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’ INTRODUCTION

The M2 protein of the influenza A virus forms a pH-gated
proton channel that is essential for virus replication.1,2 The
influenza virus enters its target cells by receptor-mediated
endocytosis, which is followed by acid-induced fusion of the
viral and endosomal membranes. This fusion event is mediated
by a conformational change of the influenza hemagglutinin
proteins, triggered by the low pH in the endosome lumen.3

The endosomal pH also activates the membrane-spanning A/M2
protein, which acts as a proton channel to conduct protons into
the virion interior. As a result of decreased intravirion pH, the
viral ribonucleoprotein is uncoated and transferred, after viral
fusion with the endosome, to the cytoplasm.4 In addition, it has
been shown that for some influenza strains the A/M2 proton
channel function is required for preventing a premature hemag-
glutinin conformation transition when newly synthesized viral
proteins are trafficked through the trans-Golgi network.5

The highly conserved H37xxxW41 motif in the transmembrane
(TM) domain of the A/M2 protein is responsible for its channel
activity and proton selectivity.6,7 The channel function of wt
A/M2 is efficiently inhibited by two FDA approved drugs,

amantadine (Amt) and rimantadine, as well as by a few new
compounds such as 1 (BL-1743) and its analogues 2 and 3
(Chart 1).8�10 Naturally arising single amino acid substitutions
associated with Amt resistance, such as L26F, V27A, A30T, S31N,
and G34E, are all located outside the H37xxxW41 motif.11�14

Extensive studies suggest that these residues contribute to
delineate the binding pocket for the inhibitors,15�21 although
Schnell and Chou showed that rimantadine can also bind to
Asp44 of M2 TM in detergent solutions; this residue is found at
the external lipid-facing helix interface, and this finding has been
taken to imply an allosteric mechanism.22 Even though the
precise nature of the binding site of the inhibitors has been the
subject of an intense debate, a series of functional evidence
supports the binding to the interior of the channel. (1) A
chimeric channel comprising A/M2 residues 24�36 embedded
in an Amt-insensitive channel shows 85% inhibition by Amt.23

(2) Amt and the known pore-residing inhibitor 1 compete for
inhibition of the channel.24 (3) Mutation of Asp44 to each of
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seven amino acids does not reduce Amt inhibition.18,25 Recently,
a solid state (ss) NMR study and,15 independently, a series of
surface plasmon resonance experiments26 showed that the external
lipid-facing Asp44 site has much lower affinity than the lumenal
site. These results suggest that drug binding within the pore is
pharmacologically relevant.

Amt-resistant mutants are frequently detected among the two
currently circulating subtypes of influenza A virus, A/H3N2 and
A/H1N1, with the S31N mutation being observed in more than
90% of influenza A isolates in certain years.27,28 More recently,
the pandemic H1N1 swine flu virus, which is Amt resistant, was
the cause of global and significant morbidity and mortality.29,30

Thus, there is an urgent need for the development of novel anti-
influenza drugs that are effective against the most common Amt-
resistant mutants.27,28

This study reports novel scaffolds designed to bind to the high
affinity site of the A/M2 channel. We have found that the wt
channel can be inhibited by several polycyclic compounds cover-
ing a priori an unexpectedly large diversity in size. We have
identified a promising compound, 8, that is capable of inhibiting
the M2-S31N mutant ion channel.

’CHEMISTRY

Although Amt and rimantadine are well-known antiviral drugs
and their structure�activity relationships have been previously
examined,8,31�50 quite surprisingly few ring-contracted or ring-
expanded analogues have been synthesized.32 Moreover, little
effort has been paid to investigate the influence of polycyclic
scaffolds on the inhibitory activity,33,51�56 the guanidine 1 and
related spiro-piperidine compounds being a notable excep-
tion (Chart 1).9,10,24 Recently, we have described the synthesis
and characterization of ring-contracted analogues of Amt and

rimantadine, such as noramantadine derivatives 4�7 and bisnor-
adamantane derivatives 8 and 9.57 We have also synthesized
2-oxa-analogues of Amt, such as 10 and 11 (Chart 2).58 We
tested these compounds against the influenza A/H1N1 and A/
H3N2 subtypes in Madin�Darby canine kidney (MDCK) cells
and found that primary amine 4 showed reasonable antiviral
activity.

