0 °C under argon atmosphere and stirring the mixture 

overnight. After treating the mixture with saturated ammonium chloride following usual workup the 

corresponding tertiary alcohol 80 was obtained; yield 1.1 g (80 %). To a stirred mixture of sodium azide (488 

mg, 7.50 mmol) and dry dichloromethane and (15 mL), trifluoroacetic acid (2.9 g, 25 mmol) was added at 0 °C. 

The resulting mixture was stirred for 10 min at 0 °C and a solution of the tertiary alcohol 80 (500 mg, 2.50 

mmol) in 10 mL of dichloromethane was added dropwise. The mixture was stirred at 0-5 °C for 4 h and 24 h at 

ambient temperature. The mixture was made alkaline by adding NH3 12 % (40 mL) and the organic phase was 

separated. The aqueous phase was extracted with dichloromethane and the combined organic phases were 

washed with water, brine and dried (Na2SO4). Solvent was evaporated in vacuo to afford 4-azido-4-isobutyl-2-

methyloctane 81; yield 340 mg (76 %); IR (Nujol) ν(Ν3) 2099 cm-1; 13C NMR (CDCl3, 50 MHz) δ (ppm) 14.2(n-Bu, 

CH3), 24.0(n-Bu, CH2CH3), 24.2(2xCH), 24.6 (i-Bu, 2xCH3), 26.3 (n-Bu, CH2CH2CH3), 36.4 (n-Bu, CH2CN3), 45.5 (i-

Bu, 2xCH2),  67.1 (CN3). To a stirred suspension of LiAlH4  (230 mg, 6.04 mmol) in dry ether (20 mL) was added 

dropwise at 0 °C a solution of the alkyl azide 81 (340 mg, 1.51 mmol) in dry ether (15 mL). The mixture was 

gently refluxed for 5 h and then was treated with water, NaOH 10 % and water. The insoluble inorganic 

material was filtered-off, washed with ether and the filtrate was extracted with HCl 6%. The aqueous phase 

was made alkaline with solid sodium carbonate and was extracted with diclhoromethane or ether. The organic 

phase was washed with brine, dried (Na2SO4) and evaporated in vacuo to afford the amine 31; yield 60 mg (20 

%); 1H NMR (CDCl3, 400 MHz) δ  0.89 (t, J = 7 Hz, 3H, n-Bu, CH3), 0.94 (dd, J = 2 Hz, 6 Hz, 12H, i-Bu, 2x(CH3)2), 

1.19-1.37 (m, 10H, 5xCH2), 1.63-1.76 (m, 2H, 2xCH); 13C NMR (CDCl3, 50 MHz) δ 14.3 (n-Bu, CH3), 23.5 (n-Bu, 

CH2CH3), 23.8 (2xCH), 25.5 (i-Bu, 2xCH3), 26.3 (n-Bu, CH2CH2CH3), 40.9 (n-Bu, CH2CNH2), 49.7 (i-Bu, 2xCH2), 55.1 

(CNH2). 

1-Adamantylguanidine (8). A Mixture of the hydrochloride of amantadine 1 (0.300 g, 1.60 mmol), 

hydrochloride of 1H-pyrazolo-1-carboxamide (0.282 g, 1.92 mmol),  Et3N (0.400 mL, 2.88 mmol) and 

CH3CN (8 mL) was stirred at 70 ºC  for 6 h and stirring was maintained at 4 °C for 24 h. After evaporation of the 

solvent the solid hydrochloride of guanidine 8 was isolated, dissolved in water and the solution was made 
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alkaline with NaOH 3% w/v. The aqueous phase was extracted three times with an equal volume of 

dichloromethane. The combined organic phase was washed with water, dried (Na2SO4) and evaporated to 

afford free guanidine 8 (yield 0.240 g, 42%).  Compound 8 was dissolved in anhydrous diethyl ether (10 mL) and 

the solution was acidified with a saturated solution of HCl/MeOH. Solvent evaporation under vacuum yields a 

white solid residue of the corresponding guanidine hydrochloride (ethanol/ether); 1H-NMR (CDCl3, 400MHz) 

δ(ppm) 1.55-1.64 (m, 12H, 2,4,6,8,9,10-H), 2.02 (s, 3H, 3,5,7-H), 6.31 (s, 2H, 3-H(-NH2)), 7.57 (s, 1H, 2-H, NH=).  

 

2-(1-Adamantyl)propylguanidine (24).  The corresponding hydrochloride of guanidine 24 was prepared 

according to the same procedure followed for guanidine 8 using  the hydrochloride of amine 21 (0.426 g, 

1.86 mmol), hydrochloride 1H-pyrazolo-1-carboxamide (0.327 g, 0.23 mmol),  Et3N  (0.465 mL, 3.35 mmol) and 

CH3CN (10 mL); yield of free guanidine 24 0.140 g (32%).  Hydrochloride (ethanol/ether); 1H-NMR (CDCl3, 

400 MHz) δ (ppm) 0.98 (s, 6Η, 2xCH3), 1.59-1.67 (m, 12H, 2,4,6,8,9,10-H), 1.97 (br, s, 3H, 3,5,7-H), 6.29 (s, 2H, 3-

H(NH2)), 7.56 (s, 1H, 2-H(NH=)).  

2-Methyl-2-adamantylguanidine (18). The corresponding hydrochloride of guanidine 18 was prepared 

according to the same procedure followed for guanidine 8 using the hydrochloride of amine 16 (0.550 g, 2.74 

mmol), hydrochloride 1H-pyrazolo-1-carboxamide (0.483 g, 3.29 mmol),  Et3N  (0.685 mL, 4.93 mmol) in 

CH3CN (14 mL); yield of free guanidine 33 0.420 g (73%). Hydrochloride (ethanol/ether); 1H-NMR (CDCl3, 400 

MHz)  δ (ppm)  1.18 (s, 3H, CH3), 1.48 (br,s, 2H, 8eq,10eq-H), 1.54-1.57 (d, J = 12Hz, 2H, 4eq,9eq-H), 1.63 (br s, 

4H, 1,3,5,7-H), 1.76 (br s, 2H, 6-H), 1.92-1.95 (d, J = 12Hz, 2H, 8ax,10ax-H), 2.01-2.04 (d, J = 12Hz, 2H, 4ax,9ax-

H), 2.76 (s, 1H, 1-H(NH-)), 6.28 (s, 2H, 3-H(NH2)), 7.55 (s, 1H, 2-H(NH=)). 13C-NMR (DMSO, 600 MHz) δ (ppm) 

22.9 (CH3), 25.9 (3-C), 26.3 (1-C), 31 (5,7-C), 32.7 (4,9-C), 34.5 (8,10-C), 37.8 (6-C), 58.1 (2-C).  

 

2-Propyl-2-adamantylguanidine (19). The corresponding hydrochloride of guanidine 19 was prepared 

according to the same procedure followed for guanidine 8 using  the hydrochloride of amine 17 (0.550 g, 

2.40 mmol), hydrochloride 1H-pyrazolo-1-carboxamide (0.422 g, 2.88 mmol),  Et3N  (0.600 mL,4.32 mmol) in 

CH3CN (12.2 mL); yield of free guanidine 33 0.240 g (42%). Hydrochloride (ethanol/ether); 1H-NMR (CDCl3, 

400MHz) δ (ppm) 0.90-0.94 (t, J = 7 Hz, 3H, CH2CH2CH3), 1.26-1.36 (m, 2H, CH2CH2CH3), 1.52-1.56 (m, 4H, 

8eq,10eq-H,CH2CH2CH3), 1.59-1.61 (d, J = 12 Hz, 2H, 4eq,9eq-H), 1.64-1.66 (m, 2H, 6-H), 1.80 (s, 2H, 5,7-H), 

1.94-1.97 (d, J = 12 Hz, 2H, 8ax,10ax-H), 2.05-2.08 (d, J = 12Hz, 2H, 4ax,9ax-H), 6.34 (s, 2H, 3-H(-NH2)), 7.60 (s, 

1H, 2-H(NH=)).  
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5.5.2 Synthesis of aminoadamantane polar head conjugates 

 

5.5.2.1 General Procedures of Reductive Amination  

 

Procedure A 

Aminoadamantane (1.2 equiv) and aldehyde (1.0 equiv) were mixed in MeOH and then treated with NaCNBH3 

(3.0 equiv). The mixture was stirred at rt under argon overnight. The reaction mixture was quenched with H2O, 

and the product was extracted with EtOAc. The combined organic layer was dried over Na2SO4, and 

concentrated under reduced pressure. The crude product was separated by flash column chromatography with 

Et2O /hexane 4:1 to give the target imine. The imine (1eq) was dissolved in MeOH and to the solution was 

added p-toluenesulfonic acid monohydrate (1eq), sodium borohydride (4eq) and the mixture was stirred at rt 

for 4h. The reaction mixture was quenched with saturated aqueous solution of NaHCO3 (10 ml) and extracted 

with CH2Cl2. The combined organic extract was dried over anhydrous Na2SO4, filtered and concentrated. The 

mixture was then purified by silica gel flash column chromatography (CH3OH/CH2Cl2 1:2) to give the final 

product. 

 

Procedure B 

The chloride (1 equiv), and aminoadamantane (1.5 equiv) were dissolved in isopropanol. CsI (0.1 equiv) and 

triethyl amine (2 equiv) were then added. The reaction mixture was heated to reflux overnight. The solvent was 

removed under reduced pressure, and the resulting residue was extracted with ethyl acetate and water. The 

organic layer was separated, dried over Na2SO4,, filtered, and concentrated under reduced pressure. The 

mixture was then purified by silica gel flash column chromatography (1:2 CH3OH/CH2Cl2) to give the final 

product. 

 

Procedure C 

Aminoadamantane (1.0 equiv) and aldehyde (1.0 equiv) were mixed and 2 mL of titanium (IV) isopropoxide (15 

equiv) was added. The resulting slurry was heated to 100 oC and stirred overnight. Then the solution was 

cooled down to 0 oC in ice-bath. MeOH added and NaBH4 (4.0 equiv) were added portion-wise over 10 min. The 

solution was warmed to rt and stirred overnight. The solvent was removed under reduced pressure, and the 

resulting residue was extracted with EtOAc and H2O. The organic layer was separated, dried over Na2SO4, 

filtered, and concentrated under reduced pressure. The crude mixture was purified by silica gel flash column 

chromatography (CH3OH/CH2Cl2 1:2) to give the desired compound. 
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5.5.2.2 Aminoadamantane polar head conjugates 

Compound 32 (Procedure A). Reaction of 2-aminoadamantane (15) (88 mg, 0.583 mmol) and 2-hydroxy-4-

methoxybenzaldehyde (74 mg, 0.486mmol) in MeOH (2 mL) followed by addition of NaCNBH3 (110 mg, 1.75 

mmol) to afford imine 82a; yield 88 mg (56 %); 1H NMR (CDCl3, 400 MHz) δ (ppm) 1.61 (d, J = 8 Hz, 2H, 4eq, 

9eq-adamantyl H), 1.78 (br s, 4Η, 1,3,8eq,10eq-adamantyl H), 1.89-1.95 (m, 8Η, 5,6,7,8ax,10ax,4ax,9ax-

adamantyl H), 3.50 (s, 2H, 2-adamantyl H)  3.80 (s, 3H, OCH3), 6.30 (dd, J = 8, 2.4 Hz, 1H, phenyl H), 6.36 (d, J = 2 

Hz, 1H, phenyl H), 7.05 (d, J = 8 Hz, 1H, phenyl H), 8.14 (s, 1H, CH=N).  

Reaction of imine 82a (88 mg, 0.327 mmol) with PTSA (56 mg, 0.327 mmol) and NaBH4 (50 mg, 1.31 

mmol) in MeOH (2 mL) afforded amine 32; yield 80 mg (85 %);  1H NMR (CDCl3, 400 MHz) δ (ppm) 1.57 (d, J = 8 

Hz, 2H, 4eq,9eq-adamantyl H), 1.74 (br s, 4Η, 1,3,8eq,10eq-adamantyl H), 1.86 (br s, 4Η, 5,7,6-adamantyl H), 

1.95 (m, 4H, 8ax,10ax,4ax,9ax-adamantyl H), 2.82 (s, 2H, 2 adamantyl H)  3.76 (s, 3H, OCH3), 3.92 (s, 2H, CH2N), 

5.29 (br s, OH),  6.31 (dd, J = 8, 2.4 Hz, 1H, phenyl H), 6.43 (d, J = 2 Hz, 1H, phenyl H), 6.89 (d, J = 8 Hz, 1H, 

phenyl H); 13C NMR (CDCl3, 50 MHz) δ (ppm) 27.5 (5-adamantyl C), 27.7 (7-adamantyl C), 31.6 (4,9-adamantyl 

C), 31.7 (8,10 adamantane-C), 37.6 (1,3-adamantane-C), 37.8 (6-adamantyl C), 49.6 (CH2N), 55.4 (OCH3) 61.2 (2-

adamantyl C), 102.1 (3-phenyl CH), 104.5 (5-phenyl  CH), 115.6 (1-phenyl C), 128.7 (6-phenyl CH), 159.7 (2-

phenyl COH), 160.5 (4-phenyl COCH3); HRMS (m/z): [M + H+] calcd for C18H25NO2 287.1885, experimental 

287.1890. 

 

Compound 33. To a solution of amine 32 (35 mg, 0.129 mmol) in CH2Cl2 (3 mL) at -78 oC was added BBr3 (1.0 M 

in CH2Cl2, 0.8 mL, 0.775 mmol). The mixture was warmed at 0 oC and stirred overnight at rt. Then the mixture 

was quenched with MeOH (3 mL) at -78 oC and warmed at rt. After evaporation of MeOH the mixture was 

diluted with AcOEt (15 mL) and washed with NaHCO3 (satd) (2 x 5 mL)  and the water phase was extraxted with 

AcOEt (2 x 10 mL). The combined organic layers were dried over Na2SO4, filtered, and concentrated under 

reduced pressure to give amine 33; yield  28 mg (80 %);  1H NMR (CDCl3, 400 MHz) δ (ppm) 1.56-1.61 (m,  2H, 

4eq,9eq-adamantyl H), 1.72 (br s, 4Η, 1,3,8eq, 10eq-adamantyl H), 1.85-1.95 (m, 8Η, 5,7,6-H, 8ax,10ax,4ax,9ax-

adamantyl H), 2.82 (s, 1H, 2-adamantyl H)  3.90 (s, 2H, CH2N), 5.73 (br s, 2H, 2xOH),  6.24 (dd, J = 8, 2.4 Hz, 1H, 

phenyl H), 6.35 (d, J  = 2 Hz, 1H, phenyl H), 6.79 (d, J = 8 Hz, 1H, phenyl H); 13C NMR (CDCl3, 50 MHz) δ (ppm) 

27.5 (5- adamantyl C), 27.7 (7-adamantyl C), 31.5 (4,9,8,10-adamantyl C), 37.5 (1,3-adamantyl C), 37.8 (6-C), 

49.6 (CH2N), 61.3 (2-adamantyl C), 103.9 (3-phenyl CH), 106.2 (5-phenyl CH), 115.6 (1-C, phenyl  C), 129.1 (6-

phenyl CH), 156.9 (2-phenyl COH,), 159.6 (4-phenyl COΗ,); HRMS (m/z): [M + H+] calcd for C17H23NO2 274.1729, 

experimental 274.1730. 
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Compound 34 (Procedure A). Reaction of 2-methyl-2-aminoadamantane 16 (50 mg, 0.280 mmol) and 2-

hydroxy-4-methoxybenzaldehyde (35 mg, 0.232 mmol) in MeOH (2 mL) followed by addition of NaCNBH3 (53 

mg, 0.840 mmol) to afford imine 82b; yield 70 mg (86 %); 1H NMR (CDCl3, 400 MHz) δ (ppm) 1.44 (s, 3H, CH3), 

1.60 (br s, 2H, 4eq, 9eq-adamantyl H), 1.67-1.72 (m, 6Η, 1,3,8eq,10eq,5,7-adamantyl H), 1.80-2.18 (m, 6Η, 

8ax,10ax,4ax,9ax,6-adamantyl H), 3.75 (br s OH), 3.78 (s, 3H, OCH3), 6.23 (dd, J = 8, 2.4 Hz, 1H, phenyl H), 6.27 

(d, J = 2 Hz, 1H, phenyl H), 6.96 (d, J = 8 Hz, 1H, phenyl H), 7.99 (s, 1H, CH=N); 13C NMR (CDCl3, 50 MHz) δ (ppm) 

23.8 (CH3), 26.9 (5-adamantyl C), 27.4 (7-adamantyl C), 33.0 (4,9-adamantyl C), 33.9 (8,10-adamantyl C), 37.6  

(1, 3-adamantyl C), 38.6 (6-adamantyl C), 55.3 (OCH3) 61.7 (2-adamantyl C), 102.4 (3-phenyl CH), 106.5 (5-

phenyl CH), 111.2 (1-phenyl C), 133.5 (6-phenyl CH), 158.9 (CH=N), 165.9 (2-phenyl COH), 174.7 (4-phenyl 

COCH3). 

Reaction of imine 82b (70 mg, 0.247mmol) with PTSA (43 mg, 0.247 mmol) and NaBH4 (38 mg, 0.988 

mmol) in MeOH (2 mL) afforded amine 34; yield 55 mg (79 %);  1H NMR (CDCl3, 400 MHz) δ (ppm) 1.34 (s, 3H, 

CH3), 1.60 (br s, 2H, 4eq, 9eq-H), 1.68-1.75 (m, 6Η, 1,3,8eq,10eq,5,7-adamantyl H), 1.88 (br s, 2Η, 6-adamantyl 

H), 1.95-2.01 (m, 4H, 8ax,10ax,4ax,9ax-adamantyl H), 3.74 (br s, OH), 3.76 (s, 3H, OCH3), 3.84 (s, 2H, CH2N), 6.31 

(dd, J = 8, 2.4 Hz, 1H, phenyl H), 6.41 (d, J = 2 Hz, 1H, phenyl H), 6.88 (d, J = 8 Hz, 1H, phenyl H); 13C NMR (CDCl3, 

50 MHz) δ (ppm) 22.8 (CH3), 27.0 (5-adamantyl C), 27.9 (7-adamantyl C), 32.8 (4,9- adamantyl C), 34.2 (8,10-

adamantyl C), 35.8  (1,3-adamantyl C), 38.9 (6-adamantyl C), 43.6 (CH2N), 55.4 (ΟCH3) 56.8 (2-adamantyl C), 

102.2 (3-phenyl CH), 104.9 (5-phenyl CH), 115.8 (1-phenyl C), 128.8 (6-phenyl CH), 160.3 (2-phenyl C-OH), 161.0 

(4-phenyl COCH3); HRMS (m/z): [M + H+] calcd for C19H27NO2  301.2042, experimental 301.2045. 

 

Compound 40 (Procedure A). Reaction of 2-propyl-2-aminoadamantane 17 (350 mg, 1.81 mmol) and 2-

hydroxy-4-methoxybenzaldehyde (230 mg, 1.51 mmol) in MeOH (2 mL) followed by addition of NaCNBH3 (342 

mg, 5.43 mmol) to afford imine 35; yield 470 mg (80 %);  1H NMR (CDCl3, 400 MHz) δ (ppm) 0.87 (t, J = 7 Hz, 3H, 

CH2CH2CH3, 1.22-1.3 (m, 2H, CH2CH2CH3), 1.58 (d, J = 12 Hz, 2H, 4eq,9eq-adamantyl H), 1.71 (m, 2H, 

CH2CH2CH3), 1.72-1.8 (4Η, 1,3,8eq,10eq-adamantyl H), 1.96 (br s, 2H, 6-adamantyl H), 1.97-2.06 (m, 6Η, 

5,7,8ax,10ax,4ax,9ax-adamantyl H), 3.78 (s, 3H, OCH3), 5.29 (br s, OH), 6.17 (dd, J = 8, 2.4 Hz, 1H, phenyl H), 

6.24 (d, J = 2 Hz, 1H, phenyl H), 6.99 (d, J = 8 Hz, 1H, phenyl H), 7.83 (s, 1H, CH=N); 13C NMR (CDCl3, 50 MHz) δ 

(ppm) 14.6 (CH2CH2CH3), 15.3 (CH2CH2CH3), 27.2 (5-adamantyl C), 27.5 (7-adamantyl C), 32.9 (4,9-adamantyl C), 

33.5 (8,10-adamantyl C), 34.9  (1,3-adamantyl C), 38.5 (CH2CH2CH3), 39.9 (6-adamantyl C), 55.4 (OCH3), 63.8 (2-

adamantyl C), 102.5 (2-phenyl CH), 106.4 (5-phenyl CH), 115.8 (1-phenyl  C), 133.6 (6-phenyl CH), 159.2 (CH=Ν), 

166.1 (2-phenyl COΗ), 175.4 (4-phenyl COCH3); HRMS (m/z): [M + H+] calcd for C21H29NO2 327.2198, 

experimental 327.2195. 
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Reaction of imine 35 (70 mg, 0.213 mmol,) PTSA (40 mg, 0.213 mmol) /NaBH4 (32 mg, 0.852 mmol) in 

MeOH (2 mL) afforded amine 40; yield 60 mg (86 %). 1H NMR (CDCl3, 400 MHz) δ (ppm) 0.97 (t, J = 7 Hz, 3H, 

CH2CH2CH3), 1.19-1.29 (m, 2H, CH2CH2CH3), 1.59 (d, J = 12 Hz, 2H, 4eq,9eq-adamantyl H), 1.63 (br s, 2H, 

8eq,10eq-adamantyl H),  1.65-1.67 (m, 4H, 1,3-adamantyl H, CH2CH2CH3), 1.77 (br s, 2H, 5,7-adamantyl H H), 

1.88 (br s, 2H, 6-adamantyl H), 1.96 (d, J = 12 Hz, 2H, 8ax,10ax-adamantyl H),  2.08 (d, J = 12 Hz, 2H, 4ax,9ax-

adamantyl H), 3.71 (s, 2H, CH2N), 3.76 (s, 3H, OCH3), 3.78 (br s, OH), 6.39 (dd, J  = 8, 2.4 Hz, 1H, phenyl H), 6.42 

(d, J = 2 Hz, 1H, phenyl H), 6.89 (d, J = 8 Hz, 1H, phenyl H); 13C NMR (CDCl3, 50 MHz) δ (ppm) 14.6 (CH2CH2CH3), 

15.3 (CH2CH2CH3), 27.2 (5-adamantyl C), 27.5 (7-adamantyl C), 32.9 (4,9-adamantyl C), 33.5 (8,10-adamantyl C), 

34.9 (1,3-adamantyl C), 38.5 (CH2CH2CH3), 39.9 (6-adamantyl C), 55.4 (OCH3), 63.8 (2-adamantyl C), 102.0 (3-

phenyl CH), 104.8 (5-phenyl CH), 111.2 (1-phenyl C), 128.9 (6-phenyl CH), 160.5 (2-phenyl COΗ, phenyl ), 175.3 

(4-phenyl COCH3); HRMS (m/z): [M + H+] calcd for C21H31NO2  329.2355, experimental 329.2361. 

 

Compound 36.  Compound 36 was prepared following the same procedure applied for the preparation of 

compound 33 by treating imine 35 (250  mg, 0.768 mmol), with  BBr3 (1.0 M in CH2Cl2, 4.8  mL, 4.7 mmol) in 

CH2Cl2 (10 mL) at -78 oC; yield 180 mg ( 75 %). 1H NMR (CDCl3, 400 MHz) δ (ppm) 0.86 (t, J = 7 Hz, 3H, 

CH2CH2CH3), 1.30-1.33 (m, 2H, CH2CH2CH3), 1.60 (d, J = 12 Hz, 2H, 4eq,9eq-adamantyl H), 1.69 (br s, 2Η, 1,3-

adamantyl H), 1.75-1.95 (m, 8Η, 5,6,7,8eq,10eq-adamantyl H, CH2CH2CH3), 1.99-2.04 (m, 4Η 4ax,9ax,8ax,10ax-

adamantyl H), 5.31 (s, 2H, 2xOH), 6.16 (dd, , J  = 8, 2.4 Hz, 1H, phenyl H), 6.36 (d, J = 2 Hz, 1H, phenyl H), 6.94 (d, 

J = 8 Hz, 1H, phenyl H), 7.74 (s, 1H, CH=N); HRMS (m/z): [M + H+] calcd for C20H27NO2 313.2042, experimental 

313.2053. 

 

Compound 37 (Procedure C). To a mixture of 2-propyl-2-aminoadamantane (17) (105 mg, 0.543 mmol) and 2-

hydroxybenzaldehyde (66 mg, 0.543 mmol) in Ti(iPrO)4 (2 mL, 8.15 mmol) was added NaBH4 (83 mg, 2.17 

mmol) and MeOH (2 mL) to afford amine 37; yield 130 mg (76 %);  1H NMR (CDCl3, 400 MHz) δ (ppm) 0.98 (t, J = 

7 Hz, 3H, CH2CH2CH3), 1.19-1.29 (m, 2H, CH2CH2CH3), 1.59 (d, J = 12 Hz, 2H, 4eq,9eq-adamantyl H), 1.68-1.72 (m, 

6Η, 1,3,8eq,10eq- adamantyl H, CH2CH2CH3), 1.76 (1H, NH), 1.79 (br s, 2H, 5,7-adamantyl H), 1.90 (br s, 2Η, 6- 

adamantyl Η), 1.98 (d, J = 12 Hz, 2H,  8ax,10ax-adamantyl H), 2.10 (d, J = 12 Hz, 2H,  4ax,9ax- adamantyl H), 

3.78 (s, 2H, CH2N), 3.96 (br s, OH), 6.78 (t, J = 8 Hz, 1H, phenyl H), 6.84 (d, J = 8 Hz, 1H, phenyl H), 7.02 (d, J = 7 

Hz, 1H, phenyl H), 7.19 (t, J = 8 Hz 1H, phenyl H); HRMS (m/z): [M + H+] calcd for C20H29NO 299.2249, 

experimental 299.2251. 

 

Compound 38 (Procedure C). To the mixture of 2-propyl-2-aminoadamantane 17 (100 mg, 0.517 mmol) and 3-

hydroxybenzaldehyde (63 mg, 0.517 mmol)  in Ti(iPrO)4 (2 mL, 7.76 mmol) was added NaBH4 (80 mg, 2.07 
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mmol) and MeOH (2 mL) to afford amine 38; yield 100 mg (62 %);  1H NMR (CDCl3, 400 MHz) δ (ppm) 0.96 (t, J = 

7 Hz, 3H, CH2CH2CH3, 1.15-1.35 (m, 2H, CH2CH2CH3), 1.48 (d, J = 12 Hz, 2H, 4eq, 9eq-adamantyl H), 1.65-1.70 

(m, 6Η, 1,3,8eq,10eq-adamantyl H, CH2CH2CH3), 1.78-1.85 (m, 4H, 5,7,6- adamantyl Η), 1.95 (d, J = 12 Hz, 2H, 

8ax,10ax-adamantyl H), 2.14 (d, J = 12 Hz, 2H, 4ax,9ax-adamantyl H), 3.50 (s, 2H, CH2N), 4.06 (br s, OH), 6.62 (d, 

J = 8 Hz, 1H, phenyl H), 6.83-6.85 (m, 2H,  phenyl H), 7.08 (d, J = 8 Hz, 1H, phenyl H); 13C NMR (CDCl3, 50 MHz) δ 

(ppm) 15.1 (CH2CH2CH3), 15.2 (CH2CH2CH3), 27.8 (5-adamantyl C), 28.0 (7-adamantyl C), 32.8 (4,9- adamantyl 

C), 33.8 (8,10-adamantyl C), 34.0 (1,3-adamantyl C), 34.4 (CH2CH2CH3), 39.2 (6-adamantyl C), 44.6 (CH2N), 57.9 

(2-adamantyl C), 114.3 (6-phenyl CH), 115.9 (5-phenyl CH), 120.5 (4-phenyl CH), 129.6 (2-phenyl), 143.1 (1-

phenyl C) 156.1 (3-phenyl CH); HRMS (m/z): [M + H+] calcd for C20H29NO 299.2249, experimental 299.2254. 

  

Compound 39 (Procedure C). To the mixture of 2-propyl-2-aminoadamantane 17 (100 mg, 0.517 mmol) and 4-

hydroxybenzaldehyde (63mg, 0.517 mmol) in Ti(iPrO)4 (2 mL, 7.76 mmol) was added NaBH4 (80 mg, 2.07 mmol) 

and MeOH (2 mL) to afford amine 39; yield 120 mg (74 %); 1H NMR (CDCl3, 400 MHz) δ (ppm) 0.97 (t, J = 7 Hz, 

3H, CH2CH2CH3, 1.28-1.38 (m, 2H, CH2CH2CH3), 1.52 (d, J = 12 Hz, 2H, 4eq, 9eq-adamantyl H), 1.64-1.71 (m, 7Η, 

1,3,8eq,10eq-adamantyl H, CH2CH2CH3, NH), 1.80 (br s, 2H, 5,7-adamantyl H), 1.84 (br s, 2Η, 6-Η), 1.96 (d, J = 12 

Hz, 2H, 8ax,10ax-adamantyl H), 2.15 (d, J = 12 Hz, 2H, 4ax,9ax-adamantyl H), 3.46 (s, 2H, CH2N), 4.06 (br s, OH),  

6.61 (d, J = 8 Hz, 2H, phenyl H), 7.16 (d, J = 8 Hz, 2H, phenyl H); 13C NMR (CDCl3, 50 MHz) δ (ppm) 15.1 

(CH2CH2CH3), 15.3 (CH2CH2CH3), 27.8 (5-adamantyl C), 28.0 (7-adamantyl C), 32.8 (4,9-adamantyl C), 33.8 (8,10-

adamantyl C), 33.9 (1,3-adamantyl C), 34.4 (CH2CH2CH3), 39.3 (6-adamantyl C), 44.2 (CH2N), 57.9 (2-adamantyl 

C), 115.9 (3,5-phenyl CH), 129.8 (2,6-phenyl CH), 132.9 (1-phenyl C), 155.2 (4-phenyl C); HRMS (m/z): [M + H+] 

calcd for C20H29NO 299.2249, experimental 299.2246. 

 

Compound 41. Compound 41 was prepared following the same procedure applied for the preparation of 

compound 33 by adding BBr3 (1.0 M in CH2Cl2, 0.5  mL, 6.0 mmol) to 40 (25 mg, 0.076 mmol) in CH2Cl2 (3 mL) at 

-78 oC; yield 10 mg (43 %). 1H NMR (CDCl3, 400 MHz) δ (ppm) 0.97 (t, J = 7 Hz, 3H, CH2CH2CH3, 1.21-1.31 (m, 2H, 

CH2CH2CH3), 1.61 (d, J = 12 Hz, 2H, 4eq,9eq-adamantyl H), 1.67 (m, 2H, CH2CH2CH3), 1.71-1.73 (4Η, 

1,3,8eq,10eq-adamantyl H), 1.74 (1H, NH), 1.77 (br s, 2H, 5,7-adamantyl H), 1.82 (br s, 2Η, 6-adamantyl H), 1.98 

(d,  J = 12 Hz, 2H, 8ax,10ax-adamantyl H), 2.09 (d, J = 12 Hz, 2H, 4ax,9ax-adamantyl H), 3.71 (s, 2H, CH2N), 3.76 

(br s, OH), 6.33 (dd, J  = 8, 2.4 Hz, 1H, phenyl H), 6.43 (d, J = 2 Hz, 1H, phenyl H), 6.88 (d, J = 8 Hz, 1H, phenyl H); 

HRMS (m/z): [M + H+] calcd for C20H29NO2 315.2198, experimental 315.2196. 

 

 Compound 42 (Procedure B). To the mixture of 2-propyl-2-aminoadamantane 17 (110 mg, 0.569 mmol) and 3-

chloromethyl-5-methylisoxazole (50 mg, 0.379 mmol) in isopropanol (2 mL) was added CsI (15 mg, 0.0569 
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mmol) and Et3N (115 mg, 1.14 mmol) to afford amine 42; yield 35 mg (32%); 1H NMR (CDCl3, 400 MHz) δ (ppm)  

0.93 (t, J = 7 Hz, 3H, CH2CH2CH3), 1.20-1.26 (m, 2H, CH2CH2CH3), 1.46 (d, J = 12 Hz, 2H, 4eq,9eq-adamantyl H), 

1.61 (d, J = 12 Hz, 2H, 8eq,10eq- adamantyl H), 1.65-1.72 (m, 6H, CH2CH2CH3, 6,1,3-adamantyl H), 1.80 (br s, 2H, 

5,7-adamantyl H), 1.93 (d, J = 12 Hz, 2H, 8ax,10ax-adamantyl H), 2.20 (d, J = 12 Hz, 2H, 4ax,9ax-adamantyl H), 

2.4 (s, 3H, CH3), 3.6 (s, 2H, CH2N), 6.0 (s, 1H, isoxazyl CH=); 13C NMR (CDCl3, 50 MHz) δ (ppm) 12.3 (CH2CH2CH3), 

14.9 (CH3), 15.0 (CH2CH2CH3), 27.8 (5,7-adamantyl C), 32.6 (4,9-adamantyl C), 33.5 (8,10-adamantyl C), 34.0 

(1,3-adamantyl C), 36.0 (CH2CH2CH3)  39.0 (6-adamantyl C), 57.9 (2-adamantyl C), 101.5 (isoxazolyl CH=),165 

(isoxazolyl C=N), 170 (isoxazolyl CO); HRMS (m/z): [M + H+] calcd for C18H28N2O 288.2202, experimental 

288.2212. 

 

Compound 43 (Procedure C). To the mixture of 2-propyl-2-aminoadamantane 17 (150 mg, 0.777mmol) and 5-

phenylisoxazole-3-carboxaldehyde (63mg, 0.517 mmol) in Ti(iPrO)4 (3 mL, 11.7 mmol) was added NaBH4 (118 

mg, 3.11 mmol) and MeOH (3 mL) to afford amine  43; yield 190 mg (70 %). 1H NMR (CDCl3, 400 MHz) δ (ppm)  

0.94 (t, J = 7 Hz, 3H, CH2CH2CH3), 1.20-1.3 (m, 2H, CH2CH2CH3), 1.50 (d, J = 12 Hz, 2H, 4eq, 9eq-adamantyl H), 

1.63 (m, 2H, CH2CH2CH3), 1.63-1.69 (4Η, 1,3,8eq, 10eq-adamantyl H), 1.70 (br s, 2H, 6-adamantyl Η), 1.82 (br s, 

2Η, 5,7-adamantyl H), 1.93 (d, J = 12 Hz, 2H, 8ax,10ax-adamantyl H), 2.2 (d, J = 12 Hz, 2H, 4ax,9ax-adamantyl 

H),  3.7 (s, 2H, CH2N), 6.60 (s, 1H, isoxazyl CH), 7.4-7.5 (m, 3H, phenyl CH), 7.7 (d, J = 12 Hz, 2H, phenyl CH); 13C 

NMR (CDCl3, 50 MHz) δ (ppm) 14.9 (CH2CH2CH3), 15.2 (CH2CH2CH3), 27.9 (5, 7-C), 32.8 (4,9-adamantyl C), 33.7 

(8,10-adamantyl C), 34.2  (1,3-adamantyl C), 34.3 (CH2CH2CH3)  36.3 (6-adamantyl C), 39.2 (CH2N), 57.2 (2-

adamantyl C),  99.4 (isoxazolyl CH=) 125.9 (phenyl CH) 127.8 (phenyl C), 129.0 (phenyl CH), 130.1 (phenyl CH), 

165.1 (isoxazolyl C=N), 169.9 (isoxazolyl CO); HRMS (m/z): [M + H+] calcd for C23H30N2O 350.2358, experimental 

350.2362. 

  

Compound 44. To a vigorously stirred mixture of 2-propyl-2-aminoadamantane 17 (100 mg, 0.517 mmol) in 

dichloromethane (8 mL) and K2CO3 (82 mg, 0.595 mmol) in 5mL H2O (5 mL), was added, dropwise, a solution of  

bromoacetyl chloride (90 mg, 0.569mmol) in dichloromethane (5 mL). The reaction mixture was stirred at rt for 

24 h. The resulting mixture was extracted with dichloromethane and the organic phase was washed with 

NaHCO3  10% (1x15 ml), HCl 3% (1x15mL), water and brine and evaporated under vacuum to afford the 

bromacetamide 83; yield 110 mg (69 %) ; 13C NMR (CDCl3, 50 MHz) δ (ppm) 14.7 (CH2CH2CH3), 16.1 

(CH2CH2CH3), 27.2 (5,7-adamantyl C), 30.2 (CH2CH2CH3),  33.0 (4,9-adamantyl C), 33.2 (1,3-adamantyl C), 33.3 

(8,10-adamantyl C), 34.7 (6-adamantyl C), 38.6 (CH2Br), 61.5 (2-adamantyl C), 163.6 (C=O). A mixture of the 

bromacetamide 83 (105 mg, 0.334 mmol) and NaN3 (43 mg, 0.668 mmol) in ethanol (3 mL) was stirred for 5 h 

at rt. After evaporation of ethanol, water (10 mL) was added and the aqueous phase was extracted twice with 
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an equal volume of diethyl ether. The combined organic phase was washed with water and brine, dried 

(Na2SO4) and evaporated to afford the oily azide 84; yield 75 mg (82 %); 13C NMR (CDCl3, 50 MHz) δ (ppm) 14.6 

(CH2CH2CH3), 16.0 (CH2CH2CH3), 27.2 (5,7-adamantyl C), 32.9 (4,9-adamantyl C), 33.2 (1,3-adamantyl C), 33.3 

(8,10-adamantyl C ), 34.9 (CH2CH2CH3), 38.6 (6-adamantyl C ), 53.3 (CH2N3), 61.3 (2-adamantyl C), 165.2 (C=O). 

A mixture of the azide 84 (75 mg, 0.271 mmol) and PPh3 (78 mg, 0.298 mmol) in THF (3 mL) and water (5 mL) 

was stirred for 72 h at rt. The solvent was evaporated under vacuum and the residue was dissolved in Et2O. The 

organic solution was washed with water and extracted with HCl 4% (2x10mL). The aqueous layer was made 

alkaline with solid Na2CO3 and the oily product formed was extracted with ether. The combined ether extracts 

were washed with water and brine and dried (Na2SO4). After evaporation of the solvent, amino acetamide 44 

was afforded: yield 34 mg (50 %). 1H NMR (CDCl3, 400 MHz) δ (ppm) 0.89 (t, J = 7 Hz, 3H, CH2CH2CH3, 1.23-1.24 

(m, 4H, 2xCH2CH2CH3), 1.58-1.61 (m, 2H, 4eq,9eq-adamantyl H), 1.65 (d, J = 12 Hz, 2Η, 1,3-adamantyl H), 1.80 

(br s, 2H, 8eq,10eq-adamantyl H), 1.95-2.01 (m, 6H, 5,7,6,8ax,10ax-adamantyl H), 2.25 (d, J = 12 Hz, 2H, 

4ax,9ax-H), 3.28 (s, 2H, COCH2N); 13C NMR (CDCl3, 50 MHz) δ (ppm) 14.7 (CH2CH2CH3), 16.1 (CH2CH2CH3), 27.4 

(5,7-adamantyl C), 33.0 (4,9-adamantyl C), 33.2 (8,10-adamantyl C), 35.1 (CH2CH2CH3),  37.1 (1,3-adamantyl C), 

38.7 (6-adamantyl C), 45.4 (CH2N), 59.8 (2-adamantyl C), 171.2 (C=O); HRMS (m/z): [M + H+] calcd for C15H26N2O 

250.2045, experimental 250.2052. 

 

Compound 45 (Procedure A). Reaction of rimantadine 2 (300 mg, 1.68 mmol) and 2-hydroxy-4-

methoxybenzaldehyde ( 212 mg, 1.40 mmol) in MeOH (5 mL) followed by addition of NaCNBH3 (317 mg, 5.04 

mmol) to afford imine 85a; yield 25 mg (5 %). 1H NMR (CDCl3, 400 MHz) δ (ppm) 1.25 (d, J = 13 Hz, 3H, CHCH3), 

1.51-1.68 (m, 12H, 2,4,6,8,9,10-adamantyl H), 2.02 (br s, 3H, 3,5,7-adamantyl H), 2.17 (q,  J = 6 Hz, CH(CH3)N),  

3.77 (s, 3H, OCH3), 4.77 (br s, OH), 6.43 (dd, J  = 8, 2.4 Hz, 1H, phenyl H), 6.88 (d, J = 2 Hz, 1H, phenyl H), 7.02 (d, 

J = 8 Hz, 1H, phenyl H), 7.76 (s, 1H, CH=N).  

Reaction of imine 85a (25 mg, 0.0799 mmol) with PTSA (14 mg, 0.0799 mmol) /NaBH4 (12 mg, 0.320 

mmol) /MeOH (2 mL) afforded amine 45; yield 6 mg (24 %);  1H NMR (CDCl3, 400 MHz) δ (ppm) 1.05 (d, J = 7 Hz, 

3H, CHCH3), 1.52-1.67 (m, 12H, 2,4,6,8,9,10-adamantyl H), 1.99 (br s, 3H, 3,5,7-adamantyl H), 2.27 (q,  J = 6 Hz, 

CH(CH3)N),  3.41 (s, 1H, NCH2), 3.76 (m, 4H, OCH3, NCH2), 4.1 (br s, OH), 6.33 (dd, J = 8, 2.4 Hz, 1H, phenyl), 6.40 

(d, J = 2 Hz, 1H, phenyl), 6.89 (d, J = 8 Hz, 1H, phenyl);  13C NMR (CDCl3, 50 MHz) δ (ppm)  12.7 (CHCH3), 28.7 

(3,5,7-adamantyl C), 37.0 (1-adamantyl C),  37.3 (4,6,10-adamantyl C), 38.7 (2,8,9-adamantyl C), 50.9 (NCH2), 

55.4 (OCH3), 62.1 (CH(CH3)N), 116.1 (1-phenyl CH) 102.9 (3-phenyl CH), 104.8 (5-phenyl CH), 128.8 (6-phenyl 

CH), 151.3 (2-phenyl CH), 160.8 (4-phenyl CH); HRMS (m/z): [M + H+] calcd for C20H29NO2 315.2198, 

experimental 315.2196. 
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Compound 46 (Procedure A). Reaction 2-(1-adamantyl)-2-propanamine 21 (55 mg, 0.285 mmol) and 2-hydroxy-

4-methoxybenzaldehyde (36 mg, 0.238 mmol) in MeOH (2 mL) followed by addition of NaCNBH3 (54 mg, 0.855 

mmol) to afford imine 85b; yield 37 mg (67 %); 1H NMR (CDCl3, 400 MHz) δ (ppm) 1.25 (s, 6H, 2xCH3), 1.62-1.64 

(m, 12H, 2,4,6,8,9,10-adamantyl H), 1.99 (br s, 3H, 3,5,7-adamantyl H ), 3.77 (s, 3H, OCH3), 6.17 (dd, J  = 8, 2.4 

Hz, 1H, phenyl), 6.25 (d, J = 2 Hz, 1H, phenyl), 6.98 (d, J = 8 Hz, 1H, phenyl), 7.86 (s, 1H, CH=N).  