To further explore the impact of the polycyclic ring size on the
inhibition of the A/M2 channel, we have now synthesized larger
analogues of Amt using pentacyclic and hexacyclic scaffolds. The
pentacyclo[6.4.0.02,10.03,7.04,9]dodecane scaffold has been used
in the synthesis of polycyclic compounds of theoretical interest,
such as dodecahedrane.59 To the best of our knowledge, never-
theless, it has never been applied to the synthesis of compounds
with potential biological interest. Starting from the diacid 12,60,61

we synthesized monoacid 13, using a high-yielding synthetic
sequence previously described by our group.62 Schmidt reaction
of acid 13 led to pentacyclic amine 14 in 82% yield. On the other
hand, reaction of acid 13 with SOCl2 followed by reaction of the
acyl chloride with NH4OH led to amide 17 that was reduced with
LiAlH4 to primary amine 18 (Scheme 1).

In order to explore the effect of the alkylation on the biological
activity, 14 was treated with acetaldehyde and NaCNBH3 to
obtain tertiary amine 15 in 78% yield, while treatment of 18 with
ethyl chloroformiate followed by reduction with LiAlH4 led
to secondary amine 19 in 41% overall yield. In order to study
the effect of the basicity of the nitrogen atom on the inhibitory
activity, we synthesized acetamidine 16 by reaction of amine
14 with methyl acetimidate. Unfortunately, several attempts
to synthesize the corresponding guanidine were unsuccessful
(Scheme 1).

The synthesis of the conformationally more rigid pyrrolidine-
based derivatives 21, 22, and 24 started from the reaction of
diacid 12 with urea at 180 �C for 30 min to yield imide 20, which
was subsequently reduced with LiAlH4 to give secondary amine
21 in 36% overall yield. Catalytic hydrogenation of 21 quantita-
tively furnished amine 22. Besides, cyclopropanation of the two
CdC bonds of 20 led to imide 23 that was reduced with LiAlH4

to give amine 24 in 61% overall yield (Scheme 2).
All the new amines 14, 15, 18, 19, 21, 22 and 24 and

acetamidine 16 were fully characterized as hydrochlorides
through their spectroscopic data and elemental analyses.

’PHARMACOLOGICAL ACTIVITY AND STRUCTURE�
ACTIVITY RELATIONSHIPS

Inhibition of wt and Amantadine-Insensitive A/M2 Ion
Channels. The inhibitory activity of the compounds was tested
on A/M2 channels expressed in Xenopus oocytes using the TEV

Chart 2. Structures of Ring-Contracted and Oxa Analogues of Amantadine

Chart 1. Structures of Amantadine, Rimantadine, 1 (BL-
1743), 2 (3-Azaspiro[5,5]undecane), and 3
(Spiro[5.5]undecan-3-amine)
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technique. All inhibitors were initially tested at 100 μM; those
that inhibited the wt A/M2 channel activity by more than 80%
were chosen for measurement of their IC50. The results are given
in Table 1 and Figure 1.
Amt inhibited wt A/M2 channel with an IC50 of 16.0 μM in an

isochronic (2 min) inhibition assay. Replacement of a methylene
unit by an oxygen atom at position 2 of the adamantane ring
(compounds 10 and 11) led to a reduction in the inhibitory
activity (IC50 of 29.2 and 22.9 μM, respectively). Most strikingly,
ring contraction of the Amt ring to noradamantane derivatives
led tomore active compounds. Thus, primary amine 4 showed an
IC50 of 7.1 μM, while guanidine 6, with an IC50 of 2.4 μM, was
almost an order of magnitude more potent than Amt. The
racemic rimantadine analogue 7 showed an IC50 of 12.7 μM.
Kolocouris et al. have previously found that in several adaman-
tane derivatives, alkylation of the amine group caused a reduction
of anti-influenza A virus activity.40,43�47 This trend was also
observed in going from compound 4 to its monomethylated
derivative 5 (IC50 of 17.1 μM). For this reason, no additional
alkylated compounds were considered.
A second ring contraction led to bisnoradamantane deriva-

tives, such as 8 and 9. These smaller compounds behaved in a
similar way as the bigger analogues. Thus, 8 showed an IC50 of
17.0 μM, similar to that of Amt, while 9 showed an IC50 of
7.2 μM, which is comparable with the inhibitory activity of 4. Taken
together, these results suggest that the A/M2 channel can be
inhibited by compounds smaller than Amt. This observation is

important, as most of the structure�activity relationships pre-
viously carried out on Amt analogues have concentrated on
adamantane-substituted compounds with overall larger struc-
tures than Amt. Among all the new compounds tested, 8 was the
only one able to inhibit A/M2 S31N channel with an IC50 of
252 μM, slightly higher than that of Amt (IC50 = 200 μM). Also,
at 100 μM, 8 inhibited the A/M2 V27A channel activity by
10.6%, quite similar to Amt (10.8%).
Taking into account that the bisnoradamantane derivative 8

showed an interesting activity against wt and S31N A/M2
channels, compounds 14, 15, 16, 18, and 19 were synthesized.
While being derivatives of the pentacyclo[6.4.0.02,10.03,7.04,9]-
dodecane, a larger polycyclic scaffold, their structures also contain a
bisnoradamantane subunit. Unfortunately, they performed poorly
in the M2 inhibition experiments, with the diethylated deriva-
tive 15 being, not surprisingly, the least active compound in this
series.
It has been suggested that in designing Amt analogues,

pyrrolidine or piperidine derivatives may result in a more
favorable orientation inside the M2 channel pore compared to
freely rotating alkylamine chains.48 Thus, we tested conforma-
tionally more rigid amines 21, 22, and 24. In sharp contrast with
the pentacyclic derivatives from Scheme 1, diene 21 was shown
to be able to inhibit wt A/M2 channel by more than 80%, showing
an IC50 of 33.5 μM. While hydrogenation of the two CdC double
bonds led to a much less potent compound, bis-cyclopropanation
slightly increased the potency, derivative 24 showing an IC50 of

Scheme 1. Synthesis of New Amantadine Analogues with the Pentacyclo[6.4.0.02,10.03,7.04,9]dodecane Scaffold

Scheme 2. Synthesis of Polycyclic Pyrrolidine Derivatives

http://pubs.acs.org/action/showImage?doi=10.1021/jm101334y&iName=master.img-003.png&w=338&h=158
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24.0 μM. Interestingly, 24 (at 100 μM) inhibited the A/M2
V27A channel activity by 17.7%, which is superior to Amt
(10.8%), although much less than 3 (53.4%).24

MolecularModeling.To examine the effect of ring expansion
on the binding to the A/M2 ion channel, we performed
computational studies with 24. Prior to studying the binding of
24, however, we performed combined docking calculations and
restrained molecular dynamics (MD) using the experimental
data available for Amt. Previous X-ray20 and ssNMR15 studies
have suggested that Amt mainly binds to the region of the
channel comprising residues Val27 and Ser31 and that the amino
group is oriented toward the C-terminal end of the pore. Our
modeling studies, undertaken with an initial orientation of Amt
in which the amino group was directed toward the C-terminus,
agreed with this binding mode, as seen in snapshots sampled

in a 40 ns restrained MD simulation (Figure 2, top left). The axis
of Amt deviated ∼7� from the pore axis, and the center of the
cage deviated ∼0.3 Å from the plane defined by the four Ser31
CR atoms (see Figure S1 in Supporting Information). These
findings agree with the structural features derived from ssNMR
data (tilt angle of∼13� and height from the Ser31 CR plane close
to 0 Å 15) and with the binding mode of Amt found in MD
simulations of the channel at low pH conditions.63 Remarkably,
three water molecules were on average hydrogen-bonded to the
amino group along the trajectory, thus enabling the formation of
contacts with the dense network of water molecules surrounding
the His37 box.64

Docking computations led to an alternative binding mode for
Amt in which the amino group was hydrogen-bonded to both the
hydroxyl group of Ser31 and the carbonyl group of Val27 of the

Table 1. Inhibitory Effect of the Synthesized Compounds on A/M2 wt, S31N, and V27A Proton Channels Functionsa