Treatment of imine 85b ( 37 mg, 0.113 mmol) with PTSA (20 mg, 0.113 mmol) and NaBH4 (17 mg, 0.452 

mmol) in MeOH (2 mL) afforded amine 46; yield 50 mg (81 %);  1H NMR (CDCl3, 400 MHz) δ (ppm) 1.06 (s, 6H, 

2xCH3), 1.58-1.73 (m, 12H, 2,4,6,8,9,10-adamantyl H), 2.01 (br s, 3H, 3,5,7-adamantyl H), 3.76 (s, 3H, OCH3), 

3.86 (s, 2H, CH2N),  6.30 (dd, J = 8, 2.4 Hz, 1H, phenyl), 6.41 (d, J = 2 Hz, 1H, phenyl), 6.86 (d, J = 8 Hz, 1H, 

phenyl);  13C NMR (CDCl3, 50 MHz) δ (ppm)  19.7 (2xCH3), 28.8 (3,5,7-adamantyl C), 36.1 (4,6,10-adamantyl C), 

37.2 (2,8,9-adamantyl C), 38.8 (1-adamantyl C), 45.2 (CH2N), 55.4 (OCH3), 57.8 (CNH), 102.5 (2-phenyl CH) , 

104.8 (5-phenyl CH), 115.9 (1-phenyl C), 128.6 (6-phenyl CH), 130.8 (2-phenyl COΗ), 159.8 (4-phenyl COCH3); 

HRMS (m/z): [M + H+] calcd for C21H31NO2 329.2355, experimental 329.2364. 

 

Compound 47 (Procedure A). Reaction of 3-(1-adamantyl)-3-pentanamine 22 (70 mg, 0.317 mmol) and 2-

hydroxy-4-methoxybenzaldehyde (40 mg, 0.264 mmol) in MeOH (2 mL) followed by addition of NaCNBH3 (60 

mg, 0.951 mmol) to afford imine 85c; yield 20 mg (18 %);  1H NMR (CDCl3, 400 MHz) δ (ppm) 0.96 (t, J = 7, 6H, 

2xCH3), 1.63-1.67 (m, 12H, 2,4,6,8,9,10 -adamantyl H), 1.82-1.87 (m, 4H, 2xCH3CH2),  1.99 (br s, 3H, 3,5,7-

adamantyl H), 3.77 (s, 3H, OCH3), 6.16 (dd, J = 8, 2.4 Hz, 1H, CH, phenyl), 6.27 (d, J = 2 Hz, 1H, CH, phenyl), 6.98 

(d, J = 8 Hz 1H, CH, phenyl), 7.71 (s, 1H, CH=N). 

Reaction of imine 85c (20 mg, 0.056 mmol) with PTSA (10 mg, 0.056 mmol) and NaBH4 (9 mg, 0.224 

mmol) in MeOH (1 mL) afforded amine 47; yield 15 mg (75 %);   1H NMR (CDCl3, 400 MHz) δ (ppm) 0.89 (t, J = 7, 

6H, 2xCH3), 1.64-1.67 (m, 12H, 2,4,6,8,9,10-adamantyl H), 1.76-1.80 (m, 4H, 2xCH3CH2), 2.0 (br s, 3H, 3,5,7-

adamantyl H), 3.76 (s, 3H, OCH3), 3.96 (s, 2H, CH2N),  6.32 (dd, J  = 8, 2.4 Hz, 1H, phenyl), 6.42 (d, J = 2 Hz, 1H, 

phenyl), 6.86 (d, J = 8 Hz, 1H, phenyl); HRMS (m/z): [M + H+] calcd for C23H35NO2 357.2668, experimental 

357.2674. 

 

Compound 48 (Procedure A). Reaction of 4-(1-adamantyl)-4-heptanamine 23 (45 mg, 0.181 mmol) and 2-

hydroxy-4-methoxybenzaldehyde (23 mg, 0.151 mmol) in MeOH (2 mL) followed by addition of NaCNBH3 (34 

mg, 0.543 mmol) to afford imine 85d; yield 15 mg (22 %); 1H NMR (CDCl3, 400 MHz) δ (ppm) 0.95 (t, 6H, J = 7 

Hz, 2xCH2CH2CH3), 1.31-1.40 (m, 4H, 2xCH2CH2CH3), 1.56-1.67 (m, 12H, 2,4,6,8,9,10-adamantyl H), 1.69-1.74 (m, 

4H, 2xCH2CH2CH3), 1.99 (br s, 3H, 3,5,7-adamantyl H), 3.78 (s, 3H, OCH3), 6.15 (dd, J  = 8, 2.4 Hz, 1H, phenyl), 

6.23 (d, J = 2 Hz, 1H, phenyl), 6.98 (d, J = 8 Hz, 1H, phenyl), 7.70 (s, 1H, CH=N). 
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 Reaction of imine 85d (15 mg, 0.039 mmol) with PTSA (7 mg, 0.039 mmol) and NaBH4 (6 mg, 0.156 mmol) 

in MeOH (2 mL) afforded amine 48; yield 10 mg (68 %); 1H NMR (CDCl3, 400 MHz) δ (ppm) 0.92 (t, 6H, J = 7 Hz, 

2xCH2CH2CH3), 1.44-1.50 (m, 4H, 2xCH2CH2CH3), 1.52-1.56 (m, 4H, 2xCH2CH2CH3), 1.57-1.68 (m, 12H, 

2,4,6,8,9,10-adamantyl H), 2.0 (br s, 3H, 3,5,7-adamantyl H), 3.76 (s, 3H, OCH3), 3.95 (s, 2H, CH2N),  6.34 (d, J = 

4 Hz, 1H, phenyl), 6.42 (d, J = 4 Hz 1H, phenyl), 6.86 (d, J = 8 Hz, 1H, phenyl); HRMS (m/z): [M + H+] calcd for 

C25H39NO2 385.2981, experimental 385.2976. 

   

Compound 49 (Procedure B). To the mixture of rimantadine 2 (100 mg, 0.558 mmol) and  3-chloromethyl-5-

methylisoxazole (49 mg, 0.372 mmol) in isopropanol (2 mL) was added CsI (15 mg, 0.0558 mmol) and Et3N (112 

mg, 1.12 mmol) to afford amine 49; yield 6 mg (4%); 1H NMR (CDCl3, 400 MHz) δ (ppm)  0.95 (d, J = 6 Hz, 3H, 

CHCH3), 1.41-1.64 (m, 12H, 2,4,6,8,9,10-adamantyl H), 1.95 (br s, 3H, 3,5,7-adamantyl H), 2.07 (q,  J = 6 Hz, 1H, 

CH(CH3)N), 2.40 (s, 3H, isoxazolyl CH3), 3.69 (d, J = 14 Hz, 1H, CH2N), 3.87 (d, J = 14 Hz, 1H, CH2N), 5.9 (s, 1H, 

isoxazolyl CH=); 13C NMR (CDCl3, 50 MHz) δ (ppm) 13.2 (CH-CH3), 13.3 (isoxazolyl CH3) 28.7 (3,5,7-adamantyl C), 

37.4 (1-C), 37.5 (4,6,10-adamantyl C), 38.7 (2,8,9-adamantyl C), 43.7 (NHCH2), 61.6 (CH(CH3)N), 101.3 

(isoxazolyl CH=), 163.8 (isoxazolyl C=N),  169.3 (isoxazolyl CO); HRMS (m/z): [M + H+] calcd for C17H26N2O 

274.2045, experimental 274.2053. 

 

Compound 50 (Procedure C). To the mixture of rimantadine 2 (150 mg, 0.694 mmol) and 5-phenylisoxazole-3-

carboxaldehyde (120 mg, 0.694 mmol) in Ti(iPrO)4 (3 mL, 10.4 mmol) was added NaBH4 (105 mg, 2.78 mmol) 

and MeOH (3 mL) to afford amine 50; yield 12 mg (5%); 1H NMR (CDCl3, 400 MHz) δ (ppm) 0.96 (d, J = 6 Hz, 3H, 

CHCH3), 1.42-1.64 (m, 12H, 2,4,6,8,9,10-adamantyl H), 1.94 (br s, 3H, 3,5,7-adamantyl H), 2.13 (q,  J = 6 Hz, 1H, 

CH(CH3)N), 3.72 (d, J = 14 Hz, 1H, CH2N), 3.74 (d, J = 14 Hz, 1H, CH2N), 3.93 (d, J = 14 Hz, 1H, CH2N), 6.52 (s, 1H, 

isoxazolyl CH=), 7.39-7.42 (m, 3H, phenyl), 7.74 (d, J = 8 Hz, 2H, phenyl); 13C NMR (CDCl3, 50 MHz) δ (ppm) 13.2 

(CHCH3), 28.6 (3,5,7-adamantyl C), 36.2 (1-adamantyl C), 37.3 (4,6,10-adamantyl C), 38.6 (2,8,9-adamantyl C), 

43.7 (NCH2), 61.5 (CH(CH3)N), 99.1 (isoxazolyl CH=), 125.8 (CH, C6H5) 127.6 (C, C6H5), 129.0 (CH, C6H5), 130.0 (CH, 

C6H5), 164.3 (isoxazolyl C=N), 169.5 (isoxazolyl CO); HRMS (m/z): [M + H+] calcd for C22H28N2O 336.2202, 

experimental 336.2215. 

 

Compound 51 (Procedure C). To the mixture of 2-(1-adamantyl)-2-propanamine (70 mg, 0.363 mmol) and 5-

phenylisoxazole-3-carboxaldehyde (63 mg, 0.363 mmol) in Ti(iPrO)4 (1.5 mL, 5.45 mmol) was added NaBH4 (55 

mg, 1.45 mmol) and MeOH (2 mL) to afford amine 51; yield 15 mg (11 %); 1H NMR (CDCl3, 400 MHz) δ (ppm)  

1.03 (s, 6H, 2xCH3), 1.61-1.670 (m, 12H, 2,4,6,8,9,10-adamantyl H), 2.0 (br s, 3H, 3,5,7-adamantyl H), 3.86 (s, 2H, 

CH2N), 6.56 (s, 1H, isoxazolyl CH=C), 7.43-7.45 (m, 3H, phenyl), 7.75-7.77 (m, 2H, phenyl); 13C NMR (CDCl3, 50 
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MHz) δ (ppm) 20.4 (2xCH3), 28.9 (3,5,7-adamantyl C), 36.2 (4,6,10-adamantyl C), 37.4 (2,8,9-adamantyl C), 39.0 

(1-adamantyl C), 57.2 (CH2NH), 98.2 (CHNH), 99.4 (isoxazolyl CH=), 125.9 (CH, 2C, phenyl) 126.0 (C, phenyl), 

129.0 (CH, 2C, phenyl), 130.1 (CH, phenyl), 165.8 (isoxazolyl C=N), 169.3 (isoxazolyl CO); HRMS (m/z): [M + H+] 

calcd for C23H30N2O 350.2358, experimental 350.2374. 

 

Compound 52 (Procedure C). To the mixture of 3-(1-adamantyl)-3-pentanamine 22 (40 mg, 0.181 mmol) and 5-

phenylisoxazole-3-carboxaldehyde (31 mg, 0.181 mmol) in Ti(iPrO)4 (1 mL, 2.72 mmol) was added NaBH4 (28 

mg, 0.724 mmol) and MeOH (2 mL) to afford amine 52; yield 30 mg (43 %); 1H NMR (CDCl3, 400 MHz) δ (ppm)  

0.95 (t, J = 8 Hz, 6H, 2xCH3), 1.51-1.63 (m, 4H, 2xCH2CH3), 1.64-1.76 (m, 12H, 2,4,6,8,9,10-adamantyl H), 1.99 (br 

s, 3H, 3,5,7-adamantyl H), 3.98 (s, 2H, CH2NH), 6.59 (s, 1H, isoxazolyl CH=C), 7.41-7.46 (m, 3H, phenyl), 7.74-

7.77 (m, 2H, phenyl); 13C NMR (CDCl3, 50 MHz) δ (ppm) 10.1 (2xCH3), 25.0 (2xCH2), 28.7 (3,5,7-adamantyl C), 

36.7 (4,6,10-adamantyl C), 36.8 (2,8,9-adamantyl C), 38.0 (CH2NH), 62.1 (CNH), 118.1 (isoxazolyl CH=), 120.1 

(CH, phenyl) 128.8 (CH, phenyl), 129.2 (CH, phenyl), 150.8 (isoxazolyl C=N), 169.0 (isoxazolyl CO); HRMS (m/z): 

[M + H+] calcd for C25H34N2O 378.2671, experimental 378.2695. 

 

Compound 52 (Procedure C). To the mixture of 4-(1-adamantyl)-4-heptananamine 23 (20 mg, 0.080 mmol) and 

5-phenylisoxazole-3-carboxaldehyde (14 mg, 0.080 mmol) in Ti(iPrO)4 (0.3 mL, 1.20 mmol) was added NaBH4 

(12 mg, 0.320 mmol) and MeOH (2 mL) to afford amine 53; yield 20 mg (50%). 1H NMR (CDCl3, 400 MHz) δ 

(ppm)  0.94 (m, 6H, 2xCH3), 1.34-1.56 (m, 8H, 2xCH2CH2CH3), 1.62-1.75 (m, 12H, 2,4,6,8,9,10-adamantyl H), 1.98 

(br s, 3H, 3,5,7-adamantyl H), 3.97 (s, 2H, CH2NH), 6.59 (s, 1H, isoxazolyl CH=C), 7.43-7.46 (m, 3H, phenyl), 7.74-

7.78 (m, 2H, phenyl); 13C NMR (CDCl3, 50 MHz) δ (ppm) 14.3 (2xCH3), 18.7 (2xCH2CH2CH3), 29.3 (3,5,7-

adamantyl C), 35.9 (2xCH2CH2CH3), 36.0 (4,6,10-adamantyl C), 36.9 (2,8,9-adamantyl C), 55.9 (CH2NH), 69.1 

(CNH), 97.9 (isoxazolyl CH=), 125.9 (CH, C6H5), 129.0 (CH, C6H5), 130.4 (CH, C6H5), 150.0 (isoxazolyl C=N), 169.4 

(isoxazolyl CO); HRMS (m/z): [M + H+] calcd for C27H38N2O 406.2984, experimental 406.2965. 

 

Compound 54 (Procedure C). To the mixture of  2-(1-adamantyl)-2-propananamine 21 (60 mg, 0.314 mmol) 

and 5-bromo-2-thiophenecarboxaldehyde (49 mg, 0.314 mmol) in Ti(iPrO)4 (1.5 mL, 4.71 mmol) was added 

NaBH4 (48 mg, 1.26 mmol) and MeOH (2 mL) to afford amine 54; yield 7 mg (7%); 1H NMR (CDCl3, 400 MHz) δ 

(ppm)  1.03 (s, 6H, 2xCH3), 1.65-1.67 (m, 12H, 2,4,6,8,9,10- adamantyl H), 2.00 (br s, 3H, 3,5,7-adamantyl H), 

3.92 (br s, 2H, CH2NH), 6.88 (d, J = 4 Hz, thiophenyl CH=C), 7.27 (d, J = 4 Hz, thiophenyl  CH=CBr); 13C NMR 

(CDCl3, 50 MHz) δ (ppm) 20.5 (2xCH3), 28.9 (3,5,7-adamantyl C), 36.2 (4,6,10-adamantyl C), 37.4 (2,8,9-

adamantyl C), 39.0 (1-adamantyl C), 42.6 (CH2NH), (CNH, ??), 129.4 (thiopenyl CH=C), 130.7 (thiopenyl CH=CBr); 

HRMS (m/z): [M + H+] calcd for C18H26BrNS 367.0969, experimental 367.0972. 
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Compound 55 (Procedure A).  Reaction of 1-isopropyl-3-aminoadamantane 25 (60 mg, 0.311 mmol)  with 2-

hydroxy-4-methoxybenzaldehyde (40 mg, 0.259 mmol) in MeOH (2 mL) followed by addition of NaCNBH3 (58 

mg, 0.933 mmol) to afford imine 86a; yield 100 mg (98 %)  1H NMR (CDCl3, 400 MHz) δ (ppm) 0.80-0.82 (d, J = 7 

Hz, 6H, CH(CH3)2), 1.27 (hept, J = 7 Hz, 1H, CH(CH3)2), 1.46-1.49 (m, 4H, 4,10-adamantyl H), 1.57 (br s, 2H, 6-

adamantyl H), 1.61 (br s, 2H,  5,7-adamantyl H), 1.77-1.79 (m, 4H, 8, 9-adamantyl H), 2.23 (br s, 2H, 2-

adamantyl H), 3.77 (s, 3H, OCH3), 4.75 (br s, OH),  6.19 (dd, J  = 8, 2.4 Hz, 1H, phenyl), 6.25 (d, J = 2 Hz, 1H, 

phenyl), 7.01 (d, J = 8 Hz, 1H, phenyl), 7.99 (s, 1H, CH=N);  13C NMR (CDCl3, 50 MHz) δ (ppm)  16.5 (CH(CH3)2), 

29.6 (5,7-adamantyl C), 35.9 (6-adamantyl C), 36.8 (3- adamantyl C), 37.3 (CH(CH3)2 ), 37.9 (4,9-adamantyl C), 

42.5 (8,10-adamantyl C), 45.1 (2-adamantyl C), 55.2 (OCH3), 56.4 (1-adamantyl C),  101.5 (2-phenyl CH), 106.5 

(5-phenyl CH), 111.1 (1-C, C6H5), 133.2 (6-phenyl CH), 156.8 (CH=N), 164.9 (2-COΗ, phenyl), 172.5 (4-COCH3, 

phenyl). 

Reaction of imine 86a (100 mg, 0.306 mmol,) with PTSA (53 mg, 0.306 mmol) and NaBH4 (47 mg, 1.22 

mmol) in MeOH (2 mL) afforded amine 55; yield 70 mg (69 %). 1H NMR (CDCl3, 400 MHz) δ (ppm) 0.79 (d, J = 4 

Hz, 6H, CH(CH3)2), 1.21-1.26 (hept, J = 7 Hz, 1H, CH(CH3)2), 1.38-1.46 (m, 4H, 4,10-adamantyl H), 1.54-1.68 (m, 

6H, 6,8,9-H), 2.15 (br s, 2H, 5,7-adamantyl H), 3.74 (s, 3H, OCH3), 3.91 (br s, 2H, CH2NH),  6.33 (dd, J = 8, 2.4 Hz, 

1H, phenyl), 6.38 (d, J = 2 Hz, 1H, phenyl), 6.82 (d, 1H, J = 8 Hz, phenyl);  13C NMR (CDCl3, 50 MHz) δ (ppm)  16.6 

(CH(CH3)2), 29.7 (5,7-adamantyl C), 36.3 (6 adamantyl C), 36.8 (3 adamantyl C), 37.3 (CH(CH3)2 ), 38.3 (4,9 

adamantyl C), 41.9 (8,10 adamantyl C), 43.7 (CH2-NH), 44.4 (2 adamantyl C), 52.2 (1 adamantyl C), 55.3 (CH3-O), 

102.2 (2-CH, phenyl), 104.8 (5-CH, phenyl), 116.1 (1-C, phenyl), 128.4 (6-CH, phenyl), 159.7 (2-C-OΗ, phenyl), 

160.3 (4-C-OCH3, phenyl); HRMS (m/z): [M + H+] calcd for C21H31NO2 329.2355, experimental 329.2362. 

 

Compound 56 (Procedure A). Reaction of 1-fluoro-3-aminoadamantane 26 (30 mg, 0.178 mmol) with 2-

hydroxy-4-methoxybenzaldehyde (23 mg, 0.148 mmol) in MeOH (1 mL) followed by addition of NaCNBH3 (34 

mg, 0.534 mmol) to afford imine 86b; yield 20 mg (40 %); 1H NMR (CDCl3, 400 MHz) δ (ppm) 1.61 (br s, 2H, 6-

adamantyl H), 1.78 (br s, 4H, 4,10-adamantyl H), 1.91-1.96 (m, 4H, 8,9-adamantyl H), 1.98 (d, J = 6 Hz, 2H, 2-

adamantyl H), 2.44 (br s, 3H, 5,7- adamantyl H), 3.80 (s, 3H, OCH3), 6.33 (dd, J  = 8, 2.4 Hz, 1H, phenyl), 6.38 (d, J 

= 2 Hz 1H, phenyl), 7.06 (d, J = 8 Hz 1H, phenyl), 8.16 (s, 1H, CH=N); 13C NMR (CDCl3, 50 MHz) δ (ppm)  31.0, 

31.2 (5,7- adamantyl C), 34.6 (6-adamantyl C), 41.6  (4,10-adamantyl C), 41.9 (8,9-adamantyl C), 47.8 (2-

adamantyl C), 51.5 (3-adamantyl C), 55.5 (OCH3), 93.0 (d, J = 100 Hz, CF), 101.5 (2-phenyl), 106.5 (5-phenyl CH), 

112.3 (1-phenyl C), 130.0 (6-CH, C6H5), 158.7 (CH=N ), 164.0 (2-COΗ, phenyl), 167.1 (4-COCH3, phenyl).  

Reaction of imine 86b (20 mg , 0.066 mmol,) with PTSA (11 mg, 0.066 mmol) and NaBH4 (10 mg, 0.264 

mmol) in MeOH (1 mL) afforded amine 56; yield 18 mg (90 %); 1H NMR (CDCl3, 400 MHz) δ (ppm) 1.55 (br s, 2H, 
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6-adamantyl H), 1.64-1.70 (m, 4H, 4,10-adamantyl H), 1.87-1.90 (m, 6H, 2,8,9-adamantyl H), 2.44 (br s, 3H, 5,7-

adamantyl H), 3.80 (s, 3H, OCH3), 3.92 (br s, 2H, CH2NH), 6.30 (dd, J = 4 Hz, 1H, phenyl), 6.36 (d, J = 4 Hz, 1H, 

phenyl), 6.84 (d, J = 16 Hz 1H, phenyl);  13C NMR (CDCl3, 50 MHz) δ (ppm)  31.0, 31.2 (5,7-adamantyl C), 34.9 (6-

adamantyl C), 40.9  (4,10-adamantyl C), 41.7, 42.0 (8,9-adamantyl C), 44.2 (CH2NH), 47.1 (2-adamantyl C), 51.5 

(1-adamantyl C), 55.3 (3-adamantyl C), 55.4 (OCH3), 93.0 (d, J = 100 Hz, CF), 102.2 (2-phenyl CH), 102.3 (5-

phenyl CH), 115.7 (1-phenyl C), 128.6 (6-phenyl CH), 159.4 (2-COΗ, phenyl), 160.5 (4-COCH3, phenyl); HRMS 

(m/z): [M + H+] calcd for C18H24FNO2 305.1791, experimental 305.1783. 

 

Compound 57 (Procedure A). Reaction of 4-(1-adamantyl)aniline 27  (25 mg, 0.110 mmol)  with 2-hydroxy-4-

methoxybenzaldehyde (15 mg, 0.092 mmol) in MeOH (1 mL) followed by addition of NaCNBH3 (21 mg, 0.330 

mmol) to afford imine 87; yield 25 mg (63 %); 1H NMR (CDCl3, 400 MHz) δ (ppm) 1.84 (br s, 6H, 4,6,10-

adamantyl H), 1.98 (br s, 6H, 2,8,9-adamantyl H), 2.17 (br s, 3H, 3,5,7-adamantyl H), 3.89 (s, 3H, OCH3),  6.53-

6.55 (m, 2H, aromatic H), 7.30-7.50 (m, 3H, aromatic H), 8.58 (s, 1H, CH=N); 13C NMR (CDCl3, 50 MHz) δ (ppm) 

29.05 (3,5,7-adamantyl C), 36.22 (1-adamantyl C), 36.87 (4,10-adamantyl C), 43.3 (8,9-adamantyl C), 55.6 

(OCH3), 101.3 (2-phenyl CH), 105.7 (5-phenyl CH), 116.2 (1-phenyl C), 120.7 (3,5-C, Ph-N=), 125.9 (2,6-C, Ph-N=), 

133.5 (6-phenyl CH), 145.8 (1-C, Ph-N=), 150.0 (4-C, Ph-N=),  160.7 (CH=N ), 163.4 (2-COΗ, phenyl), 164.5 (4-

COCH3, phenyl).  

Reaction of imine 87 (25 mg , 0.70 mmol,) with PTSA (120 mg, 0.70 mmol) and NaBH4 (106 mg, 2.8 mmol) 

in MeOH (1 mL) afforded amine 57; yield 10 mg (36 %); 1H NMR (CDCl3, 400 MHz) δ (ppm) 1.79 (br s, 6H, 4,6,10-

adamantyl H), 1.91 (br s, 6H, 2,8,9-adamantyl H), 2.11 (br s, 3H, 3,5,7-adamantyl H), 3.81 (s, 3H, OCH3), 4.37 (br 

s, 2H, CH2N),  6.43-6.50 (m, 2H, aromatic H), 6.84-6.88 (m, 2H, aromatic H), 7.03-7.07 (d, J = 8 Hz, 1H, aromatic 

H), 7.24-7.30 (m, 2H, aromatic H); 13C NMR (CDCl3, 50 MHz) δ (ppm) 29.03 (3,5,7-adamantyl C), 35.8 (1-

adamantyl C), 37.2 (4,10-adamantyl C), 43.7 (8,9-adamantyl C), 48.9 (CH2N), 55.4 (OCH3), 101.3 (2-phenyl CH), 

105.8 (5-phenyl CH), 115.2 (1-phenyl C), 116.3 (3,5-C, Ph-NH), 126.4 (2,6-C, Ph-NH), 130.0 (6-phenyl CH), 143.4 

(1-C, Ph-NH), 145.2 (4-C, Ph-NH),  158.2 (2-COΗ, phenyl), 160.9 (4-COCH3, phenyl); HRMS (m/z): [M + H+] calcd 

for C24H29NO2 363.2198, experimental 363.2201. 

 

Compound 58 (Procedure A). Reaction of 4-aminodiamantane 28 (100 mg, 0.493 mmol) with 2-hydroxy-4-

methoxybenzaldehyde (63 mg, 0.411 mmol) in MeOH (2 mL) followed by addition of NaCNBH3 (93 mg, 1.48 

mmol) to afford imine 88; yield 100 mg (72%); 1H NMR (CDCl3, 400 MHz) δ (ppm) 1.75-1.76 (m, 9H, diadamantyl 

H), 1.82-1.83 (m, 7H, diadamantyl H), 1.97 (br s, 3H, 3,5,7-diadamantyl H), 3.77 (s, 3H, OCH3),  6.21 (dd, J = 8, 

2.4 Hz, 1H, phenyl), 6.27 (d, J = 2 Hz, 1H, phenyl), 6.99 (d, J = 8 Hz, 1H, phenyl), 8.01 (s, 1H, CH=N). 
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Reaction of imine 88 (100 mg , 0.297 mmol,) with PTSA (51 mg, 0.297 mmol) and NaBH4(45 mg, 1.19 

mmol) in MeOH (2 mL) afforded amine 58; yield 95 mg (95 %); 1H NMR (CDCl3, 400 MHz) δ (ppm) 1H NMR 

(CDCl3, 400 MHz) δ (ppm) 1.67-1.70 (m, 9H, diadamantyl H), 1.71-1.74 (m, 7H, diadamantyl H), 1.91 (br s, 3H, 

3,5,7-diadamantyl H), 3.75 (s, 3H, OCH3), 3.91 (s, 2H, CH2N), 6.30 (dd, J = 8, 2.4 Hz, 1H, phenyl), 6.38 (d, J = 2 Hz, 

1H, phenyl), 6.83 (d, J = 8 Hz, 1H, phenyl); HRMS (m/z): [M + H+] calcd for C22H29NO2 339.2198, experimental 

339.2189. 

 

Compound 59 (Procedure A). Reaction of 9-aminotriamantane 29 (40 mg, 0.157 mmol) with 2-hydroxy-4-

methoxybenzaldehyde (20 mg, 0.131 mmol) in MeOH (1 mL) followed by addition of NaCNBH3 (30 mg, 0.471 

mmol) afforded imine 89; yield 15 mg (25 %); 1H NMR (CDCl3, 400 MHz) δ (ppm) 1.25-1.37 (m, 5H, 

triadamantyl-H), 1.44 (br s, 2H, triadamantyl-H), 1.68-1.77 (m, 13H, triadamantyl-H), 1.87 (br s, 3H, 

triadamantyl-H), 3.78 (s, 3H, OCH3), 6.21 (d, J = 4 Hz, 1H, phenyl), 6.24 (d, J = 4 Hz 1H, phenyl), 7.0 (d, J = 8 Hz 

1H, phenyl), 9.7 (s, 1H, CH=N). 

Reaction of imine 89 (15 mg , 0.039 mmol,) with PTSA (7 mg, 0.039 mmol) and NaBH4 (6 mg, 0.156 mmol) 

in MeOH (1 mL) gives amine 59; yield 7 mg (44 %). 1H NMR (CDCl3, 400 MHz) δ (ppm) ) 1.28-1.31 (m, 5H, 

triadamantyl-H), 1.32 (br s, 2H, triadamantyl-H), 1.64-1.72 (m, 15H, triadamantyl-H), 1.86 (br s, 3H, 

triadamantyl-H), 3.77 (s, 3H, OCH3), 3.91 (s, 2H, CH2N),  6.33 (dd, J = 8, 2.4 Hz, 1H, phenyl), 6.39 (d, J = 2 Hz 1H, 

phenyl), 6.84 (d, J = 8 Hz 1H, phenyl); HRMS (m/z): [M + H+] calcd for C26H33NO2 391.2511, experimental 

391.2523. 

 

Compound 60 (Procedure A). Reaction of tert-octylamine 30 (300 mg, 2.33 mmol) with 2-hydroxy-4-

methoxybenzaldehyde (440 mg, 6.99 mmol) in MeOH (5 mL) followed by addition of NaCNBH3 (440 mg, 6.69 

mmol) afforded imine 90; yield 450 mg (74%);  1H NMR (CDCl3, 400 MHz) δ (ppm) 0.85 (br s, 9H, C(CH3)3) 1.28 

(br s, 6H, CH2C(CH3)2), 1.57 (br s, 2H, CH2), 3.65 (s, 3H, OCH3), 6.13 (dd, J = 8, 2.4 Hz, 1H, phenyl), 6.19 (d, J = 2 Hz 

1H, phenyl), 6.93 (d, J = 8 Hz 1H, phenyl), 7.92 (s, 1H, CH=N); 13C NMR (CDCl3, 50 MHz) δ (ppm)  30.2 (C(CH3)3), 

31.4 (C(CH3)2), 31.7 (C(CH3)3), 54.9 (OCH3), 55.7 (CH2), 58.8 (C(CH3)2), 101.7 (2-phenyl CH), 105.9 (5-phenyl CH), 

111.4 (1-phenyl C), 133.0 (6-phenyl CH),  158.0 (CH=N), 164.5 (2-COΗ, phenyl), 170.8 (4-COCH3, phenyl).  

Reaction of imine 90 (450 mg, 1.70 mmol,) with PTSA (292 mg, 1.70 mmol) and NaBH4 (260 mg, 6.80 

mmol) in MeOH (5 mL) afforded amine 60; yield 330 mg (70%); 1H NMR (CDCl3, 400 MHz) δ (ppm) 1.04 (br s, 

9H, C(CH3)3) 1.25 (br s, 6H, CH2(CH3)2), 1.52 (br s, 2H, CH2), 3.74 (s, 3H, OCH3), 3.86 (s, 2H, CH2N), 6.30 (dd, J  = 8, 

2.4 Hz, 1H, phenyl), 6.35 (d, J = 2 Hz, 1H, phenyl), 6.84 (d, J = 8 Hz 1H, phenyl); HRMS (m/z): [M + H+] calcd for 

C16H27NO2 265.2042, experimental 265.2055. 

 



Aminoadamantane-polar head conjugates inhibiting multiple-influenza A viruses resistant to amantadine 

 
 

293 
 

Compound 61 (Procedure A). Reaction of tert-octylamine 30 (150 mg, 1.16 mmol) with 5-phenylisoxazole-3-

carboxaldehyde (200 mg, 1.16 mmol) in MeOH (3 mL) followed by addition of NaCNBH3 (219 mg, 3.48 mmol) 

afforded amine 61; yield 300 mg (91%); 1H NMR (CDCl3, 400 MHz) δ (ppm) 1.05 (br s, 9H, C(CH3)3) 1.15 (br s, 6H, 

C(CH3)2), 1.25 (br s, 2H, CH2), 3.81 (s, 2H, CH2N), 6.62 (s, 1H, CH=N), 7.30-7.50 (m, 3H, phenyl), 7.48 (d, J = 6 Hz, 

2H, phenyl); 13C NMR (CDCl3, 50 MHz) δ (ppm) 29.0 (C(CH3)3), 31.8 (C(CH3)2), 31.9 (C(CH3)3), 38.3 (NHCH2), 52.9 

((CH3)2CCH2C(CH3)3), 54.7 (C(CH3)2), 99.2 (isoxazolyl CH=) 125.8 (CH, C6H5) 127.3 (C, C6H5), 128.9 (CH, C6H5), 

130.0 (CH, C6H5), 164.7 (isoxazolyl C=N), 168.9 (isoxazolyl CO); HRMS (m/z): [M + H+] calcd for C18H26N2O 

286.2045, experimental 286.2052. 

 

Compound 62 (Procedure A). Reaction of 4-isobutyl-2-methyloctan-4-amine 31 (60 mg, 0.302 mmol)  with 2-

hydroxy-4-methoxybenzaldehyde (38 mg, 0.251 mmol) followed by addition of NaCNBH3 (57 mg, 0.906 mmol) 

afforded imine 91; yield 58 mg (7%). Reaction of imine 91 (58 mg, 0.178 mmol) with PTSA (31 mg, 0.178 mmol) 

and NaBH4 (27 mg, 0.712 mmol) in MeOH (2 mL) afforded amine 62; 21 mg (yield 35%); 1H NMR (CDCl3, 400 

MHz) δ (ppm) 0.94-0.99 (m, 15H, 5xCH3), 1.30-1.44 (m, 10H, 5xCH2), 1.63-1.71 (m, 2H, 2xCH), 3.76 (br s, 5H, 

CH2N, OCH3), 6.35 (dd, J = 8, 2.4 Hz, 1H, phenyl), 6.43 (d, J = 2 Hz, 1H, phenyl), 6.85 (d, J = 8 Hz, 1H, phenyl);  13C 

NMR (CDCl3, 50 MHz) δ (ppm)  14.3 (CH3, n-Bu), 23.4 (CH2CH3, n-Bu), 23.6 (2xCH), 25.4 (i-Bu, 2xCH3), 25.8 

(CH2CH2CH3, n-Bu,), 36.7 (CH2CNH), 44.7 (2xCH2, i-Bu), 44.8 (CH2NH), 55.4 (OCH3),59.1 (CNH),102.2 (2-phenyl 

CH), 105.0 (5-phenyl CH), 115.8 (1-phenyl C), 128.8 (6-phenyl CH); HRMS (m/z): [M + H+] calcd for C21H37NO2 

335.2824, experimental 335.2832. 

 

5.5.3 Cells and viruses 

 

Madin-Darby canine kidney (MDCK) cells (Cat.no. RIE 328, Friedrich-Loeffler Institute, Riems, Germany) were 

propagated as monolayer in Eagle’s minimum essential medium (EMEM) supplemented with 10% fetal bovine 

serum, 1% non-essential amino acids (NEAA), 1 mM sodium pyruvate and 2 mM L-glutamine. Amantadine-

sensitive Udorn/72, amantadine-resistant WSN/33-M2-WT (with am N31 in M2) and its variant with N31S 

amino acid substitution in the M2 ion channel were used in this study. Briefly for the generation of  WSN/33-

M2-N31S 75  the plasmid pHW187-M2-N31S was altered by site-directed mutagenesis PCR and afterwards used 

as part of a plasmid set for the recovery of A/WSN/33 virus. 76 WSN/33-variants were propagated on MDCK 

cells in serum-free EMEM supplemented with 2 mM L-glutamine, 2 μg/mL trypsin, and 0.1% sodium 

bicarbonate (test medium). Virus containing supernatant was harvested after about 48 h of incubation at 37 °C 

when cytopathic effect became microscopically visible. Aliquots were stored at -80 °C until use. The M2 gene 

identity of all recombinant viruses was verified by sequencing.  
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5.5.4 CPE assay  

 

Cytotoxicity and CPE inhibition studies were performed on two-day-old confluent monolayers of MDCK cells 

grown in 96-well plates as published. 62 Cytotoxicity was analyzed 72 h after compound addition. In CPE 

inhibition assay, 50 μl of a serial half-log dilution of compound in test medium (maximum concentration 

100 µM) and a constant multiplicity of infection of test virus in a volume of 50 µL of the test medium were 

added to cells. Then, plates were incubated at 37 °C with 5% CO2 for 48 h. Crystal violet staining and 

determination of the 50% cytotoxic (CC50) and 50% inhibitory concentration (IC50) was performed as described 

before. 62,77 At least three independent assays were conducted. 

 

5.5.5 MD simulations of M2TM-aminoadamantyl Complexes 

 

5.5.5.1 Docking calculations 

The ligands in their ammonium forms were built by means of Maestro 8.5 78 and were then minimized by 

means of Macromodel 9.6 and the MMFF94 force field 79,80 implemented with Macromodel 9.6 using the CG 

method and a distance-dependent dielectric constant of 4.0 until a convergence value of 0.0001 kJ Å-1 mol-1 

was reached. The ligands minimized in this manner were docked into the M2TM WT  or M2TM S31N  binding 

site. The M2TM WT-1 complex structure (PDB ID 2KQT 6,8) served as a model structure for M2TM WT with 

bound ligands. N- and C-termini of the M2TM model systems were capped by acetyl and methylamino groups. 

After applying the protein preparation module of Maestro, all hydrogens of the protein complex were 

minimized with the AMBER* force field by means of Maestro/Macromodel 9.6 using a distance-dependent 

dielectric constant of 4.0. The molecular mechanics minimizations were performed with a conjugate gradient 

(CG) method and a threshold value of 0.0001 kJ Å-1 mol-1 as the convergence criterion. The structures of the 

protein and ligand 1 were saved separately and were used for the subsequent docking calculations. Models of 

M2TMS31N-aminoadamantyl Complexes were generated from M2TMWT aminoadamantyl complexes by 

mutating amino acids S31 to N31 with Maestro 78 and preparing the structure as described above i.e. N- and C-

termini of the M2TM peptides were capped by acetyl- and methylamino groups, respectively. This M2TM S31N 

(22-46) structure was superimposed with M2TM S31N (18-60) solved by solution NMR spectroscopy in DPC 

micelles (PDB: 2LY0) 43 in order to produce a complex between the M2TM S31N (22-46) and M2WJ332 for 

docking calculations.  Thus, the structures of the M2TM S31N and ligand M2WJ332 43 were saved separately 

and were used for the subsequent docking calculations.  

Docking poses of the aminoadamantane derivatives in the M2TM WT bound state were generated with 

GOLD 5.2, 64,65,66 considering five water molecules located between ammonium group of 1 and H37 within the 
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M2TMWT pore-binding site and applying the GoldScore implemented in the software. 64,65,66 The option “toggle” 

was used to let the algorithm decide whether taking into account a water molecule or neglecting it based on an 

empirical desolvation penalty. The region of interest used by GOLD was defined to contain the atoms that were 

within 15 Å of 1 binding site in the receptor structure. The “allow early termination” command was 

deactivated. For all the other parameters, GOLD default values were used. Ligands were submitted to 30 

genetic algorithm runs. Ten docking poses were produced for each ligand which were visually inspected using 

the UCSF Chimera package. 81 The docking pose of the ligand inside M2TM WT with the best GoldScore score 

was used for the subsequent MD simulations with M2TM WT. As regards the complexes between M2TM S31N 

and ligands consisting by an amantadine analogue connected with polar head, two docking poses were 

selected for MD simulation, one with polar head oriented towards the N-end as in the experimental solution 

NMR structure of complex with M2WJ332 (PDB: 2LY0) 43 and one with polar head oriented towards the C-end.  

 

5.5.5.2 MD simulations 

The M2TM WT complexes or M2TM S31N complexes were embedded in a DMPC lipid bilayer extending 10 Å 

beyond the solutes. Complex and ligand systems were solvated using the TIP3P 82  water model. Na+ and Cl- 

ions were placed in the water phase to neutralize the systems and to reach the experimental salt concentration 

of 0.150 M NaCl. Membrane creation and system solvation were conducted with the “System Builder” utility of 

Desmond. 83,84 The M2TMWT-1 complex structure in the hydrated DMPC bilayer with ions included 18617 

atoms. 

The OPLS 2005 force field 85,86,87  was used to model all protein and ligand interactions, and the TIP3P 

model 82 was used for water. The particle mesh Ewald method (PME) 88,89  was employed to calculate long-

range electrostatic interactions with a grid spacing of 0.8 Ǻ. Van der Waals and short range electrostatic 

interactions were smoothly truncated at 9.0 Ǻ. The Nosé-Hoover thermostat 90was utilized to maintain a 

constant temperature in all simulations, and the Martyna-Tobias-Klein method 90 was used to control the 

pressure. Periodic boundary conditions were applied (50×50×80)Ǻ3. The equations of motion were integrated 

using the multistep RESPA integrator 91  with an inner time step of 2 fs for bonded interactions and non-bonded 

interactions within a cutoff of 9 Ǻ. An outer time step of 6.0 fs was used for non-bonded interactions beyond 

the cut-off. 

Each system was equilibrated in MD simulations with a modification of the default protocol provided in 

Desmond, which consists of a series of restrained minimizations and MD simulations designed to relax the 

system, while not deviating substantially from the initial coordinates. First, two rounds of steepest descent 

minimization were performed with a maximum of 2000 steps with harmonic restraints of 50 kcal mol-1 Ǻ-2 

applied on all solute atoms, followed by 10000 steps of minimization without restraints. The first simulation 
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was run for 200 ps at a temperature of 10 K in the NVT (constant number of particles, volume, and 

temperature) ensemble with solute heavy atoms restrained with a force constant of 50 kcal mol-1 Ǻ-2. The 

temperature was then raised during a 200 ps MD simulation to 310 K in the NVT ensemble with the force 

constant retained. The temperature of 310 K was used in our MD simulations in order to ensure that the 

membrane state is above the melting temperature state of 297 K for DMPC lipids. 92 

The heating was followed by equilibration runs. First, two stages of NPT equilibration (constant number 

of particles, pressure, and temperature) were performed, one with the heavy atoms of the system restrained 

for 1 ns and one for solvent and lipids for 10 ns, with a force constant of 10 kcal/mol/Ǻ2 for the harmonic 

constraints, respectively. A NPT simulation followed with the Cα atoms restrained for 1ns with a force constant 

of 2 kcal/mol/Ǻ2. The above-mentioned equilibration was followed by a 80 ns NPT simulation without 

restraints. Within this time, the total energy and the RMSD reached a plateau, and the systems were 

considered equilibrated.  
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5.7 SUPPORTING INFORMATION 

 

Figure S1. RMSD plots of compounds 28, 29, 40, 46, 58 in complex with M2TM WT. 

 

 

 

 



Aminoadamantane-polar head conjugates inhibiting multiple-influenza A viruses resistant to amantadine 

 
 

305 
 

 

 



Aminoadamantane-polar head conjugates inhibiting multiple-influenza A viruses resistant to amantadine 

 
 

306 
 

 

 

 

 

 

 

 

 



Aminoadamantane-polar head conjugates inhibiting multiple-influenza A viruses resistant to amantadine 

 
 

307 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Aminoadamantane-polar head conjugates inhibiting multiple-influenza A viruses resistant to amantadine 

 
 

308 
 

Figure S2. RMSD plots of compounds 40, 46, 57-59 in complex with M2TM S31N. 
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ABSTRACT: Recent findings from solid state NMR (ssNMR) studies
suggested that the (R)-enantiomer of rimantadine binds to the full M2
protein with higher affinity than the (S)-enantiomer. Intrigued by these
findings, we applied functional assays, such as antiviral assay and
electrophysiology (EP), to evaluate the binding affinity of rimantadine
enantiomers to the M2 protein channel. Unexpectedly, no significant
difference was found between the two enantiomers. Our experimental
data based on the full M2 protein function were further supported by
alchemical free energy calculations and isothermal titration calorimetry
(ITC) allowing an evaluation of the binding affinity of rimantadine
enantiomers to the M2TM pore. Both enantiomers have similar channel
blockage, affinity, and antiviral potency.

KEYWORDS: Rimantadine enantiomers, isothermal titration calorimetry, free energy perturbation, Bennett’s acceptance ratio,
electrophysiology, synthesis, antiviral assay, membrane protein, influenza M2 pore

Amantadine (1) and rimantadine (2) (Scheme 1) are
channel blockers of proton transit by the influenza virus

M2 proton channel1,2 and long used prophylactics and
therapeutics against influenza A viruses.3 The primary binding
site of 1 and 2 is the lumen of the transmembrane domain of a
tetrameric M2 protein (M2TM: amino acids 22−46) that
forms the proton transit path.4

Although 1 and 2 have been used as antivirals for decades, it
was only after 2008 that high resolution structures from X-ray
and ssNMR experiments unveiled the structures of M2TM in
complex with 1 or 2.5−9 According to these findings, the
M2TM protein channel is blocked by 1 or 2 via a pore-binding
mechanism.6−10 The adamantane cage in 1 or 2, as well as in
other aminoadamantane analogues,11−13 is tightly contacted on
all sides by V27 and A30 side chains, producing a steric

occlusion of proton transit6−9 and thereby preventing the viral
replication. The ssNMR results for 2 also demonstrated that
the ammonium group of the drug is pointing toward the four
H37 residues at the C-terminus.9 This orientation can be
stabilized either through hydrogen bonds between the
ammonium group of the aminoadamantane ligand and water
molecules in the channel lumen which exist between the
imidazoles of H37 and the ligand,13 and/or with A30 carbonyls
in the vicinity,14 according to experimental9,14−16 and MD
simulations data.13,17−22 Provided that M2TM is a minimal
model for M2 binding,10 these high resolution structures can be
used for the development of new ligands which may bind more
effectively to the M2TM pore.
The effect of ligand’s chirality in its binding with a chiral

receptor is of outstanding significance and the characterization
of protein−ligand interactions for each enantiomer separately
may identify potential stereospecific binding interactions to the
receptor. While rimantadine analogues are known antiviral
drugs for more than four decades, the relative potency of
rimantadine enantiomers has not been studied at the molecular
level. The binding affinity of each enantiomer results from
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Scheme 1. Structures of Studied Aminoadamantane
Derivatives Amantadine (1), Rimantadine (2, 2-R, and 2-S),
and Rimantadine Analogue 3
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chiral interactions with the binding area inside the 4-fold
symmetric M2 protein. Based on differences in isotropic
chemical shift changes measured using ssNMR and MD
simulations results, it has been recently suggested that 2-R
and 2-S have a strong but differential binding to full length M2,
i.e., that 2-R binds more tightly than 2-S.23 This was the first
state of the art ssNMR study of the full M2 protein and analysis
of the rimantadine enantiomers binding by ssNMR, but this
conclusion appears to be puzzling because: (1) 2-R and 2-S
have similar in vivo antiviral activity in protecting mice from
lethal influenza;24 (2) rimantadine was developed prior to the
1992 FDA guidance on the development of stereoisomers. It
was approved as commercial drug in the US in 1993 containing
both enantiomers. To solve the controversy between the in
vitro binding assay, i.e., ssNMR results, and the in vivo efficacy
results, we hereby characterize the binding affinity of the two
rimantadine enantiomers and their antiviral efficacy using a
consortium of in vitro and cellular assays and biophysical/
computational studies.
Taken together, our results demonstrate that rimantadine

enantiomers (2-R and 2-S) have equal potency. Since the
controversy aroused from previous ssNMR studies of 2-R, 2-S
bound to the full M2 protein, we first provided data including
the antiviral activity of 2-R, 2-S against amantadine-sensitive
influenza A virus strains and the blocking effect of the
enantiomers against M2 using EP. Then we investigated the
effect of the enantiomers to M2TM using biophysical
techniques. More specifically, the antiviral potency of
compounds 2-R, 2-S, and 3 against amantadine-sensitive A/
Udorn/72 and A/WSN/33-M2-N31S viruses was measured.
The blocking effect of 2-R, 2-S, and 3 against full length A/
Udorn/72 M2 protein (M2Udorn/72) and A/WSN/33-M2-N31S
protein (M2WSN/33‑N31S) conductance was measured using EP
via a two-electrode voltage clamp (TEVC) assay. Compound 3
is a nonchiral dimethyl analogue of rimantadine, and it was
designed and synthesized as a probe to independently validate
the biophysical assay results from 2-R and 2-S, as described
below. The ITC binding affinities of 2-R, 2-S, and 3 against the
M2TMUdorn/72 in its closed form at pH 8 were measured.
Following up, we applied a free energy perturbation coupled
with MD simulations (FEP/MD) scheme to calculate the
relative free energies of binding between the rimantadine
enantiomers (2-R and 2-S) as well as compound 3 to
M2TMUdorn/72. In particular, we calculated the relative free
energies of binding for the alchemical transformations of 3 to 2-
R and 3 to 2-S.
For the synthesis of primary tert-alkyl amine 3 (AdC-

Me2NH2), the tert-alkyl alcohol 5 was prepared according to
Scheme 2 from the Grignard reaction between 1-adamantane
carbonyl chloride 4 and methylmagnesium iodide. Treatment
of tert-alkyl alcohol 5 with NaN3/CF3CO2H in dichloro-
methane afforded azide 6 in high yield, which was further
subjected to reduction through LiAlH4 to form tert-alkyl amine
3 in a good yield.
An antiviral assay was used25,26 to compare the antiviral

activity of 1, 2, 2-R, 2-S, and 3 against two amantadine-sensitive
influenza A strains, A/Udorn/72 (H3N2), and A/WSN/33-
M2-N31S27 (H1N1) in MDCK cells. All compounds showed
submicromolar EC50 values against both influenza strains, and
there was no significant difference between the two rimantadine
enantiomers 2-R and 2-S (Table 1).
The inhibitors were tested via TEVC assay using X. laevis

frog oocytes microinjected with RNA expressing the M2

protein as in a previous report.28 Specifically, the blocking effect
of the aminoadamantane derivatives against M2 was inves-
tigated with electrophysiology experiments using M2Udorn/72
(Table 2). The potency of the inhibitors was expressed as the

inhibition percentage of the A/M2 current observed after 2 and
5 min of incubation with 100 μM compound. The electro-
physiology experiments against M2Udorn/72 showed that 2-R and
2-S block the M2 channel equally to amantadine (about 90%)
at a concentration of 100 μM. In addition, we also tested these
aminoadamantane analogues in inhibiting another amantadine-
sensitive M2 channel, M2WSN/33‑N31S, which contains the V28I
mutation in M2TM sequence, with an electrophysiology assay.
Again, no significant difference in channel blockage after 5 min
was found among 2-R, 2-S, and 3. As discussed previously,28

these measurements at 2 or 5 min are made prior to the
establishment of equilibrium due to very slow on and off rates

Scheme 2. Synthetic Scheme for the Preparation of tert-Alkyl
Amine 3

Table 1. Antiviral Activity of Compounds 1−3 against
Influenza Virus A/Udorn/72 (H3N2) and A/WSN/33-M2-
N31S (H1N1) in Madin−Darby Canine Kidney Cells

compd IC50 (μM)a (A/Udorn/72) IC50 (μM)a (A/WSN/33-M2-N31S)

1 0.33 ± 0.04 0.48 ± 0.05
2 0.05 ± 0.02 0.04 ± 0.02
2-R 0.05 ± 0.01 0.04 ± 0.01
2-S 0.06 ± 0.02 0.02 ± 0.01
3 0.04 ± 0.01 0.03 ± 0.02

aMean and standard deviations of the 50% inhibitory concentration
(IC50) of at least three independent measures.

Table 2. Block of Full-Length M2-Dependent Current by
Adamantane Analoguesa

M2Udorn/72 M2WSN/33‑N31S

compd
% block after

2 min
% block after

5 min
% block after

2 min
% block after

5 min

1 90 ± 2%
(100 μM; 3)

95 ± 1%
(100 μM; 3)

2 96 ± 1%
(100 μM; 3)

96 ± 1%
(100 μM; 3)

84 ± 1%
(100 μM; 3)

93 ± 0%
(100 μM; 3)

2-R 93 ± 1%
(100 μM; 3)

95 ± 1%
(100 μM; 3)

71 ± 1%
(100 μM; 3)

90 ± 1%
(100 μM; 3)

2-S 95 ± 1%
(100 μM; 3)

96 ± 1%
(100 μM; 3)

78 ± 1%
(100 μM; 4)

92 ± 0%
(100 μM; 4)

3 90 ± 2%
(100 μM; 3)

96 ± 1%
(100 μM; 4)

56 ± 3%
(100 μM; 3)

80 ± 2%
(100 μM; 3)

aFor each compound, percent block of pH-dependent M2 current at
listed concentrations (± SEM). Parentheses show number of
replicates.
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for entry of thedrugs into the constricted M2 channel and the
problems of maintaining cells at low pH for extended periods.
Table 3 includes thermodynamic parameters of binding

against M2TMUdorn/72. Binding affinities were determined by
ITC29 for M2TM-ligand systems in dodecylphosphocholine
(DPC) micelles at pH 8, where M2TM fragments form stable
tetramers.30 ITC measurements yield the enthalpy of binding
(ΔH) as well as the dissociation constant (Kd). From Kd, the
binding free energy (ΔG) is calculated (Table 3). The
estimation of the binding entropy is based on the difference
between ΔG and ΔH. Binding constants of 1, 2-R, 2-S, and
racemate 2 were measured in a previous work13 and were
included in Table 1. The enantiomers 2-R and 2-S may have a
different enthalpy of binding against M2TM protein since the
two complexes formed are diastereomers.31 As depicted in
Table 3, enantiomers 2-R and 2-S have the same Kd values
against M2TMUdorn/72 (Kd = 0.34 and 0.32 μM respectively).
These values are close to the Kd = 0.51 μM of the racemic 2,13

considering the errors of the measurements and that the
commercially available enantiomers have a lower chemical
purity compared to racemic 2 (see Table 3, note g). An effect
from the impurities on the ITC results of 2-R and 2-S cannot
be excluded. However, we do not expect large changes in the
measured Kd values for 2-R and 2-S, given also the very similar/
identical affinity results of the two enantiomers from TEVC and
antiviral assays. Compound 3, having two methyl groups
instead of one methyl group in 2, has the smallest Kd (0.13
μM), i.e., the highest binding affinity of all studied amino-
adamantane compounds, suggesting that polar and lipophilic
characteristics are well balanced in its structure. All three
compounds (2-R, 2-S, and 3) were more potent than
amantadine (1).
We then analyzed the binding properties of 2-R and 2-S by

performing alchemical free energy calculations13,32 using the
Bennett acceptance ratio (BAR) method.33,34 The calculations
for the alchemical transformations 3 → 2-R, 3 → 2-S were run,
and the results of the FEP/MD predictions were compared
with binding affinities measured by ITC (Table 4). The
computational predictions were set by employing a protocol
successfully benchmarked by our group in order to match
experimental conditions as closely as possible.13 M2TMUdorn/72
structure was simulated in the closed conformation found at
high pH and after assigning a neutral form for all H37.
M2TMUdorn/72-ligand complexes were simulated in DMPC
bilayers, which represent an optimal membrane mimetic system

for retaining proper M2TM structure compared to other
glycerophospholipids.35 We used an experimental structure
(PDB ID 2KQT5,7) determined at pH 7.5 in DMPC bilayers;
the restraints of the apo-M2TM structure were originally
measured by the Cross group.5 This M2TMUdorn/72 structure is
already adapted to these environmental conditions, and thus
only a short equilibration phase is required. The experimental
relative binding free energy values (ΔΔGexp) for the trans-
formations 3→ 2-R and 3→ 2-S were 0.33 and 0.42 kcal mol−1

(Table 4), favoring 3. The experimental relative binding free
energy values were quite close to calculated values (ΔΔGFEP) of
0.62 and 0.68 kcal mol−1, respectively (the accuracy of the
calculations method is ∼1 kcal mol).33,34 The calculations also
predict the experimental finding by ITC that 2-R and 2-S have
the same binding affinity against M2TMUdorn/72 (Table 3),
which is consistent with the results from aforementioned
antiviral and electrophysiology assays performed using full M2
protein (Tables 1 and 2). Thus, using the functional core of M2
(transmembrane domain) for binding studies is appropriate.
The simulated complexes of M2TMUdorn/72 with 2-R, 2-S,

and 3 showed that the height of the ligands inside the pore
differed only slightly, that is less than 0.3 Å toward the N-
terminus relatively to 1 (Table S1), and the orientation of 2-R
and 2-S in the pore differs only slightly, in accordance to their
induced similar ssNMR chemical shifts for S31 and G34 when
complexed with M2.23 The center of mass between the four
V27 and the adamantyl ring of the ligand (V27-Ad) varies
between 4.0 and 4.5 Å on average (Table S1). For 2-R and 2-S
the average tilt angle was measured ∼14°, in accordance to
experimental ssNMR values,9 and for 3 the average tilt angle

Table 3. Binding Constant, Free Energy, Enthalpy, and Entropy of Binding Derived from ITC Measurements for M2TMUdorn/72

liganda Kd
b ΔGc,d ΔHc,e −TΔSc,f

1 2.17 ± 0.52 −7.77 ± 0.14 −6.66 ± 0.50 −1.11 ± 0.52
2 0.51 ± 0.26 −8.64 ± 0.30 −7.60 ± 0.28 −1.04 ± 0.41
2-Rg 0.32 ± 0.16 −8.97 ± 0.26 −7.54 ± 0.34 −1.42 ± 0.43
2-Sg 0.34 ± 0.12 −8.88 ± 0.21 −7.73 ± 0.28 −1.15 ± 0.35
3 0.13 ± 0.12 −9.30 ± 0.43 −4.19 ± 0.28 −5.12 ± 0.51

aSee Scheme 1. bBinding constant Kd in μM calculated from measured Ka in M−1 by Kd = 1/Ka × 10−6 and error in Kd in μM determined by Kd, error
= (Ka, error/Ka

2) × 10−6 (ITC measurements were performed in triplicate for each ligand to calculate means and standard deviations). cIn kcal mol−1.
dFree energy of binding computed from Kd by ΔG = −RT ln(Kd

ref/Kd) with Kd
ref = 1 M and T = 300 K and error in ΔG determined according to

Δ = ( )G
RTK

Kerror

2
d,error

d
with T = 300 K. eEnthalpy of binding and error in the enthalpy of binding calculated from measured binding enthalpy and

measured error by ΔH = ΔHmeasured (T/Tmeasured) with T = 300 K and the temperature at which the ITC measurements were performed Tmeasured =

293.15 K. fEntropy of binding calculated by ΔS = (−ΔG + ΔH)/T and error in ΔS computed by the equation Δ = Δ + ΔS G Herror error
2

error
2 .

gThe purity of each enantiomer used was 90% for 2-R and 95% for 2-S; the enantiomeric excess (ee) of both 2-R and 2-S is 99% (Mosher’s method);
the purity of compound 3 used was >99%.

Table 4. Relative Binding Free Energies for Pairs of
Compounds Computed with the BAR Method for M2TM
Embedded in a DMPC Bilayer or Derived from
Experimental Binding Affinity Data in Table 3

M2TMUdorn/72

transformation ΔΔGFEP
a,b ΔΔGexp

a,c

3 → 2-R 0.62 ± 0.14 0.33 ± 0.50
3 → 2-S 0.68 ± 0.15 0.42 ± 0.48

aIn kcal mol−1. bPropagation error calculated according to the
bootstrap method.32 cDifference in binding free energy calculated from
experimentally determined Kd values by ΔΔG = −RT ln (Kd

A/Kd
B)

with T = 300 K and error calculated from individual experimental

errors by = +ΔΔ Δ Δerror (error error )G G G,A
2

,B
2 .
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was measured ∼5°. The angle between the pore axis or the
normal of the membrane and C−N bond vector was ∼11° for 1
and close to 50° for 2-R, 2-S, and 3. These angle values suggest
that the ammonium group of all aminoadamantane compounds
is oriented toward the C-terminus, in consistency with previous
experimental findings6,7,9 and MD simulations13,32,36 (Table
S1). The distance between the adamantyl ring and the center of
mass between the four A30 (Ad-A30) for 1−3 was measured
∼1 Å, and the distance CH3(lig.)-G34Ca for 2-R, 2-S, and 3
was 2.9, 3.2 and 2 Å respectively, close to the REDOR
measurements for 2-R, 2-S.23 The adamantyl ring was embraced
by the V27 and A30 side chains, which defined the binding site
of the ligands. Compounds 1, 2-R, 2-S, and 3 form hydrogen
bonds (average of three hydrogen bonds) through the
ammonium group with neighboring water molecules which
are positioned between the ligand and H37 residues. In the area
located below the adamantyl ring toward the N-terminus no
waters were found,13,22,32,36 which is consistent with the proton
blocking effect of 1 and other aminoadamantane deriva-
tives.1,12,28 A snapshot from the simulation of ligands 2-R and
2-S is depicted in Figure 1. The CHCH3 fragment, which
includes the chiral carbon of 2-R, 2-S, fits into the cleft between
G34 and A30, with the later being a chiral amino acid that can
differentiate binding interactions between the two enantiomers.
However, the distance CH3(lig.)-A30CH3, which is similar for
both enantiomers (3.9 ± 0.3 and 3.5 ± 0.3 Å), suggests no
difference in their van der Waals interactions. The measures
suggest that hydrogen bonding interactions for 2-R, 2-S and

geometric measures, which reflect van der Waals contacts, were
found to be similar for both enantiomers (see Table S1). These
measures are consistent with the calculated relative binding
affinities, which are in accordance to the ITC data and
functional assays described previously.
Our results demonstrated no difference in the binding affinity

between the two enantiomers, whereas the recent ssNMR
study23 concluded that 2-R is a stronger binder than 2-S.
According to our best understanding, the authors in ref 23
made the following important observations in the ssNMR
spectra regarding the relative binding of 2-R and 2-S. In the
presence of 2-R or 2-S a new resonance (i.e., one that was not
recorded in the spectrum of the apo-M2 protein) was observed
for S31 at 120/64 ppm in the 15N/13Ca spectrum, which had
strong intensity for both enantiomers. The G34 resonance had
also a stronger intensity for both enantiomers compared to the
spectrum of the apo-M2. The S31 and G34 resonance
frequencies were similar for both 2-R and 2-S. These results
provided an experimental evidence that both enantiomers bind
strongly and the binding site and orientation of the drug in the
pore are similar for the two enantiomers as mentioned in ref 23.
However, the authors reported the appearance of an additional
resonance of medium intensity for the 2-S enantiomer at 115/
63 ppm close to the frequencies of the S31 resonance of the
unbound M2 state at ∼114/62 ppm and suggested a weaker
binding of 2-S. Possibly the results published by Wright et al.23

are not in full agreement with those reported here as a

Figure 1. Representative replicas from the simulation (a) of 2-S and (b) of 2-R bound to M2TMUdorn/72. Seven and eight waters are shown between
the ligand and H37 residues, respectively. Three hydrogen bonds between the ammonium group of the ligand and three water molecules are shown.
Hydrogen bonding together with van der Waals interactions of the adamantane core with V27 and A30 stabilize the ligand inside the pore with its
ammonium group oriented toward the C-terminus.
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consequent of the different methodology they applied, i.e.,
ssNMR spectroscopy.
In conclusion, our results showed that rimantadine

enantiomers (2-R and 2-S) bind equally well to the M2 proton
channel and have equal channel blockage and antiviral activity
against amantadine-sensitive M2 channels. This conclusion was
supported by a consortium of techniques including antiviral
assays, electrophysiology ITC, and FEP/MD. Our nonclinical
results support the previous use of rimantadine as a racemic
mixture drug for the prevention and treatment of influenza
virus infection. Further correlation of these results with the
pharmacokinetic and pharmacodynamic properties for each
enantiomer in humans would confirm these findings. For
example, although there are no significant differences in the
concentration−time profiles and disposition of 2-R and 2-S and
of the 3-hydroxyrimantadine metabolites,37 large stereospecific
differences in the disposition of their 4-hydroxyrimantadine
metabolites are observed.38 However, it should be noted that 3-
and 4-hydroxy metabolites, both of which are found in
rimantadine-treated patients, showed only modest inhibitory
activity against influenza A virus, i.e., they are modestly active
metabolites.39
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H.; Camps, P.; Froeyen, M.; Vaźquez, S.; Naesens, L. Role of the viral
hemagglutinin in the anti-influenza virus activity of newly synthesized
polycyclic amine compounds. Antiviral Res. 2013, 99, 281.
(26) Schmidtke, M.; Schnittler, U.; Jahn, B.; Dahse, H.-M.; Stelzner,
A. A rapid assay for evaluation of antiviral activity against coxsackie
virus B3, influenza virus A, and herpes simplex virus type 1. J. Virol.
Methods 2001, 95, 133−143.
(27) Schade, D.; Kotthaus, J.; Riebling, L.; Kotthaus, J.; Müller-
Fielitz, H.; Raasch, W.; Hoffmann, A.; Schmidtke, M.; Clement, B.
Zanamivir amidoxime- and N-hydroxyguanidine-based prodrug
approaches to tackle poor oral bioavailability. J. Pharm. Sci. 2015,
104, 3208−3219.
(28) Balannik, V.; Wang, J.; Ohigashi, Y.; Jing, X.; Magavern, E.;
Lamb, R. A.; DeGrado, W. F.; Pinto, L. H. Design and pharmacological
characterization of inhibitors of amantadine-resistant mutants of the
M2 ion channel of influenza A virus. Biochemistry 2009, 48, 11872.

(29) Chaires, J. B. Calorimetry and thermodynamics in drug design.
Annu. Rev. Biophys. 2008, 37, 135−151.
(30) Salom, D.; Hill, B. R.; Lear, J. D.; DeGrado, W. F. pH-
Dependent tetramerization and amantadine binding of the trans-
membrane helix of M2 from the influenza A virus. Biochemistry 2000,
39, 14160−14170.
(31) Fokkens, J.; Klebe, G. A simple protocol to estimate differences
in protein binding affinity for enantiomers without prior resolution of
racemates. Angew. Chem., Int. Ed. 2006, 45, 985−989.
(32) Gkeka, P.; Eleftheratos, S.; Kolocouris, A.; Cournia, Z. Free
energy calculations reveal the origin of binding preference for
aminoadamantane blockers of influenza A/M2TM pore. J. Chem.
Theory Comput. 2013, 9, 1272−1281.
(33) Bennett, C. H. Efficient estimation of free energy differences
from Monte Carlo data. J. Comput. Phys. 1976, 22, 245−268.
(34) Chipot, C., Pohorille, A., Eds. Free Energy Calculations. Theory
and Applications in Chemistry and Biology; Springer Verlag: Berlin, NY,
2007.
(35) Cady, S.; Wang, T.; Hong, M. Membrane-dependent effects of a
cytoplasmic helix on the structure and drug binding of the influenza
virus M2 Protein. J. Am. Chem. Soc. 2011, 133, 11572−11579.
(36) Wang, J.; Ma, C.; Fiorin, G.; Carnevale, V.; Wang, T.; Hu, F.;
Lamb, R. A.; Pinto, L. H.; Hong, M.; Klein, M. L.; DeGrado, W. F.
Molecular dynamics simulation directed rational design of inhibitors
targeting drug-resistant mutants of influenza A virus M2. J. Am. Chem.
Soc. 2011, 133, 12834−12841.
(37) Miwa, B. J.; Choma, N.; Brown, S. Y.; Keigher, N.; Garland, W.;
Fukuda, E. K. Quantitation of the enantiomers of rimantadine in
human plasma and urine by gas chromatography-mass spectrometry. J.
Chromatogr., Biomed. Appl. 1988, 431, 343−352.
(38) Choma, N.; Davis, P. P.; Edorn, R. W.; Fukuda, E. K.
Quantitation of the enantiomers of rimantadine and its hydroxylated
metabolites in human plasma by gas chromatography/mass spectrom-
etry. Biomed. Chromatogr. 1992, 6, 12−15.
(39) Manchand, P. S.; Cerutti, R. L.; Martin, J. A.; Hill, C. H.;
Merrett, E. K.; Keech, E.; Belshe, R. B.; Connell, E. V.; Sim, I. S.
Synthesis and antiviral activity of metabolite of rimantadine. J. Med.
Chem. 1990, 33, 1992−1995.

ACS Medicinal Chemistry Letters Letter

DOI: 10.1021/acsmedchemlett.6b00311
ACS Med. Chem. Lett. XXXX, XXX, XXX−XXX

F

http://dx.doi.org/10.1021/acsmedchemlett.6b00311


Unraveling the Binding, Proton Blockage, and Inhibition of Influenza
M2 WT and S31N by Rimantadine Variants
Antonios Drakopoulos,† Christina Tzitzoglaki,† Kelly McGuire,‡ Anja Hoffmann,§ Athina Konstantinidi,†

Dimitrios Kolokouris,† Chunlong Ma,∥ Kathrin Freudenberger,⊥ Johanna Hutterer,⊥ Günter Gauglitz,⊥

Jun Wang,∥ Michaela Schmidtke,§ David D. Busath,‡ and Antonios Kolocouris*,†

†Department of Pharmaceutical Chemistry, Faculty of Pharmacy, National and Kapodistrian University of Athens,
Panepistimiopolis-Zografou 15771, Greece
‡Department of Physiology and Developmental Biology, Brigham Young University, Provo, Utah 84602, United States
§Department of Medicinal Microbiology, Section Experimental Virology, Jena University Hospital, Hans Knoell Str. 2, D-07745 Jena,
Germany
∥Department of Pharmacology and Toxicology, College of Pharmacy, University of Arizona, Tucson, Arizona 85721, United States
⊥Institut für Physikalische und Theoretische Chemie, Eberhard-Karls-Universitaẗ Tübingen, 72074 Tübingen, Germany
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ABSTRACT: Recently, the binding kinetics of a ligand−target interaction, such as the
residence time of a small molecule on its protein target, are seen as increasingly important for
drug efficacy. Here, we investigate these concepts to explain binding and proton blockage of
rimantadine variants bearing progressively larger alkyl groups to influenza A virus M2 wild
type (WT) and M2 S31N protein proton channel. We showed that resistance of M2 S31N to
rimantadine analogues compared to M2 WT resulted from their higher koff rates compared to
the kon rates according to electrophysiology (EP) measurements. This is due to the fact that,
in M2 S31N, the loss of the V27 pocket for the adamantyl cage resulted in low residence time
inside the M2 pore. Both rimantadine enantiomers have similar channel blockage and binding
kon and koff against M2 WT. To compare the potency between the rimantadine variants
against M2, we applied approaches using different mimicry of M2, i.e., isothermal titration
calorimetry and molecular dynamics simulation, EP, and antiviral assays. It was also shown
that a small change in an amino acid at site 28 of M2 WT, which does not line the pore,
seriously affects M2 WT blockage kinetics.

KEYWORDS: Influenza M2, S31N mutation, rimantadine, rimantadine enantiomers, isothermal titration calorimetry,
electrophysiology, binding kinetics, synthesis, antiviral assay, molecular dynamic simulations

Novel approaches are necessary in early drug discovery for
optimal drug design and improved therapy. Recently, the

kinetics of a ligand−target interaction, such as the residence time
of a small molecule on its protein target, are seen as increasingly
important for in vivo efficacy and safety.1

The antiviral agents amantadine (1) and rimantadine (2)
(Scheme 1) are well-established to be blockers of proton
transport by the influenza A virus (IAV).2,3 The primary binding
site of 1 and 2 is the transmembrane domain lumen (TM, amino

acids 22−46) in the four-helix bundle of tetrameric M2, which
forms the proton transport path.2 Since 2008, high-resolution
structures have become available for complexes of M2TM wild
type (WT) with 1 or 2 (Figure S1).4−9

Compounds 1 and 2 are effective prophylactics and
therapeutics against IAVs, provided they contain the M2TM
WT such as A/Udorn/72H3N2 (Udorn) and A/Hong Kong/68
H3N2 (HK), but not those containing M2 S31N such as A/
WSN/33 H1N1 (WSN) (Figure S2). Since 2005, the
amantadine (1)-insensitive Ser-to-Asn mutation at position 31
in M2 (S31N) has become globally prevalent, abrogating the
clinical usefulness of 1.10

Compound 2 is ranked among the best binders to M2TM
WT11,12 and most potent anti-IAV agents among the amino-
adamantane derivatives.13,14 Thus, the synthesis of symmetrical
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analogues of 2with the addition of twomethyl (3), ethyl (4), and
n-propyl (5) groups on the carbon bridge was accomplished
(Scheme 1) aiming at filling progressively from 3 to 5 the extra
space between the ligand and the walls in M2 WT or M2 S31N
with a few alkyl groups. Binding affinities of 1, 2, 2-R, 2-S, and 3−
5 were measured by ITC against the M2TM WT and its S31N
variant in their closed form at pH 8. Furthermore, we measured
the antiviral activity of the rimantadine analogues against IAV
strains and the blocking effect of the compounds against full
length Udorn M2, Udorn M2 S31N, and Udorn M2 V28I using
electrophysiology (EP), and the kinetics of binding were
compared. Molecular dynamics (MD) simulations of ligand
binding to M2TMWT and its S31N variant in their closed form
were performed for investigation of the binding mode
interactions.
For the synthesis of primary tert-alkyl amines 3−5, the raw tert-

alkyl alcohols 7a−c were prepared according to Scheme 2 from

the reaction between 1-adamantanecarbonyl chloride 6 and an
organometallic reagent (see Supporting Information). It was
reported that the reaction of 1-adamantanecarbonitrile with ethyl
magnesium bromide and titanium tetraisopropoxide afforded 4
in 52% yield.15 We tested twice this procedure with 1-

adamantanecarbonitrile and methylmagnesium bromide yielding
in our hands 3with only 10% yield, which is lower than the∼50%
yield starting from 6 or 1-adamantanecarboxylic acid (Scheme
2).
Table 1 includes thermodynamic parameters of binding

against M2TM WT and M2TM S31N. Binding affinities were
determined by ITC for M2TM−ligand systems in dodecylphos-
phocholine (DPC) micelles at pH 8, where M2TM fragments
form stable tetramers (see also Supporting Information).16

Compound 1 has a Kd of 2.17 μM. As depicted in Table 1,
enantiomers 2-R and 2-S have the same Kd values17 against
M2TM WT (Kd = 0.34 and 0.32 μM, respectively). Compound
3, having two methyl groups instead of one methyl group in 2,
has the smallest Kd = 0.13 μM, i.e., the highest binding affinity of
all studied aminoadamantane compounds, suggesting that polar
and lipophilic characteristics are well balanced in its structure.
The diethyl derivative 4 and dipropyl derivative 5 exhibit lower
binding affinities against M2TM WT (Kd = 4.59 and 3.43 μM,
respectively). A balance between enthalpy and entropy
determines the free energy of binding as shown in Table 1.
The entropy presumably changes significantly from 1, 2 to 3, 4
on binding because the ordered clathrate water surrounding the
ligand is dispersed as the ligand enters the water-poor channel
cavity. This is more prominent for 3 and 4, as expected due to
their larger hydrophobic surfaces. Presumably, it would have
gone up even more for 5, but this clathrate effect was probably
countered by a reduced ligand entropy in the channel due to
restricted rotation inside the receptor binding area. Compounds
1−3 did not bind efficiently to M2TM S31N according to
isothermal titration calorimetry (ITC) and previous surface
plasmon resonance measurements for 1,18 while 5, with a larger
adduct connected to adamantane, binds weakly to M2TM S31N
compared to M2TM WT according to ITC.
The cytopathic effect (CPE) inhibition assay was used19 to

compare the antiviral potency of 1−5 against HK, Udorn, WSN,
and WSN M2 N31S (generated by reverse genetics from WSN)
in MDCK cells (Table 2). The amino acid sequences of M2 WT
in Udorn and HK are identical, not just in the TM region but in
the full length protein. There was no potency against the
amantadine-resistant WSN with the compound concentrations
used. All compounds showed low micromolar activity against
Udorn, HK, and WSN M2 N31S with 3 being the most potent
agent exhibiting submicromolar potency. Inhibition of repli-

Scheme 2. Synthetic Scheme for the Preparation of
Compounds 3−5

Table 1. Binding Constant, Free Energy, Enthalpy, and Entropy of Binding at 300 K Derived from ITCMeasurements for M2TM
WT (from Udorn, Upper Table) and the M2TM S31N (Lower Table)

liganda Kd
b ΔGc ΔHd −TΔSe

M2TM WT
1 2.17 ± 0.52 −7.77 ± 0.14 −6.66 ± 0.50 −1.11 ± 0.52
2 0.51 ± 0.26 −8.64 ± 0.30 −7.60 ± 0.28 −1.04 ± 0.41
2-R 0.32 ± 0.16 −8.97 ± 0.26 −7.54 ± 0.34 −1.42 ± 0.43
2-S 0.34 ± 0.12 −8.88 ± 0.21 −7.73 ± 0.28 −1.15 ± 0.35
3 0.13 ± 0.12 −9.30 ± 0.43 −4.19 ± 0.28 −5.12 ± 0.51
4 4.59 ± 2.21 −7.33 ± 0.28 −3.29 ± 0.62 −4.03 ± 0.68
5 3.43 ± 1.05 −7.50 ± 0.18 −6.23 ± 0.45 −1.27 ± 0.48

M2TM S31N
1−3 f f f f
5 >10 f f f

aSee Scheme 1. bBinding constant Kd in μM 2. cFree energy of binding in kcal mol−1. dBinding enthalpy in kcal mol−1. eEntropy of binding in kcal
mol−1. fValues could not be determined reliably due to the limitations of the methods in the area of very weak binding (see also SI for definition of
quantities).
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cation of Udorn was further confirmed with plaque-reduction
assay (results not shown). It is of note that 5 only reduced the
plaque size but not the number of plaques. The cytotoxicity data
(Table 2) showed that 1−4 are nontoxic with CC50 values >100
μM, but 5 is mildly toxic with CC50 ≈ 57 μM.
The EC50 values for 1−5 (Table 2) prioritize the same

derivative for M2 WT virus inhibition, i.e., 3, in agreement with
the results from the Kd values from ITC experiments based on
M2TM WT binding (Table 1). Compound 3 is almost equal in
structure with rimantadine (2) without having a chiral center.
Compound 3 has also a promising selectivity index based on the
in vitro cytotoxicity data.
The inhibitors were tested with a two-electrode voltage clamp

(TEVC) assay using X. laevis frog oocytes microinjected with
RNA expressing the M2 protein as in previous reports.13,17 The
blocking effect of the aminoadamantane derivatives against M2
was investigated with EP experiments using Udorn M2 and
UdornM2 S31N. BecauseWSN has the V28I substitution inM2,
UdornM2 V28I was generated and studied in parallel to examine
whether small changes in WSN in the side chains of amino acids
that do not line the pore (Figure S2) affect aminoadamantane
blocking properties. The blocking effect of the inhibitors was
expressed as the inhibition percentage of the M2 current
observed after 2, 5, and/or 10 min of incubation with 100 μM
compound (Tables 3 and S1).
After 5 min, 3 and 4 block Udorn M2 and Udorn M2 V28I as

well as 1 (about 90% and 80%, respectively). Generally, after 2
and 5 min, the percentage of current inhibition was progressively
increased for 3 and 4. It is noteworthy that 5 against Udorn M2
exhibited 27% blocking at 2 min, 38% at 5 min, and 61% at 10
min (Table 3). The IC50 values of 3 and 4 for Udorn M2 and
Udorn M2 V28I were reduced from 2 to 5 min time points
(Tables 3 and S1). These measurements at 2, 5, or 10 min are
made prior to the establishment of equilibrium21 due to very slow
on- and off-rates for entry (see the kon and koff rate values in
Tables 3 and 4), especially of the bulky ligands like 5, together
with the difficulty of maintaining cells at low pH for extended
periods. Thus, the very slow binding of 5 (Table 3) should not be
viewed as inconsistent with the high antiviral potency
(submicromolar EC50) against WT (V28; S31) viruses (Table
2), the latter representing much longer exposure times than EP
experiments.
In a very recent paper,20 the authors showed that when

Kd(TEVC) = koff/kon was smaller than a threshold, an in vitro
antiviral activity was exhibited. For amantadine (1), koff/kon =

10−6 M (1 μM) was measured against M2 WT, which correlates
with good in vitro antiviral potency. When koff/kon ∼100 μM or
higher, antiviral potency was not observed even for quick binders.
For example, 4-(2-adamantyl)piperidine (compound 3 in ref
20), although a quick blocker against Udorn M2 and the
amantadine resistant UdornM2V27A, was ineffective against the
corresponding influenza A strains. The authors also showed that
2-(1-adamantyl)piperidine (compound 8 in ref 20) was a slow
binder against Udorn M2 (48% at 2 min, but 90% at 6 min) but
still has good antiviral efficacy, possibly because, although kon is
low, koff is really low. This is the case with compound 5 against
Udorn M2 WT in the present study (see Table 3). It has a
reduced onset of block compared to 1, 2, and 3, but also has a low
dissociation rate constant, so it still has micromolar efficacy
against infections of cell cultures by viral strains with M2 WT.
In studies focusing on the development of aminoadamantane

ligands against IAV, derivatives are often initially tested in TEVC
assays at 100 μM concentration at 2 min, and only the most
potent compounds are then tested using whole cell assays.21 If
the same procedure had been applied here, 5 would not have

Table 2. Cytotoxicity (CC50) and Antiviral Activity (EC50) of Compounds 1−5 against IAVsHK, Udorn,WSN, andWSNM2N31S
in Madin−Darby Canine Kidney Cells

EC50 (μM)a

HK Udorn WSN

ligand M2 (V28; S31) M2 (V28; S31) M2 (I28; N31S) M2 (I28; N31) CC50 (μM)a

1 NDc 0.78 ± 0.44 0.48 ± 0.05 >100 >100
2 0.05 ± 0.04 0.09 ± 0.03 0.04 ± 0.02 >100 >100
2-R NDc 0.05 ± 0.01 0.04 ± 0.01 >100 >100
2-S NDc 0.06 ± 0.02 0.02 ± 0.01 >100 >100
3 0.012 ± 0.003 0.01 ± 0.001 0.03 ± 0.02 >100 >100
4 0.46 ± 0.25 0.41 ± 0.23 1.01 ± 0.13 >100 >100
5 0.45 ± 0.34 1.07 ± 0.31b 1.06 ± 0.23 >100 57.3 ± 11.3
Oseltamivir 0.002 ± 0.001 0.001 0.02 ± 0.01 0.03 ± 0.01 >100

aMean and standard deviations of the 50% inhibitory concentration (EC50) and the 50% cytotoxic concentration (CC50) of at least three
independent assays. bInhibition of plaque size without reduction of plaque number. cND: Not determined.