A/M2 wt (mean ( SE) A/M2 S31N (mean ( SE) A/M2 V27A (mean ( SE)

compd

inhibition by

100 μM for 2 min (%) IC50 (μM)

inhibition by 100 μM

for 2 min (%) IC50 (μM)

inhibition by 100 μM

for 2 min (%) IC50 (μM)

amantadine 91.0 ( 2.1 16.0 ( 1.2 35.6 ( 1.5 199.9 ( 13.5 10.8 ( 2.0 ND

4 97.1 ( 0.1 7.1 ( 0.4 0 ND 0 ND

5 92.2 ( 1.2 17.1 ( 1.3 0 ND 0 ND

6 97.2 ( 0.7 2.4 ( 0.1 0 ND 0 ND

7 93.2 ( 1.0 12.7 ( 0.9 0 ND 0 ND

8 93.6 ( 0.9 17.0 ( 1.0 22.1 ( 0.2 252.2 ( 13.2 10.6 ( 0.7 ND

9 97.3 ( 0.4 7.2 ( 0.3 0 ND 17.6 ( 1.8 ND

10 88.2 ( 0.3 29.2 ( 1.2 0 ND 0 ND

11 91.7 ( 0.7 22.9 ( 1.4 0 ND 0 ND

14 4.8 ( 2.8 ND 0 ND 0 ND

15 0 ND 0 ND 0 ND

16 9.3 ( 2.4 ND 0 ND 2.2 ( 1.3 ND

18 12.8 ( 1.0 ND 0 ND 0 ND

19 14.7 ( 1.8 ND 0 ND 5.0 ( 2.2 ND

21 82.5 ( 0.8 33.5 ( 1.6 0 ND 9.2 ( 1.0 ND

22 39.7 ( 1.0 ND 0 ND 14.8 ( 0.5 ND

24 86.5 ( 0.8 24.0 ( 2.1 0 ND 17.7 ( 0.5 ND
aND, not determined. Isochronic (2min) values for IC50 are given.Kd was obtained for selected compounds by global fitting of circular dichroism (CD)
data of ligand titration to wt A/M2TM (22�46) using Igor Pro (wavemetrics). See text and Supporting Information for details.Kd values are as follows:
amantadine, 3.9 μM; 8, 4.7 μM; 10, 91.6 μM; 21, 74.9 μM; 24, 231.5 μM.

Figure 1. Dose-response curves on A/M2 wt and A/M2 S31N proton channels. Isochronic inhibition curves were generated for selected compounds
that caused, in initial inhibition experiments with one compound concentration of 100 μM, more than 80% inhibition of A/M2 wt channel activity and
more than 20% of S31N mutant proton channel activity. The inhibition efficacy of the compounds was assessed by comparing the residual membrane
current (I) after 2 min of application of the compound to the maximum membrane current (I0) before the application of the compound at pH 5.5. For
each compound, seven to nine concentrations were used, and three oocytes were used at each concentration. The dose-response relationship was applied
to the results by Origin 6 software, and best fit IC50 values are listed in Table 1.

http://pubs.acs.org/action/showImage?doi=10.1021/jm101334y&iName=master.img-005.jpg&w=363&h=111
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same TM chain. By use of this alternative docked pose as a
starting structure, a slight readjustment of Amt was observed at
the beginning of the MD trajectory, leading to the loss of the
hydrogen bond with Val27, even though the amino group
retained its hydrogen bonding with the hydroxyl group of
Ser31 (Figure 2, top right; see also Figure S2 in Supporting
Information). Moreover, the amino group became hydrogen-
bonded with up to two water molecules during the trajectory.
Interestingly, the axis of Amt deviated around 52� from the pore
axis, in agreement with the minor fraction of M2-bound Amt
observed from ssNMR data, found to have a tilt angle of 54.7�.15
We also performed an MD simulation starting with Amt

oriented along the axis but with its amino group pointing toward
the N-terminus. In this case, both the tilt angle of Amt (∼37�)
and the deviation from the Ser31 CR plane (1.2 Å) clearly
differed from those of the ssNMR data. Solvent interaction
energy (SIE) calculations were performed to check the interac-
tion free energy of the three binding modes. The results (see
Supporting Information) revealed that the interaction free en-
ergies differ by 0.9 kcal/mol, which is less than the error
estimated for those calculations (around 1.3 kcal/mol). Under
these circunstamces, the use of the structural parameters such as
the tilt angle and the separation from the plane defined by Ser31
CR atoms, which are directly derived from experimental NMR
data, seems to be better suited to discriminate between the
different binding modes of Amt. On the basis of these results, the
two binding modes shown in Figure 2 are suggested to be
representative of the major and minor fractions of the Amt-
bound A/M2 ion channel.
The chemical nature of the skeleton of the ring-contracted