Table 3. Blocka of Inward Currents in Oocytesb Transfected
with Full-Length Udorn M2 by Selected Compounds

ligand

Udorn M2a,b

% block
(2 min)

% block
(5 min)

% block
(10 min)

IC50 (2 min)
(μM)

IC50 (5 min)
(μM)

1 90 ± 2 95 ± 1 NDc 12.5 4.7
2 96 ± 1 96 ± 1 NDc 10.8 NDc

2-R 95 ± 1 96 ± 1 NDc NDc NDc

2-S 93 ± 1 95 ± 1 NDc NDc NDc

3 90 ± 2 96 ± 1 NDc 9.3 4.0
4 78 ± 2 91 ± 1 NDc 24.3 13.2
5 27 ± 1.2 38 ± 1.6 61 ± 2.3 NDc NDc

ligand kon (M
−1 s−1) koff (s

−1) Kd (μM)d

1 327 0.003 9
2 416 0.003 7
2-R 412 0.0013 3.2
2-S 407 0.0016 3.9
3 230 0.003 13
4 NDc NDc NDc

5 34 0.003 88
aFor each compound, percent block of pH-dependent M2 current at
listed concentrations (±SEM) and IC50 (μM) are shown. bThree
replicates were used for measurements at 100 μM. cND: Not
determined. dKd (TEVC) = koff/kon.
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been tested, even though it proved to be a low micromolar
inhibitor according to Kd values from ITC experiments with
M2TM WT (Table 1) and CPE assay (Table 2) results. Thus,
TEVC percent block for 100 μM at 2 min in MDCK cells
underestimated the potential of 5. Similarly 4 would not have
been tested based on percent block at 2 min in TEVC with
Udorn M2 V28I (Table S1). Slow block could be associated with
tight block, and this phenomenon should not be overlooked in
short-lasting experiments. The results suggested that TEVC
results, when used for compound filtering, need careful
interpretation for compounds having low association rate
constant for binding to the full length M2, which also depends
on the M2 pore. In this regard, ITC measurements represent an
important additional tool for clarifying the binding energies of
novel derivatives to M2TM given their capacity for sufficient
relaxations of equilibrium between titration injections. Never-
theless, it is clear from the ITC, CPE (all strains with M2 WT),
that 5 (and 4 where tested) are ∼10-fold less active than 3.
For Udorn M2 V28I, the percentage of current inhibition is

lower; compounds 3 and 4 inhibit Udorn M2 more rapidly than
Udorn M2 V28I (Table S1). A small change in an amino acid at
site 28 (V28I) of M2, which does not line the pore, seriously
affects M2 blockage kinetics. The inhibition of 3 and 4 on both
Udorn M2 and Udorn M2 V28I are irreversible in our
experimental time frame, as was also observed for 1 with both
proteins (data not shown).
After the aforementioned results highlighted the importance

of kon, koff values on ligand behavior, we were intrigued to further
investigate the block the block of rimantadine enantiomers
against Udorn M2WT protein in EP, considering the differences
in resonances seen in ssNMR studies of 2-R or 2-S bound to the
full-length Udorn M2 protein.22 We previously showed17 that 2-
R and 2-S showed similar channel blockage against Udorn M2
WT when tested in EP at 100 μM at the 2- or 5 min time point,
and this result is consistent with that from ITC measurements
(see ref 17 and Table 1) and antiviral assays (see ref 17 and Table
2). In our present work we seek to further investigate the binding
kinetics 2-R, 2-S by measuring the respective kon, koff,Kd (TEVC)
values. The EP measurements showed a koff = 0.0013 s−1 for 2-R
and a koff = 0.0016 s

−1 for 2-S (Table 3), i.e., the two enantiomers
had very similar binding kinetics. Thus, 2-R has a bit longer
residence time inside the receptor than 2-S, as reflected by its
slightly lower koff andKd values (2.4 vs 3.2 μM). In ref 22, the first
ssNMR study of the full length M2 in complex with rimantadine
enantiomers was published. Compound 2-Rwas argued to have a
higher affinity than 2-S based on differences in peak intensities
and position restrainedMD simulations. The results published in
ref 22 are in qualitative agreement with those reported here, but
not in quantitative agreement, as here we see no statistically
significant (ITC and EC50) or meaningful (EP) difference.
Perhaps this is a consequence of the different methodologies
applied, i.e., EP vs ssNMR spectroscopy. Chemical shifts

differences and peak intensities do not provide an accurate
quantitative estimate of binding affinity values. The EP results,
antiviral assays, and ITC results showed clearly that the two
rimantadine enantiomers have similar binding free energies,
channel blockage, kon and koff rate constants, and antiviral
potencies. We conclude that they form equally stable complexes
and have the same residence time inside M2 WT.
The compounds did not bind to Udorn M2TM S31N

according to ITC and did not exhibit antiviral potency against
WSN virus, which contains both the S31N and the V28I
mutations. We showed that a valuable parameter to explain the
resistance of M2 S31N viruses to rimantadine analogues
compared to M2 WT is a higher koff rate (i.e., a smaller residence
time inside M2 S31N). According to our previous results, this is
due to the fact that, in M2 S31N, the loss of the V27 pocket for
the adamantyl cage11 resulted in low residence time inside
M2TM and a lack of antiviral potency; but for 5, the sizable
adducts resulted in a weak binding, which is albeit not sufficient
for antiviral potency.11 It is the high dissociation rate constants
that render aminoadamantanes useless against S31N viruses like
WSN leading toKd (TEVC) in the millimolar range compared to
the micromolar range for M2 WT binding.
In the S31N variants, TEVC (Table 4) shows very high exit

rate constants, especially for 2 (0.9 s−1) and 5 (0.14 s−1),
consistent with the unmeasurably high Kd in ITC (Table 1,
lower) and EC50 in CPE (Table 2, WSN). Interestingly, in these
two cases, 2 and 5 have low% block of inward currents at 2, 5, and
10 min in Udorn M2 S31N (Table 4), and somewhat similar kon
rates to 1 and 3, albeit lower compared to M2 WT, (Table 3),
demonstrating that mutations can have complex, ligand-
dependent effects on entry and exit rates.
M2TM WT complexes were simulated using an experimental

structure of M2TM WT (PDB ID 2KQT4,8) determined at pH
7.5 in the presence of 1 (see ref 11 for details). No significant
differences in measures were detected between trajectories with
production times of 4 and 80 ns (Tables S2 and S3). To ensure
that the measures were meaningful, the equilibration of the
membranes was tested. To verify this, the average area per lipid
headgroup was measured in the simulation of the different lipids
and compared with experimental results.23 The calculated values
approached the experimental ones of pure lipid bilayers (see
Figure S4 and Table S5). The center of mass between the four
V27 residues and the adamantane cage of the ligand stabilized as
explained in Figure 1 varies between 4.1 and 4.5 Å on average
(Tables S2 and S3). Hydrogen bond interactions for 2-R and 2-S
and geometric measures, which reflect van der Waals contacts,
were found to be similar for the two enantiomers, suggesting
equal binding interactions as previously discussed (Figure S3).17

In diethyl and di-n-propyl derivatives (4 and 5), the alkyl groups
seem to better fill the space between the ligand and the pore
walls; but in these cases, restricted motion and the resulting
entropy cost of binding may be significant and decrease the

Table 4. Block of Full-Length Udorn M2 S31N-Dependent Current 2 by Selected Compoundsa,b

Udorn M2 S31N

ligand % block after 2 min % block after 5 min % block after 10 min kon (M
−1 s−1) koff (s

−1) Kd
e

1 35 ± 2 36 ± 1 36.3 ± 1 143 0.03 210 μM
2c 1.0 ± 0.2 1.5 ± 0.4 NDd 22 0.9 >10 mM
3 21 ± 2 30 ± 3 33 ± 1 18 0.008 444 μM
5 7.0 ± 0.4 7.6 ± 0.2 8.0 ± 0.4 79 0.14 1.8 mM

aFor each compound, percent block of pH-dependent M2 current at listed concentrations (±SEM) and IC50 (μM) are shown. bThree replicates
were used for measurements at 100 μM. cRacemic. dND: Not determined. eKd = koff/kon.
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binding affinities compared to 3 (Tables 1−3 and S1).
Configurations from the simulations of ligands 3 and 5 are
depicted in Figure 1. In all cases, in the region located above the
adamantane core (i.e., toward the N-terminus) no water
molecules were found, which is consistent with the proton
blocking effect of the aminoadamantane derivatives.2,11,22,24

The MD simulations of the complex of 3 or 5 with M2TM
S31N showed that the ligand cannot bind tightly to M2TM
S31N because significant favorable van derWaals interactions are
missing (Figure 2). The S31N mutation of M2TM results in a
shift of the hydrophobic adamantyl ring toward the C-terminus,
due to the enhanced repulsive forces of the asparagine amide side
chains to the adamantyl ring and attraction to water molecules.
As a consequence, the stabilizing hydrophobic interactions of the

V27 isopropyl groups with the adamantyl ring that are present in
the M2TMWT are lost in M2TM S31N.11 The bulky Val27 and
N31 side chains are oriented toward the N-terminus the latter
forming hydrogen bonding interactions with water molecules;
the ammonium group of the ligands are also turned toward the
N-terminus, allowing significant hydrogen bonding interactions
with the polar N31 side chains and the nearby water molecules.11

The hydrogen bonding interactions with N31 are consistent with
our magic angle spinning (MAS) experimental data for
spiro[pyrrolidine-2,2′-adamantane]−M2TM S31N complex.
With the adamantane compound present, there was a chemical
shift perturbation for N31 and G34 compared to the apoM2TM
S31N.11 In the M2TM WT, the adamantyl ring is well
accommodated by the V27 and A30 side chains, and sizable
adducts such as ligands 4 and 5 additionally fill the region
between A30 and G34 (Figure 1); but in M2TM S31N, the
adamantyl ring is between A30 and G34 (Figure 2), due to the
lack of a favorable hydrophobic pocket. We have also found11 an
absence of chemical shift perturbations for V27 in M2TM S31N
in presence of a bulky ligand, in comparison with the apoM2TM
S31N, contrasting with the significant chemical shift changes at
V27, S31, and G34 relative to the apo state reported when
rimantadine is bound to M2TM WT.17,22

Compound 5 has sizeable adducts in addition to the adamantyl
ring that can fill the region between A30 and G34, and the
interactions needed for binding are slightly improved, resulting in
weak binding to M2TM S31N according to ITC compared to no
binding for 1−3 (Table 1). This can be observed from the
snapshot for the complex of 5 with M2TM S31N in Figure 2b.
The results showed no binding of 1 and similar in size analogues
to M2 S31N and M2TM S31N, and only possible weak binding
for sizable adducts in the region between A30 and G34, which is
reflected by the high koff values. The last point is in agreement
with the results from MAS and OS ssNMR spectra.11

In summary, in this work, we compared the potency between
the rimantadine analogues against M2 using four different M2
mimicry methods, i.e., ITC, MD simulations, EP, and antiviral
assays. We investigated the binding kinetics of rimantadine
analogues with M2 WT and M2 S31N and how they influenced
the outcome of potency. We provided a kinetic perspective to
explain rimantadine variant binding, proton transport blockage,
and antiviral potency against influenza M2 WT and M2 S31N.
According to this study, aminoadamantane variants bearing a
polar head should exhibit a kinetic profile of small koff rates (i.e.,
long residence time inside the M2 S31N protein channel pore)
resulting in Kd = koff/kon values at the low micromolar region, for
them to exhibit inhibitory potency against M2 S31N protein.25
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ABSTRACT: Adamantane derivatives, such as amantadine
and rimantadine, have been reported to block the trans-
membrane domain (TM) of the M2 protein of influenza A
virus (A/M2) but their clinical use has been discontinued due
to evolved resistance in humans. Although experiments and
simulations have provided adequate information about the
binding interaction of amantadine or rimantadine to the M2
protein, methods for predicting binding affinities of whole
series of M2 inhibitors have so far been scarcely applied. Such
methods could assist in the development of novel potent
inhibitors that overcome A/M2 resistance. Here we show that
alchemical free energy calculations of ligand binding using the Bennett acceptance ratio (BAR) method are valuable for
determining the relative binding potency of A/M2 inhibitors of the aminoadamantane type covering a binding affinity range of
only ∼2 kcal mol−1. Their binding affinities measured by isothermal titration calorimetry (ITC) against the A/M2TM tetramer
from the Udorn strain in its closed form at pH 8 were used as experimental probes. The binding constants of rimantadine
enantiomers against M2TMUdorn were measured for the first time and found to be equal. Two series of alchemical free energy
calculations were performed using 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) lipids to mimic the membrane environment. A fair correlation was found for DPPC that was
significantly improved using DMPC, which resembles more closely the DPC lipids used in the ITC experiments. This
demonstrates that binding free energy calculations by the BAR approach can be used to predict relative binding affinities of
aminoadamantane derivatives toward M2TM with good accuracy.

1. INTRODUCTION

Amantadine (Amt, (1)) and rimantadine (2) (Scheme 1) are
blockers of proton transport in the wildtype (WT) influenza A
M2 proton channel1,2 and have been effective prophylactics and
therapeutics against influenza A virus.3 The M2 protein of the
influenza A virus has a short 97-residue sequence. It forms
tetramers, and its transmembrane domain (A/M2TM, residues
22−46) comprises the pore of a proton channel that is
activated by low pH in the viral endosome; the open state of
the channel results when the imidazole rings of the four His37
residues, which line the inner part of the pore, are protonated.4

Its activation ultimately leads to the unpacking of the influenza
viral genome and to pathogenesis.5 The TM domain of the M2

protein, which contains the proton-conducting residue, His37,4

and the channel-gating residue, Trp41,6,7 reproduces most of
the electrophysiological, pharmacological, and biophysical
features of the full-length M2 protein, such as low-pH activated
proton conductivity, 1-dependent sensitivity of the proton
current, and tetramerization of the protein.8−11 Starting at the
exterior of the virus, the N-terminal half of the M2TM
sequence forms a water-filled pore lined by Val27, Ala30, Ser31,
and Gly34. These sites are frequently mutated in 1-resistant
mutants.12,13 The pore is interrupted by His37 and Trp41,

Received: February 13, 2016
Published: April 22, 2016

Article

pubs.acs.org/jcim

© 2016 American Chemical Society 862 DOI: 10.1021/acs.jcim.6b00079
J. Chem. Inf. Model. 2016, 56, 862−876

pubs.acs.org/jcim
http://dx.doi.org/10.1021/acs.jcim.6b00079


which project toward the center of the channel, while Asp44
defines its C-terminal end.9

The binding site of 1 and 2 is the lumen of the four-helix
bundle of the M2TM. It was only after 2008 that high
resolution structures (X-ray and solid-state NMR (ssNMR))
for the primary drug target domain, residues 26−37, have been
unveiled at alkaline pH including complexes of M2TM with 1
or 2.14−18 Assuming that M2TM can serve as a minimal model
for M2 binding,8,9,11 these structures can be used for the
development of novel inhibitors of A/M2. M2TM is blocked by
1 and 2 via a pore-binding mechanism. The adamantane cage in
these molecules is tightly contacted on all sides by Val27 and
Ala30 side chains, producing a steric occlusion of proton
transport15−17 and thereby preventing a continuation of the
viral life cycle. The ssNMR results also demonstrated that the
ammonium group of 2 is pointing toward the four His37
residues (Figure 1).18 This orientation can be stabilized only
through a network of hydrogen-bonds, mediated by water
molecules in the channel lumen, with the imidazoles of His37,
and possibly with Ala30 carbonyls in the vicinity.18−22 This is
consistent with a lowering of the pKa of the proton-sensing

His37 by ∼3 log units compared with the first pKa of histidine
in apo M2TM. Thus, upon drug binding to M2TM, the pKa of
His37 drops from 8.2 to 5.4.14,23

Resistance to 1 develops rapidly in vitro,24,25 in mice,26 and
in the clinical setting.27 Since 2005,28 1/2-resistant mutants
have become prevalent globally,29,30 abrogating clinical
usefulness of 1 and 231 and consequently of other amino-
adamantane derivatives.32−34 The main route of transmission of
influenza viruses is from aquatic birds to other species.35 These
strains have small differences in the M2TM sequence, for
example, M2TM of the avian “Weybridge” strain
(M2TMWeybridge) differs in only two amino acids, V28 → I28
and L38 → F38, from the human wildtype “Udorn” strain
(M2TMUdorn) (Figure 1, see the Materials and Methods
section). Although these residues do not point into the pore,
these mutations cause different sensitivities to binding of 1 and
stability of the M2TM tetramer and its complex with 1.36−38

Computational prediction of the relative binding affinity of
ligands for mutant M2TM is desirable for designing M2
inhibitors active against multiple influenza strains, which is
considered important for combating influenza effectively. So far
mainly molecular dynamics (MD) simulations and potential of
mean force calculations for individual aminoadamantane
compounds binding to the M2 protein have been con-
ducted.20−22,39−50 Methods for predicting binding affinities of
whole series of M2 inhibitors have so far been scarcely
applied.51,52 However, such studies are an important prereq-
uisite for rationally developing better ligands for M2. The
binding properties of a series of aminoadamantane derivatives
were measured for full length M2 at acidic pH.53 The relative
binding affinities of a subset of this series, i.e., of 11
aminoadamantane ligands with a range of binding affinities of
about 3 orders of magnitude was studied recently by rigorous
free energy calculations for M2TM in the low pH, open state.51

A high correlation was obtained between computed binding
free energies and experimental binding affinities. In that work51

binding constants against full length M2 protein were used as
experimental probes,53 whereas simulations were performed for
M2TM-aminoadamantane complexes with all His37 in the
doubly protonated state. In a recent work,52 a very good
correlation was obtained with the molecular mechanics
Poisson−Boltzmann surface area (MM-PBSA) method using
a smaller subset of the above-mentioned binding affinities
measured against the M2 protein at acidic pH.53 The six ligands
selected for the calculation had a range of binding affinities of
three orders of magnitude, and only compounds for which the
relative change in the configurational entropy upon binding
could be expected to be negligible were chosen.52 Most
recently, we interpreted thermodynamic profiles of isothermal
titration calorimetry (ITC) for aminoadamantane compounds
binding to M2TM by MM-PBSA calculations and used this
information for successfully and prospectively prioritizing
aminoadamantane derivatives.54

Here, we adjusted the conditions more properly compared to
ref 51 for rigorous free energy calculations of M2TM−
aminoadamantane complexes in order to predict accurate
binding affinities against M2TM. For a direct comparison the
affinities of 12 compounds (1, 2, 2-R, 2-S, and 3−10, Scheme
1) binding to M2TMUdorn and nine compounds (1−9) binding
to M2TMWeybridge under high pH conditions were determined
by ITC (Table 1, Table S6). Measurements were performed at
pH 8 because M2TM tetramers, in contrast to the full length
M2 protein, are not stable at low pH (<6.5) conditions.10,37,38

Scheme 1. Structures of Aminoadamantane Derivatives 1−
10 that Bind to A/M2TM

Figure 1. Structure of M2TM. Cartoon representation of M2TMUdorn
(PDB entry: 2KQT16) (left, A) and M2TMWeybrige (right, B). The
figures show the critical residues His37 (blue), and residues Val28
(orange) and Leu38 (red) of M2TMUdorn (left, A) that are mutated in
M2TMWeybrige to Ile28 (orange) and Phe38 (red) (right, B), depicted
as sticks. Side view of M2TM; one monomer of the tetramer was
removed for better visibility; the N-terminal end is at the top.
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Furthermore, aminoadamantane compounds bind with higher
affinity to full length M2 and M2TM at alkaline pH, when
His37 is unprotonated and the M2TM channel is in the closed
state, than at low pH, where the open state of M2TM is
prevalent.1,10,38 We analyzed the binding properties of this set
of compounds covering a binding affinity range of only
∼2 kcal mol−1 by MD simulations and alchemical free energy
calculations with the BAR method.55−57 Rigorous free energy
calculations have proven capable to predict relative binding free
energies with an accuracy of ∼1 kcal mol−1 in optimal
cases.58−63 When comparing the results to binding affinities
determined by ITC, we found that the BAR method can yield
good relative binding affinity rankings for aminoadamantane
derivatives binding to M2TM.

2. MATERIALS AND METHODS

2.1. Experimental Work. 2.1.1. Peptide Synthesis and
Compounds. M2TM peptides corresponding to residues 22−
46 of the Udorn sequence of M2 (C-terminally amidated
M2TMUdorn: SSDPLVVAASIIGILHLILWILDRL) were synthe-
sized by standard Fmoc solid phase peptide synthesis using an
aminomethyl polystyrene resin loaded with the amide linker
and purified by reverse phase HPLC. A purification procedure
previously described64 and modified was used.65 The final
peptide purity was 98%. 1 was purchased from Merck, and 2
from Alfa chemicals (>99% purity). Enantiomers of 2 were
purchased from Enamine; 2-S has 95% chemical purity and 2-R
has 90% chemical purity, and the enantiomeric excess of each
enantiomer sample is 99%. The details of the synthesis of
compound 3 can be found in ref 65. Details for the synthesis of
compounds 4−7 and 8, 9 can be found in refs 34 and 32,
respectively. Details for the synthesis of compound 10 will be
published elsewhere.
2.1.2. ITC Measurements. Binding affinities of amino-

adamantane derivatives (Scheme 1) for M2TMUdorn were
determined by ITC experiments for M2TM-ligand systems in
dodecylphosphocholine (DPC) micelles at pH 8.

All measurements were performed in triplicate with a TAM
2277 (TA Instruments) at pH 8 and 20 °C in a buffer of
50 mM NaH2PO4 and 100 mM NaCl. The peptide and the
aminoadamantane derivative were dissolved in a freshly
prepared DPC solution with a concentration of 13 mmol L−1.
Concentrations of the peptide and the ligands and the volumes
used for the measurements are listed in Table S1. If not
specified otherwise, measurements were conducted using 2 mL
of 125 μM peptide (corresponding to 31.25 μM M2TM
tetramer) (see also Table S1 in the Supporting Information
(SI)). A concentration of 1.1 mM of the ligand was used for the
titrant, of which 7.6 μL (equivalent to 8.4 nmol) were
dispensed in the peptide/DPC solution with each injection.
The time interval between two injections was set to at least
6 min.
Synthetic M2TM (residues 22−46) was reconstituted at a

1:57 monomer/lipid ratiowhich guarantees the quantitative
formation of M2TM tetramers10,37,38in DPC micelles at
pH 8 by dissolving and sonicating 225 nmol of M2TM with the
57-fold amount of DPC in the aforementioned buffer system.
Solutions of ligands 1, 2, 2-R, 2-S, and 3−10 (Scheme 1) in the
buffer were titrated into the calorimetric cell at 20 °C. The heat
evolved was obtained from the integral of the calorimetric
signal. The heat associated with the binding of the ligand to
M2TM was derived by subtracting the heat of dilution from the
heat of reaction.66,67 Data evaluation was carried out with
Digitam for Windows v4.1.
Affinity constants were calculated by nonlinear regression of

the measured heat per injection using Origin 8.068 and are
included in Table 1. For the calculation, the concentration of
the peptide was kept variable because the M2TM tetramer
formation is not complete. Data of three independent
measurements were used, whereby all measurements were
performed with the same experimental conditions using one
stock solution. Data evaluation was done by plotting the
measured heat per amount of substance against the molar ratio
of titrant to peptide tetramer. The resulting titration curve was
fitted using a global fit including the data of three independent
measurements. The measured binding affinity of 1 was

Table 1. Binding Constant, Free Energy, Enthalpy, and Entropy of Binding Derived from ITC Measurements for M2TMUdorn

liganda Kd
b ΔGc,d ΔHc,e TΔSc,f

1 2.17 ± 0.52 −7.77 ± 0.14 −6.66 ± 0.50 1.11 ± 0.52
2g 0.51 ± 0.26 −8.64 ± 0.30 −7.60 ± 0.28 1.04 ± 0.41
2-R 0.34 ± 0.12 −8.88 ± 0.21 −7.73 ± 0.28 1.15 ± 0.35
2-S 0.32 ± 0.16 −8.97 ± 0.26 −7.54 ± 0.34 1.42 ± 0.43
3 6.33 ± 1.53 −7.14 ± 0.14 −3.60 ± 0.31 3.54 ± 0.34
4 1.60 ± 0.34 −7.96 ± 0.13 −7.03 ± 0.42 0.93 ± 0.44
5 0.89 ± 0.19 −8.31 ± 0.13 −6.79 ± 0.26 1.51 ± 0.29
6 0.62 ± 0.14 −8.52 ± 0.13 −7.14 ± 0.21 1.38 ± 0.25
7 0.63 ± 0.17 −8.53 ± 0.16 −7.62 ± 0.30 0.91 ± 0.34
8 0.36 ± 0.22 −8.90 ± 0.43 −5.02 ± 0.41 3.88 ± 0.60
9h 0.93 ± 0.36 −8.28 ± 0.23 −3.82 ± 0.28 4.46 ± 0.36
10g 1.30 ± 0.43 −8.08 ± 0.20 −5.08 ± 0.31 3.00 ± 0.37

aSee Scheme 1. bBinding constant Kd in micromolar calculated from measured Ka in inverse molar by Kd = 1/Ka × 10−6, and error in Kd in
micromolar determined by Kd,error = (Ka,error/Ka

2) × 10−6. cIn kilocalories per mole. dFree energy of binding computed from Kd by ΔG = −RT

ln(Kd
ref/Kd) with Kd

ref = 1 M and T = 300 K and error in ΔG determined according to Δ = ( )G
RTK

Kerror

2
d,error

d
with T = 300 K. eEnthalpy of

binding and error in the enthalpy of binding calculated from measured binding enthalpy and measured error by ΔH = ΔHmeasured(T/Tmeasured) with
T = 300 K and the temperature at which the ITC measurements were performed Tmeasured = 293.15 K. fEntropy of binding calculated by

ΔS = (−ΔG + ΔH)/T and error in ΔS computed by the equation Δ = Δ + ΔS G Herror error
2

error
2 . gRacemic mixture. hRacemic mixture resulted

from the protonation of N-methyl spiro[pyrrolidine-2,2′-adamantane].
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2.17 ± 0.52 μM and is comparable with the value of 12 μM
measured using analytical ultracentrifugation,38 and the value of
9 ± 2 μM derived based on kinetic studies in electro-
physiological experiment.1

ITC is a widely used method in drug discovery, especially in
quantitative structure−activity-relationship studies.69,70 How-
ever, there are some inherent limitations with respect to the
overall applicability of this method. Since warmth released or
consumed by an interaction is detected, the method fails
measuring interactions that are almost exclusively driven by
entropy. The bigger the change of enthalpy during an
interaction, the easier this interaction can be measured with
ITC. A further limitation is set by the affinity of the interaction.
The product of dissociation constant and receptor concen-
tration (called Wiseman constant) determines the slope of the
resulting titration curve and should be optimally between 10
and 100.71 For very high affinity interactions, one needs to
dilute the system. For low affinity interactions (i.e., Kd values in
the range of 10 μM) a very high quantity of the receptor is
needed, and this is accompanied by difficulties due to
limitations such as availability, cost, solubility, or stability. For
the M2TM peptide investigated in this study, the solubility in
the DPC micelles limits the possible concentration. Con-
sequently, affinity constants of low affinity binders (e.g., ligand
3) possess relatively large errors. The procedure for the peptide
synthesis, the experimental details for determining binding

constants for the Weybridge complexes, and the affinity
constants for M2TMWeybridge of compounds 1−9 have been
reported in another publication54 (affinity constants for
M2TMWeybridge are included in Table S6).

2.2. Computational Methods. 2.2.1. Identification of
Preferred Protonation States of Amantadine and His37. For
determining the most likely protonation states of Amt (1) and
His37 when bound to M2TMUdorn, we performed MD
simulations and relative free energy calculations as detailed
somewhere else for M2TMWeybridge.

54 Assuming that the shift in
proton affinity [ΔΔG; eq 1] is due solely to altered electrostatic
interactions, the relative free energies between different
protonation states of Amt and His37 in the complex as well
as of Amt and a histidine with acetyl- and N-methylamino
blocking groups (ACE-His-NME) in solution (Figure 2) were
computed according to a single step, free energy perturbation
approach described by Rod et al.72 Ensembles were generated
by extracting structures from MD simulations of
M2TMUdorn-Amt, ACE-His-NME, and Amt in solution.
M2TMUdorn-Amt, ACE-His-NME, and Amt in solution were
simulated with Amt in the protonated, singly positively charged
state and with all His residues in the Nε2-protonated, neutral
state. The protonation states of the other residues were set
according to the default settings in the LEaP program of the
Amber12 program package, i.e. Asp was negatively changed,
and Lys and Arg carried a positive charge. The simulations were

Figure 2. Thermodynamic cycle employed for studying the preferred protonation states of His37 and Amt. Free energy differences were calculated
by single point perturbation calculations based on changes in electrostatic energies, using the Poisson−Boltzmann approach for estimating the polar
part of the solvation free energy. ΔG values for the protonation of His37 are mean values obtained by averaging over ΔG values calculated for the
protonation of each His37 residue of the M2TM homotetramer. Errors in ΔG have been determined as described in ref 54. Errors for the
transformations of histidine and amantadine in solution (lower arm of the thermodynamic cycle) are <0.01 kcal mol−1. Subcycles reflect the
protonation of Amt in M2TM with neutral His37 (Cycle A), the protonation of one His37 residue in M2TM with a bound positively charged Amt
(Cycle B), and the deprotonation of the positively charged Amt in M2TM with one protonated His37 (Cycle C). For each subcycle, ΔΔG was
calculated as the difference of ΔG values associated with the upper transformation minus those of the lower one. A negative ΔΔG indicates that the
right vertical transformation of each cycle is more favorable than the left one. For clarity one monomer of the M2TM tetramer is not shown in the
schematic depiction of the M2TM-Amt complex states; for each state the total charge of the system is given. Changes in free energy relative to the
Amt(0)-His(0) state are shown as arrow diagram below the thermodynamic cycle. All free energies are given in kilocalories per mole. The free
energies that are associated with the protonation of histidine and Amt in solution at pH 8 are depicted by red and yellow arrows. The overall free
energy difference between the most favorable states, Amt(+1)-His(0) and Amt(0)-His(+1), of 0.7 kcal mol−1 is highlighted in blue.
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performed with Amber1273 as described in ref 54. In brief, the
systems were optimized by a thorough minimization procedure
involving 2500 steps steepest-descent and 7500 steps conjugate
gradient minimization in the presence of a harmonic restraint
with a force constant of 5 kcal mol−1 Å−2. It followed a heating
phase in which the temperature of the systems was raised to
303 K applying Langevin dynamics in the presence of a
harmonic restraint with a force constant of 10 kcal mol−1 Å−2

on all protein, peptide, and Amt atoms. The heating was
performed in two consecutive steps: first, the temperature was
raised to 100 K in a short NVT simulation; then, the systems
were heated from 100 to 300 K in a 100 ps NPT simulation
with isotropic pressure scaling to p = 1 bar in intervals of 1 ps
(Amt and ACE-His-NME) or in a 100 ps NPTγ simulation with
γ = 10 dyn cm−1 and semi-isotopic pressure scaling to p = 1 bar
in intervals of 1 ps (M2TMUdorn-Amt). Finally, the systems were
freely equilibrated without restraints in a 1 ns NPT or NPTγ
simulation, respectively (p = 1 bar, T = 303 K, γ =
10 dyn cm−1). Production simulations were performed for
30 ns (Amt and ACE-His-NME) or 50 ns (M2TMUdorn-Amt)
using the same settings as in the final equilibration step. Bonds
to hydrogen atoms were constrained employing the SHAKE
algorithm,74 and the equations of motion were integrated in
time steps of 2 fs. An 8 Å cutoff was used for truncating short-
range nonbonding interactions, and long-range electrostatic
interactions were treated by the particle-mesh Ewald
summation method.75,76 1500 snapshots were extracted in
20 ps steps from the 20−50 ns interval of the M2TMUdorn-Amt
MD simulation (i.e., the Amt(+1)-His(0) state) as well as from
the 0−30 ns interval of the simulations of ACE-His(0)-NME
and Amt(+1) in solution. Free energy differences (ΔG)
between two states were calculated by the Zwanzig
equation77,78 averaging over the structural ensembles, and the
difference in free energy with respect to the shift in the proton
affinity (ΔΔG) was calculated according to eq 1.

ΔΔ = Δ − Δ→ →G G Gprotonation state A B
bound

protonation state A B
unbound

(1)

To do this, all water molecules and ions were removed from
the ensemble structures prior to single point energy calculations
with the mm_pbsa.pl module of Amber12.73 Total energies of
the systems were estimated as the sum of the electrostatic
energies of the molecules in gas phase and the polar part of
their solvation free energy applying a Poisson−Boltzmann (PB)
approach79,80 using an ionic strength of 100 mM for the
implicit solvent and Parse radii.81 Structures of the states for
which no snapshots were extracted from the simulations, i.e.,
Amt(+1)-His(+1), Amt(0)-His(+1), and Amt(0)-His(0) as well
as Amt(0) and ACE-His(+1)-NME were created by post-
processing of the M2TMUdorn-Amt trajectory adapting the
charges and adding or deleting hydrogens at the respective sites
accordingly. ΔG values for transformations involving His37 of
the M2TM tetramer were calculated as mean values over the
ΔG values obtained for changing His37 one-by-one in the four
chains. The uncertainties in eq 1 were calculated as described in
ref 54.
For the preferred protonation state of Amt and histidine at

the given pH, the free energy associated with protonating Amt
and histidine at pH 8 was calculated by eq 2

Δ = −G RT K2.303 (pH p )a,model (2)

with T = 300 K. For Amt and histidine in solution, pKa,model
values of 10.5 and 6.0 were considered, respectively.10,82

2.2.2. Free Energy Calculations by the BAR Approach of
M2TM-Amantadine Derivatives in Lipid Bilayers. Relative
binding free energies for aminoadamantane derivatives
(Scheme 1) bound to M2TM were computed following the
BAR approach55 and applying a thermodynamic cycle (Scheme
2). Alchemical free energy calculations were carried out for

M2TMUdorn-ligand and M2TMWeybridge-ligand complexes under
periodic boundary conditions with Desmond83−85 using the
settings and the simulation protocol described above and also
in ref 51. The structures for the simulations of the
aminoadamantane compounds in solution were generated and
minimized in Maestro86 using the MMFF94 force field
implemented with Macromodel 9.6.87,88 The M2TMUdorn-1
complex structure (PDB ID 2KQT16) served as a model
structure for M2TMUdorn with bound ligands 1−10 (Scheme 1)
in DMPC or DPPC. We chose this structure because it was
determined at pH 7.5 and in DMPC vesicles,16 i.e., under
conditions that closely resemble the conditions we applied in
our simulations to model high pH and a DMPC or DPPC lipid
bilayer system. Consequently, this M2TM structure should
already be adapted to these environmental conditions, such that
no large structural changes are to be expected during MD
simulations, and only a short equilibration phase should be
required. For M2TMWeybridge with bound ligands, a model
structure was generated from M2TMUdorn (from
PDB ID 2KQT16) by mutating amino acids V28 to I28 and
L38 to F38 with Maestro.86

N- and C-termini of the M2TM model systems were capped
by acetyl and methylamino groups after applying the protein
preparation module of Maestro. The structures of the protein
and 1 were saved separately and were used for the subsequent
docking calculations. The ligands in their ammonium forms
were built by means of Maestro 8.5 and were then minimized
by means of Macromodel 9.6 and the MMFFs force field using
the conjugate gradient (CG) method and a distance-dependent
dielectric constant of 4.0 until a convergence value of
0.0001 kJ Å−1 mol−1 was reached. Docking poses of
aminoadamantane derivatives in the M2TM bound state were
generated by docking the prepared compound structures into
the pore binding site of the M2TM. The M2TM-1 complex
structure after 80 ns of MD simulations of M2TMUdorn-Amt and
M2TMWeybridge-Amt, respectively, was used as a template
structure. Docking was performed with GOLD 5.289,90 using

Scheme 2. Thermodynamic Cycle for the Calculation of
Relative Free Energies of Binding Applied to Alchemical
Tranformations of Aminoadamantane Derivatives 1−10
(Scheme 1)a

aΔGA, ΔGB are the free energies of transfer of A and B from the
aqueous phase (unbound state) to the bound state, respectively.
ΔGA,B(s) and ΔGA,B(b) are the free energy differences of the mutation
of A into B in aqueous solution, and bound to the protein, respectively.
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the ASP scoring function,91,92 after deletion of 1, and
considering six water molecules located within the M2TM
pore-binding site between the ligand and His37. The option
“toggle” was used to let the algorithm decide whether taking
into account a water molecule or neglecting it based on an
empirical desolvation penalty. The region of interest used by
GOLD was defined to contain the atoms that were within
∼15 Å of the ligand binding site in the receptor structure. The
“allow early termination” command was deactivated. For all the
other parameters, GOLD default values were used. Ligands
were submitted to 30 genetic algorithm runs. Ten docking
poses were produced for each ligand and were visually
inspected using the UCSF Chimera package.93 The pose with
the best score was used in FEP/MD simulations.
The M2TM complexes were embedded in either a DPPC or

a DMPC lipid bilayer extending 10 Å beyond the solutes.
Complex and ligand systems were solvated using the TIP3P94

water model. Na+ and Cl− ions were placed in the water phase
to neutralize the systems and to reach the experimental salt
concentration of 0.150 M NaCl. Membrane creation and
system solvation were conducted with the “System Builder”
utility of Desmond.83−85

The OPLS 2005 force field95−98 was used to model all
protein and ligand interactions, and the TIP3P model94 was
used for water. The particle mesh Ewald method (PME)75,76

was employed to calculate long-range electrostatic interactions
with a grid spacing of 0.8 Å. van der Waals and short-range
electrostatic interactions were smoothly truncated at 9.0 Å. The
Nose−́Hoover thermostat99 was utilized to maintain a constant
temperature in all simulations, and the Martyna−Tobias−Klein
method100 was used to control the pressure. The equations of
motion were integrated using the multistep RESPA integrator99

with an inner time step of 2 fs for bonded interactions and
nonbonded interactions within a cutoff of 9 Å. An outer time
step of 6.0 fs was used for nonbonded interactions beyond the
cutoff. Periodic boundary conditions were applied.

Each system was equilibrated in MD simulations with a
modification of the default protocol provided in Desmond,
which consists of a series of restrained minimizations and
molecular dynamics simulations designed to relax the system,
while not deviating substantially from the initial coordinates.
First, two rounds of steepest descent minimization were
performed with a maximum of 2000 steps with harmonic
restraints of 50 kcal mol−1 Å−2 applied on all solute atoms,
followed by 10 000 steps of minimization without restraints. A
series of four MD simulations was performed. The first
simulation was run for 12 ps at a temperature of 10 K in the
NVT (constant number of particles, volume, and temperature)
ensemble with solute heavy atoms restrained with a force
constant of 50 kcal mol−1 Å−2, followed by an identical
simulation in the NPT ensemble. The temperature was then
raised during a 25 ps simulation to 310 K (DMPC systems) or
325 K (DPPC systems) in the NPT ensemble with the force
constant retained. The temperatures of 310 and 325 K were
used in the MD simulations in order to ensure that the
membrane state is above the melting temperature state of
297 K for DMPC lipids and 314 K for DPPC lipids,
respectively.101 Then an unrestrained NPT production
simulation at 310 K (DMPC systems) and 325 K (DPPC
systems)101 followed saving snapshots in intervals of 4 ps.
Production simulations at each λ value were run for 4 or 6 ns

for compounds without and with a cyclic group, respectively. A
λ schedule comprising 12 windows was used (see Table S1 in
ref 51). Simulations were run for the transformations listed in
Tables 2 and 3. Usually one step of alchemical transformations
was conducted in order to reach the target ligand structure
from the starting one. However, for transformations 4 → 1 and
2-R or 2-S → 1, two step alchemical simulations were
performed (Figure S1) to ensure that the configurational
ensembles between the end states are sufficiently sampled and,
thus, the convergence of the simulation. The complex systems
were stable in the alchemical free energy simulations as
indicated by an RMSD of the protein heavy atoms ≤2.2 Å such

Table 2. Relative Binding Free Energies for Pairs of Compounds Computed by the BAR Method for M2TM Embedded in a
DPPC Bilayer or Derived from the Experimental Binding Affinity Data in Tables 1 and S6.54

M2TMUdorn M2TMWeybridge

transformation ΔΔGFEP
a,b ΔΔGexp

a,c transformation ΔΔGFEP
a,b ΔΔGexp

a,c

2-R → 1 1.21 ± 0.51f 1.11 ± 0.25 2-R → 1 −0.72d e
2-S → 1 1.16d 1.20 ± 0.33 2-S → 1 0.24d,f e
2 → 1 1.19g 0.87 ± 0.33f 2 → 1 −0.24g 0.84 ± 0.36f

3 → 1 −1.58 ± 0.14 −0.63 ± 0.20 3 → 1 −1.36 ± 0.13 −1.17 ± 0.29
4 → 1 −0.20 ± 0.66 0.19 ± 0.19 4 → 1 1.11 ± 0.65 0.47 ± 0.32
5 → 4 0.68 ± 0.21 0.35 ± 0.18 5 → 4 0.41 ± 0.17 0.29 ± 0.38
6 → 5 0.17 ± 0.20 0.21 ± 0.19 6 → 5 −0.34 ± 0.22 −0.05 ± 0.42
7 → 6 0.47 ± 0.14 −0.18 ± 0.18 7 → 6 0.24 ± 0.14 −1.27 ± 0.37
9-R → 8 −0.71 ± 0.38f e 9-R → 8 −1.17 ± 0.39f e
9-S → 8 2.27 ± 0.40 e 9-S → 8 −1.70 ± 0.40 e
9 → 8 0.78 ± 0.55g −0.62 ± 0.30f 9 → 8 −1.44 ± 0.56g −0.57 ± 0.27f

10-R → 8 −2.87 ± 0.21 e 10-R → 8 −2.70 ± 0.20 e
10-S → 8 −1.30 ± 0.23 e 10-S → 8 −1.57 ± 0.16 e
10 → 8 −2.09 ± 0.31g −0.82 ± 0.28f 10 → 8 −2.14 ± 0.25g h

aIn kilocalories per mole. bPropagation error calculated according to the bootstrap method. cDifference in binding free energy calculated from
experimentally determined Kd values by ΔΔG = −RT ln(Kd

A/Kd
B) with T = 300 K and error calculated from individual experimental errors by

= +ΔΔ Δ Δerror (error error )G G G,A
2

,B
2 . dError in ΔΔGFEP not known.

eThe enantiomers were not available and were not measured with ITC. The

racemic mixture was measured instead. fThis value corresponds to a free energy difference of binding between the racemic mixture of compound 9 or
10 and compound 8. gMean of the computed free energy values for the transformations including the corresponding R and S enantiomers. hNot
determined.
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that the sampled structures could be used for computing
relative binding free energies. Free energy differences ΔG were
calculated by the BAR method55 and checked for convergence
by computing ΔG based on increasing time intervals of the
alchemical free energy simulations.51 Relative binding free
energies between pairs of ligands ΔΔGligand A→B were calculated
according to eq 3 based on ΔG obtained for the trans-
formations of the ligands in the bound and the solvated state,
respectively, ΔGA,B(b) and ΔGA,B(s) (see the thermodynamic
cycle in Scheme 2).

ΔΔ = Δ − Δ→G G G(b) (s)ligand A B A,B A,B (3)

Errors in the computed relative binding free energies were
estimated using block bootstrapping102 as described in ref 51.
The predictive index was calculated according to ref. 103.
For structural analyses, snapshots of the different systems

were created with VMD104 or Maestro.86 Trajectories were
analyzed with Maestro, Gromacs,105,106 and VMD.104 For the
calculation of hydrogen bonds, a cutoff angle of 30° deviation
from 180° between the donor-hydrogen-acceptor atoms and a
cutoff distance of 3.5 Å between the donor and acceptor atoms
were applied.

3. RESULTS AND DISCUSSION
3.1. Identification of Preferred Protonation States of

Amt and His37. We determined the energetically most
favorable protonation states of Amt (1) and His37 in the
M2TMUdorn-Amt system for pH 8 by a single-step perturbation
approach that is similar to the approach described by Rod and
Brooks.72 In this approach, it is assumed that the shift in proton

affinity [ΔΔG; eq 1] is caused exclusively by altered
electrostatic interactions. The change in free energy associated
with the change in these interactions was determined both for
the (de)protonation of His37 and Amt in the complex bound
state (upper arm of the thermodynamic cycle in Figure 2) and
for the (de)protonation of histidine and Amt in solution (lower
arm of the thermodynamic cycle in Figure 2). For the complex
form (upper arm of the thermodynamic cycle) only the
Amt(+1)-His(0) state was simulated. The respective MD
trajectory was used as reference to generate the states
Amt(0)-His(0), Amt(+1)-His(+1), and Amt(0)-His(+1) by
adding or removing hydrogen atoms at the respective sites and
adapting the charges accordingly. To determine the change in
the electrostatic interactions, gas-phase electrostatics and the
polar part of the solvation free energy were calculated after all
explicit water molecules and ions had been removed and
protons had been deleted or added to reach the respective
perturbed states. As pointed out in ref 54, where this calculation
approach has already been used successfully on the
M2TMWeybridge-Amt system, the single step perturbation
approach should give reasonable estimates of the pKa shift
within the accuracy of the force fields if (a) the proton added or
deleted points into the solvent and (b) the reorganization of
the M2TM channel due to a change in the protonation state is
small. As a result of these two factors the perturbed state should
sample regions of configuration space that overlap with those of
the original one,55,56 due to the small changes associated with
the protonation of Amt and histidine. Overall, qualitative results
of the computed shifts are sufficient as detailed next.
The computed shifts reveal that the Amt(+1)-His(0) state is

more favorable than the Amt(0)-His(0) state (cycle A in Figure
2). Phrased differently, the already high pKa value of Amt of
10.510 in solution is shifted to an even higher value in the
M2TM environment with uncharged His37. To probe to what
extent a protonation of His37 influences the proton affinity of
Amt, we also analyzed the Amt(+1)-His(+1) and
Amt(0)-His(+1) states, where a proton was added to one of
the four His37 residues. The first state is much more
unfavorable than the Amt(+1)-His(0) state (cycle B in Figure
2), not unexpected due to the close proximity of two like
charges. The quantitatively rather large shift in proton affinity
observed in cycle B may be attributed to our setup, which does
not allow to take into account that the proton on His37
delocalizes between the four histidines of the M2TM
tetramer.7,23 The Amt(0)-His(+1) state is again preferred
relative to the Amt(+1)-His(+1) state (cycle C in Figure 2).
Finally, taking cycles B and C together (Figure 2) shows that
the Amt(0)-His(+1) state is by 0.7 kcal mol−1 more favorable
than the Amt(+1)-His(0) state. Taking the error in the
calculations into account, which can be expected to be in the
range of one pKa unit, i.e. ∼1.4 kcal mol−1 at 300 K, the
Amt(0)-His(+1) and Amt(+1)-His(0) states are equally
likely.107 The fact that the Amt(+1)-His(0) state is among
the most favorable states compares favorably with experimental
findings according to which the pKa of histidine in solution of
∼682 drops to a value of ∼5.4 for His37 of M2TM upon
binding of Amt.14 Hence, at pH 8, Amt exists to a considerable
extent in the protonated form in both solution and when bound
to M2TM, whereas the four His37 of M2TM can be neutral
under both conditions.

3.2. Isothermal Titration Calorimetry of Amino-
adamantane Compounds Binding to M2TMUdorn. As
reference values we measured binding affinities of the

Table 3. Relative Binding Free Energies for Pairs of
Compounds Computed by the BAR Method for M2TM
Embedded in a DMPC Bilayer or Derived from
Experimental Binding Affinity Data in Table 1

M2TMUdorn

transformation ΔΔGFEP
a,b ΔΔGexp

a,c

2-R → 1 2.07 ± 0.19 1.11 ± 0.25
2-S → 1 2.94 ± 0.63 1.20 ± 0.33
2 → 1 2.51 ± 0.66f 0.87 ± 0.33e

3 → 1 −1.54 ± 0.12 −0.63 ± 0.20
4 → 1 0.66 ± 0.46 0.19 ± 0.19
5 → 4 0.24 ± 0.14 0.35 ± 0.18
6 → 5 0.73 ± 0.13 0.21 ± 0.19
7 → 6 0.20 ± 0.14 −0.18 ± 0.18
9-R → 8 −0.90 ± 0.36 d
9-S → 8 1.07 ± 0.36 d
9 → 8 0.09 ± 0.36f −0.62 ± 0.30e

10-R → 8 −1.24 ± 0.22 d
10-S → 8 −1.44 ± 0.24 d
10 → 8 −1.34 ± 0.33 −0.82 ± 0.28e

aIn kilocalories per mole. bPropagation error calculated according to
the bootstrap method. cDifference in binding free energy calculated
from experimentally determined Kd values by ΔΔG =
−RT ln(Kd

A/Kd
B) with T = 300 K and error calculated from individual

experimental errors by = +ΔΔ Δ Δerror (error error )G G G,A
2

,B
2 . dThe

enantiomers were not available and were not measured with ITC. The
racemic mixture was measured instead. eThis value corresponds to a
free energy difference of binding between the racemic mixture of
compound 9 or 10 and compound 8. fMean of the computed free
energy values for the transformations including the corresponding R
and S enantiomers.

Journal of Chemical Information and Modeling Article

DOI: 10.1021/acs.jcim.6b00079
J. Chem. Inf. Model. 2016, 56, 862−876

868

http://dx.doi.org/10.1021/acs.jcim.6b00079


aminoadamantane compounds 1, 2, 2-R, 2-S, and 3−10 in
Scheme 1 toward M2TMUdorn by ITC (Table 1). The binding
affinities of compounds 1−9 toward M2TMWeybridge were
measured by ITC in another work54 and are included in
Table S6. The measurements were conducted at pH 8 because
previous findings indicated that 1 binds with high affinity to
M2TM at high pH where all His37 residues are in the neutral
form.10 Furthermore, M2TM tetramers are not stable in
dodecylphosphocholine micelles at pH 5−6 and, thus, cannot
bind aminoadamantane compounds to a sufficient extent under
these conditions.10,65 ITC measurements yield the enthalpy of
binding (ΔH) as well as the dissociation constant (Kd). From
Kd, the binding free energy (ΔG) is calculated (Table 1). The
binding entropy is obtained as the difference between ΔG and
ΔH. Compounds 2, 9, and 10 are chiral whereas all other
compounds, i.e., 1 and 3−8, are achiral. Compound 2 was
measured as a racemic mixture but also samples of the
enantiomers 2-R and 2-S (which are commercially available)
were measured. Compounds 9 and 10 were measured as
racemic mixtures. Compound 9 exists in solution as a mixture
of enantiomeric ammonium salts that are in equilibrium. The
corresponding amines are conformational enantiomers, which
are interconverted through ring and nitrogen inversion, and
after protonation form the enantiomeric ammonium salts 9-R
and 9-S.108 Enantiomers may have a different enthalpy of
binding against a protein since the two complexes formed are
diastereomers.109 It has been suggested through in silico
prediction that enantiomers of compound 2 bind with different
affinity to the M2 protein.110 As depicted in Table 1, including
thermodynamic parameters of binding against M2TMUdorn,
enantiomers 2-R and 2-S bind with the same affinity against
M2TMUdorn (Kd = 0.34, 0.32 μM respectively); for the racemic
mixture 2 a Kd = 0.51 μM was measured, which is close to the
Kd’s of the enantiomers considering the experimental errors
(see Table 1) and the lower chemical purity of the commercial
enantiomers (90% for 2-R and 95% for 2-S) compared to
racemic 2 (see the Materials and Methods section). It cannot
be excluded that the impurities affect the ITC results, although
we expect only small deviations from the measured Kd’s. It has
been reported that the biological activity of 2-R and 2-S in vivo
against influenza A virus is the same111 but it has just been
suggested that 2-R and 2-S affect different isotropic chemical
shift changes when bound to the full M2 protein measured
using ssNMR.112 Spiro[pyrrolidine-2,2′-adamantane] (8) and
the enantiomers of 2 have the smallest Kd’s (0.36, 0.34, and
0.32 μM, respectively) against M2TMUdorn, i.e., the highest
binding affinities, of all studied aminoadamantane compounds.
Compound 2 has the smallest Kd against M2TMWeybridge
(Kd = 0.18 μM), and 8 (Kd = 0.38 μM) is among the strongest
binders54 there (see Table S6). Compound 3 has the lowest
binding affinity against M2TMUdorn (Kd = 6.33 μM) and against
M2TMWeybridge (Kd = 5.32 μM), which shows that the fluorine
introduced into the adamantane core at position 3 is most
unfavorable. Compared to compound 1, the presence of a
fluorine atom in compound 3 leads to a reduction of the
enthalpy of binding while the entropic term is increased.
Compared to 1, in compound 4 the entropic term is reduced
likely because 4 has a higher rotational entropy in the unbound
state due to its lower symmetry. For 5−7, it can be observed
that the enthaply of binding progressively increases with
increasing size of the n‑alkyl adduct; the entropy of binding
generally progressively decreases with increasing size of the
n-alkyl adduct most likely because of the restricted rotation in

the bound state. Entropy again increases when the carbon
adduct is restricted to a ring in the spiropyrrolidine 8. The
thermodynamic values in Table 1 suggest that 2 and 8 have
equal binding affinities as a compromise between enthalpy and
entropy of binding; in 2 the enthalpic term is higher than in 8,
whereas in 8 the entropic term is higher than in 2.

3.3. Ligand Ranking by the BAR Approach. If the
correct ranking of relative affinities of structurally similar drug
candidates against a receptor can be realized, costs and efforts
can be saved during the process of lead optimization.113−115 It
has been reported that BAR, which provides a maximum-
likelihood estimator of the free-energy change, decreases the
variance of the determined free energies using the simulation
data more efficiently, thus providing a minimum uncertainty
estimate of free energy differences between two thermody-
namic states.55−57,116,117 Here we investigated whether amino-
adamantane ligands binding to M2TMUdorn and M2TMWeybridge
under high pH conditions can be correctly ranked by
alchemical perturbation calculations with the BAR approach.
The binding affinities of the aminoadamantane compounds 1,
2, 2-R, 2-S, and 3−10 in Scheme 1 for M2TMUdorn (Table 1)
and of compounds 1−9 for M2TMWeybridge

54 (Table S6) were
measured by ITC and used as reference values. It should be
emphasized that the calculations performed in this work aim at
the prediction of relative free energies of binding corresponding
to binding constants covering a narrow range of about 1 order
of magnitude, related to free energies covering a range of
∼2 kcal mol−1. The results from this investigation can be used
as a benchmark to compare other methods’ accuracies in the
future.114

Appropriate adjustments were applied to binding free energy
calculations in order to match experimental conditions as
closely as possible, i.e., by using a M2TM structure in the
closed conformation found at high pH and assigning a neutral
form for all His37.118 M2TM-ligand complexes were simulated
in phospholipid bilayers.119 The bilayer composition used in
the MD simulations might have an effect on the computed
binding free energies.120 It has been reported that the
conformation and dynamics of M2TM are influenced by the
length of the acyl chains of the phospholipids,9,121 and it has
been shown that DMPC represents a better membrane mimetic
system for retaining proper M2TM structure compared to
other glycerophospholipids.122 In addition to free energy
calculations with a DMPC bilayer system, also calculations
with a DPPC bilayer were conducted for M2TMUdorn for
comparison.

3.3.1. Analysis of the MD Trajectories of M2TM-Ligand
Complexes. Both possible enantiomers of aminoadamantane
compounds 2, 9, and 10 were considered in the calculations. All
M2TM-ligand complexes were stable, and the M2TM tetramer
did not show any significant conformational changes in the
course of the simulation as demonstrated by RMSDs ≤ 2.2 Å
for M2TM Cα-carbons with respect to the initial structure16

(Tables S2−S4 in the SI). Consistent with experimental
findings16,18 and previous observations,51,54 all aminoadaman-
tane compounds pointed with their ammonium groups toward
the C-terminal end as verified by angles < 55° (Tables S2−S4)
between the vector along the C−N bond of the ligands and the
normal of the membrane. The ammonium group of the ligands
forms hydrogen bonds with water molecules located in the area
between the ligands and His37 residues, while the adamantane
core is embraced by Val27 and Ala30 side chains (see Figure 3).
The distance between the center of mass of Val27 and the
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adamantane core of the ligand (V27-Ad) varies between 4.0
and 4.5 Å on average, and the distance between the center of
mass of Ala30 and the adamantane core of the ligand (A30-Ad)
varies between 0.8 and 1.4 Å on average (Tables S2−S4). The
position of the adamantane core of the ligands inside the pore
differs only slightly, i.e., 0.2−0.6 Å toward the N- or C-terminal
end relative to 1. A close-up view of a snapshot from the
simulation of ligand 8 is depicted in Figure 3. As expected,
hydrogen bonding is more efficient for primary ammonium
groups (ligands 1−7 form on average 2−3 hydrogen bonds
with neighboring water molecules) than secondary (ligands 8
and 10 form 1−2 hydrogen bonds on average) and tertiary
ones (ligand 9 forms one hydrogen bond) (Tables S2−S4).
The distance between the center of mass of Val27 and the
ammonium nitrogen of the ligand (V27−N+) varies between
7.1 and 8.3 Å on average20−22 (Tables S2−S4), with ligand 2’s
ammonium nitrogen being most displaced to the C-terminal
direction. These positions are consistent with the PMF minima
found when methylammonium or adamantyl-ammonium is
moving along the M2TM pore axis.20−22 In ligands having a
carbon substituent the molecule is rotated in order for the
symmetric M2TM pore to accommodate the increasing alkyl
group. For example, the average angle between the pore axis
and C−N bond vector increases from 19.7° for 4, 31.9° for 5,
and 26.2° for 6 to 38.9 o for 7 (calculations in DMPC), and
from 25.3° for 4, 34.8° for 5, and 40.6° for 6 to 37.3° for 7
(calculations in DPPC) as the size of the alkyl chain is
increasing (Tables S2−S4). A subtle balance between hydrogen
bonding and hydrophobic interactions with pore key residues,
such as Val27, Ala30, and Gly34, may influence the ligand tilt
inside the pore. Also, the mobility of the ligands inside the pore
is in line with expectations that ligands with the largest flexible
substituents, e.g., compounds 5−7 with a 2-alkyl substituent,
show the highest root-mean-square fluctuations (RMSFs)

(Tables S2−S4 in the SI). The closer distances between
amino acid residues in the binding region at the N-terminal end
for the Weybridge-1 complex compared to the Udorn-1
complex may suggest a tighter complex in the former case
consistent with the lower Kd of 1 against the Weybridge
tetramer (Table S5); similar findings have been previously
reported.54 In a previous study, in which the (+4) state of
M2TM in complex with positively charged ligands was
simulated, Cl− ions were found to interact with the ligands;51

in our MD simulations of M2TM-ligand systems, no Cl− ion
came inside the pore as indicated by the average Cl−N distance
(Tables S2−S4). Overall, the analyses of the trajectories of the
M2TM ligand complexes verified that the systems were stable
and did not show any unexpected behavior.

3.3.2. Alchemical Transformations Including Chiral
Ligands. In all cases, the calculated free energy changes for
the alchemical transformations including the achiral com-
pounds 1, 3, and 4−8 are quite close to experimental values
with the biggest deviations being ∼1 kcal mol−1, which is equal
to the accuracy of the method. For the Udorn/DPPC
complexes the calculated free energy values for the alchemical
transformations 2-R → 1 and 2-S → 1 were almost coincident
in agreement with the ITC results which demonstrate
experimentally that 2-R and 2-S have the same binding affinity
against M2TMUdorn (Table 1). For Weybridge/DPPC and
Udorn/DPMC the calculated value for the transformation
2-R → 1 differ from that of 2-S → 1 by 0.96 and 0.87 kcal
mol−1 respectively, which is still lower than the expected
accuracy of the method. Thus, the calculation results in all
systems suggest that both enantiomers of 2 bind with the same
affinity to the M2TM protein.
The calculated free energy changes for the alchemical

transformations 9-R → 8 and 9-S → 8 differ by ∼3 and
2 kcal mol−1 in the case of Udorn/DPPC and Udorn/DMPC,
respectively. For Weybridge, the free energies for the changes
9-R → 8 and 9-S → 8 differ by ∼0.5 kcal mol−1. The free
energies for the alchemical transformations 10-R → 8 and 10-S
→ 8 for Udorn/DPPC and Weybridge/DPPC differ by ∼1.5
and 1.1 kcal mol−1; the calculated values are almost coincident
in the case of Udorn/DMPC system. Considering that the
calculations for the changes 2-R → 1 and 2-S → 1 against
Udorn/DMPC or Weybridge/DPPC result in differences of
∼1 kcal mol−1 and that 2-R and 2-S have experimentally the
same binding affinity, these calculated differences suggest
similar binding affinities also for 10-R and 10-S.
Since the racemic mixture 9 was measured by ITC the

difference in free energy for 9 → 8 is only available
experimentally and should be compared with the calculated
values for the alchemical transformations 9-R→ 8 and 9-S→ 8.
Similarly, the experimental difference in free energy for 10 → 8
should be compared with the calculated values for the changes
10-R → 8 and 10-S → 8. When a racemic mixture having
enantiomers with different Kd’s is measured by ITC, the
titration curve generally includes two steps.109 If the Kd’s of the
two enantiomers are similar (i.e., less than 50-fold different)
then the experiment gives a major sigmoidal titration curve in
the first step that is determined by the average of the binding
affinities of the racemate.109 The second step is determined
mainly by the binding constant of the stronger binder replacing
the weak binder and is only indicated at the end of the curve
(see Figure 1e in ref 109). In the case of the racemic mixtures
of compounds 9 and 10, the second step of the titration curve is
barely visible suggesting small differences in affinity between

Figure 3. Representative snapshot from the simulation of ligand 8
bound to A/M2TM. Ten waters are shown between the ligand and
His37 residues. Two hydrogen bonds between the ammonium group
of the ligand and two water molecules are shown. Hydrogen bonding
together with van der Waals interactions of the adamantane core with
Val27 and Ala30 stabilize the ligand inside the pore with its
ammonium group oriented toward the C-end.
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enantiomers as described above. The measurement of the Kd of
the racemic mixture was based on the main sigmoidal titration
curve, and the mean of the computed values 9-R → 8 and 9-S
→ 8 was used for comparison with the experimental relative
free energy of binding for 9 → 8.109,123 Similarly, the mean of
the free energy values for 10-R → 8 and 10-S → 8 was used for
comparison with the experimental ITC free energy measured
for the change 10 → 8 (Tables 2 and 3 bold values).
3.3.3. Accuracy of the Free Energy Calculations. When the

computed relative binding free energies are compared to
experimental binding affinities (Tables 2 and 3) the correlation
coefficient found for aminoadamantanes binding to M2TMUdorn
with DPPC was R2 = 0.58 (Figure 4A; p < 0.05). This is a fair
correlation as the range spanned by relative binding free
energies from experiment is only ∼2 kcal mol−1, which is close
to the accuracy limits of rigorous free energy calculations.55−57

Taking into account the error in the experiments of
<0.43 kcal mol−1 and statistical errors in the calculations of
0.10−0.66 kcal mol−1, this correlation coefficient is close to, or
in the case of the DMPC model system, well above (Figure 4B;
R2 = 0.85, p < 0.001) the optimal correlation coefficient that
can be expected in such a case.124 The predictive index (PI) of
Pearlman,103 a measure for the correctness of the relative
ranking of ligands according to binding free energy, was
satisfactory for both M2TMUdorn with DPPC bilayer (PI = 0.68)
and M2TMUdorn with DMPC bilayer (PI = 0.74). Thus, the
M2TMUdorn/DMPC model system overall showed a better
performance than the M2TMUdorn/DPPC model system. This
can possibly be attributed to the fact that DMPC acyl chains are
shorter by two methylenes compared to DPPC and thus the
DMPC lipids resemble more closely the DPC lipids used in the
experiments. This emphasizes the importance to use models for
binding free energy calculations that reproduce experimental
conditions as closely as possible.
For M2TMWeybridge in DPPC bilayers, a lower correlation

(R2 = 0.24, p = 0.27, Figure 4C) was found between seven
experimental and computed relative binding free energies. This
is not the result of a few outliers but due to overall more
scattered data points. A PI = 0.1 indicates an almost random
ranking of the compounds by relative binding affinity. Among
various factors that can contribute to the deterioration of the
correlation, the lack of an experimental structure and the use of
a M2TMWeybridge model structure created by mutating the
M2TMUdorn structure could lead to the inaccuracies. We did not
perform further calculations using DMPC, and this data set can
be considered a limiting case for M2TM-ligand systems beyond
which the BAR method does not provide acceptable ligand
rankings by relative binding free energies.
The root-mean-square deviations (RMSDs) between exper-

imental and computed relative binding free energies of the two
M2TMUdorn data sets are 0.73 and 0.94 kcal mol−1 with DPPC
and DMPC respectively; these RMSDs are below chemical
accuracy (1 kcal mol−1)55−57 and about two times larger than
the experimental errors. Obtaining such low RMSD values is
considered optimal according to recent performance studies on
rigorous binding free energy calculations.63,113,125

Chemical accuracy of 1 kcal mol−1 is considered to be the
limit for a deviation of computed from experimental values.
The most significant deviations of computed from experimental
relative binding free energies were observed for the trans-
formations 10 → 8 for M2TMUdorn/DPPC (1.27 kcal mol−1);
2 → 1 (1.08 kcal mol−1) and 7 → 6 (1.51 kcal mol−1) for
M2TMWeybridge/DPPC; 2-S → 1 for M2TMUdorn/DMPC

(1.74 kcal mol−1). All transformations between compounds
involving linear alkyl chains, e.g., 7 → 6, generally resulted in
small deviations, in agreement with previous findings.63 Only in
the case of M2TMWeybridge was the 7→ 6 transformation among

Figure 4. Relative binding free energies computed by the BAR
approach (ΔΔGBAR) plotted against relative binding free energies
derived from ITC data (ΔΔGexperiment) for M2TMUdorn embedded in a
DPPC bilayer (A), M2TMUdorn embedded in a DMPC bilayer (B),
and M2TMWeybridge embedded in a DPPC bilayer (C). The correlation
lines obtained by a linear least-squares fit including all data points are
shown (solid, black line). Maximal errors in ΔΔGBAR and ΔΔGexperiment
are shown as error bars along the vertical and horizontal axes,
respectively. In each panel the squared correlation coefficient (R2), the
p value, and the slope (s) of the least-squares fit line is included.
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those with a deviation >1 kcal mol−1 from the experimental
relative binding free energies.
The prediction of relative binding free energies for

M2TMUdorn were highly satisfactory for the DMPC bilayer
model system. This demonstrates that binding free energy
calculations by the BAR approach can be used to predict
relative binding affinities of aminoadamantane derivatives
toward M2TM under high pH conditions with good accuracy.
Thus, these calculations may help in the prediction of the
potency of new inhibitors against WT influenza A virus prior to
synthesis.

4. CONCLUSION

Influenza A viruses can be occasionally transmitted from wild
birds to humans and may give rise to devastating pandemics.
Adamantane derivatives such as compounds 1 and 2 are a main
category of antivirals and also the main class of A/M2TM
blockers. The structural basis of their interaction has been
investigated through crystallographic, ssNMR, and simulation
methods. Due to resistance of human influenza A viruses to 1
and 2, there is an urgent need for novel A/M2TM inhibitors.
Developing computational methods for predicting binding
affinities of whole series of M2 aminoadamantane inhibitors
could assist in the development of novel potent inhibitors that
overcome A/M2 resistance. In a previous work a high
correlation was obtained between computed FEP/MD binding
free energies using the BAR method for a series of
aminoadamantane ligands against M2TM in the low pH,
open state.51 The relative binding affinities used as experimental
probes were measured against full length M2 protein and the
range of binding constants was about three orders.53 In this
work both simulations and experiments were applied using
M2TM at high pH conditions. The affinities of amino-
adamantane derivatives with subtle changes in structure binding
to M2TMUdorn and M2TMWeybridge under high pH conditions
were determined by isothermal titration calorimetry (ITC).
The effect of the ligand chirality was considered in the
simulations, and the accuracy of the predictions was checked
through measurement of the binding affinities of the
enantiomers 2-R, 2-S and racemic mixture 2 against
M2TMUdorn. The binding constants of rimantadine enantiomers
against M2TMUdorn were measured for the first time and found
to be equal although it has just been suggested that 2-R and 2-S
affect different isotropic chemical shift changes when bound to
the full M2 protein measured using ssNMR.112 Two series of
alchemical free energy calculations were performed using
M2TMUdorn in DPPC and DMPC lipids to mimic the
membrane environment. It was found that alchemical free
energy calculations of ligand binding are valuable for
determining the relative binding potency of A/M2 inhibitors
of the aminoadamantane type against the M2TMUdorn tetramer
covering a binding affinity range of only ∼2 kcal mol−1. A fair
correlation (R2 = 0.58, p < 0.05, PI = 0.68) was found for
DPPC and a high correlation for DMPC (R2 = 0.88, p < 0.001,
PI = 0.74) between experimental and computed relative
binding free energies. This result is most likely due to the
fact that DMPC is structurally closer to DPC. For
M2TMWeybridge in DPPC bilayers, the calculations failed to
provide a satisfying correlation, likely due to the lack of an
experimental structure to model M2TMWeybridge complexes.
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(91) Korb, O.; Stützle, T.; Exner, T. E. Empirical Scoring Functions
for Advanced Protein-Ligand Docking with PLANTS. J. Chem. Inf.
Model. 2009, 49, 84−96.
(92) Mooij, W. T.; Verdonk, M. L. General and Targeted Statistical
Potentials for Protein-Ligand Interactions. Proteins: Struct., Funct.,
Genet. 2005, 61, 272−287.
(93) Pettersen, E. F.; Goddard, T. D.; Huang, C. C.; Couch, G. S.;
Greenblatt, D. M.; Meng, E. C.; Ferrin, T. E. UCSF Chimera–A
Visualization System for Exploratory Research and Analysis. J. Comput.
Chem. 2004, 25, 1605−1612.
(94) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R.
W.; Klein, M. L. Comparison of Simple Potential Functions for
Simulating Liquid Water. J. Chem. Phys. 1983, 79, 926−935.
(95) Jorgensen, W. L.; Maxwell, D. S.; Tirado-Rives, J. Development
and Testing of the OPLS All-Atom Force Field on Conformational
Energetics and Properties of Organic Liquids. J. Am. Chem. Soc. 1996,
118, 11225−11236.
(96) Rizzo, R. C.; Jorgensen, W. L. OPLS All-Atom Model for
Amines: Resolution of the Amine Hydration Problem. J. Am. Chem.
Soc. 1999, 121, 4827−4836.
(97) Kaminski, G.; Friesner, R. A.; Tirado-Rives, J.; Jorgensen, W. L.
Evaluation and Reparametrization of the OPLS-AA Force Field for
Proteins via Comparison with Accurate Quantum Chemical
Calculations on Peptides. J. Phys. Chem. B 2001, 105, 6474−6487.

(98) Shivakumar, D.; Williams, J.; Wu, Y.; Damm, W.; Shelley, J.;
Sherman, W. Prediction of Absolute Solvation Free Energies using
Molecular Dynamics Free Energy Perturbation and the OPLS Force
Field. J. Chem. Theory Comput. 2010, 6, 1509−1519.
(99) Martyna, G. J. T.; Klein, M. L.; Tobias, D. Constant-Pressure
Molecular-Dynamics Algorithms. J. Chem. Phys. 1994, 101, 4177−
4189.
(100) Humphreys, D. D.; Friesner, R. A.; Berne, B. J. A Multiple-
Time-Step Molecular-Dynamics Algorithm for Macromolecules. J.
Phys. Chem. 1994, 98, 6885−6892.
(101) Koynova, R.; Caffrey, M. Phases and Phase Transitions of the
Phosphatidylcholines. Biochim. Biophys. Acta, Rev. Biomembr. 1998,
1376, 91−145.
(102) Boyce, S. E.; Mobley, D. L.; Rocklin, G. J.; Graves, A. P.; Dill,
K. A.; Shoichet, B. K. Predicting Ligand Binding Affinity with
Alchemical Free Energy Methods in a Polar Model Binding Site. J.
Mol. Biol. 2009, 394, 747−763.
(103) Pearlman, D. A.; Charifson, P. S. Are Free Energy Calculations
Useful in Practice? A Comparison With Rapid Scoring Functions for
the p38 MAP Kinase Protein System. J. Med. Chem. 2001, 44, 3417−
3423.
(104) Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual
Molecular Dynamics. J. Mol. Graphics 1996, 14, 33−38.
(105) Berendsen, H. J. C.; van der Spoel, D.; van Drunen, R.
GROMACS: A Message-Passing Parallel Molecular Dynamics
Implementation. Comput. Phys. Commun. 1995, 91, 43−56.
(106) Hess, B.; Kutzner, C.; van der Spoel, D.; Lindahl, E.
GROMACS 4: Algorithms for Highly Efficient, Load-Balanced, and
Scalable Molecular Simulation. J. Chem. Theory Comput. 2008, 4, 435−
447.
(107) Bas, D. C.; Rogers, D. M.; Jensen, J. H. Very Fast Prediction
and Rationalization of pKa Values for Protein-Ligand Complexes.
Proteins: Struct., Funct., Genet. 2008, 73, 765−783.
(108) Kolocouris, A. The Effect of Spiroadamantane Substitution on
the Conformational Preferences of N-Me Pyrrolidine and N-Me
Piperidine: A Description Based on Dynamic NMR Spectroscopy and
Ab Initio Correlated Calculations. Tetrahedron 2009, 65, 9428−9435.
(109) Fokkens, J.; Klebe, G. A Simple Protocol To Estimate
Differences in Protein Binding Affinity for Enantiomers without Prior
Resolution of Racemates. Angew. Chem., Int. Ed. 2006, 45, 985−989.
(110) Fujii, I.; Akimoto, T.; Watadani, T.; Nunomura, S.; Takahashi,
Y. Optical separation of rimantadine and in silico prediction of chiral
selectivity of M2 protein. Acta Crystallogr., Sect. A: Found. Crystallogr.
2008, A64, C380.
(111) Aldrich, P. E.; Hermann, E. C.; Meier, W. E.; Paulshock, M.;
Prichard, W. W.; Snyder, J. A.; Watts, J. C. Antiviral Agents. 2.
Structure-Activity Relationships of Compounds Related to 1-
Adamantanamine. J. Med. Chem. 1971, 14, 535−543.
(112) Wright, A. K.; Batsomboon, P.; Dai, J.; Hung, I.; Zhou, H.-X.;
Dudley, G. B.; Cross, T. A. Differential Binding of Rimantadine
Enantiomers to Influenza A M2 Proton Channel. J. Am. Chem. Soc.
2016, 138, 1506−1509.
(113) Homeyer, N.; Stoll, F.; Hillisch, A.; Gohlke, H. Binding Free
Energy Calculations for Lead Optimization: Assessment of their
Accuracy in an Industrial Drug Design Context. J. Chem. Theory
Comput. 2014, 10, 3331−3334.
(114) Wang, L.; Wu, Y.; Deng, Y.; Kim, B.; Pierce, L.; Krilov, G.;
Lupyan, D.; Robinson, S.; Dahlgren, M. K.; Greenwood, J.; Romero,
D. L.; Masse, C.; Knight, J. L.; Steinbrecher, T.; Beuming, T.; Damm,
W.; Harder, E.; Sherman, W.; Brewer, M.; Wester, R.; Murcko, M.;
Frye, L.; Farid, R.; Lin, T.; Mobley, D. L.; Jorgensen, W. L.; Berne, B.
J.; Friesner, R. A.; Abel, R. Accurate and Reliable Prediction of Relative
Ligand Binding Potency in Prospective Drug Discovery by Way of a
Modern Free Energy Calculation Protocol and Force Field. J. Am.
Chem. Soc. 2015, 137, 2695−2703.
(115) Caldwell, G. W. In Silico Tools Used for Compound Selection
During Target-Based Drug Discovery and Development. Expert Opin.
Drug Discovery 2015, 10, 901−923.

Journal of Chemical Information and Modeling Article

DOI: 10.1021/acs.jcim.6b00079
J. Chem. Inf. Model. 2016, 56, 862−876

875

http://dx.doi.org/10.1021/acs.jcim.6b00079


(116) Shirts, M. R.; Pande, V. S. Comparison of Efficiency and Bias
of Free Energies Computed by Exponential Averaging, the Bennett
Acceptance Ratio, and Thermodynamic Integration. J. Chem. Phys.
2005, 122, 144107.
(117) Shirts, M. R.; Chodera, J. D. Statistically Optimal Analysis of
Samples from Multiple Equilibrium States. J. Chem. Phys. 2008, 129,
124105.
(118) Colvin, M. T.; Andreas, L. B.; Chou, J. J.; Griffin, B. G. Proton
Association Constants of His 37 in the Influenza-A M218−60 Dimer-of-
Dimers. Biochemistry 2014, 53, 5987−5994.
(119) The use of micelles in the FEP calculations would have been
prohibitively expensive in terms of computational time, and as it is not
expected to have a significant effect on the protein’s structure within
the time scales of our simulations, a lipid bilayer was used instead; see,
for example: Tieleman, D. P.; van der Spoel, D.; Berendsen, H. J. C.
Molecular Dynamics Simulations of Dodecylphosphocholine Micelles
at Three Different Aggregate Sizes: Micellar Structure and Chain
Relaxation. J. Phys. Chem. B 2000, 104, 6380−6388.
(120) Cournia, Z.; Allen, T. W.; Andricioaei, I.; Antonny, B.; Baum,
D.; Brannigan, G.; Buchete, N. V.; Deckman, J. T.; Delemotte, L.; Del
Val, C.; Friedman, R.; Gkeka, P.; Hege, H. C.; Heńin, J.; Kasimova, M.
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ABSTRACT: A series of 2-adamantanamines with alkyl adducts of various
lengths were examined for efficacy against strains of influenza A including those
having an S31N mutation in M2 proton channel that confer resistance to
amantadine and rimantadine. The addition of as little as one CH2 group to the
methyl adduct of the amantadine/rimantadine analogue, 2-methyl-2-amino-
adamantane, led to activity in vitro against two M2 S31N viruses A/Calif/07/
2009 (H1N1) and A/PR/8/34 (H1N1) but not to a third A/WS/33 (H1N1).
Solid state NMR of the transmembrane domain (TMD) with a site mutation
corresponding to S31N shows evidence of drug binding. But electrophysiology
using the full length S31N M2 protein in HEK cells showed no blockade. A
wild type strain, A/Hong Kong/1/68 (H3N2) developed resistance to
representative drugs within one passage with mutations in M2 TMD, but A/
Calif/07/2009 S31N was slow (>8 passages) to develop resistance in vitro, and
the resistant virus had no mutations in M2 TMD. The results indicate that 2-
alkyl-2-aminoadamantane derivatives with sufficient adducts can persistently block p2009 influenza A in vitro through an
alternative mechanism. The observations of an HA1 mutation, N160D, near the sialic acid binding site in both 6-resistant A/
Calif/07/2009(H1N1) and the broadly resistant A/WS/33(H1N1) and of an HA1 mutation, I325S, in the 6-resistant virus at a
cell-culture stable site suggest that the drugs tested here may block infection by direct binding near these critical sites for virus
entry to the host cell.

■ INTRODUCTION
Since 2005,1 the amantadine/rimantadine-insensitive S31N
mutation has become prevalent globally,2 abrogating clinical
usefulness of amantadine 1 and rimantadine 23 and possibly
previously developed M2 blocking compounds.4 If the
replacement of Ser31 with the larger Asn in M2 S31N splays
the helix bundle at the drug binding site,5 as suggested by
solution state NMR studies,5d,6 then drugs larger than
rimantadine might be expected to be effective blockers.
However, initial attempts to identify larger adamantane-based
compounds that block amantadine-resistant viruses were
unsuccessful.7 Further efforts identified spiranamine analogues
based on BL-17438 that were effective against V27A and L26F
mutants9a but not against S31N, while other large templates
could inhibit V27A9b−d but not S31N. Subsequently, reports of

successful adamantane- and pinanamine-based M2 S31N
blockers have appeared.6,10 The design of these molecules
was not based on the enlargement of the amantadine WT-M2
binding site, and the structural analysis of one active
compound, comprising an amantadine linked through a
methylene bridge to an isoxazole having an aryl substituent,
showed that its heterocyclic ring may be trapped by the V27
side chains at the mouth of the channel.6 Triggered by previous
efforts aimed at adequately filling the empty expanded pore
region due to the S31N mutation and to determine
progressively the minimal variation of amantadine required to
block influenza A (H1N1, M2 S31N), we evaluated drug
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efficacy and mechanism for variations of amantadine 1 with
alkyl adducts ranging from small to moderate and larger sizes
(Scheme 1) as represented by the 2-alkyl-2-aminoadamantane

derivatives 3−11, which are simpler than previously reported
aminoadamantane derivatives active against S31N viruses10e

and the larger of which have increased volume compared to
amantadine.
We found with 5 that the addition of as little as one CH2

group to the methyl adduct of the amantadine/rimantadine
analogue, 2-methyl-2-aminoadamantane 4 (Scheme 1), recov-
ers activity in vitro against the amantadine-resistant A/Calif/
07/2009. However, the mechanism of action is not M2-block
but a second aminoadamantane target.

■ RESULTS AND DISCUSSION
Chemistry. Compounds 3−11 belong to the class of 2-

alkyl-2-aminoadamantanes, which thus bear a substitution at
adamantane C2 carbon. Compounds 3−64b and 1011 were
previously synthesized but resynthesized with slightly modified
procedures in this work. Tertiary alcohol 13 was obtained by
treating 2-adamantanone 12 with allylmagnesium bromide
(Scheme 2). The unsaturated alcohol 13 was converted to the

n-propyl derivative 14 through catalytic hydrogenation over
PtO2. After experiments with tertiary alcohols in the
adamantane series and an acyclic series (unpublished data),
we concluded that the conversion of tertiary alcohols to the
corresponding azides through NaN3/H2SO4 (various concen-
trations)/CHCl3

4b,12 or NaN3/TFA/CHCl3
11 can result in

unreacted alcohol and found that the transformation proceeds
efficiently using NaN3/TFA 1 M in CH2Cl2. The amine 6 was
prepared by means of LiAlH4 reduction of the azide 15 in
refluxing ether.

The amines 4, 5, 7−11 were synthesized according to
Scheme 3. Tertiary alcohols 16−22 were obtained by treating

2-adamantanone 12 with an oganolithium (R = Et, n-Bu, i-Bu,
n-hexyl) or organomagnesium reagent (R = Me,4b Ph, or
PhCH2) (Scheme 3). While 2-methyl-2-adamantanol 16 was
obtained after treating 2-adamantanone 12 with CH3MgI, this
is not an efficient method for the preparation of alcohols 17−
22 because of the bulky 2-adamantanone 12 and the soft
carbanion character of the Grignard reagent making the β-
hydride transfer a competitive reaction to the alkyl addition and
leading to a mixture of the desired tertiary alcohol with 2-
adamantanol. The conversion of tertiary alcohols 16−22 to the
corresponding azides 23−29 was accomplished efficiently
through treatment with NaN3/TFA 1 M in dichloromethane
or dichloroethane for 24 h at room temperature. The primary
tert-alkylamines 4, 5, 7−11 were prepared by means of LiAlH4
reduction of the azides 23−29 in refluxing ether for 5 h.

Solid State NMR of the M2 TMD Tetramer. PISA wheel
analysis gives a direct readout of helix tilt relative to the
membrane normal for membrane proteins in uniformly
oriented lipid bilayer preparations from solid state NMR
PISEMA experiments.13 15N anisotropic chemical shifts and
15N−1H dipolar interactions observed in these spectra are very
sensitive to the orientation of the peptide planes relative to the
bilayer normal. Binding of compound 6 shifts the signals for
three pertinent backbone amides that were isotopically labeled
(Figure 1).
Binding of amantadine 1 to WT M2 TMD (A/Udorn/307/

72 sequence) produces an 11° kink near G34 in each helix of
the tetramer.5e When drug-bound, the helix tilt for the N-
terminal half (residues 22−34) is 31° and in the C-terminal half
(residues 35−46) just 20°.14 Here, the S31N M2 TMD is
labeled at two sites in the N-terminal half (residues V28 and
A30) and one site in the C-terminal half (residue I42) of the
TMD helix. The S31N data without drug suggest a helical tilt of
approximately 36°, similar to that seen in the WT structure.5

The shifts in the anisotropic spin interactions upon drug
binding demonstrate a significant change in the structure of the
tetrameric complex. With compound 6, there is a uniform tilt of
∼33°. Thus, the 6-induced changes in the resonance
frequencies of these three sites indicate that the tilt angle for
the entire TMD helix is decreased by 3° while maintaining a
similar rotational orientation for the helices. Unlike the
response of the WT to amantadine 1, with 6 the S31N TMD
helices do not appear to have kinked the helix at G34. Instead,

Scheme 1. Amantadine 1, Rimantadine 2, and 2-Alkyl-2-
aminoadamantane Derivatives 3−11

Scheme 2. Preparation of 2-n-Propyl-2-aminoadamantane 6a

aReagents and conditions: (a) CH2CHCH2MgBr, ether, THF, rt, 2
h, then NH4Cl/H2O (quant); (b) H2/PtO2 (quant); (c) NaN3, TFA,
CH2Cl2, 0 °C, then rt (quant); (c) LiAlH4, ether, rt, 5 h (74%).

Scheme 3. Preparation of 2-Alkyl-2-aminoadamantane
Derivatives 4, 5, 7−11a

aReagents and conditions: (a) RLi, Ar, ether, THF, 0 °C, 2 h rt for
17−20 or RMgCl, ether, THF, 2 h rt for 16, 20, 21, then NH4Cl/H2O
(85−96%); (b) NaN3, TFA, CH2Cl2, 0 °C, then rt (50−96%); (c)
LiAlH4, ether, rt, 5 h (23−65%).
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the entire helix−helix interface changes with the ∼3° reduction
in tilt of the four helices. Similar results from ssNMR
experiments and proteoliposome assays were obtained with
two related aminoadamantanes that are not included in Scheme
1.
Electrophysiology Results Using Full-Length M2.

Representative compounds 3 and 6 were subsequently tested
for block of proton currents through full-length M2 having the
same amino acid sequence as A/California/07/2009 (viz.,
S31N) using transiently transfected, voltage-clamped HEK
cells16 and found not to block inward proton currents on the 3
min time scale with any improvement over amantadine 1
(Table 1, Figure S1 in Supporting Information). Prolonged
exposure (30 min) yielded but little increase in net block over 3
min exposure for the two drugs. When the M2 protein was
reverted to the S31 WT sequence (through an N31S
mutation), inward proton currents in M2-transfected HEK
cells were well blocked by 1, 3, and 6. This electrophysiology
result suggests (a) that these two drugs do not block the M2
S31N channel in full length A/Calif/07/2009 and must have a
different target and (b) that biophysical models for the M2
protein should be based on the whole protein rather than
segments. This conclusion supports other studies suggesting
another target of aminoadamantane compounds.7,10e,g Similar
results were also obtained with a few other related amino-
adamantanes not included in this work.

Biological Evaluation. (a) Antiviral Evaluation. EC50
values from dose−response tests against five strains of influenza
A in Madin−Darby canine kidney (MDCK) cells were
measured using a primary infection assay (Table 2). This
assay detects block at the early stages of viral replication, from
endocytotic uptake to protein synthesis.
All compounds except 1−5 display potent antiviral activity

against the pandemic 2009 strain (arbitrarily designated as <24
μM based on the amantadine insensitivities observed here). It is
striking that the addition of as little as one CH2 group to the
methyl adduct of the amantadine/rimantadine analogue, 2-
methyl-2-aminoadamantane 4, essentially recovers activity in
vitro against this amantadine-resistant form of influenza A.
Likewise, the amantadine-resistant H1N1 strain from 1934

(second column), containing a double mutant M2 (T27 +
N31), is highly sensitive to these compounds. But the drugs do
not block all M2(S31N)-bearing or all H1N1 strains10e as
shown by the third column, which shows that the 1933 Wilson
Smith H1N1 isolate is insensitive to most of these compounds.
Furthermore, the M2 pore region (residues 22−46) of A/WS/
33 and A/Calif/2009 are identical except for the L43T variation
at the C-terminus (Supporting Information Table 1). These
observations are consistent with the negative electrophysiology
results for the A/Calif/2009/M2, further suggesting that the
antiviral effects observed against the A/Calif/2009 strain are
independent of M2 and that instead they attack a second
target.7,10g This second target is most likely present in A/Calif/
07/2009 and probably in A/PR/8/34 but not in A/WS/33.
Strains with WT M2 are very sensitive to these compounds
(fourth and fifth columns), suggesting that, like amantadine,
these drugs also block M2. However, from the structure−
activity point of view, differences between the sequence and
optimal efficacies vary, suggesting that nonbinding site residue
differences in the M2 may alter efficacy. For instance 6 is the
one of the most potent in the set against A2/Taiwan/1/64
H2N2 but the least potent of the set against A/Victoria/3/75
H3N2, even though both have WT-M2 amantadine-binding
sites. They differ in only two residues, 13 and 56, neither of
which is in the pore region (Supporting Information Table 1).
This suggests that extra-pore residues may affect M2 block. On
the other hand, 9 is the most effective from the set against all of
the strains tested except A2/Taiwan/1/64, where it is among
the least effective, which may suggest that the relative impacts
of M2 block and any alternative mechanisms of action are also
dependent on drug structure.

(b) Resistance Experiments: Sequencing of Resistant
Strains. Resistance testing with semiweekly passages in
MDCK cell cultures was performed for amantadine 1 against
an amantadine-sensitive H3N2 virus and for compound 6
against amantadine-resistant H1N1 (2009) (Table 3).
In the amantadine−H3N2 system, drug resistance appeared

after one passage in the presence of drug, with no detectable

Figure 1. Superimposed PISEMA spectra of the S31N M2
transmembrane domain (residues 22−46), 15N labeled at residues
V28, A30, and I42, in dimyristoylphosphatidylcholine bilayers
uniformly aligned on glass slides with (red) and without (black)
compound 6. Assignments were made based on the known structure
and spectra of WT M2 TMD.15 The assignments with drug follow
based on the rotational orientation of the helices.