compounds not only retains the amphiphilic nature of Amt but
also has a moderate impact on the overall shape of the com-
pounds. Thus, the van der Waals surface and volume of those
compounds vary from 205 Å2 and 147 Å3 for 4 to 231 Å2 and
162Å3 for 9, which are comparable with values of 202Å2 and 146Å3,
respectively, for Amt. Accordingly, such a chemical resemblance
should enable the ring-contracted compounds to mimic the
binding mode of Amt in the M2 channel, thus leading to small
variations in the IC50 values (from 7.1 to 17.1 μM, which are
comparable with the IC50 of 16 μMdetermined for Amt). At this

point, it is worth noting that the replacement of one of the carbon
atoms in β position in Amt by an oxygen atom has a larger effect
on the inhibitory activity, as noted in the IC50 of 29.2 μM
determined for the oxa analogue 10. This effect can likely be
attributed to two factors: (i) the lack of a suitable partner in the
transmembrane helix that could interact with the lone pairs of the
oxygen atom (see Figure S3 in Supporting Information) and (ii)
a slightly worse fit of the region filled by Amt, as suggested by the
smaller surface (189 Å2) and volume (138 Å3) of 10 compared
to Amt.
In light of the preceding discussion, the similar inhibitory

activity determined for Amt and the ring-expanded compound
24 (IC50 = 24.0 μM) is totally unexpected, as the chemical
structure of this latter compound leads to the largest increase in
the molecular size (by around 36%) relative to Amt (van der
Waals surface and volume of 261 Å2 and 198 Å3 for 24). It is
worth noting that previous studies have already reported larger
compounds with inhibitory activity at the A/M2 channel, as
illustrated by compounds 1�3 in Chart 1. However, the expan-
sion of the chemical skeleton took place along the molecular axis,
which should increase the volume filled by the compound in the
interior of the channel. In contrast, the ring-expansion strategy
presented here occurs along the normal to the main axis, and it
can be accomplished without a significant reduction in inhibitory
potency even though such a chemical modification would pre-
vent the ring-expanded compound from adopting a binding
mode that mimics the arrangement of Amt in the channel. Thus,
attempts to accommodate compound 24 in the same region
occupied by Amt with the amino group toward the C-terminus
failed because of severe steric clashes with the residues in the TM
helices that surrounded the compound.
Docking calculations were then used in conjunction with MD

simulations in order to explore the binding mode of compound
24. Inspection of the docked poses indicated that 24 was able to
bind the primary site through hydrogen bonds with Ser31 and
Val27. Subsequent refinement by restrained MD simulations
showed a slight readjustment of the binding mode, as 24 was
found to retain the direct hydrogen bond to Ser31, but a water
molecule was bridging the amino group and the carbonyl unit of
Val27 in a neighboring TM chain (Figure 3, left). In addition, the

Figure 2. Structural models of putative binding modes of amantadine
(orange) in the A/M2 ion channel suggested to account for themajor (left)
and minor (right) fractions identified by NMR data for amantadine bound
to the channel.15 Residues Val27, Ser31, His37, and Trp41 are shown in
stick. For the sake of clarity, one transmembrane helix is not shown.

Figure 3. (Left) Structural model of the putative binding mode of
compound 24 (blue) in the A/M2 ion channel (residues Val27, Ser31,
His37, and Trp41 are shown in stick). (Right) Superposition of the
binding modes of Amt and 24 (residues Val27, Ala30, Ser31, and His37
are shown in stick; hydrating waters of the protonated amine of Amt are
shown as red spheres). For the sake of clarity, one transmembrane helix
is not shown.