Table 1. Proton Channel Block Measured in Transfected HEK Cells for Compounds Testeda

A/England/195/2009 (H1N1),b M2/N31 A/England/195/2009 (H1N1), M2/S31

compd % block after 3 min % block after 30 min % block after 3 min IC50, μM

1 14 ± 2 (100 μM; 26) (N/A) 75 ± 9 (10 μM; 4) 1.6 ± 2.7 (3)
3 13 ± 3 (100 μM; 2) 16 (100 μM; 1) 95 ± 8 (10 μM; 2) 2.5 ± 0.5 (2)
6 0 ± 5 (100 μM; 2) 9.4 ± 10 (100 μM, 3) 63 ± 5 (10 μM; 2) 7 ± 2 (2)

aFor each compound, % block of pH-dependent M2 current at 10 or 100 μM (±SEM) or the IC50 (μM) is shown. Number of replicates is shown in
parentheses. bThe M2 sequence for this strain is identical to that of A/Calif/07/2009 M2.
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activity of amantadine 1 against the progeny from passage 1 or
passage 2 at 50 μM but normal amantadine 1 activity against
the original virus post hoc (EC50 = 3.0 ± 0.5 μM; N = 9). In
contrast, in the 6−H1N1 system, virus progeny produced in the
presence of drug at passages 1−5 maintained full drug
sensitivity (EC50 = 2.1−5.4 μM). Resistance to 6 developed
steadily between passage 6 and passage 12, becoming significant
after passage 10. Without any drug in the medium, the
development of viral resistance to compound 6 was negligible;
i.e., the EC50 retested at passage 0 was 4.7 ± 0.7 μM, at passage
10 was 3.0 ± 0.3, and at passage 30 was 7.7 ± 0.6 μM.
Resistance to amantadine develops rapidly in vitro,17 in mice,18

and in the clinical setting19 through a small set of mutations,
primarily L26F, V27A, V27T, A30T, S31N, and G34E.20 These
are residues whose side chains are near the 4-fold symmetric
amantadine binding site.5 No changes from the parent A/
California/07/2009 were observed for the amino acid trans-
lation of the M-segment of the passage-12 6-resistant strain for
residues sequenced, 10−73. Hence, resistance did not develop
by selection of additional amantadine-resistance mutations in
M2. Sequencing of segment 4 (HA gene), however, revealed
three amino acid substitutions (Figure 2, Table S1) compared
to the parental A/California/07/2009 sequence, i.e., N160D,

S187P, and I325S (numbering started after the 13-residue HA
signal sequence).
To evaluate whether these mutations were merely due to

adaptation to MDCK cell culture growth, we also sequenced
the M (Tables S2 and S3) and HA segments (Table S1) from
the parent virus after 30 passages in MDCK culture without
drug. For the M segment of these drug-free controls, no
changes were found in M1, while 2 of 5 plaques had an E14G

Table 2. In Vitro Efficacy (EC50, μM) of Scheme 1 Compounds against Initial MDCK Cell Infectiona

compd A/Calif/07/09 (H1N1) A/PR/8/34 (H1N1) A/WS/33 (H1N1) A2/Taiwan/1/64 (H2N2) A/Victoria/3/75 (H3N2)

M2 S31N V27T/S31N S31N WT WT
1 240 ± 90 (13) 24 ± 3.5 (21) 24 ± 1.1 (21) 0.34 ± 0.01 (21) 2.8 ± 0.3 (16)
2 110 ± 40 (13) 3.3 ± 0.5 (2) 310 ± 140 (2) 1.6 ± 0.3 (2) 0.53 ± 0.07 (18)
3 150 ± 30 (20) 3.8 ± 1.0 (2) 110 ± 15 (2) 0.8 ± 0.3 (2) 3.3 ± 0.9 (2)
4 54 ± 2 (20) 0.4 ± 0.4 (2) 19 ± 4 (2) 0.5 ± 0.5 (2) 2.0 ± 0.4 (2)
5 25 ± 3 (21) 1.8 ± 0.9 (2) 23 ± 3 (2) 0.8 ± 0.3 (2) 2.0 ± 0.4 (2)
6 4.7 ± 0.9 (20) 0.5 ± 0.2 (2) 390 ± 8 (2) <0.24 (2) 23 ± 8 (2)
7 8.5 ± 0.6 (20) 0.3 ± 0.3 (2) 355 ± 4 (2) 1.5 ± 0.3 (2) 4 ± 1 (2)
8 8.0 ± 0.3 (21) 0.3 ± 0.5 (2) 210 ± 40 (2) 0.4 ± 0.1 (2) 13 ± 2 (2)
9 0.13 ± 0.02 (2) 0.07 ± 0.09 (2) 13.0 ± 3.6 (2) 1.5 ± 0.3 (2) 1.1 ± 0.1 (2)
10 21 ± 2 (21) <0.3 ± 0.5 (2) 86 ± 20 (2) 0.2 ± 0.2 (2) 8 ± 1 (21)
11 8.6 ± 0.8 (21) 1.2 ± 1.1 (2) 280 ± 150 (2) 0.2 ± 0.3 (2) 18 ± 2 (21)

aEC50 ± its standard error (N) from miniplaque testing for dose−response or single-dose screens, using cultured MDCK cells, based on least-
squares fitting of single-site binding curves. N is the number of assay counts fitted. Experiments with N = 2 are based on replicate 50 μM screens
(except for 9, which were based on replicate 5 μM screens), with a single control (N = 4) for each virus. Row M2 gives variations from the WT
amantadine-binding site (i.e., L26, V27, A30, S31, and G34) for the specific strain listed, WT if none. (See Tables S3, S4, and S5 for the M2
sequences of the isolates used here.) No microscopic evidence of cytotoxicity to MDCK cells was detected after an 18 h exposure at 50 μM except
with compound 9, where a 5 μM dose was used instead. The EC50 values of amantadine 1 and rimantadine 2, known to be inactive against H1N1
(2009), and other cases where EC50 ≥ 24 μM are highlighted.

Table 3. Resistance Testing of Amantadine 1 and 2-n-Propyl-
2-aminoadamantane 6a

EC50 ± SE (μM)

passage
no.

1 (5 μM), A/Victoria/3/75
(H3N2, M2 WT)

6 (5 μM), A/Calif/07/2009
(H1N1, M2 S31N)

0 2.77 ± 0.29 4.71 ± 0.92
1 inactive 5.4 ± 1.4
2 inactive 3.7 ± 0.5
5 ND 2.1 ± 1.6
8 ND 18.5 ± 1.0
10 ND 76 ± 9
12 ND 149 ± 115

aEC50 ± SE (μM) (N = 21) after designated passage (incubation)
stages. Drug concentration in medium as specified except that for 6,
passages 1 and 2 were done in 10 μM. Inactive: no miniplaque
reduction by 50 μM amantadine. ND: not done.

Figure 2. CPT structure of the HA trimer, produced by Gamblin et al.
(1RVX, A/Puerto Rico/8/1934)21 with a bound NAG-GAL-SIA
ligand as ball-and-stick (red) and with the two nearby 6-resistance sites
highlighted in blue, residues 159 (above ligand) and 186 (left of
ligand). The third 6-resistance site, 324, also in blue, is near the
bottom of the structure. Because of a common insertion after residue
133 found in A/Calif/07/2009 (H1N1), these correspond to N160,
S187, and I325, respectively, in the A/Calif/07/2009 6-resistant
mutants.
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substitution in M2, which is outside the transmembrane
domain.
Substitution S187P, located near the N-terminus of the 190

sialic acid binding helix, is frequent in pandemic H1N1 and was
observed previously by Torres et al. in resistance development
using a related set of aminoadamantanes.10g In the drug-free
controls, 2 out of 5 plaques showed this mutation, as well as 1
of 4 previously sequenced isolates of A/California/07/2009
(KF00954, Table S1).
N160 is located on the tip of a nearby loop that is very close

to the 190 helix, the region where sialic acid residues of the host
cell receptor bind. Among 1750 HA sequences of pandemic
H1N1 deposited in the GenBank only four sequences with
D160 were observed. Substitution of N160 by an aspartic acid
residue would modify the local charges and may thus affect
receptor interactions. Interestingly, D160 is also observed in A/
WS/33, which may account for the insensitivity of this strain to
the compounds tested here (Table 1). However, in the drug-
free controls, 1 of 5 plaques tested had this mutation (Table
S1). Three other plaques had the G159E mutation, suggesting
that an acidic group in that neighborhood is advantageous for
the pandemic virus replication in MDCK culture. On the other
hand that mutation is also present in our sample of the highly
6-sensitive A/PR/8/34 strain (Table S1), suggesting that if
D160 is critical for drug inhibition, an acid group at position
159 is not sufficient for drug resistance. The possibility that
N160D is important to escape from 6 cannot be ruled out.
S325 is close to the HA0 processing site at R331 and the

corresponding residue, 324, was also found to be modified in
the aminoadamantane resistance development study by Torres
et al.10g None of the 1750 HA sequences of pandemic H1N1 in
GenBank has a serine at position 325. This substitution may
affect maturation cleavage or pH stability of HA. Although it
was pointed out10g that a mutation to T at this site is found in
one sequence of A/Puerto Rico/8/1934 and that this site may
be polymorphic, we found seven sequences for that strain
without the mutation and no I325T substitution was observed
in our GenBank set of 1750 pandemic H1N1 strains.
Furthermore, no instances of an I325 mutation were observed
in the drug-free control virus plaques (Table S1). This suggests
that drugs inhibit an important function at this site such as
enzyme binding or cleavage.
To examine the resistance development pathways of the

H3N2 M2 WT virus to these compounds in more detail,
passaging experiments were carried out with plaque sequencing
analysis in the presence of active compound 4 or 6 (Table 4).
The WT virus rapidly develops resistance to both compounds
through mutation at Ala30, especially to Thr, suggesting that
these drugs block the M2 WT but do not block A30T.
Conversely, the lack of sequence changes for M2(S31N)-
bearing virus in the presence of compound 6 mentioned above
indicates that M2(S31N)-bearing virus has a different escape
route than M2(WT)-bearing virus. In the latter case changes
inside the M2 pore confer resistance, while in the former no
mutations were observed in the M2 channel amantadine
binding site; therefore, some other change in the virus is
implicated.

■ CONCLUSION
The addition of as little as one CH2 group to the methyl adduct
of the amantadine/rimantadine analogue, 2-methyl-2-amino-
adamantane 4, has been discovered to largely recover activity in
vitro against the amantadine-resistant 2009 H1N1 influenza A.

The apparent simplicity of the synthetic schemes is a virtue of
2-alkyl-2-aminoadamantane derivatives. Resistance develop-
ment in cell culture is markedly reduced for one representative
compound 6 (R = n-Pr) compared to amantadine 1. These
compounds found to be active against two of three S31N
strains (A/Calif/07/009 and A/PR/8/34 but not A/WS/33)
did not block M2, judging by the lack of transfected HEK cell
current block and the lack of M2 changes in the 6-resistant A/
Calif/07/2009, and therefore must have acted on a second
target. The ssNMR study that confirmed that drugs with large
alkyl adducts were sterically suited to fit in the amantadine
binding site in M2 were done at effectively high drug
concentrations and using truncated M2 protein (22−46) and
do not indicate the potential of drugs to block the S31N variant
of M2.
A few alternative candidate mechanisms of action for these

drugs include pH buffering of the endosome, pH buffering of
the viral interior, stabilization of hemagglutinin against acid
activation, and mechanical stabilization at lipid−water interfaces
against envelope−endosomal membrane fusion. The observa-
tions of an HA1 mutation, N160D, near the sialic acid binding
site in both 6-resistant A/Calif/07/2009(H1N1) and the
broadly resistant A/WS/33(H1N1) and of an HA1 mutation
I325S in the 6-resistant virus at a cell-culture stable site suggest
that the drugs tested here may block infection by direct binding
near these critical sites. The region near residue 160 is critical
for binding virus to the cell surface, and the region near residue
325 is critical for HA activation by proteolytic cleavage, both
necessary for the virus entry into the host cell. It is also possible
that the drugs neutralize the endosome and that these sites,
individually or in combination, affect pH sensitivity of HA, as
has been suggested in similar situations previously.7,10g

However, miniplaque assays with compounds 3−6 against
influenza B/Russia/69 in MDCK cells and compound 6 against
bovine parvovirus in bovine embryonic cells, respectively, both
of which are chloroquine sensitive,22,23 showed no effect of 3−6
or 6, respectively, on virus growth with 50 μM drug in the
medium (data not shown), suggesting that these compounds
are less potent endosome neutralizers than chloroquine.

Table 4. Mutations Developing in Influenza A (M2 WT)a

after Passaging in Aminoadamantane Derivatives 4 and 6b

compdc

passage no.d plaque no. 4, 1 μg/mL 6, 5 μg/mL

2 1 WT A30T
2 WT A30T
3 WT A30T

5 1 A30T A30T
2 A30V A30T
3 A30T A30T

compdc

passage no.d plaque no. 4, 2 μg/mL 6, 5 μg/mL

10 1 A30T A30T
2 A30T A30T
3 A30T A30T

aParent strain: A/Hong Kong/1/1968 (H3N2M2 WT). bSequences
of resistant progeny of WT induced by compounds in the top row.
MDCK cells were bathed in medium containing the concentrations
specified. Three separate plaques were sampled and sequenced at
passages 2, 5, and 10. cCompound number from Scheme 1. dPassage
number.
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Further experiments are needed to explore these and other
possibilities.
Continued outbreaks of amantadine-resistant viruses like

H7N9 merit the urgency to develop new antivirals with
persistent efficacy in global preparations for pandemic threats.24

The new observation of persistent efficacy of these amantadine-
like drugs via second targets, while retaining potency (albeit
resistance vulnerable) to WT M2, makes this family of
compounds intriguing starting points for further studies on
resistance and mechanism of action against influenza A.

■ EXPERIMENTAL SECTION
(A) Chemistry. Melting points were determined using a Buchi

capillary apparatus and are uncorrected. IR spectra were recorded on a
Perkin-Elmer 833 spectrometer. 1H and 13C NMR spectra were
recorded on a Bruker DRX 400 and AC 200 spectrometer at 400 and
50 MHz, respectively, using CDCl3 as solvent and TMS as internal
standard. Carbon multiplicities were established by DEPT experi-
ments. The 2D NMR techniques (HMQC and COSY) were used for
the elucidation of the structures of intermediates and final products.
Microanalyses were carried out by the Service Central de

Microanalyse (CNRS), France, and by the Microanalyses lab of the
National Center for Scientific Research, Demokritos, Athens, Greece,
and the results obtained had a maximum deviation of ±0.4% from the
theoretical value. All tested synthesized compounds possess a purity
above 95% as determined through elemental C, H, N analysis.
Full experimental details that were not given previously for

compounds 4 and 54b are included in this paper.
2-Ethyltricyclo[3.3.1.13,7]decan-2-amine (5). 2-Ethyl-2-adaman-

tanol 17 was obtained after treating a solution of 2-adamantanone 12
(500 mg, 3.34 mmol) in dry THF (10 mL, 30% solution w/v) with n-
ethyllithium at 0 °C in a 3.7 molar excess (25 mL, 12.5 mmol, 0.5 M in
benzene) and stirring the mixture overnight: yield 94%; 1H NMR
(CDCl3, 400 MHz) δ 0.86 (t, J = 7 Hz, CH2CH3), 1.40−1.70 (m, 10
H, 1′,3′-H, 4′eq, 9′eq-H, 6′-H, 8′eq,10′eq-H, CH2CH3), 1.75−1.83
(m, 2H, 5′,7′-H), 1.94 (d, J = 12 Hz, 2H, 8′ax, 10′ax-H), 2.07 (d, J =
12 Hz, 2H, 4′ax, 9′ax-H); 13C NMR (CDCl3, 50 MHz) δ 6.4
(CH2CH3), 27.4, 27.5 (5′,7′-C), 30.6 (CH2CH3), 33.0 (8′,10′-C),
34.6 (4′,9′-C), 36.6 (1′,3′-C), 38.5 (6′-C), 74.9 (2′-C).
To a stirred mixture of NaN3 (0.195 g, 3.0 mmol) and dry

dichloromethane (5 mL) at 0 °C, TFA (1.14 g, 10.0 mmol) was added.
To the stirred mixture, a solution of 2-ethyl-2-adamantanol 17 (0.180
g, 1.0 mmol) in dry dichloromethane (5 mL) was added, and stirring
was maintained at 0 °C for 4 h. The mixture was stirred at ambient
temperature for 24 h and then was treated with NH3 12% (30 mL) at
0 °C. The organic phase was separated, and the aqueous phase was
extracted twice with an equal volume of dichloromethane. The
combined organic phase was washed with water and brine, dried
(Na2SO4), and evaporated to afford oily 2-ethyl-2-adamantylazide 24:
IR (Nujol) ν(N3) 2100 cm−1; yield 0.160 g (80%).
To a stirred suspension of LiAlH4 (0.120 g, 0.78 mmol) in dry ether

(10 mL) was added, dropwise at 0 °C, a solution of the 2-ethyl-2-
adamantylazide 24 (0.160 g, 3.12 mmol) in dry ether (5 mL). The
reaction mixture was refluxed for 5 h (TLC monitoring) and then
hydrolyzed with water and NaOH (15%) and water under ice cooling.
The inorganic precipitate was filtered off and washed with ether, and
the filtrate was extracted with HCl (6%). The aqueous layer was made
alkaline with solid Na2CO3, and the mixture was extracted with ether.
The combined ether extracts were washed with water and brine and
dried (Na2SO4). After evaporation of the solvent the oily amine 5 was
obtained: yield 100 mg (71%); 1H NMR (CDCl3, 400 MHz) δ 0.85 (t,
J = 7 Hz, 3H, CH3), 1.55 (br s, 2H, 1′,3′-H), 1.58−1.68 (m, 6H, 4′eq,
9′eq-H, 8′eq 6′-H), 1.78 (br s, 1H, 5′-H), 1.81 (br s, 1H, 7′-H), 1.93
(d, J = 12 Hz, 2H, 8′ax, 10′ax-H), 2.06 (d, J ≈ 12 Hz, 2H, 4′ax, 9′ax-
H); 13C NMR (CDCl3, 50 MHz) δ 6.5 (CH2CH3), 27.2, 27.6 (5′,7′-
C), 30.7 (CH2CH3), 33.0 (4′,9′-C), 33.8 (8′,10′-C),36.6 (1′,3′-C),
38.5 (6′-C), 74.9 (2′-C). Hydrochloride: mp >250 °C (EtOH−Et2O).

Anal. Calcd for C12H22NCl: C, 66.80; H, 10.28; N, 6.49. Found: C,
66.93; H, 10.42; N, 6.87.

2-n-Propyltricyclo[3.3.1.13,7]decan-2-amine (6). Tertiary alco-
hol 13 was obtained after treating adamantanone 12 (1.0 g, 6.67
mmol) with CH2CHCH2MgBr in 1:2 ratio (obtained from
CH2CHCH2Br (1.61 g, 13.3 mmol), 1.5 molar excess of Mg (486
mg, 20.01 mmol) in 20 mL of dry ether/g bromobenzene): yield 89%;
1H NMR δ 1.52 (d, J = 12 Hz, 2H, 4′eq, 9′eq-H), 1.53−1.90 (m, 10H,
adamantane-H), 2.15 (d, J = 12 Hz, 1H, 4′ax, 9′ax-H), 2.40 (d, J = 6
Hz, 2H, CH2CHCH2), 5.05−5.15 (m, 2H, CH2CHCH2), 5.75−
6.0 (m, 1H, CH2CHCH2). The unsaturated alcohol 13 (890 mg,
4.64 mmol) was hydrogenated under PtO2 (45 mg) (catalyst was used
in 1/20 percentage to the weight of the unsaturated compound) to
afford the n-propyl analogue 14: yield, quant; 1H NMR (CDCl3, 400
MHz) δ 0.92 (t, J = 7 Hz, 3H, CH3), 1.30−1.40 (m, 2H,
CH2CH2CH3), 1.52 (d, J = 12 Hz, 2H, 4′eq, 9′eq-H), 1.58−1.61
(m, 2H, CH2CH2CH3), 1.68 (d, J = 12 Hz, 2H, 8′eq, 10′eq-H), 1.67
(br s, 2H, 6′-H), 1.68 (br s, 2H, 1′, 3′-H), 1.79 (m, 2H, 5′, 7′-H), 1.83
(d, J = 12 Hz, 2H, 8′ax, 10′ax-H), 2.16 (d, J = 12 Hz, 2H, 4′ax, 9′ax-
H); 13C NMR (CDCl3, 50 MHz) δ 14.9 (CH3), 15.4 (CH2CH2CH3),
27.4, 27.6 (5, 7-C), 33.1 (CH2CH2CH3) 34.7 (4, 9-C), 37.1 (8, 10-C),
38.5 (1, 3-C), 40.9 (6-C), 75.2 (2-C).

The alcohol 14 (700 mg, 4.22 mmol) was added to a stirred mixture
of H2SO4 70% w/w (10 mL) and chloroform (25 mL) at 0 °C.
Sodium azide was added in small portions at 0 °C, and the mixture was
stirred for 48 h at ambient temperature. The mixture was poured into
an ice−water mixture and was extracted with dichloromethane. The
organic phase was washed with water, saturated NaHCO3, and brine,
dried (Na2SO4), and evaporated under vacuum at room temperature.
The oily residue (650 mg) was flash-chromatographed on silical gel
(35−70 μm) with hexane−AcOEt 5/1 as an eluent to give the pure
azide 15: yield 530 mg (66%). The azide 15 was found to form
quantitatively using TFA/CH2Cl2/NaN3 system (1 mmol of alcohol
14 was treated with 10 mmol of TFA and 4 mmol of NaN3 in 40 mL
of CH2Cl2; see experimental procedure for ethyl- or 2-n-butyltricyclo-
[3.3.1.13,7]decan-2-azide 24 or 25): 1H NMR (CDCl3, 400 MHz) δ
0.96 (t, J = 7 Hz, 3H, CH3), 1.42 (m, 2H, CH2CH2CH3), 1.59 (d, J =
12 Hz, 2H, 4′eq, 9′eq-H), 1.68−2.03 (m, 12H, CH2CH2CH3,
adamantane-H), 2.10 (d, J = 12 Hz, 1H, 4′ax, 9′ax-H); 13C NMR
(CDCl3, 50 MHz) δ 14.7 (CH3), 16.4 (CH2CH2CH3), 27.2, 27.4 (5,
7-C), 33.8 (CH2CH2CH3) 34.4 (4, 9-C), 37.9 (8, 10-C), 38.5 (1, 3-C),
40.0 (6-C), 69.7 (2-C).

To a stirred suspension of LiAlH4 (390 mg, 10.3 mmol) in dry ether
(20 mL) was added, dropwise at 0 °C, a solution of the azide 15 (490
mg, 2.57 mmol) in dry ether (10 mL). The reaction mixture was
refluxed for 5 h (TLC monitoring) and then hydrolyzed with water
and NaOH (15%) and water under ice cooling. The inorganic
precipitate was filtered off and washed with ether, and the filtrate was
extracted with HCl (6%). The aqueous layer was made alkaline with
solid Na2CO3, and the mixture was extracted with ether. The
combined ether extracts were washed with water and brine and dried
(Na2SO4). After evaporation of the solvent the oily amine 6 was
obtained: yield 350 mg (74%); 1H NMR (CDCl3, 400 MHz) δ 0.92 (t,
J = 7 Hz, 3H, CH3), 1.29−1.40 (m, 2H, CH2CH2CH3), 1.52 (d, J = 12
Hz, 2H, 4′eq, 9′eq-H), 1.58−1.61 (m, 2H, CH2CH2CH3), 1.67 (d, J =
12 Hz, 2H, 8′eq, 10′eq-H), 1.66 (br s, 2H, 6′-H), 1.68 (br s, 2H, 1′, 3′-
H), 1.78 (br s, 2H, 5′, 7′-H), 1.83 (d, J = 12 Hz, 2H, 8′ax, 10′ax-H),
2.16 (d, J = 12 Hz, 1H, 4′ax, 9′ax-H). Hydrochloride: mp > 250 °C
(EtOH−Et2O). Anal. Calcd for C13H24NCl: C, 67.95; H, 10.53; N,
6.10. Found: C, 68.02; H, 10.63; N, 5.95.

2-n-Butyltricyclo[3.3.1.13,7]decan-2-amine (7). Tertiary alcohol
18 was obtained after treating a solution of adamantanone 12 (500
mg, 3.34 mmol) in dry THF (30% solution w/v) with 3 molar excess
of n-butyllithium (6 mL, 10.02 mmol, 1.6 M in hexanes) at 0 °C and
stirring the mixture overnight: yield 96%; 1H NMR (CDCl3, 400
MHz) δ 0.91 (t, J = 7 Hz, 3H, CH3), 1.25−1.38 (m, 4H,
CH3CH2CH2CH2), 1.54 (d, J = 12 Hz, 2H, 4′eq, 9′eq-H), 1.58−
1.72 (m, 8H, 1′, 3′, 5′, 7′, 8′eq, 10′eq-H, CH3CH2CH2CH2), 1.78−
1.90 (m, 4H, 8′ax, 10′ax-H, 5′,7′-H), 2.16 (d, J = 12 Hz, 1H, 4′ax, 9′ax-
H); 13C NMR (CDCl3, 50 MHz) δ 14.3 (CH3), 23.5
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(CH2CH2CH2CH3), 24.4 (CH2CH2CH2CH3), 27.4, 27.6 (5′,7′-C),
34.7 (4 ′ ,9 ′ -C) , 33 .1 (8 ′ ,10 ′ -C) , 37 .1 (1 ′ ,3 ′ -C), 38.2
(CH2CH2CH2CH3), 38.5 (6′-C), 75.2 (2′-C).
To a stirred mixture of NaN3 (280 mg, 4.32 mmol) and dry

dichloromethane (20 mL) at 0 °C, TFA (1.6 mg, 14.4 mmol) was
added. To the stirred mixture, a solution of tertiary alcohol 18 (300
mg, 1.44 mmol) in dry dichloromethane (10 mL) was added, and
stirring was maintained at 0 °C for 4 h. The mixture was stirred at
ambient temperature for 24 h and then was treated with NH3 12% (30
mL) at 0 °C. The organic phase was separated, and the aqueous phase
was extracted twice with an equal volume of dichloromethane. The
combined organic phase was washed with water and brine, dried
(Na2SO4), and evaporated to afford oily azide 25: yield 96%; IR
(Nujol) ν(N3) 2088 cm

−1; 1H NMR (CDCl3, 400 MHz) δ 0.96 (t, J =
7 Hz, 3H, CH3), 1.32−1.42 (m, 4H, CH3CH2CH2 CH2), 1.62 (d, J =
12 Hz, 2H, 4′eq, 9′eq-H), 1.70−1.93 (m, 12H, adamantane-H,
CH3CH2CH2CH2), 2.14 (d, J = 12 Hz, 2H, 4′ax, 9′ax-H); 13C NMR
(CDCl3, 50 MHz) δ 14.2 (CH3), 23.3 (CH2CH2CH2CH3), 24.9
(CH2CH2CH2CH3), 27.2, 27.4 (5′,7′-C), 33.8 (4′,9′-C),33.7 (8′,10′-
C), 34.4 (1′,3′-C), 35.2 (CH2CH2CH2CH3), 38.5 (6′-C), 69.7 (2′-C).
To a stirred suspension of LiAlH4 (163 mg, 4.29 mmol) in dry ether

(15 mL) was added, dropwise at 0 °C, a solution of the azide 25 (250
mg, 1.07 mmol) in dry ether (10 mL). The reaction mixture was
refluxed for 5 h (TLC monitoring) and then hydrolyzed with water
and NaOH (15%) and water under ice cooling. The inorganic
precipitate was filtered off and washed with ether, and the filtrate was
extracted with HCl (6%). The aqueous layer was made alkaline with
solid Na2CO3, and the mixture was extracted with ether. The
combined ether extracts were washed with water and brine and dried
(Na2SO4). After evaporation of the solvent the oily amine 7 was
obtained: yield 50 mg (23%); 1H NMR (CDCl3, 400 MHz) δ 0.88 (t, J
= 7 Hz, 3H, CH3), 1.18−1.32 (m, 4H, CH3CH2CH2CH2), 1.45−165
(m, 10H, adamantane-H, CH3CH2CH2CH2), 1.77 (br s, 2H, 5′,7′-H),
1.93 (d, J = 12 Hz, 2H, 8′ax, 10′ax-H), 2.03 (d, J = 12 Hz, 2H, 4′ax,
9′ax-H), 2,13 (br s, 2H, NH2);

13C NMR (CDCl3, 50 MHz) δ 14.3
(CH3), 23.7 (CH2CH2CH2CH3), 24.6 (CH2CH2CH2CH3), 27.5, 27.8
(5′,7′-C), 34.1 (4′,9′-C), 33.2 (8′,10′-C), 37.5 (1′,3′-C), 38.6 (6′-C),
39.1 (CH2CH2CH2CH3), 54.5 (2′-C). Fumarate: mp 220 °C (EtOH−
Et2O). Anal. Calcd for C18H29NO4: C, 66.86; H, 9.26; N, 4.32. Found:
C, 66.91; H, 9.30; N, 4.29.
2-Isobutyltricyclo[3.3.1.13,7]decan-2-amine (8). Tertiary alco-

hol 19 was obtained after treating a solution of 2-adamantanone 12
(500 mg, 3.34 mmol) in dry THF (5 mL) with isobutyllithium (8 mL,
10.02 mmol, 1.6 M in hexanes) at 0 °C in a 1:3 ratio as before: yield
85%; 1H NMR (CDCl3, 400 MHz) δ 0.96 (d, J = 7 Hz, 6H, 2 x CH3),
1.52 (d, J = 12 Hz, 2H, 4′eq, 9′eq-H), 1.57 (d, J = 6 Hz, 2H,
CH2CHMe2), 1.66 (1′,3′,6′-H), 1.68−1.74 (m, 2H, 8′eq,10′eq-H),
1.78 (br s, 2H, 5′,7′-H), 1.76−1.87 (m, 1H, CH2CHMe2), 1.82 (d, J =
12 Hz, 2H, 8′ax,10′ax-H), 2.16 (d, J = 12 Hz, 2H, 4′ax,9′ax-H); 13C
NMR (CDCl3, 50 MHz) δ 23.2 (2 × CH3), 25.3 (CH2CHMe2), 27.5
(5′,7′-C), 35.1 (4′,9′-C),33.1 (8′,10′-C), 37.6 (1′,3′-C),38.5 (6′-C),
46.5 (CH2CHMe2), 75.9 (2′-C). The corresponding azide 26 was
prepared from the alcohol 19 (300 mg, 1.44 mmol) according to the
same procedure followed for azide 25 using CH2Cl2 (30 mL)/NaN3
(280 mg, 4.32 mmol)/TFA (1.6 mg, 14.4 mmol): yield 95%; IR
(Nujol) ν(N3) 2095 cm−1; 13C NMR (CDCl3, 50 MHz) 23.4 (2 ×
CH3), 24.5 (CH2CHMe2), 27.3 (5′,7′-C), 33.9 (4′,9′-C), 33.6 (8′,10′-
C), 34.7 (1′,3′-C), 38.5 (6′-C), 43.0 (CH2CHMe2), 69.7 (2′-C).
The corresponding oily amine 8 was prepared through LiAlH4 (183

mg, 4.80 mmol) reduction of azide 25 (280 mg, 1.20 mmol) in
refluxing ether for 5 h according to the same procedure followed for
amine 7: yield 65%; 1H NMR (CDCl3, 400 MHz) δ 0.94 (d, J = 7 Hz,
6H, 2 x CH3), 1.49 (d, J = 6 Hz, 2H, CH2CHMe2), 1.52−1.65 (m, 2H,
1′,3′,6′,4′eq,9′eq-H), 1.73−1.83 (m, 1H, CH2CHMe2), 1.75 (br s, 2H,
5′,7′-H), 1.95 (d, J = 12 Hz, 2H, 8′ax, 10′ax-H), 2.05 (d, J = 12 Hz,
2H, 4′ax, 9′ax-H); 13C NMR (CDCl3, 50 MHz) δ 23.4 (2 × CH3),
25.7 (CH2CHMe2), 27.6 (5′,7′-C), 34.3 (4′,9′-C), 33.1 (8′,10′-C),
38.0 (1′,3′-C), 39.1 (6′-C), 47.4 (CH2CHMe2), 55.4 (2′-C).
Fumarate: mp 225 °C (EtOH−Et2O). Anal. Calcd for C18H29NO4:
C, 66.86; H, 9.26; N, 4.32. Found: C, 66.91; H, 9.30; N, 4.29.

2-n-Hexyltricyclo[3.3.1.13,7]decan-2-amine (9). Tertiary alco-
hol 20 was obtained after the reaction of n-hexyllithium with 2-
adamantanone 12 (500 mg, 3.34 mmol) in dry THF (5 mL) with n-
hexyllithium (4 mL, 10.02 mmol, 2.47 M in hexanes) at 0 °C in a 1:3
ratio as before: yield 97%; IR (Nujol) ν(OH) 3391 cm−1; 1H NMR
(CDCl3, 400 MHz) δ 0.87 (t, J = 7 Hz, 3H, CH3), 1.24−1.33 (m, 8H,
CH2(CH2)4CH3), 1.51−154 (d, J = 12 Hz, 2H, 4′eq, 9′eq-H), 1.60−
1.64 (m, 2H CH2(CH2)4CH3), 1.66−1.69 (m, 6H, 1′,3′,6′, 5′,7′-H),
1.78−1.81(d, J ≈ 11 Hz, 2H, 8′ax, 10′ax-H), 2.14−2.17 (d, J = 12 Hz,
2H, 4′ax, 9′ax-H); 13C NMR (CDCl3, 50 MHz) δ 14.2 ((CH2)5CH3),
22.1 ((CH2)4CH2CH3), 22.7 ((CH2)3CH2CH2CH3), 27.4−27.6
( 5 ′ , 7 ′ - C ) , 3 0 . 1 ( CH 2 CH 2CH 2 ( CH 2 ) 2 CH 3 ) , 3 2 . 0
(CH2CH2(CH2)3CH3), 33.1 (4′,9′-C), 34.7 (8′, 10′-C), 37.1 (1′, 3′-
C), 38.4 (CH2(CH2)4CH3), 38.5 (6′-C), 75.1 (2′-C).

The corresponding azide 27 was prepared from the alcohol 20 (400
mg, 1.69 mmol) according to the same procedure followed for azide
25 using CH2Cl2 (30 mL)/NaN3 (330 mg, 5.07 mmol)/TFA (1.9 mg,
16.9 mmol): yield 91%; IR (Nujol) ν(N3) 2088 cm−1; 13C NMR
(CDCl3, 50 MHz) δ 14.2 ((CH2)5CH3), 22.6 ((CH2)4CH2CH3), 22.7
( CH 2 ) 3 C H 2 CH 2 CH 3 ) , 2 7 . 2− 2 7 . 4 ( 5 ′ , 7 ′ - C ) , 2 9 . 9
(CH2CH2CH2(CH2)2 CH3), 31.9 (CH2CH2(CH2)3 CH3), 33.7
(4′,9′-C), 33.8 (8′,10′-C), 34.4 (1′,3′-C), 35.4 (CH2(CH2)4 CH3),
38.5 (6′-C), 69.7 (2′-C).

The corresponding oily amine 9 was prepared through LiAlH4 (233
mg, 6.13 mmol) reduction of azide 27 (400 mg, 1.53 mmol) in
refluxing ether for 5 h according to the same procedure followed for
amine 7: yield 97%; 1H NMR (CDCl3, 400 MHz) δ 0.87 (t, J = 7 Hz,
3H, CH3), 1.24−1.30 (m, 8H, CH2(CH2)4CH3), 1.51−156 (m, 4H,
4′eq, 9′eq-H, CH2(CH2)4CH3), 1.57−1.67 (m, 6H, 1′, 3′, 6′, 8′eq,
10′eq-H), 1.79 (br s, 2H, 5′,7′-H), 1.93 (d, J = 12 Hz, 2H, 8′ax, 10′ax-
H), 2.04 (d, J = 12 Hz, 2H, 4′ax, 9′ax-H); 13C NMR (CDCl3, 50
MHz) δ 14 .2 (CH3) , 22 . 3 ((CH2) 4CH2CH3) , 22 .8
( ( CH 2 ) 3 CH 2 CH 2CH 3 ) , 2 7 . 4− 2 7 . 8 ( 5 ′ , 7 ′ - C ) , 3 0 . 3
(CH2CH2CH2(CH2)2CH3), 32.0 (CH2CH2(CH2)3CH3), 33.1 (4′,9′-
C), 34.1 (8′, 10′-C), 37.4 (1′, 3′-C), 38.8 (CH2(CH2)4 CH3), 39.1 (6′-
C), 54.6 (2′-C). Fumarate: mp 225 °C (EtOH−Et2O). Anal. Calcd for
C20H33NO4: C, 68.94 H; H, 9.46; N, 3.99. Found: C, 68.59; H, 9.55;
N, 3.79.

2-Phenyltricyclo[3.3.1.13,7]decan-2-amine (10). Tertiary alco-
hol 21 was obtained after treating a solution of adamantanone 12 (500
mg, 3.34 mmol) in dry THF (30% solution w/v) with 2 molar excess
PhMgBr (obtained from bromobenzene (1.05 g, 6.68 mmol) and 1.5
molar excess of Mg (240 mg, 10.02 mmol) in 20 mL of dry ether/g
bromobenzene) and stirring the mixture overnight: yield 95%; 1H
NMR (CDCl3, 400 MHz) δ 1.67−1.77 (m, 8H, adamantane-H), 1.89
(br s, 2H, 5′,7′-H), 2.14 (s, 1H, OH), 2.40 (d, J = 12 Hz, 1H, 4′ax,
9′ax-H), 2.56 (br s, 2H, 1′,3′-H), 7.20−7.60 (m, 5H, phenyl-H); 13C
NMR (CDCl3, 50 MHz) δ 27.0, 27.5 (5′,7′-C), 33.1 (4′,9′-C), 34.9
(8′,10′-C), 35.7 (1′,3′-C), 37.8 (6′-C), 75.8 (2′-C), 125.5, 127.1,
127.2, 128.8, 143.0 (Ph).

The corresponding azide 28 was prepared from alcohol 21 (300 mg,
1.31 mmol) according to the same procedure followed for azide 25
using CH2Cl2 (30 mL)/NaN3 (256 mg, 3.94 mmol)/TFA (1.49 mg,
13.1 mmol): yield 95%; IR (Nujol) ν(N3) 2098 cm−1; 13C NMR
(CDCl3, 50 MHz) δ 26.8, 27.4 (5′,7′-C), 33.1 (4′,9′-C), 33.4 (8′,10′-
C), 34.1 (1′,3′-C), 37.7 (6′-C), 70.3 (2′-C), 125.6, 127.3, 127.8, 128.9,
140.3 (Ph).

The corresponding oily amine 10 was prepared through LiAlH4
(175 mg, 4.58 mmol) reduction of azide 28 (290 mg, 1.15 mmol) in
refluxing ether for 5 h according to the same procedure followed for
amine 7: yield 55%; 1H NMR (CDCl3, 400 MHz) δ 1.53 (br s, 2H, 6′-
H), 1.61−1.80 (m, 6H, adamantane-H), 1.90 (br s, 2H, 5′,7′-H), 2.33
(d, J = 12 Hz, 1H, 4′ax, 9′ax-H), 2.45 (br s, 2H, 1′,3′-H), 7.18−7.25
(m, 5H, phenyl-H); 13C NMR (CDCl3, 50 MHz) δ 27.2, 27.6 (5′,7′-
C), 32.9 (4′,9′-C), 34.6 (8′,10′-C), 35.8 (1′,3′-C), 38.2 (6′-C), 57.8
(2′-C), 125.2, 126.2, 128.8, 148.7 (Ph). Hydrochloride: mp > 265 °C
(EtOH−Et2O). Anal. Calcd for C16H22NCl: C, 72.85; H, 8.41; N,
5.31. Found: C, 72.81; H, 8.63; N, 5.29.

2-Benzyltricyclo[3.3.1.13,7]decan-2-amine (11). Tertiary alco-
hol 22 was obtained after treating a solution of adamantanone 12 (500
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mg, 3.34 mmol) in dry THF (30% solution w/v) with 2-molar excess
PhCH2MgCl (obtained from PhCH2Cl (846 mg, 6.68 mmol) and 1.5
molar excess of Mg (243 mg, 10.02 mmol) in 20 mL of dry ether/g
bromobenzene) and stirring the mixture overnight: yield 95%; 1H
NMR (CDCl3, 400 MHz) δ 1.51 (d, J = 12 Hz, 2H, 4′eq, 9′eq-H),
1.65 (br s, 1H, 6′-H), 1.69 (br s, 1H, 5′,7′-H), 1.77 (d, J = 12 Hz, 2H,
8′eq, 10′eq-H), 1.78 (br s, 1H, 3′-H), 1.90 (br s, 1H, 1′-H), 2.07 (d, J
= 12 Hz, 1H, 8′ax, 10′ax-H), 2.12 (d, J = 12 Hz, 1H, 4′ax, 9′ax-H),
2.97 (s, 2H, CH2Ph), 7.10−7.32 (m, 5H, phenyl-H); 13C NMR
(CDCl3, 50 MHz) δ 27.4, 27.5 (5′,7′-C), 33.1 (4′,9′-C), 34.7 (8′,10′-
C), 36.9 (1′,3′-C), 38.5 (6′-C), 43.9 (CH2Ph), 74.7 (2′-C), 126.5,
128.3, 130.7, 137.4 (Ph).
The corresponding azide 29 was prepared from alcohol 22 (300 mg,

1.24 mmol) according to the same procedure followed for azide 25
using CH2Cl2 (30 mL)/NaN3 (241 mg, 3.71 mmol)/TFA (1.41 mg,
12.4 mmol): yield 50%; IR (Nujol) ν(N3) 2096 cm−1; 13C NMR
(CDCl3, 50 MHz) δ 27.1, 27.4 (5′,7′-C), 33.7 (4′,9′-C), 33.8 (8′,10′-
C), 34.1 (1′,3′-C), 38.4 (6′-C), 41.4 (CH2Ph), 69.8 (2′-C), 126.7,
128.2, 130.3, 136.6 (Ph).
The corresponding oily amine 11 was prepared through LiAlH4

(130 mg, 3.45 mmol) reduction of azide 29 (230 mg, 0.861 mmol) in
refluxing ether for 5 h according to the same procedure followed for
amine 7: yield 45%; 1H NMR (CDCl3, 400 MHz) δ 1.61 (d, J = 12
Hz, 2H, 4′eq, 9′eq-H), 1.61 (br s, 1H, 6′-H), 1.73 (br s, 1H, 5′,7′-H),
1.78 (d, J = 12 Hz, 2H, 8′eq, 10′eq-H), 1.87 (br s, 1H, 3′-H), 1.97 (br
s, 1H, 1′-H), 2.09 (d, J = 12 Hz, 1H, 8′ax, 10′ax-H), 2.29 (d, J = 12 Hz,
1H, 4′ax, 9′ax-H), 2.97 (s, 2H, CH2Ph), 7.10−7.32 (m, 5H, phenyl-
H); 13C NMR (CDCl3, 50 MHz) δ 27.6, 27.8 (5′,7′-C), 33.2 (4′,9′-
C), 34.3 (8′,10′-C), 37.3 (1′,3′-C), 39.2 (6′-C), 44.2 (CH2Ph), 55.1
(2′-C), 126.3, 128.1, 130.7, 138.4 (Ph). Fumarate: mp 205 °C
(EtOH−Et2O). Anal. Calcd for C20H33NO4: C, 70.56; N, 3.92. Found:
C, 70.99; N, 3.89.
(B) Biological Testing Methods. Cells and Media. Tissue used

for preparation of virus stock cultures, virus infectivity titrations, and
miniplaque drug assays were Madin−Darby canine kidney (MDCK)
cells (ATCC CCL 34). The cell culture growth medium used was
Dulbecco’s modified Eagle medium (DMEM, Sigma-Aldrich)
supplemented with 0.11% sodium bicarbonate, 5% Cosmic calf
serum (Hyclone), 10 mM HEPES buffer, and 50 μg/mL gentamycin.
For culture of virus stocks and virus infectivity assays, 0.125% bovine
serum albumin (BSA, Sigma-Aldrich) was substituted for the Cosmic
calf serum.
Virus. Influenza A virus, the 2009 pandemic strain (A/California/

07/2009), was provided by Dr. Don Smee, Utah State University.
Trypsin added to BSA-supplemented medium for virus activation was
TPCK-treated bovine pancreas trypsin (Sigma-Aldrich). A virus stock
culture (passage 1) was prepared in MDCK cells in a 150 cm2 culture
flask. The cells were planted in growth medium and incubated until
the cell monolayer was at 90% confluency. The monolayer was washed
with medium containing no serum, then renewed with BSA medium
containing 2.5 μg/mL trypsin. The culture was infected with 1 mL of
the virus inoculum obtained from Dr. Smee, then incubated at 33 °C.
At 2 days postinfection the culture had reached complete cytopathic
effect. Detached cells and cell debris were removed by low speed
centrifugation (600g for 5 min). The supernate was aliquoted in 1 mL
quantities, then frozen at −80 °C for storage. For virus titration,
aliquots of the stock were thawed and dilution series were inoculated
in MDCK cultures in shell vials and virus-infected cells were detected
by immunofluorescence. Other virus strains were obtained from
American Type Culture Collection (ATCC): influenza A (H3N2)
Victoria/3/75 (ATCC VR-822), influenza A (H1N1) A/PR/8/34
(ATCC VR-95), influenza A (H1N1) A/WS/33 (ATCC VR-1520),
and influenza A (H2N2) A2/Taiwan/1/64 (ATCC VR-480). Virus
stock cultures were prepared in MDCK cells grown in BSA-
supplemented media, processed, and stored as described above.
For resistance studies with A/Hong Kong/1/1968 (H3N2) (Table

4), Petri dishes with MDCK cells (Federal Research Institute for
Animal Health, Greifswald-Insel Riems, catalog no. RIE328) were
preincubated overnight in Eagle minimum essential medium (EMEM)
supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and

100 μg/mL streptomycin, and the assay compound at concentrations
corresponding to 5−10× EC50 was determined using the CPE assay.25

Miniplaque Assay. In cell culture, miniplaques consist of single
infected cells, double or multiple infected cells contiguously linked,
that are observed microscopically and identified by immunofluor-
escence using FITC-labeled monoclonal antibody against viral protein.
Antiviral activity of test drugs was detected in cultures exposed to drug
by assessing inhibition of viral protein synthesis (virus replication) as
measured by reduction in number of miniplaques. The tests were
performed in MDCK cells. Cells were grown on 12 mm glass
coverslips in shell vials (Sarstadt) to a cell density of 80−99%
confluency in 1 mL of DMEM growth medium per vial. Prior to
infection the cultures were washed with serumless media. The
serumless medium was replaced with 1 mL per vial of DMEM
containing BSA at a concentration of 0.125%. Test drugs at
appropriate concentrations were added to the cultures and allowed
to equilibrate with the media. Stock virus was thawed, and appropriate
concentrations of virus (contained in BSA media) were then exposed
to 1.0 μg/mL trypsin for 30 min at room temperature, then added to
the cultures. Replicate cultures were included at each dilution step of
test chemical. Control cultures containing no antiviral drug were
included in each assay. The cultures were then incubated at 33 °C
overnight. Cultures were washed with phosphate buffered saline (PBS)
within the shell vials, fixed in −80 °C acetone, then stained with anti-
influenza A, FITC-labeled monoclonal antibody (Millipore, Billerica,
MA, USA). Possible drug toxicity in culture was assessed by
microscopic observation of cytologic changes and cell multiplication
rates. EC50 determinations were carried out with a fluorescence
microscope by counting miniplaques (clusters of infected cells) in
confluent MDCK monolayers on a coverslip at drug concentrations of
50, 20, 10, 5 μM, and if necessary, 2 μM. From two to four replicate
cultures were included at each drug concentration step. Plaque counts,
C(D) (including controls and weighted by the standard error of the
count for each concentration), were fitted, using the Levenberg−
Marquardt algorithm (in KaleidaGraph from Synergy Software,
Reading, PA, USA), to the sigmoidal function:

=
+

C D
C

( )
1 D

0

EC50

with D being the drug concentration and C0 and EC50 being free
parameters. The standard error of the EC50, used as reported by the
software, reflects the uncertainties due to variances in the counts at all
concentrations, including the controls. The value of C0 was
constrained by the four independent controls. For the replicate
screens, where the value of EC50 was based only on the four controls
and a pair of tests at a fixed concentration, the formal standard errors
of the parameters may not adequately represent the uncertainty
associated with extrapolating or interpolating the 50% reduction dose
from the miniplaque reduction at the assay dose, which would
probably be greater the greater the difference is between the assay dose
and the EC50. Nevertheless, in spite of this limitation, we found
reproducibility of EC50 values to be high (i.e., within factors of ∼2) on
several occasions where experiments were repeated, either screens
repeated by screens or screens compared to complete dose−response
curves.

Resistance Testing. For Table 4, cultured MDCK cells bathed in
a concentration corresponding to approximately the EC50 concen-
tration were exposed to the usual quantities of virus for 3−4 days (5−7
virus replication cycles). After that time, the cultures developed
cytopathic effects, and the cultures were terminated. The medium,
containing virus, was then collected by low speed centrifugation.
Dose−response tests utilizing the miniplaque technique were
performed on the recovered virus for determination of the EC50
against the potentially mutated virus. An increase in the EC50 above
the original value represents resistance development. A crude sequence
on the passage-12 virus developed in 6 (see text) was carried out by
extracting the virus directly with the RNaqueous kit (Life
Technologies), transcribed with the Superscript III first-strand

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm500598u | J. Med. Chem. 2014, 57, 4629−46394636



synthesis kit (Life Technologies), amplified by PCR, and sequenced
with an Applied Biosystems 3730xl DNA analyzer.
Resistance Test Plaque Sequencing. For the more detailed

sequencing in (Supporting Information Table 1), MDCK cells were
washed and incubated with influenza virus (multiplicity of infection is
1) for 1 h to allow virus adsorption. Then excessive virus was washed
off and cells were incubated with EMEM supplemented with the assay
compound for 3−4 days. If no cytopathic effect was visible, 0.5 mL of
supernatant was centrifuged (2000 rpm) to remove cell detritus and
transferred to Petri dishes with confluent MDCK monolayers (blind
passage). Cells were incubated again up to 4 days in EMEM
supplemented with the assay compound. If CPE was visible, 1 mL of
supernatant was stored at −80 °C and 0.5 mL was passaged. Up to 10
passages were executed. For sequencing of resistant viruses, serial
dilution (10-fold) of the stocks of the first, fourth, and ninth passages
were used for plaque assays. Three to five arbitrarily selected plaques
of each tested passage and compound were picked, amplified in
MDCK cells (yielding second, fifth, and tenth passage virus) and used
for RNA preparation as described.26 Briefly, total RNA was prepared
from virus-infected MDCK cells using the RNeasy Mini kit and
Qiashredder kit (Qiagen, Hilden, Germany). Reverse transcription was
conducted with a primer specific to the 3′-end of genomic RNA (5′-
RGCRAAAGCAGG-3′), 20 units reverse transcriptase (Fermentas, St.
Leon-Rot, Germany), and 5 μg of RNA in a final reaction volume of
20 μL. Specific oligonucleotide primers Bm-M-1 and Bm-M-1027R
and Bm-HA-1 and Bm-HA-rev27 were used for the amplification of the
M and HA segments from cDNA. Amplified DNA fragments were
analyzed by agarose gel electrophoresis and gel-extracted employing
the QIAquick gel extraction kit (Qiagen, Hilden, Germany). Purified
DNA fragments were sequenced by cycle sequencing using the CEQ
DTCS quick start kit (Beckman Coulter, Krefeld, Germany) and
analyzed on a CEQ8000 sequencer (Beckman Coulter, Krefeld,
Germany).
Electrophysiology Methods. cDNA sequences encoding the full-

length A/California/04/09 M2 protein containing an N-terminal
FLAG-tag plus 3(Gly) repeat linker and either N31 or an S31
mutation were cloned into pcDNA3 and transiently co-transfected
with a pcDNA3 vector encoding eGFP into TSA-201 cells using
standard transfection protocols (Lipofectamine 2000, Life Technolo-
gies). Single GFP-positive transfected cells were then used for
electrophysiological experiments.
Macroscopic ionic currents were recorded in the whole-cell

configuration 24−48 h after transfection. Cells were perfused
continuously at 3−5 mL/min with external (bath) solution containing
the following (in mM): 150 NMG, 10 HEPES, 10 D-glucose, 2 CaCl2,
1 MgCl2 buffered at pH 7.4 with HCl. For low pH (5.5) solution,
HEPES was replaced by MES. Solutions containing either K+ or Na+

were prepared by replacing NMG with the corresponding ion. Patch
electrodes were pulled from thin-walled borosilicate glass (World
Precision Instruments, Fl) and fire-polished before filling with
standard pipet solution containing the following (in mM): 140
NMG, 10 EGTA, 10 MES, and 1 MgCl2 buffered at pH 6.0 with HCl.
Pipettes typically had a resistance of 3−5 MΩ. Voltage-clamp
experiments were performed with an Axopatch 200B amplifier
(Molecular Devices, CA) connected to a Digidata 1322A 16-bit
digitizer. Data were acquired with the pCLAMP8.0 software
(Molecular Devices, CA) sampled at 10 kHz and low-pass-filtered at
5 kHz. Cells were held at −40 mV. The standard voltage protocol
consisted of a 100 ms pulse to −80 mV followed by a 300 ms ramp to
+40 mV and a 200 ms step to 0 mV before stepping back to −40 mV
and repeated every 4 s. All experiments were performed at room
temperature (20−22 °C). All drugs were prepared as DMSO stocks
(50 or 100 mM) and diluted with external solution to the desired
concentration. To measure block of M2 currents by compounds, cells
were recurrently treated with pH 7.4 and pH 5.5 solutions until stable,
pH-dependent inward currents were reproducibly observed, followed
by treatment with compound and concentration of interest at pH 5.5
for 2−30 min. At the end of each experiment, cells were then treated
with 100 μM amantadine.

(C) Peptide Synthesis and Sample Preparation for Solid
State NMR. S31N M2 TM (22−46) (A/Udorn/307/72) with 15N
labeled V28, A30, and I42 was synthesized using Fmoc (9-
fluorenylmethoxycarbonyl) chemistry. Fmoc-[15N]Val, fmoc-
[15N]Ala, and fmoc-[15N]Ile were purchased from Cambridge Isotope
Laboratory (Andover, MA). Solid-phase 0.25 mmol syntheses of M2
TMD were performed on an Applied Biosystems 430A peptide
synthesizer as previously described.28 The peptide was cleaved from
the resin by the treatment with ice cold 95% TFA, 2.5% H2O, 1.25%
ethanedithiol, 1.25% thioanisole and precipitated from TFA using ice
cold ether. Following centrifugation, the supernatant was discarded
and the pellet was washed with cold ether again. The precipitated
peptide was dried under vacuum. Peptide purity and identity were
confirmed using ESI mass spectrometry (positive ion mode).

15N-V28A30I42 S31N M2 TMD was co-dissolved in trifluoroethanol
(TFE) with 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) in
a 1:30 molar ratio. The solvent was removed under a stream of
nitrogen gas to yield a lipid film and then dried to remove residual
organic solvent under vacuum for 12 h. Thoroughly dried lipid film
was hydrated with 8 mL of 10 mM HEPES buffer at pH 7.5 to form
multilamellar vesicles containing M2 TMD in tetrameric state. This
suspension was bath sonicated, dialyzed against 2 L of HEPES 10 mM,
pH 7.5, buffer for 1 day and centrifuged at 196000g to harvest
unilamellar proteoliposomes. The pellet was resuspended in a 1 mL
aliquot of the decanted supernatant containing compound 6, resulting
in a 1:6 molar ratio of the M2 TMD tetramer to drug. Following
overnight incubation at 37 °C, the pellet was deposited on 5.7 × 10
mm glass strips (Matsunami Trading, Osaka, Japan). The bulk of the
water from the sample was removed during a 2-day period in a 98%
relative humidity environment at 298 K. Rehydration of the slides,
before stacking and sealing into a rectangular sample cell, generated
40−50% by weight water in the sample. The final sample composition
is 1 mg of drug/60 mg of lipid/8 mg of peptide (mole ratio 1:20:0.7)
with 40−50% hydration.

Solid State NMR Experiments. PISEMA spectra were acquired at
720 MHz utilizing a low-E 1H/15N double resonance probe.28,29

Acquisition took place at 303 K, above the gel to liquid crystalline
phase transition temperature of DMPC lipids. Experimental
parameters included a 90° pulse of 5 μs and cross-polarization contact
time of 1 ms, a 4 s recycle delay, and a SPINAL decoupling
sequence;30 Sixteen t1 increments were obtained for the spectrum of
15N-V28A30I42 S31N M2 TMD with compound 6, and nine t1
increments were obtained for the sample without compound. Spectral
processing was done with NMRPIPE31 and plotting with SPARKY.
15N chemical shifts were referenced to a concentrated solution of
N2H8SO4, defined as 26.8 ppm relative to liquid ammonia.
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S. P.; Font-Bardia, M.; Vanderlinden, E.; Naesens, L.; Vaźquez, S.
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ABSTRACT: While aminoadamantanes are well-established inhibitors of the influenza A M2 proton channel, the mechanisms
by which they are rendered ineffective against M2S31N are unclear. Solid state NMR, isothermal titration calorimetry,
electrophysiology, antiviral assays, and molecular dynamics simulations suggest stronger binding interactions for amino-
adamantanes to M2WT compared to negligible or weak binding to M2S31N. This is due to reshaping of the M2 pore when N31 is
present, which, in contrast to wild-type (WT), leads (A) to the loss of the V27 pocket for the adamantyl cage and to a
predominant orientation of the ligand’s ammonium group toward the N-terminus and (B) to the lack of a helical kink upon
ligand binding. The kink, which reduces the tilt of the C-terminal helical domain relative to the bilayer normal, includes the W41
primary gate for proton conductance and may prevent the gate from opening, representing an alternative view for how these
drugs prevent proton conductance.

1. INTRODUCTION
A proven vulnerability of influenza A infections is the blockage
of the viral M2 proton channel. M2 is required for acidification
of the virion interior during infection and neutralization of the
trans-Golgi network during viral egress.1 Amantadine (Amt, 1;
Scheme 1) is an established inhibitor of the influenza A/M2-
mediated proton currents2 and a licensed influenza A infection
therapy.3 The primary binding site of 1 is located within the
pore of the tetrameric M2 transmembrane (M2TM) domain
that forms the transmembrane proton transit path.4,5 However,
since 2005,6 the 1-insensitive Ser-to-Asn mutation at position
31 in M2 (S31N) has become globally prevalent,7 abrogating

the clinical usefulness of 18 and possibly other previously
reported M2 inhibitors.9 Thus, new agents are needed to
combat drug-resistant forms of influenza.
Based on the experimental solid state NMR (ssNMR)

structure of the complex M2TM−1,4a,5a,b the replacement of
S31 residues at the drug binding site with the more polar and
bulky Asn side chains may induce the adamantyl ring to move
deeper into the M2 pore, toward the C-terminus close to G34,
where the pore of the helical bundle has its largest diameter,
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and drugs larger than 1 might be effective. We and the Vazq́uez
group and the DeGrado group have searched for such larger
drugs and found, for example, compounds 5−7, which are
active against A/California/07/2009 (H1N1) virus encoding
S31N but not against WSN/33 also bearing the same
mutation.10a−c However, while a preliminary ssNMR experi-
ment of the S31N M2TM domain complexed with compound
5 showed evidence of drug binding, electrophysiology (EP)
studies showed no blockage for the full-length S31N M2
protein.10a These studies therefore indicate that more detailed
experimental investigation and modeling are needed to explain
the mechanisms by which aminoadamantanes are rendered
ineffective against M2S31N in order to design effective drugs.
Recent molecular dynamics (MD) simulations showed that

the ammonium group of 1 has a prevalent orientation toward
the C-terminus of M2TMWT (Udorn), with the adamantane
hydrocarbon cage shifted slightly toward the N-terminus of the
A30/S31 Cα sites,11−18 producing a region of the pore devoid
of water17−19 consistent with blockage of proton transport and
in agreement with ssNMR findings.5c,20,21 In contrast, MD
simulations of 1 in M2TMS31N from us and the Busath group17b

and rimantadine in M2TMS31N from the Arkin group16

suggested that these compounds have a variable orientation,
but with a propensity to have the ammonium group toward the
N-terminus17b,22 of the M2TMS31N pore (Figure 1). In this
orientation water occupancy is not widely occluded in any
configuration.17 These studies16,17b presented a description of
the potential of mean force (PMF) curves of amantadine and
rimantadine in interaction with the M2TMS31N pore, but the
critical changes of the structure and interactions of the M2TM
pore in contact with the drug due to S31N and leading to
aminoadamantane resistance were not defined. In addition, no
experimental evidence is presented to date for the binding of
aminoadamantane ligands in M2TMS31N pore. Nevertheless,
the propensity of 1’s amino group to orient toward the N-
terminus was used by DeGrado and Wang for the successful
design of 1−polar head conjugates that were shown to be
potent inhibitors of WSN/33 virus and proton conductance by
M2S31N.

23 A ssNMR analysis of a system including one of these
compounds, a phenylisoxazole derivative linked with amanta-
dine through a methylene bridge, with M2TM in membrane
bilayers was realized by the Hong and DeGrado groups. The
results showed that the compound’s heterocyclic ring system
may be trapped by the V27 side chains at the N-terminus of the
M2TM pore24 with the isoxazole group forming hydrogen
bonds with the N31 amide side chains.
We are interested to investigate how subtle changes in

amantadine structure are related with the binding affinity
against M2TM variants. We previously used the molecular
mechanics Poisson−Boltzmann surface area (MM/PBSA) to
interpret thermodynamic profiles measured using isothermal
titration calorimetry (ITC) for aminoadamantanes binding to
the avian M2TMWeybridge (M2TMWeybridge has two different

amino acids that do not line into the pore, i.e., V28 → I28 and
L38 → F38 compared to M2TMWT) in order to successfully
prioritize aminoadamantane derivatives.25 We also applied
rigorous free energy binding calculations by the Bennett
acceptance ratio (BAR) approach to accurately predict relative
binding affinities of aminoadamantane derivatives toward
M2TMWT or M2TMWeybridge measured by ITC or other
methods, respectively.26,27

Here we investigate the interaction of aminoadamantane
derivatives (Scheme 1) with M2TMWT and M2TMS31N both
through experiment and by MD simulations, with the aim of
determining how the S31N mutation leads to the inability of 1
and other aminoadamantanes to block S31N M2 proton
transport. First, we measured binding constants of selected
aminoadamantane derivatives with ITC against M2TMWT and
M2TMS31N in dodecylphosphocholine (DPC) micelles at
alkaline pH. Second, we applied a series of MD simulations
(80 ns trajectories) of the M2TMWT and M2TMS31N complexes
with 1−10 (Scheme 1) to analyze in some detail how the polar
N31 amide side chains affect binding of an aminoadamantane
ligand inside the M2TM pore. To this end, we suggest that
repulsive forces between N31 and the adamantane ring may
influence the orientation and binding interactions of the ligand,
the overall stability of the complexes, and the shape of M2TM.
Third, we performed oriented sample (OS) and magic angle
spinning (MAS) ssNMR experiments28−30 on representative
M2TM−ligand complexes at alkaline pH using both M2TMWT
and M2TMS31N sequences to characterize the structural

Scheme 1. Aminoadamantane Derivatives 1−10

Figure 1. Amt (1) orients toward the protein C-terminus in M2TMWT
and toward the protein N-terminus in M2TMS31N. Superposition of
final snapshots and constant temperature and pressure molecular
dynamics simulations at 310 K of 1 in complex with S31 or N31 M2
[PDB ID, 2KQT] in 150 mM NaCl, water, and DMPC lipid.
Compound 1 and waters are shown in yellow-green and purple in WT
and S31N, respectively. Two of four M2TM backbones are shown as
green ribbons. In the S31 case, the ammonium group of 1 is projecting
toward the C-terminus and hydrogen bonding with four water
molecules. In the N31 case, the adamantane cage (purple) is lower,
and the amantadine amine projects toward the N-terminus and
hydrogen bonds with the one N31 side chain and a water molecule.
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influence of compounds on the channel. Fourth, we selected
and tested new synthetic derivatives with slightly larger or
similarly sized adducts, such as 8 and 10, compared to 5−7 and
9 for their abilities to bind M2TMS31N. We realized EP
experiments for selected compounds against both WT and
S31N M2 proteins to test M2 channel blockage and
additionally measured the antiviral potency of the compounds
against the naturally amantadine-resistant H1N1 influenza
strain A/WSN/1933 (WSN/33 with M2N31) and its reverse
genetics-generated amantadine-sensitive variant with the amino
acid substitution N31S in M2 (WSN/33-M2-N31S) using
cytopathic effect inhibition (CPE) assays.

2. RESULTS
2.1. Binding Affinities of Aminoadamantanes to

M2TM by ITC. ITC measurements31 were determined for
both M2TMWT and M2TMS31N tetramers at pH 8 correspond-
ing to the closed state of the M2TM pore32 (Table 1). Binding
data for compounds 1−8 to M2TMWT measured in our
previous work26 were included in Table 1. Thus, as has been
published recently26 (see Tables 1 and S1) compounds 1−8
bind M2TMWT. Compound 9 and the newly synthesized
analogue 10, which has a cyclohexane ring instead of the
cyclopentane in 9, bind M2TMWT with at least an order of
magnitude lower dissociation constant (Kd) than those for 1−8,

possibly because their sizes do not enable them to fit well inside
M2TMWT. We noted in this work an example where techniques
for measuring binding affinity against M2TM such as ITC
correspond to the molecular recognition of ligand binding to
M2TM and do not necessarily reflect functional inhibition of
M2 proton currents or in vitro inhibition of influenza A virus.
For example, 9 inhibits M2WT-dependent currents as measured
by electrophysiology with an IC50 of 10 ± 2 μM (Table 4) and
inhibited influenza A virus replication in infected cells with an
IC50 of 3.92 ± 2.22 μM (Table 5) while compound 10 was
inactive. Nevertheless, ITC and related techniques such as
surface plasmon resonance (SPR) and structural techniques
such as ssNMR can provide useful insights for M2TM binding
and trends in structure−activity relationships for the M2−
aminoadamantane system. For example, compounds 1−4 did
not bind efficiently to M2TMS31N according to ITC and
previous SPR measurements for 133 while 5 and 6 with larger
adducts connected to adamantane bind weakly to M2TMS31N
compared to M2TMWT according to ITC (Table 1) and
ssNMR. The Kd values of low-affinity binders (e.g., 5, 6, 9, and
10) against M2TMS31N, and 9 against M2TMWT, possess large
errors due to the limitations of the ITC method (as explained
in the Supporting Information). Subsequently comparison of
the relative Kd values of compounds 5, 6, 9, and 10 do not
reflect relative binding affinity strength against M2TMS31N.

Table 1. Binding Constants and Other Thermodynamic Parameters Derived from ITC Measurements for Influenza A M2TMWT
and M2TMS31N

M2TMWT

liganda Kd
b ΔGc,d ΔHc,e TΔSc,f

1g 2.17 ± 0.52 −32.51 ± 0.59 −27.87 ± 2.09 4.64 ± 2.18
2g 1.60 ± 0.34 −33.30 ± 0.54 −29.41 ± 1.76 3.89 ± 1.84
3g 0.89 ± 0.19 −34.77 ± 0.54 −28.41 ± 1.09 6.32 ± 1.21
4g 0.62 ± 0.14 −35.65 ± 0.54 −29.87 ± 0.88 5.77 ± 1.05
5g 0.63 ± 0.17 −36.43 ± 0.69 −32.62 ± 1.29 3.90 ± 1.45
6g 0.36 ± 0.22 −38.11 ± 1.84 −21.49 ± 1.76 16.61 ± 2.57
7g 0.93 ± 0.36 −34.64 ± 0.96 −15.98 ± 1.17 18.66 ± 1.51
8g 1.30 ± 0.43 −33.81 ± 0.84 −21.25 ± 1.30 12.55 ± 1.55
9 14.61 ± 4.62 −27.77 ± 0.79 h h
10 >10 h h h

M2TMS31N

liganda Kd
b ΔGc,d ΔH TΔS

1−4 i
5 >10 h h h
6 17.5 ± 8.5 −27.95 ± 1.24 h h
9 15.8 ± 5.95 −28.22 ± 0.96 h h
10 9.90 ± 4.99 −29.41 ± 1.29 h h

aSee Scheme 1. bBinding constant Kd in μM calculated from measured Ka in M
−1 by Kd = (1/Ka) × 10−3 and error in Kd in μM determined by Kd,error

= (Ka,error/Ka
2) × 10−6. cIn kJ mol−1. dFree energy of binding computed from Kd by ΔG = −RT ln(Kd

ref/Kd) with Kd
ref = 1 M and T = 300 K, and

error in ΔG determined according to

Δ =
⎛
⎝⎜

⎞
⎠⎟

RTK

K
Gerror

d,error

d

2

with T = 300 K. eEnthalpy of binding and error in the enthalpy of binding calculated from measured binding enthalpy and measured error by ΔH =
ΔHmeasured(T/Tmeasured) with T = 300 K and the temperature at which the ITC measurements were performed Tmeasured = 293.15 K. fEntropy of
binding calculated by ΔS = (−ΔG + ΔH)/T and error in ΔS computed by the equation

Δ = Δ + ΔS G Herror error
2

error
2

gMeasured in ref 26. hValues could not be determined reliably due to the limitations of the methods in the area of very weak binding. iNo detectable
binding.

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.6b01115
J. Med. Chem. 2017, 60, 1716−1733

1718

http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.6b01115/suppl_file/jm6b01115_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.6b01115/suppl_file/jm6b01115_si_001.pdf
http://dx.doi.org/10.1021/acs.jmedchem.6b01115


Nevertheless, although the quantitation of the ITC results
against M2TMS31N is limited for this method, the measure-
ments suggest that the Kd values of 5 and 6 against M2TMS31N
are much smaller compared to those of M2TMWT, suggesting
weaker binding to M2TMS31N (Table 1). Narrower line widths
and larger chemical shifts changes for 5 bound to M2TMWT
compared to M2TMS31N were observed in the ssNMR spectra
described below suggesting a reduction in dynamics for binding
to M2TMWT and a more specific binding site, which in turn
causes a significant reduction in hydration due to drug-induced
desolvation of the binding pocket.31

2.2. Solid State NMR of M2TM−Aminoadamantanes
Complexes. 2.2.1. OS ssNMR Spectra. Drug binding to the
channel pore of M2TMWT and M2TMS31N was evaluated using
OS ssNMR experiments. Spectral correlation observed in these
data sets, between anisotropic 15N chemical shifts and 1H−15N
dipolar coupling values for selectively 15N-labeled backbone
amide sites, gives rise to resonance patterns known as PISA
(polarity index slant angle) wheels.34,35 The shape, size, and
position of the PISA wheel for α-helical membrane proteins in
uniformly oriented lipid bilayer preparations is determined by
the helical tilt relative to the bilayer normal and is sensitive to
drug-induced structural perturbations. Previous investigations
by Cross and co-workers have reported dramatic changes in
anisotropic chemical shifts and dipolar coupling values for
M2TMWT in the presence of 1.36 PISA wheel analysis of
M2TMWT spectra in the apo state and in the presence of 136 or
5 correlates the shifts with a substantial reduction in the tilt
angle for the C-terminal region of the M2TMWT helix,
following ligand binding. In contrast, M2TMS31N in the
presence of 5 results in a uniform 5 ± 2° decrease in the
helical tilt imparting a change to the entire helix−helix
interface.10a

Here, to monitor changes in the resonance frequencies and
to the resulting PISA wheel in the presence of other variants of
1, a 15N−V28,A30,I42 (VAI-M2TM) labeling scheme was used.
Residues 28 and 30 are in the N-terminal domain of the M2TM
helix and I42 in the C-terminal region, and hence the labels
effectively sample both segments. Resonance frequencies for
these sites are well-resolved allowing for a PISA wheel analysis
of drug binding in the channel pore that induces small
structural perturbations. The signals of these three pertinent
and isotopically labeled backbone amides were shifted in nearly
an identical fashion when 1 or 5 bind to the M2TMWT (Figure
2). As before, changes suggest only a slight perturbation to the
N-terminus and a much more significant structural perturbation
to the C-terminus with a change in the tilt angle from 32° to
just 22°, while the N-terminal tilt changes by only a degree or
two (Table 2).4b,36 These results imply similar drug-induced
structural perturbations to the TM configuration of WT M2
protein in the presence of 1 or 5.
For the binding studies to M2TMS31N, no observable effect

was detected for binding of 1, while 5 induces smaller changes
compared to those induced by the binding of 1 or 5 to
M2TMWT based on the signals from the same three backbone
amides (Figure 3). In addition, the linewidths are narrower
when 5 is bound to M2TMWT compared to M2TMS31N,
suggesting less dynamics in the WT complex implying a tighter
complex.
There is a small difference in the structure of M2TMS31N

versus M2TMWT without drugs in lipid bilayers (black
resonances in Figure 2 versus Figure 3). The M2TMS31N data
suggest a helical tilt of approximately 38°, somewhat greater

than the helical tilt observed in the WT structure (32°)
consistent with prior characterizations.4,36 While the binding of
1 to M2TMWT produced a 10° kink near G34 in each helix of
the tetramer,4b,36 the binding of 1 produced no such structural
change for the 1-resistant M2TMS31N. The shifts in the
anisotropic resonance frequencies which resulted when 5 binds
to M2TMS31N demonstrates a significant change in helical tilt
from 38° to 33° in the tetrameric complex (Table 3). Based on
these resonances that sample the N- and C- regions of the TM
helix, the structural change appears to be a uniform change in

Figure 2. Superimposed PISEMA spectra of the M2TMWT (residues
22−46), 15N-labeled at V28, A30, and I42, in DMPC lipid bilayers
uniformly aligned on glass slides with (red) and without (black)
compound 1 (A) and compound 5 (B). Assignments without drug
were made based on the known structure and spectra of M2TMWT.

36

Assignments with drug follow the rotational orientation of the helices.
Changes in the resonance frequencies of the 15N-labeled backbone
amide sites are indicated with black arrows. All spectra were collected
at 720 MHz, pH 7.5, and 303 K. The molar ratio of lipid/protein was
30:1. PISA wheels are drawn for helix tilts of 22° and 32° for the N-
and C-terminal residues, respectively, when the drugs are bound.

Table 2. Mean Helical Tilt Values Relative to the Bilayer
Normal from MD Simulations of 1 and 5 in Complex with
M2TMWT in DMPC Bilayer

helical tilt angle for N-terminus/C-terminus (deg)

liganda MD simulationsb ssNMR exptc 2KQT4a,5b

1 31 ± 4.6/18 ± 4.9 32 ± 2/22 ± 2 30/19
5 31 ± 5.1/19 ± 5.0 32 ± 2/22 ± 2

aSee Scheme 1. bCalculated using Gromacs tools. cThis study.
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tilt. Consequently, the residues facing the pore remain the
same, but the interactions between helices that provide the
tetrameric stability may change substantially. Upon binding of 1
or 5 to M2TMWT a kinked helix at G34 is produced but when
adding these compounds to M2TMS31N helices, are not kinked
at G34. Instead, when 5 binds to M2TMS31N, the entire helix−

helix interface changes with the ∼5° reduction in tilt for each of
the four helices.
The structurally similar aminoadamantanes 6−8 produced

similar ssNMR results when added to M2TMS31N (Figure 4) in

that the change in structure always reflected a uniform change
in helical tilt. Compound 8 is a new derivative, which was
synthesized to test the effect of C-methylation to binding
compared to N-methylation in 6. The measured helical tilt
angles are 28° for 6, 31° for 7, and 33° for 8, with the latter
compound yielding results that are similar to those induced by
5 (Table 3). For 5−8, there is no evidence for partial binding,
since the unbound states are not observed in the spectra with
drugs present. With 5, V28 appears to have multiple resonances
(Figure 3) clustered on an anisotropic chemical shift of 160
ppm and a dipolar interaction of 4 kHz. The structural
differences would be small, i.e., no more than 1° change in the
orientation of the V27−V28 peptide plane with respect to the

Figure 3. Superimposed PISEMA spectra of the M2TMS31N,
15N-

labeled at residues V28, A30, and I42, in DMPC lipid bilayers
uniformly aligned on glass slides with (red) and without (black)
compound 1 (A) and compound 5 (B). Assignments without drug
were made based on the known structure and spectra of M2TMWT.

36

Assignments with drug follow the rotational orientation of the helices.
Theoretical PISA wheel calculated for an ideal helix [(ϕ, φ)] = (−60°,
−45°)] with a 33° tilt angle relative to the bilayer normal is
superimposed on M2TMS31N resonance frequencies, which are shifted
after compound 5 addition. All spectra were collected at 720 MHz, pH
7.5, and 303 K. The molar ratio of lipid/protein was 30:1.

Table 3. Mean Helical Tilt Values Relative to the Bilayer
normal from MD Simulations of 5−8 in Complex with
M2TMS31N in DMPC Bilayer

helical tilt angle (deg)

liganda MD simulationsb exptc,d

1 34 ± 4 38 ± 1
5 31 ± 6 33 ± 1
6 28 ± 5 28 ± 1
7 33 ± 4 31 ± 1
8 31 ± 4 33 ± 1

aSee Scheme 1. bCalculated using Gromacs tools. cThis study.
dHelical tilt is uniform.

Figure 4. Superimposed PISEMA spectra of the M2TMS31N (residues
22−46), 15N-labeled at residues V28, A30, and I42, in DMPC bilayers
uniformly aligned on glass slides with (red) and without (black) 6, 7,
and 8 (panels A−C, respectively). Assignments without drug were
made based on the known structure and spectra of M2TMWT.

36

Assignments with drug follow the rotational orientation of the helices.
Theoretical PISA wheels calculated for an ideal helix [(ϕ, φ)] =
(−60°, −45°)] with varying tilt angles relative to the bilayer normal
were superimposed on drug bound M2TMS31N spectra (panels A−C).
All spectra were collected at 720 MHz, pH 7.5, and 303 K. The molar
ratio of lipid/protein was 30:1.
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bilayer normal. This suggests that even with 5 on the time scale
of 10−100 μs there is no significant evidence for asymmetry in
this tetrameric structure; i.e., there is no evidence from these
three labeled sites that M2TMS31N bound with different
compounds 1 and 5−8 forms a dimer of dimer, as has been
suggested for the S31N structure.37,38 If such structures are
present, they must interconvert on a time scale faster than the
difference in spectral frequencies in hertz. Furthermore, if this
was occurring with significantly different structures, there would
be a reduction in the width and height of the PISA wheel,
which was not observed. The intensity of the resonances varies,
again especially for 5, suggesting that the compound may have
competing binding interactions with the pore leading to
heterogeneity in the frequencies, the weakening of the A30
resonance, and the small dispersion of the V28 resonances as
described above. These dynamics are in sharp contrast to the
intense resonance for I42 for M2TMS31N bound with 5. The
uniformity of the resonance intensities that result from the
interaction with heterocyclic compounds 6−8 may suggest less
dynamics and more potent binders than 5 to M2TMS31N.
2.2.2. MAS Spectra. To evaluate further the effect of 6

binding to M2TMS31N, 2D N−Cα correlation MAS ssNMR
experiments were performed using uniformly 13C,15N-labeled
V7, A30, S31, and G34 M2TMS31N (13C,15N-VANG-labeled
M2TMS31N). The labeling used aims to explore the binding
interactions of amantadine analogues into M2TMS31N pore
through measuring the effect of binding to the chemical shifts
of V27, A30, G34, and N31. In M2TMWT the binding area
includes the expanded area including V27, A30 and also G34,
S31.4a,5b Spectra were obtained (Figure 5) for both the apo
protein (blue) and for 6 bound (red) to the labeled M2TMS31N.
Addition of the drug to the M2TMS31N sample resulted in
chemical shift changes for N31 and G34 of 1.2 and 2.1 ppm,
respectively; V27 and A30 resonances remain unchanged,
suggesting that they are not involved in binding, while the

isotropic chemical shift perturbation of the N31 and G34
residues suggest the drug binding site for M2TMS31N suggesting
either direct hydrogen bonding with the backbone or indirect
hydrogen bonding through water molecules.21 Significant 15N
and/or 13Cα chemical shift changes at V27, S31, and G34 have
been reported when rimantadine is bound to M2TMWT

20,21

with S31 experiencing a dramatic 7 ppm shift relative to the apo
state.21 Despite the observed chemical shift changes at residues
N31 and G34 when 6 bound to the M2TMS31N, cross-peak
intensity was not increased as was observed for the WT full-
length M2 in complex with rimantadine.21 This suggests that
the conformational heterogeneity of M2TMS31N was not
increased for these residues in the presence of the drug. A
reduction in dynamics which is in agreement with narrower line
widths would be anticipated with a specific binding site or a
significant reduction in hydration due to drug-induced
desolvation of the binding pocket. The narrower line widths
and increased anisotropic chemical shifts for the M2TMWT and
M2TMS31N bound to 5 (Figures 2 and 3) illustrate reduced
dynamics and weaker or less specific binding of the drug to the
M2TMS31N.

2.3. MD Simulations of M2TM−Aminoadamantane
Complexes. 2.3.1. Starting Structure of Protein−Ligand
Complex. MD simulations of the complexes between 1, 2-alkyl-
2-aminoadamantanes 2−5, and cyclic derivatives 6−10 with
both M2TMWT and M2TMS31N provide insights for the binding
interactions and possible structural changes in the binding area.
All of the ligands’ amino groups were considered to be
protonated according to model calculations preformed
previously for ligands 1 and 6.25,26 The structure of the
complex M2TMWT-1 (PDB ID 2KQT4a,5b) was used as a
starting structure for the simulations of M2TMWT−ligand
complexes and of M2TMS31N−ligand complexes. The PDB ID
2KQT4a,5b structure was chosen since it was determined at pH
7.5 and DMPC planar bilayers and vesicles,4a,5b i.e., similar
conditions to those used in our simulations. Subsequently only
small structural changes are to be expected in the M2TM
structure during MD simulations of its complexes with ligands,
and the equilibration phase should be short. It has been shown
that the stability of the binding region for 1 in the M2TM
tetramer is increased considerably when using DMPC
compared to other lipids.39−42 In addition, 2KQT (see ref
5b) should be considered as the best structure of the
amantadine bound state of M2TM since it utilized both
isotropic chemical shift restraints and all of the orientational
restraints of an earlier structure characterized by Cross and co-
workers (see ref 4a). The structures of the M2TMS31N−ligand
(1−10) complexes were generated from M2TMWT complexes
by mutating S31 to N (see also Experimental Methods).

2.3.2. Complexes of Ligands with M2TMWT. The MD
simulations of the M2TMWT−ligand complexes reached
equilibration in less than 40 ns with the protein system having
full flexibility. Snapshots of the simulation complexes with 5
and 6 are shown in Figure 6. The RMSDs values (Table S1)
were ≤1.6 Å for M2TM Cα-carbons with respect to the initial
structure of the production period4a,5b suggesting that
M2TMWT−ligand (1−8) complexes were very stable and the
M2TM tetramer structure was considerably unchanged in the
course of the simulation. The mean values of the N-terminal
and the C-terminal helical tilt of M2TMWT for the complexes
with 1 and 5 from the corresponding MD trajectories were
measured to be 31°, 18° and 31°, 19°, respectively, and are in
very good agreement with the values of 32°, 22° and 32°, 22°

Figure 5. Superimposed 2D strip plots for 15N/13C (NCA) correlation
spectra of 13C,15N−V27A30N31G34-labeled M2TMS31N (residues 22−
46) in DMPC lipid bilayers with (red) and without (blue) compound
6. Spectra were collected at 600 MHz proton frequency, pH 7.5, 10
kHz spinning rate, and a calibrated temperature at sample of 263 K.
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determined by OS ssNMR (Table 2). As noted above, the
starting structure 2KQT4a,5b having helical domain tilt angles of
31°, 19° was determined in conditions similar to those used in
our MD simulations by Cross and co-workers.4a Even so these
findings suggest that the ligand−M2TMWT complex was
successfully equilibrated and the conditions were well-adjusted
to produce consistent results. Consistent with the experimental
findings5b,c and previous observations,25,26 the ammonium
group of the aminoadamantane compounds was oriented
toward the C-terminus with angles of <77° between the C−N
bond of the ligand and the membrane’s normal (Table S1).
The complexes of compounds 1−8 inside the M2TM lumen
are stabilized through (a) formation of hydrogen bonds
between their ammonium group and water molecules in the
region between H37 residues and the ligand and (b) van der
Waals interactions between the adamantyl group and a
lipophilic pocket formed by V27 and A30 side chains (see
Figure 6). This binding area is in accordance with (a) the 15N
chemical shifts perturbations for V27, A30, and S31 in
complexes between 1 or 3-azaspiro[5,5]undecane and
M2TMWT compared to the apo M2TMWT

39 and (b) the
measured distance of 4.5 Å between G34Ca and the methyl
group of rimantadine from REDOR ssNMR experiments in
studies of the full-length protein.21 In addition, for complexes
of M2TMWT with 1−8, the distance between the adamantyl
ring of the ligand and the center of mass of the four V27 (V27-
Ad) varies between 4 and 4.9 Å and the distance between the
adamantyl ring of the ligand and the center of mass of the four
A30 (A30−Ad) varies between 0.5 and 1.4 Å (Table S1). The

position of the adamantyl ring inside the lumen was similar for
ligands 2−8 differing from 1 only by 0.2−0.6 Å. To account for
the position of the ligands toward the C-end, we measured the
distance between the center of mass of the four V27 and the
ammonium nitrogen of the ligand (V27−N+) which varied
between 7.1 and 7.8 Å (Table S1). According to the measures
in Table S1 the hydrogen bonding ability is higher for the
subset of ligands 1−5, 9, and 10 than for the subset 6, 8, or 7.
Thus, 1−5, 9, and 10 can form on average three hydrogen
bonds with neighboring water molecules; 6 and 8, two
hydrogen bonds; and 7, one hydrogen bond, respectively
(Table S1). This is what was expected since 1−5, 9, and 10
have a primary ammonium group, 6 and 8 have a secondary
ammonium group, and 7 has a tertiary ammonium group. For
ligands 3−8 which include a carbon substituent at the C-2
adamantane position the molecule is rotated in order to avoid
repulsive van der Waals forces of the alkyl group with the
symmetric M2TM pore. The average angle between the pore
axis and the C−N bond vector was increased progressively
according to the alkyl group size, i.e., from 13.5° for 1 to 25−
35° for 2−8 (Table S1). Although all ligands 1−8 have a
binding mode similar to that resulted in the OS ssNMR spectra
of complexes including 1 and 5 (Figure 2), a subtle
compromise between hydrogen bonding and hydrophobic
interactions with key pore residues, such as V27, A30, affects
the ligand tilt inside the pore and its different binding strength
as shown by the ITC results (Table 1). The adamantyl ring is
slightly toward the N-terminus compared to the A30/S31 Cα,
producing a region without water molecules.

Figure 6. Snapshots from the simulation of ligands bound to M2TMWT. Waters within 10 Å from the ligand are shown. (A) Compound 5 bound to
M2TMWT. Eight waters are shown between the ligand and H37 residues. Three hydrogen bonds between the secondary ammonium group of the
ligand and three water molecules are shown (see Table S1). (B) Compound 6 bound to M2TMWT. Eight waters are shown between the ligand and
H37 residues. Two hydrogen bonds between the secondary ammonium group of the ligand and two water molecules are shown (see also Table S1).
Hydrogen bonding together with van der Waals interactions of the adamantane core with V27 and A30 stabilize ligands 5 and 6 inside the pore with
their ammonium group oriented toward the C-terminus.
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The MD simulations suggest that the M2TMWT−ligand
complex stability is reduced when a sizeable adduct is attached
to adamantane; i.e., the M2TM pore does not efficiently
accommodate the large adducts in compounds 9 and 10. This is
in accordance with the weak or no binding respectively of these
drugs according to the ITC results (Table 1). For example, the
MD simulations showed that the stability of the complex is
considerably reduced in the case of 10 where after 80 ns the
ligand is shifted toward the N-terminus; the mean distances of
the trajectory V27−Ad, A30−Ad, and V27−N+ were 3.5, 4.7,
and 2.1 Å, respectively, suggesting a loosening of the M2TM-
complex integrity at the N-terminus (a snapshot of the
simulation complex with 10 is depicted in Figure S1).
2.3.3. Complexes of Ligands with M2TMS31N. In the starting

configuration of M2TMS31N−aminoadamantane ligand complex
the ammonium group points toward the C-terminus forming
H-bonds with waters between the ligand and H37 residues as in
the M2TMWT pore. The MD simulations of the complexes
between M2TMS31N and 1−8 reach equilibration in less than
60 ns with the protein system having full flexibility. In
complexes with M2TMS31N the ligand is more mobile inside the
pore having a propensity to orient its ammonium group toward
the N-terminus, in contrast to M2TMWT−ligand complexes
where the ligand forms a stronger complex with the ammonium
group having a tighter orientation toward the C-terminus.
Thus, after a few nanoseconds of unrestrained dynamics the
ligand moves toward the C-terminus by ∼2 Å, probably because
the adamantyl group is repelled by the polar N31 side chains
resulting in the loss of the V27 lipophilic pocket, and the
molecule rotates 180° through an attraction to the polar
environment around N31. This finding is consistent with the
narrower line widths and larger chemical shifts changes for
M2TMWT when bound with compound 5 compared to
M2TMS31N as observed in the ssNMR spectra suggesting a
stronger binding interaction with M2TMWT. In addition waters
are transferred from the region between the ligand and H37 to
the area around N31 where the drug’s amine can interact with
the carbonyls of the N31 amide groups and waters around the
amide side chains. Snapshots of the MD simulation complexes
of M2TMS31N with 1, 5, 6, and 10 are depicted in Figure 7. The
MD runs showed that in complexes with 2−8 the ammonium
group orientation turns toward the N-terminus and the drug
keeps this orientation during the entire simulation period.
While this change was observed for 1 after ∼20 ns of
production, the time needed for the aminoadamantane ligand
to rotate toward the N-terminus may be increased for some
larger adducts. For example, in the case of 5 the ligand’s
ammonium group keeps its orientation toward the C-terminus
during the first 40 ns and then the molecule turns toward the
N-terminus until the end of the 80 ns production time. While
no significant conformational change was observed for
M2TMS31N tetramer in its complexes with 1−8 during the
production period, the RMSDs for M2TMS31N Cα-carbons
were ≤2.8 Å with respect to the initial structure of the
production period,4a,5b i.e., 1−1.5 Å higher than the RMSDs for
M2TMWT Cα-carbons, suggesting less dynamics for M2TMWT
complexes (see Tables S1 and S2). The mean values of the
helical tilt angles for the complexes of 1 and 5−8 with
M2TMS31N from the corresponding MD trajectories were
measured to be ∼34°, 31°, 28°, 33°, and 31° respectively, and
are close to 38°, 33°, 28°, 31°, and 33° determined by OS
ssNMR (Table 3). The uniformly tilted helical structure is a
conversion from the initial kinked state in the 80 ns MD, where

Figure 7. Snapshots from the simulation of various ligands bound to
M2TMS31N. Waters within 10 Å from the ligand are shown. Several
waters are shown covering the region between the mouth of the ligand
and H37 residues. Few waters may be found between the ligands and
the wall of the pore, suggesting a relatively free passage through the
lumen. (A) Compound 1 bound to M2TMS31N. Seven waters are
shown between the ligand and H37 residues and six waters between
N31 and the mouth of the pore. In the depicted shapshot one
hydrogen bond between the ammonium group of the ligand and one
water, and one hydrogen bond between the ligand and the carbonyl
group of N31 amide side chain, are shown (see also Table S2). No
efficient van der Waals interactions can be formed for the adamantane
core in the region close to A30, and the ligand cannot be stabilized
inside the pore. (B) Compound 5 bound to M2TMS31N. Three waters
are shown between the ligand and the region close to H37 residues
and three waters between N31 and the mouth of the pore. One water
is shown between the ligand and the wall of the pore. One hydrogen
bond between the ammonium group of the ligand and one water and
two hydrogen bonds between the ligand and the carbonyl groups of
two N31 amide side chain are shown (see also Table S2). (C)
Compound 6 bound to M2TMS31N. Four waters are shown between
the ligand and H37 residues and seven waters between N31 and the
mouth of the pore. Two hydrogen bonds between the ammonium
group of the ligand and the carbonyl group of N31 amide side chain
and one water are shown (see also Table S2). One water is shown
between the ligand and the wall of the pore. (D) Compound 10 bound
to M2TMS31N. Two waters are shown in the region between the ligand
and H37 residues and six waters between N31 and the mouth of the
pore. One water is shown between the ligand and the wall of the pore.
Two hydrogen bonds between the ammonium group of the ligand and
two waters are shown (see also Table S2). Hydrogen bonding together
with weak van der Waals interactions between the adamantane core
and the cleft between A30 and G34 can moderately stabilize ligands 5,
6, and 10 inside the pore with their ammonium group oriented toward
the N-terminus.
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the starting structure reflects a homology model of 2KQT.4a,5b

Here the major finding is the lack of kinked helices in
M2TMS31N compared to the OS ssNMR structure when 1
binds M2TMWT suggesting than the MD simulations describe
well the ligand−M2TMS31N structure.
For most of the ligands 1−8 the mean angle between the C−

N bond vector and the normal of the membrane is >140° for
more than 40 ns of the simulation reflecting the propensity of
the ammonium group to orient toward the N-terminus (Table
S2). The distance between the center of mass of the four V27
and the adamantyl ring of the ligands 1−8 (V27−Ad) was
longer than in complexes with the M2TMWT, which is
consistent with an orientation of the ammonium group toward
the N-terminus. On average, the adamantyl ring in M2TMS31N
was found to be ∼1−2 Å toward the C-terminus compared to
the M2TMWT complexes. Accordingly, the distance between
the center of mass of the four V27 and the ligand’s ammonium
group nitrogen in M2TMS31N complexes was shorter by 3−3.5
Å compared to M2TMWT complexes. In addition, especially for
the ligands with sizeable adducts (for example, 5−8), the
adamantyl ring is positioned toward the C-terminus close to
G34 (see distances A30−-Ad and G34−Ad in Table S2),
whereas, in the M2TMWT complexes, the adamantyl ring is
shifted toward the N-terminus embraced by V27 and A30. The
sum of the H-bonds between the ammonium groups of the
ligands and waters and between the ammonium groups and the
N31 side chain amides was on average three hydrogen bonds
for the primary ammonium groups (ligands 1−5), two
hydrogen bonds for secondary (ligands 6 and 8), and one
hydrogen bond for tertiary ones (ligand 7) (Table S2).
Compounds 9 and 10 form three hydrogen bonds only with

water molecules in the vicinity of N31 close to the wall of the
pore, possibly because the ammonium group is sterically
crowded between the adamantyl and cycloalkane rings and
cannot reach the side chains’ carbonyls of N31 (Table S2). In
compound 10, due to the large hydrocarbon framework, the
adamantyl ring moves more than in any other compound
toward the C-terminus, i.e., the distance between the center of
mass of the four V27 to the adamantyl cage was 3.7−2.3 Å
longer than 1−8 to fit inside the pore close to G34, and the
distance between the center of mass of the four G34 to the
adamantyl cage was 2.7 Å (see Figure 7).

2.3.4. Electrophysiology Results of Aminoadamantanes
Blockage Using Full-Length M2. Compound 1, its isomer 2,
and three compounds with sizeable adducts (5, 6, and 9) were
assessed for their ability to inhibit low-pH-dependent proton
currents induced by full-length M2 protein (A/California/07/
2009 with M2N31) in transiently transfected, voltage clamped
HEK cells (Table 4).10a,43 Data for compounds 1, 2, and 5 were
reported previously.10a It was found that none of these
compounds blocked inward proton currents better than 1,
either following a standard 3 min exposure to compound or
after prolonged exposure for 30 min. These EP-based results
indicated that the compounds were unable to block the full-
length M2 channel encoding N31. However, when this M2
protein was modified to encode the 1-sensitive S31 sequence
(through an N31S mutation), all compounds inhibited proton
currents with IC50s of 10 μM or less (Table 4); by increasing
the adduct size, the blocking effect of inward proton currents is
reduced.

2.3.5. In Vitro Testing of Aminoadamantanes against
Influenza A Virus. The antiviral potencies of compounds 1−10

Table 4. Block of Full-Length M2-Dependent Currents by Selected Compounds in Transfected HEK Cellsa

A/California/07/2009 (H1N1) M2: N31 A/California/09/2009 (H1N1) M2: S31

compd % block after 3 min % block after 30 min % block after 3 min IC50

1b 14 ± 2 (100 μM; 26) N.A.c 75 ± 9 (10 μM; 4) 2 ± 3 μM (3)
2b 13 ± 3 (100 μM; 2) 16 (100 μM; 1) 95 ± 8 (10 μM; 2) 2 ± 1 μM (2)
5b 0 ± 5 (100 μM; 2) 9 ± 10 (100 μM, 3) 63 ± 5 (10 μM; 2) 7 ± 2 μM (2)
6 4 ± 3 (100 μM; 2) 5 ± 4 (100 μM, 2) 66 ± 6 (10 μM; 3) 5 ± 2 μM (3)
9 4 ± 4 (100 μM; 2) 4 ± 10 (100 μM; 4) 46 ± 2 (10 μM; 2) 10 ± 2 μM (2)

aFor each compound, the percent block of pH-dependent M2 current at listed concentration (±sem) and/or IC50 (μM) is shown. Parentheses show
number of replicates. bData were also reported in ref 10a. cN.A., not active.

Table 5. Antiviral Activity of Compounds 1−10 against Influenza Virus A/WSN/33 (H1N1) Variants in Madin−Darby Canine
Kidney Cells

IC50 (μM)a

compd A/WSN/33-M2-N31S A/WSN/33-M2-N31 CC50 (μM)b

1 0.27 ± 0.16 N.A.c >100d

2 0.42 ± 0.46 N.A. 70.50 ± 25.31
3 0.33 ± 0.10 N.A. 25.63 ± 7.65
4 0.34 ± 0.26 N.A. >100
5 0.34 ± 0.10 N.A. >100
6 0.34 ± 0.08 N.A. >100
7 0.90 ± 0.29 N.A. >100
8 6.12 ± 2.59 N.A. >100
9 4.34 ± 2.94 N.A. >100
10 N.A. N.A. >100

Oseltamivir 0.02 ± 0.01 0.02 ± 0.01 not determined
aMean and standard deviations of the 50% inhibitory concentration (IC50) of at least three independent measures.

bMean and standard deviations of
the 50% cytotoxic concentration (CC50) of at least three independent measures.

cN.A., not active. Maximum concentration tested, 100 μM. dExact
value published in ref 46.
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were measured against WSN/33 (H1N1) bearing the N31 M2
mutation and its amantadine-sensitive variant WSN/33-M2-
N31S44 in MDCK cells with CPE inhibitory assay.45,46

Compounds 1−9 showed sub-micromolar IC50 values against
WSN/33-M2-N31S but were inactive against WSN/33 (Table
5). Compound 10 was inactive against both strains. The
selectivity indices (CC50/IC50) of compounds 4−7 were
comparable to 1. The inhibition efficiency showed stringent
head-ammonium-group requirements for inhibition of amanta-
dine-sensitive influenza A virusesa result consistent with ITC
and EP results.

3. DISCUSSION
3.1. Unraveling the Binding Differences for Amino-

adamantanes to M2TMS31N and M2TMWT. Based on the
MD simulations results and experimental findings, the
molecular basis for weak binding and the inability of
aminoadamantanes to effectively block M2S31N is described.
The results of the experimental data from ssNMR and ITC
experiments directly correlate with the MD simulation results
showing that aminoadamantane derivatives are weaker binders
in the pore of M2TMS31N compared to M2TMWT and that 5−8
are stronger binders compared to 1−4 against M2TMS31N.
The S31N mutation of M2TM results in a shift of the

hydrophobic adamantyl ring toward the C-terminus thereby
losing the stabilizing hydrophobic interactions of the four V27
isopropyl groups with the adamantyl ring that are present in
M2TMWT complexes. The bulky N31 side chains block
contacts between adamantyl ring and the V27 side chains,
and the ammonium group of the ligands is also turned toward
the N-terminus to form significant hydrogen bonding
interactions with the polar N31 side chains and surrounding
waters. This ammonium group orientational preference of
amantadine and rimantadine has been previously noted in MD
simulations by us, the Busath group,17b the Arkin group,16 and
noted by DeGrado and co-workers.23b−d,24 The hydrogen
bonding interactions with N31 are consistent with the MAS
experimental data performed with compound 6 showing a
chemical shift perturbation for N31 and G34 compared to the
apo M2TMS31N. Distance measurements from ssNMR experi-
ments showed the preference for the ammonium group of the
aminoadamantane drugs orienting toward the C-terminus in
M2TMWT

5c and toward the N-terminus in a complex of
M2TMS31N with a conjugate of 1 having a phenylisoxazole polar
head.24 In this class of conjugates,23 additional van der Waals
interactions with the N-terminus stabilizes the ligand resulting
in potential anti-influenza drugs. Here, where the amino-
adamantane ligands, such as 1−8, are hydrogen-bonded with
the polar N31 environment, favorable van der Waals and
hydrophobic interactions such as those in M2TMWT are
missing. In M2TMWT the adamantyl ring is well-accommodated
by the V27 and A30 side chains and sizeable adducts such as in
ligands 5−8 additionally fill the region between A30 and G34
(Figure 6), but in M2TMS31N the adamantyl ring is close to A30
and in the vicinity of G34 (Figure 7) lacking a favorable
hydrophobic pocket (Tables S1 and S2). This is consistent with
the absence of chemical shift perturbations for V27 in the NCA
MAS spectrum of 6 bound to M2TMS31N relative to the apo
M2TMS31N compared to the significant chemical shift changes
at V27, S31,and G34 which have been reported when
rimantadine is bound to M2TMWT relative to the apo
state.20,21 These structural differences can be clearly observed
in Figures 6 and 7. The lack of favorable van der Waals

interactions results in less stable complexes and a weaker
binding for aminoadamantane ligands consistent with the much
smaller Kd values of 5 and 6 measured by ITC against
M2TMS31N compared to M2TMWT (Table 1). In addition, line
widths are narrower for the M2TMWT complex with 5
compared to the M2TMS31N complex suggesting less dynamics
consistent with stronger interactions for the aminoadamantane
derivatives in complexes with M2TMWT. The RMSDs for
M2TM Cα-carbons are 1.0−1.5 Å higher for the trajectories of
M2TMS31N compared to M2TMWT complexes further suggest-
ing more dynamics and weaker interactions in the S31N
complexes.
It should be noted that trajectories sampled in the MD

simulations of ligands in the pore were of 80 ns length; i.e., they
are much shorter than the microsecond to millsecond time
scales sampled by ssNMR. The MD runs of the complexes of
1−4 with M2TMS31N showed qualitatively that these molecules
cannot bind M2TMS31N because significant favorable van der
Waals interactions are missing. This can be observed from the
snapshot for the complex of 1 with M2TMS31N in Figure 7.
Molecules 5−8 with sizeable adducts of the adamantyl ring fill
slightly more effectively the region between A30 and G34, and
the interactions needed for binding are slightly improved
resulting in weak binding to M2TMS31N as compared to no
binding for 1−4. This can be observed from snapshots for
complexes of 5 and 6 with M2TMS31N in Figure 7. Indeed, 1
did not bind as documented by the OS ssNMR spectra (Figure
3), but larger adducts such as those present in compounds 5−8
appear to stabilize weak binding of the drug in the region
between A30 and G34 (see Figure 7), and this is in accordance
with the results from OS ssNMR spectra for weak binding of
compounds 5−8 (Figures 3 and 4) to M2TMS31N. In addition,
we were not able to detect any binding for 1−4 with
M2TMS31N using ITC while we obtained approximate binding
constants for 5, 6, 9, and 10 (Table 1). NMR data were not
obtained for 9 and 10 because they produced disordered lipid
bilayers. Thus, the results from the combination of simulations
and experiments showed that 1 (and similarly 2−4) did not
bind M2TMS31N contrary to the weak binding for 1 previously
suggested from short simulations,17b but 5−8 having sizeable
adducts display weak binding.
While binding strength of aminoadamantanes against

M2TMS31N was not very sensitive to modification of the
adduct, the M2TMWT−aminoadamantane complex stability was
found to be very sensitive to the adduct size, as shown by the
ITC and MD simulation results especially when considering
that 9 and 10 produce unstable complexes with M2TMWT. The
MD simulations clearly show that 10 moves considerably
toward the N-terminus of the pore losing specific binding
interactions. Ligands 9 and 10 cause a dramatic reduction in
affinity for M2TMWT compared to 1−8 but did not affect
M2TMS31N affinity, which seems to be similar to those of 5 and
6. The forces that cause the rotation of the adamantyl ring in
the M2 pore appear to be inherent in the shared amine group
and are not greatly perturbed by the other ligand variations as
characterized by MD and OS ssNMR for adducts 1−4 and 5−8
against M2TMS31N. Taken together, the results from the
combination of MD simulations, ITC, and OS ssNMR showed
no binding for 1 and similar in size analogues and only weak
binding for sizeable adducts. The binding is more specific as
showed by the more stringent head-ammonium-group require-
ments in the binding pocket of M2TMWT than in the
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M2TMS31N according to the ITC but also as showed by the EP
experiments and antiviral assay results.
3.2. Changes in C-Terminus Structure−Function of

M2TMS31N and M2TMWT Induced by V27 Interactions
with the Adamantyl Cage of Amantadine Variants. EP
experiments indicate that the aminoadamantanes block the S31
but not the N31 full-length M2 protein. Notably, while the
secondary gate formed by the V27 residues in the M2TMWT

11

has the potential to limit water access to the pore, the
hydrophilic asparagine side chains make this environment less
hydrophobic and diminish the effectiveness of the V27 gate in
the M2TMS31N pore. The waters are observed above and below
the ligand and in a few snapshots between the ligand and the
wall of the pore suggesting a relatively free passage through the
M2TMS31N lumen despite the presence of the ligand.12,17,18

(see the snapshots from the simulation of the complexes of
M2TMS31N with 1, 6, and 10 in Figure 7).
Furthermore, it is suggested that the 10° helical kink that

reduces the tilt of the C-terminal portion of the transmembrane
helix in the WT is likely induced by the formation of a strong
binding pocket for the aminoadamantanes. This hydrophobic
pocket formed by the V27 aliphatic side chains coupled with
the aliphatic adamantyl cage of the aminoadamantanes may
prevent the W41 gate from opening further, defeating proton
conductance. In contrast the aminoadamantanes in M2TMS31N
included a loss of V27 lipophilic pocket and have their amino
group drawn toward the N-terminus by the asparagine side
chains resulting in the presence of multiple water molecules in
this region. In addition the weak binding of the amino-
adamantanes results in no perturbation of the helical tilt and
the W41 gate can function normally.

4. CONCLUSIONS
This work represents a study of the binding of amantadine
variants against the proton channel formed by the tetrameric
structure of the influenza A M2 protein. Significantly, we focus
on aminoadamantane variants of 1 binding to M2TMS31N
compared to M2TMWT aiming at investigating why these
variants are ineffective in blocking proton conductance of the
M2S31N channel. The results of this effort are based on a
combination of experimental techniques and MD simulations
both performed in liquid crystalline lipid bilayer environments.
Aminoadamantane derivatives are known to be blockers of the
M2WT protein. They are known to bind in the pore and are
presumed to block proton access to the H37 tetrad that is
known to shuttle protons through aqueous pore into the viral
interior.47 There are two gates that can inhibit conductance, the
V27 tetrad, known as the secondary gate at the external
entrance to the pore, and the W41 tetrad near the exit of the
pore into the viral interior, known as the primary gate. These
aminoadamantane derivatives were weaker binders to
M2TMS31N compared to M2TMWT as observed by a reduced
influence on the protein structure and by reduced amplitude of
the channel dynamics as observed by both the MD and
experimental data. Moreover, these aminoadamantane deriva-
tives were ineffective against M2S31N while blocking M2WT
protein. We suggest that 1 and the similar sized analogues 2−4
lack binding affinity and the larger sized analogues 5−8 showed
weak binding affinity to M2TMS31N because of a lack of
effective hydrophobic interactions as a result of reshaping of the
cavity when N31 is present which included loss of the V27
lipophilic pocket. In contrast V27 interactions are present with
1−8 in M2TMWT pore and these ligands are effective binders to

M2TMWT. All ligands 1−8 have a tight binding for M2TMWT,
and the binding is more specific as showed by the more
stringent head-ammonium-group requirements in the binding
pocket of M2TMWT than in the M2TMS31N according to the
ITC, EP, and CPE results. The weak binding of 5−8 to
M2TMS31N was significant enough to induce observable
changes in the helix tilt angles characterized by the
experimental data and by the MD simulations.
It is interesting to note that the blockage of M2TMWT by

both 1 and 5 involved a 10° kink in the TM helix and a very
significant change in the helix orientation in the C-terminal half
of the TM. This is likely due to the V27 side chains
adamantane hydrophobic interactions that are not possible in
M2TMS31N. While aminoadamantane ligand binding causes a
kink in the C-terminal half of M2TMWT and a blockage for
proton conductance by the M2 channel, aminoadamantane
ligand interactions with M2TMS31N did not result in a helix kink
in the TM helix and proton conductance was not blocked.
While the helix kink has been associated with blockage and
potential disabling of the opening of the W41 gate in M2TMWT
previously,48 here, the explanation for the helix kink in the
M2TMWT and its absence in M2TMS31N has been suggested to
be induced by the V27 interactions with the adamantyl cage in
M2TMWT and the absence of such significant interactions in
M2TMS31N.

5. EXPERIMENTAL METHODS
5.1. Synthesis of Aminoadamantane Ligands. The procedures

applied for the synthesis of the new derivatives 8 and 10 are depicted
in Schemes 2 and 3. The description of synthetic procedures for 8 and

Scheme 2. Synthesis of 1′-Methylspiro[pyrrolidine-2,2′-
adamantane] (8)a

aReagents and conditions: (a) H2NOH·HCl, Na2CO3 90 °C, 40 min
(93%). (b) (i) NBS, NaHCO3, dioxane/water, 10 °C, 40 min; (ii)
HNO3, pentane, 0 °C, 15 min; (iii) NaBH4, MeOH/H2O. (c) (i)
CH2CHCO2Et, Triton-B, t-BuOH, 70 °C, 8 h; (ii) 1 N NaOH, 3:1
EtOH−H2O, 70 °C, 8 h (89%). (d) MeOH/HCl(g), 60 °C, 4 h, and
then overnight at room temperature (r.t.) (79%). (e) H2/Ni-Raney,
EtOH, 50 psi, r.t., 24 h (84%). (f) LiAlH4, THF, reflux, 48 h (60%).

Scheme 3. Synthesis of 1-(1-Adamantyl)cyclohexanamine
(10)a

aReagents and conditions: (a) Li, dry THF, cyclohexanone, sonication,
0 °C, 5 h (70%); (b) NaN3, TFA, CH2Cl2, 0 °C, 5 h, then r.t. 24 h
(35%). (c) LiAlH4, dry ether, reflux, 5 h, then H2O, NaOH 10%
(65%).
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10, experimental details, and compound characterization can be found
in the Supporting Information. All compounds’ purity was ≥95% as
determined by elemental analysis (see Supporting Information).
5.2. M2TM Peptide Synthesis.M2TMWT peptides corresponding

to residues 22−46 of the Udorn (A/Udorn/307/72) sequence of M2
(C-terminally amidated SSDPLVVAASIIGILHLILWILDRL) and of
the S31N mutant peptide (C-terminally amidated SSDPLVVAANII-
GILHLILWILDRL) were synthesized in A.K.’s lab by standard Fmoc
(9-fluorenylmethoxycarbonyl) solid phase peptide synthesis using an
aminomethyl polystyrene resin loaded with the amide linker as
previously described (ref 50). Additional quantities of these needed
peptides were purchased from Centic Biotec, Heidelberg, Germany.
For ssNMR experiments M2TMWT and M2TMS31N (22−46) peptides
with 15N labeled at V28, A30, and I42 and M2TMS31N (22−46)
peptides with 13C, 15N labeled at structurally important residues V27,
A304a,5b and N31, G34 (13C,15N-VANG) were synthesized using Fmoc
chemistry. Fmoc-[15N]-Val, Fmoc-[15N]-Ala, Fmoc-[15N]-Ile, and
Fmoc-[13C,15N]-Val, Fmoc-[13C,15N]-Ala, Fmoc-[13C,15N]-Ser, and
Fmoc-[13C,15N]-Gly were purchased from Cambridge Isotope
Laboratory (Andover, MA, USA). Solid phase syntheses of M2TM
peptides (0.25 mmol) were performed on an Applied Biosystems
430A peptide synthesizer as previously described.49 The peptides were
cleaved from the resin by the treatment with ice cold 95% TFA, 2.5%
H2O, 1.25% ethanedithiol, and 1.25% thioanisole and precipitated
from TFA using ice cold ether. Following centrifugation, the
supernatant was discarded and the pellet was washed with cold
ether again. The precipitated peptide was dried under vacuum. We
used a purification procedure using reverse phase HPLC experiments
for the peptides before their being used for the ITC or ssNMR
experiments, as previously described51 and modified.50 Peptide purity
and identity was confirmed using ESI mass spectrometry (positive ion
mode). The final peptide purity was 98%.
5.3. ITC Measurements of Aminoadamantane Ligands

Binding to M2TM. Binding affinities of the aminoadamantane
derivatives 1−5, 6, 9, and 10 for M2TMS31N were measured by ITC
experiments52,53 in DPC micelles at pH 8. Compounds 7 and 8 were
not measured. M2TM fragments form stable tetramers at this pH, in
contrast to low-pH (<6.5) conditions.54 Experimental data indicate
that 1 binds with higher affinity at alkaline pH to M2TMWT, where the
pore of the M2 channel is in the closed state, than at low pH, where
the open state of M2TMWT is prevalent.54a,2a

All measurements were performed with a TAM 2277 (TA
Instruments) at pH 8 and 20 °C in a buffer of 50 mM NaH2PO4
and 100 mM NaCl. The peptide and the aminoadamantane derivative
were dissolved in a freshly prepared DPC solution with a
concentration of 13 mmol L−1. Measurements against M2TMWT
were conducted using 2 mL of 125 μM peptide (corresponding to
31.25 μM M2TMWT tetramer) as has been described previously.26 For
the low-affinity ligands 9 and 10 a 250 μM peptide concentration was
used. For M2TMS31N measurements the concentration of the peptide
used was 167 μM, which was increased to 500 μM when 5 was tested
in order to get a curve adequate for measurements. A concentration of
1.1 mM of the ligand was used for the titrant, of which 7.6 μL
(equivalent to 8.4 nmol) was dispensed in the peptide/DPC solution
with each injection. The time interval between two injections was set
to at least 6 min. The first injection was not used due to dilution
effects.
Synthetic M2TMS31N (residues 22−46) was reconstituted in DPC

micelles at pH 8 at a 1:40 monomer/DPC ratiowhich guarantees
the quantitative formation of M2TM tetramers54by dissolving and
sonicating 334 nmol of M2TM with the 40-fold amount of DPC in the
aforementioned buffer system (for M2TMWT a 1:26 ratio was applied
for the measurements of ligands 9 and 10 compared to 1:57 applied
previously26). Solutions of the ligands in the buffer were titrated into
the calorimetric cell at 20 °C. The released heat of binding was derived
by subtracting the heat of dilution from the heat of reaction.55,56

Describing in more detail, to determine the heat of dilution, ligand
and receptor (M2TM) were dissolved in buffer containing DPC. Two
reference experiments were carried out: (a) Ligand was titrated into
the buffer containing DPC, and (b) receptor was titrated into buffer

containing DPC. The obtained signals showed that the released heat of
each injection is very small and stays constant during the experiment.
No interaction is detected between ligand and DPC containing buffer
or receptor and DPC containing buffer, respectively. The released heat
is the heat of dilution, which occurs when the two solutions are mixed.
The heat of dilution was estimated for each titration experiment
individually. At the end of each measurement, the receptor is titrated
with the ligand being in an excess (the ratio for ligand/receptor after
19 injections is 2:1). If all binding sites are saturated, ligand cannot
bind to the receptor anymore. The released heat is then equivalent to
the heat of dilution. As mentioned, the heat of dilution is calculated as
an average from the last five titration steps, when the heat is constant.
This heat is taken into account as a Q correction. It is subtracted from
all titration steps in this measurement.

Data evaluation, including the integration of the peaks, was carried
out with Digitam for Windows v4.1. The measured heat per amount of
substance against the molar ratio of titrant to peptide tetramer was
plotted, and the affinity constants were calculated by nonlinear
regression of the measured heat per injection using Origin 8.057 and
have been included in Table 1. Compounds 1−8 have been measured
against M2TMWT in a previous work (see footnote g in Table 1).

26 For
the calculation, the concentration of the peptide was kept variable
because the M2TM tetramer formation was not complete. The fit
function involves three parameters. One of them is a factor for the
correction of the peptide concentration (the difference between the
concentration, which has been weighted in, and the active
concentration). The cell volume is fixed at 2 mL. The concentration
of the ligand in the solution is known, because pure substance was
weighted in and the stoichiometry of the binding of ligand to receptor
was assumed to be 1:1. If these quantities are set, the concentration of
active receptor is obtained by fitting the measured data points. From
the calculations, it can be seen that the concentration of active receptor
is lower than the concentration of receptor that has been weighted in.
The binding affinity of 1 measured against M2TMWT in a previous
work26 was 2.17 ± 0.52 μM and is comparable with the value of 12 μM
measured using analytical ultracentrifugation54c and the value of 9 ± 2
μM derived based on kinetic studies in electrophysiological
experiments.2a For the M2TM peptide investigated in this study, the
solubility in the DPC micelles limits the concentration of M2TM that
can be tested. Consequently, affinity constants of low-affinity binders,
e.g., aminoadamantanes against M2TMS31N and 9 and 10 against
M2TMWT, possess relatively large errors.

5.4. Sample Preparation for Solid State NMR Spectroscopy.
15N−V28A30I42 M2TMWT or M2TMS31N was codissolved in trifluor-
oethanol (TFE) with DMPC in a 1:30 molar ratio. (The molar ratio of
one protein tetramer to 120 DMPC lipids was used. The molecular
weight of the M2TMWT peptide is MW = 2729 g/mol and that of the
lipid is MW = 678 g/mol.) The solvent was removed under a stream
of nitrogen gas to yield a lipid film and then dried to remove residual
organic solvent under vacuum for 12 h. Thoroughly dried lipid film
was hydrated with 10 mM HEPES buffer at pH 7.5 to form
multilamellar vesicles containing M2TM in the tetrameric state. This
suspension was bath sonicated, dialyzed against 2 L of 10 mM HEPES
pH 7.5 buffer for 1 day, and centrifuged at 196000g to harvest
unilamellar proteoliposomes. The pellet was resuspended in a 1 mL
aliquot of the decanted supernatant containing the ligand, resulting in
a 1:6 molar ratio of the M2TM tetramer to drug. Typically a
preparation for solid state NMR would include 5 mg of protein and 37
mg of DMPC. For samples that included drug the molar ratio of drug
to tetramer was 6:1. For 1 with a molecular weight of MW = 187.5 g/
mol that would mean the addition 0.52 mg for a 5 mg protein sample.
(There is sufficient evidence in the literature to demonstrate that M2
structure is not perturbed by drug concentration. The most obvious
example in this work is the absence of structural changes in the S31N
spectra in the presence of 1.) Following overnight incubation at 37 °C,
the pellet was deposited on 5.7 × 10 mm glass strips (Matsunami
Trading, Osaka, Japan). The bulk of the water from the sample was
removed during a 2 day period in a 98% relative humidity environment
at 298 K. Rehydration of the slides, before stacking and sealing into a
rectangular sample cell, increased the sample weight by 40−50%.
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Compounds 1 and 5 were used for ssNMR experiments against
M2TMWT; compounds 1 and 5−8 were used for ssNMR experiments
against M2TMS31N; compounds 9 and 10 produce disordered lipid
bilayers according to the 31P spectra (not shown).
5.5. Solid State NMR Experiments of M2TM−Amino-

adamanane Complexes. 5.5.1. OS ssNMR Spectra. PISEMA28

and SAMPI429,30 spectra were acquired at 720 MHz utilizing a low-E
1H/15N double resonance probe.58 Acquisition took place at 303 K,
above the gel to liquid crystalline phase transition temperature of
DMPC lipids. Experimental parameters included a 90° pulse of 5 μs
and cross-polarization contact time of 0.8−1 ms, a 4 s recycle delay,
and a SPINAL decoupling sequence.58 For the spectrum of 15N−
V28A30I42 M2TMWT with compounds 1 and 5, 32 t1 increments were
obtained, and nine t1, for the sample of 15N−V28A30I42 M2TMWT
without drug; 16−28 t1 increments were obtained for the spectrum of
15N−V28A30I42 M2TMS31N with compounds 1 and 5−8, and nine t1
increments, for the sample of 15N−V28A30I42 M2TMS31N without drug.
Spectral processing was done with NMRPIPE59 and plotting with
SPARKY. 15N chemical shifts were referenced to a concentrated
solution of N2H8SO4, defined as 26.8 ppm relative to liquid ammonia.
5.5.2. NCA MAS Spectra. 15N−13Cα correlation experiments were

performed on a Bruker Avance 600 MHz NMR spectrometer with an
NHMFL 3.2 mm low-E-field triple resonance probe.60,61 The 13C
chemical shifts were referenced using the published chemical shifts of
adamantane relative to DSS62, and 15N chemical shifts were calculated
with IUPAC relative frequency ratios between the DSS (13C) and
liquid ammonia (15N).63,64 Spectra were acquired at MAS frequency of
10−12 kHz and a calibrated sample temperature of −10 °C. Thirty
points were collected in the 15N dimension for an acquisition time of
5−6.25 ms, while in the direct dimension the acquisition time was 10.2
ms. In all experiments, 92 kHz of proton decoupling was used. To get
one bond 15N−13C correlation, a mixing time of 5 ms was used.
Spectra were processed with Topspin.
5.6. MD Simulations of M2TM−Aminoadamantane Com-

plexes. 5.6.1. Docking Calculations. The ligands in their ammonium
forms were built by means of Maestro 8.565 and were then minimized
by means of Macromodel 9.6 and the MMFF94 force field66

implemented with Macromodel 9.6 using the CG method and a
distance-dependent dielectric constant of 4.0 until a convergence value
of 0.0001 kJ Å−1 mol−1 was reached. The M2TMWT−1 complex
structure (PDB ID 2KQT4a,5b) served as a model structure for
M2TMWT with bound ligands. N- and C-termini of the M2TM model
systems were capped by acetyl and methylamino groups. After
applying the protein preparation module of Maestro, all hydrogens of
the protein complex were minimized with the AMBER* force field by
means of Maestro/Macromodel 9.6 using a distance-dependent
dielectric constant of 4.0. The molecular mechanics minimizations
were performed with a conjugate gradient (CG) method and a
threshold value of 0.0001 kJ Å−1 mol−1 as the convergence criterion.
The structures of the protein and ligand 1 were saved separately and
were used for the subsequent docking calculations. The ligands
minimized in this manner were docked into the M2TMWT binding site.
Docking poses of the aminoadamantane derivatives 1−10 in the
M2TMWT bound state were generated with GOLD 5.267,68

considering five water molecules located between the ammonium
group of 1 and H37 within the M2TMWT pore-binding site and
applying the ChemPLP implemented in the software.69,70 The option
“toggle” was used to let the algorithm decide whether to take into
account a water molecule or neglect it based on an empirical
desolvation penalty. The region of interest used by GOLD was defined
to contain the atoms that were within ∼15 Å of the 1 binding site in
the receptor structure. The “allow early termination” command was
deactivated. For all of the other parameters, GOLD default values were
used. Ligands were submitted to 30 genetic algorithm runs. Ten
docking poses were produced for each ligand which were visually
inspected using the UCSF Chimera package.71 The docking pose with
the best ChemPLP score was used for the subsequent MD simulations
with M2TMWT and M2TMS31N structures created as described below.
5.6.2. MD Simulations. Models of M2TMS31N−aminoadamantane

complexes were generated from M2TMWT aminoadamantane

complexes by mutating amino acids S31−N31 with Maestro.65 For
N31, the side chain rotamers may have χ1 angles of −160° or −80°
corresponding to N31 side chains placed at the interface between
helices or inside the lumen, respectively. Structures of M2TMS31N(18−
60) in DPC micelles solved by solution NMR spectroscopy show
residue 31 in the helix−helix interface72 while MAS ssNMR studies in
1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) bilayers
showed the side chain of the N31 residue oriented toward the pore
in two helices and toward an adjacent helix in the other two, with
neighboring N31 side chains close enough to form polar contacts.37 A
just-released X-ray structure shows that N31 residues are oriented into
the channel pore forming a hydrogen-bonding network,73 and it was
suggested that this may prevent drug from entering the channel.
Preliminary OS ssNMR results in liquid crystalline lipid bilayers
confirm that all four of the M2S31N N31 residues are oriented toward
the pore. Simulations of M2TMS31N−ligands were run (a) with N31
side chains placed at the interface between helices72 (χ1 angle is −80°)
to avoid a biased starting conformer in which N31 repels adamantane
and (b) with N31 pointing toward the pore in two helices (χ1 angle is
∼−160°) and toward an adjacent helix in the other two37 (χ1 angle is
∼−80°). For comparison reasons a few MD simulations with 1, 5, and
6 were also performed with the starting structure of M2TMS31N having
N31 residues pointing into the center of the channel pore (χ1 angle is
−160°).73 It should be mentioned that when the starting structure has
all four N31 side chains placed at the interface between helices, after a
few nanoseconds of simulation the side chains of at least two N31
residues change orientation pointing inside the pore lumen. This was
also observed with the apo protein M2TMS31N after a few
nanoseconds. Configurations with different N31 rotamers produced
MD trajectories with similar behavior for aminoadamantane ligands.
MD simulations were run in triplicate or more for 1, 2, 5, and 6 to test
the reproducibility of the behavior of the system.

The M2TMWT complexes or M2TMS31N complexes were embedded
in a DMPC lipid bilayer extending 10 Å beyond the solutes. Complex
and ligand systems were solvated using the TIP3P74 water model. Na+

and Cl− ions were placed in the water phase to neutralize the systems
and to reach the experimental salt concentration of 0.150 M NaCl.
Membrane creation and system solvation were conducted with the
“System Builder” utility of Desmond.75,76 The M2TMWT−1 complex
structure in the hydrated DMPC bilayer with ions included 18617
atoms.

The OPLS 2005 force field77−79 was used to model all protein and
ligand interactions, and the TIP3P model74 was used for water. The
particle mesh Ewald method (PME)80,81 was employed to calculate
long-range electrostatic interactions with a grid spacing of 0.8 Å; van
der Waals and short-range electrostatic interactions were smoothly
truncated at 9.0 Å. The Nose−́Hoover thermostat82 was utilized to
maintain a constant temperature in all simulations, and the Martyna−
Tobias−Klein method82 was used to control the pressure. Periodic
boundary conditions were applied (50 × 50 × 80 Å3). The equations
of motion were integrated using the multistep RESPA integrator83

with an inner time step of 2 fs for bonded interactions and nonbonded
interactions within a cutoff of 9 Å. An outer time step of 6.0 fs was
used for nonbonded interactions beyond the cutoff.

Each system was equilibrated in MD simulations with a
modification of the default protocol provided in Desmond, which
consists of a series of restrained minimizations and MD simulations
designed to relax the system, while not deviating substantially from the
initial coordinates. First, two rounds of steepest descent minimization
were performed with a maximum of 2000 steps with harmonic
restraints of 50 kcal mol−1 Å−2 applied on all solute atoms, followed by
10000 steps of minimization without restraints. The first simulation
was run for 200 ps at a temperature of 10 K in the NVT (constant
number of particles, volume, and temperature) ensemble with solute
heavy atoms restrained with a force constant of 50 kcal mol−1 Å−2. The
temperature was then raised during a 200 ps MD simulation to 310 K
in the NVT ensemble with the force constant retained. The
temperature of 310 K was used in our MD simulations in order to
ensure that the membrane state was above the melting temperature
state of 297 K for DMPC lipids.84
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The heating was followed by equilibration runs. First, two stages of
NPT equilibration (constant number of particles, pressure, and
temperature) were performed, one with the heavy atoms of the
system restrained for 1 ns with a force constant of 10 kcal mol Å−2 for
the harmonic constraints and one with the heavy atoms of the
protein−ligand complex restrained for 1 ns with a force constant of 2
kcal mol−1 Å−2 for the harmonic constraints to equilibrate solvent and
lipids. A NPT simulation followed with the Cα atoms restrained for 1
ns with a force constant of 2 kcal mol−1 Å−2. The above-mentioned
equilibration was followed by an 80 ns NPT simulation without
restraints. Within this time, the total energy and the RMSD reached a
plateau, and the systems were considered equilibrated (see RMSD
plots in the Supporting Information).
5.7. Electrophysiology Experiments of M2 Blockage by

Aminoadamantanes. Electrophysiology was performed as previ-
ously described.10a pcDNA3 vectors encoding the full-length A/
California/07/2009 (H1N1) M2 protein containing either an N31 or
an S31 mutation was cotransfected with a pcDNA3 vector encoding
eGFP into TSA-201 (HEK parental) cells using standard transfection
protocols (Lipofectamine 2000, Life Technologies). This construct
was previously annotated as A/England/195/2009 (H1N1)10a but is
identical in amino acid sequence to A/California/07/2009 (H1N1).
Macroscopic ionic currents were recorded in the whole-cell
configuration from GFP-positive cells 24−48 h after transfection.
Cells were perfused continuously at 3−5 mL min−1 with external
(bath) solution containing (mM) 150 NMG, 10 HEPES, 10 D-glucose,
2 CaCl2, and 1 MgCl2 buffered at pH 7.4 with HCl. For low-pH (pH =
5.5) solution, HEPES was replaced by MES. Patch electrodes were
pulled from thin-walled borosilicate glass (World Precision Instru-
ments, Sarasota, FL, USA) and fire-polished before filling with
standard pipet solution containing (mM) 140 NMG, 10 EGTA, 10
MES, and 1 MgCl2 buffered at pH 6.0 with HCl. Voltage−clamp
experiments were performed with an Axopatch 200B amplifier
(Molecular Devices, Sunnyvale, CA, USA) connected to a Digidata
1322A 16-bit digitizer. Data were acquired with the pCLAMP8.0
software (Molecular Devices, CA) sampled at 10 kHz and low-pass-
filtered at 5 kHz. Cells were held at −40 mV. The voltage protocol
consisted of a 100 ms pulse to −80 mV followed by a 300 ms ramp to
+40 mV and a 200 ms step to 0 mV before stepping back to −40 mV,
which was repeated every 4 s. All drugs were prepared as DMSO
stocks (50 or 100 mM) and diluted with external solution to desired
concentrations. To measure a block of M2 currents by compounds,
cells were recurrently treated with pH 7.4 and pH 5.5 solutions until
stable and pH-dependent inward currents were reproducibly observed,
followed by treatment with compound at pH 5.5 for 2−30 min. At the
end of each experiment, cells were treated with a 100 μM solution of 1.
5.8. Cells and Viruses. Madin−Darby canine kidney (MDCK)

cells (Cat. No. RIE 328, Friedrich-Loeffler Institute, Riems, Germany)
were propagated as monolayer in Eagle’s minimum essential medium
(EMEM) supplemented with 10% fetal bovine serum, 1% nonessential
amino acids (NEAA), 1 mM sodium pyruvate, and 2 mM L-glutamine.
Amantadine-resistant WSN/33 (with N31 in M2) and its amantadine-
sensitive variant WSN/33-M2-N31S44 were used in this study. For the
generation of WSN/33-M2-N31S44 the plasmid pHW187-M2-N31
was altered by site-directed mutagenesis PCR and afterward used as
part of a plasmid set for virus recovery.44 Both WSN/33-variants were
propagated on MDCK cells in serum-free EMEM supplemented with
2 mM L-glutamine, 2 μg/mL trypsin, and 0.1% sodium bicarbonate
(test medium). Virus containing supernatant was harvested after about
48 h of incubation at 37 °C when cytopathic effect became
microscopically visible. Aliquots were stored at −80 °C until use.
The M2 gene identity of all recombinant viruses was verified by
sequencing.
5.9. CPE Inhibition Assay of Influenza A Viruses by

Aminoadamantanes. Cytotoxicity and CPE inhibition studies
were performed on two-day-old confluent monolayers of MDCK
cells grown in 96-well plates as published.46 Cytotoxicity was analyzed
72 h after compound addition (2-fold or half-log dilutions; at least two
parallels per concentration; maximum concentration, 100 μM). In
CPE inhibition assay, 50 μL of 2-fold compound dilutions in test

medium and a constant multiplicity of infection of test virus (0.045 for
WSN/33 and 0.04 for WSN/33-M2-N31S) in a volume of 50 μL of
the test medium were added to cells. Then, plates were incubated at 37
°C with 5% CO2 for 48 h until the untreated, infected control showed
maximum cytopathic effect. Crystal violet staining and optical density
determination were performed as described before to determine the
percentage of antiviral activity of the tests compounds.45,46 After log
transformation of compound concentrations, linear regression was
used to determine the 50% cytotoxic (CC50) and the 50% inhibitory
concentration (IC50) (Table 5). At least three independent assays were
conducted to calculate the mean CC50 as well as IC50s and their
standard deviations.
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