http://pubs.acs.org/action/showImage?doi=10.1021/jm101334y&iName=master.img-006.jpg&w=240&h=163
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large size of the cage imposed a distinct positioning in the binding
site to alleviate steric clashes in the interior of the channel, and
the main axis of the fused ring deviated around 40� from the pore
axis. In turn, this binding mode facilitated the formation of van
der Waals contacts with the side chain of Ala30. To further check
the binding mode proposed for 24, two additional MD simula-
tions were run by placing this compound in distinct starting
orientations (see Molecular Modeling in Experimental Section
and Figure S4 in Supporting Information). In both cases the
arrangement of 24 at the end of the simulations mimicked
the binding mode shown in Figure 2, as noted in the similarity
of the compound found in the three independent trajectories
(see Figure S5 in Supporting Information), thus giving support
to the tentative binding mode of the ring-expanded derivative.
Overall, even though molecular modeling results are consis-

tent with the region delineated by residues Val27, Ala30, and
Ser31 being the major binding site of 24, its binding is more
constrained than that of Amt, leading to different arrangements
of these compounds in the pore (Figure 3, right). Accordingly,
we expect that the structure�activity relationships for ring-
expanded analogues will differ considerably from those for
Amt. In particular, it is worth noting the high asymmetry in the
environment around the two cyclopropane rings of 24. Thus, in
one case the cyclopropane unit is oriented toward the hydro-
phobic ring formed by the four Val27. However, the other unit is
embedded in the region filled by the hydrating water molecules
placed around the protonated amine of Amt. Thus, even though a
weak C�H 3 3 3O hydrogen bond could be formed between the
cyclopropane unit and the carbonyl group of Ala30, the disrup-
tion of the network of water interactions above the His ring can
be expected to have a net destabilizing effect for the binding of
24. Accordingly, it can be envisaged that breaking of the internal
symmetry of 24 through the incorporation of polar groups in one
of the cyclopropane units should facilitate the formation of
favorable interactions with water molecules and therefore lead
to an enhancement in the inhibitory activity.
Activity in Plaque Reduction Assays. The most potent

compounds were tested for inhibition of influenza virus contain-
ing the wt A/M2 ion channel by plaque reduction assays
(Figure 4). Plaque formation of wt influenza virus (strain
A/Udorn/72) was strongly inhibited by Amt, 4�9, and 24 at
5 μM compound concentrations, in agreement with electrophy-
siological recordings.
Binding of Selected Amines.We also assessed the binding of

selected drugs to the TM domain of wt A/M2 protein (M2TM,
residues 22�46), using a spectroscopic assay that relies upon
changes in the CD spectrum of M2 induced by binding of drugs
(Table 1 and Figure S6 in the Supporting Information). All drugs
bound with a stoichiometry of approximately one drug per
tetramer. At pH 7.4, bisnoradamantane amine 8 was found to
bind to the tetrameric form of M2TM with low micromolar
binding constant (Kd = 4.7 μM), being approximately equipotent
with Amt (Kd = 3.9 μM).
Cytotoxicity Evaluation. All of the synthesized amines were

evaluated for cytotoxicity inMDCK cells, using a formazan-based
cell viability assay. The concentration producing 50% cytotoxi-
city (CC50) was higher than 500 μM (the highest concentration
tested) for Amt, 8, 10, 11, 14, 16, and 21. Low cytotoxicity
was also observed for compounds 4, 7, 15, and 19 (CC50 of 357,
256, 119, and 224 μM, respectively). Compounds 9 and 24
had intermediate toxicity, their CC50 values being 79 and 61,
respectively. Finally, compounds 5, 6, and 18 displayed relatively

high cytotoxicity, since their CC50 values were <19.4, 10.5, and
12.0 μM, respectively.

’CONCLUSIONS

The present work demonstrates that novel scaffolds exist for
compounds that are capable of effective inhibition of the M2 ion
channel of influenza A virus and can in fact inhibit the channel
more effectively than amantadine. These scaffolds contain ring-
expanded and ring-diminished variants of adamantine and are
not inherently cytotoxic. The work confirms previous studies
that found the binding site for adamantine to lie within the
channel pore with the amino group directed toward the C-term-
inal of the helical bundle and suggests that ring-expanded
compounds do not bind in a similar manner.

’EXPERIMENTAL SECTION

Plasmid, mRNA Synthesis, and Microinjection of Oocytes.
The cDNA encoding the influenza A/Udorn/72 (A/M2) was inserted
into pGEM3 vector for the expression on oocyte plasma membrane.
A/M2 S31N and A/M2 V27A mutants were generated by QuikChange
site-directed mutagenesis kit (Agilent Technologies). The syntheses of
mRNA and microinjection of oocytes have been described previously.65

Two-Electrode Voltage Clamp Analysis. Macroscopic mem-
brane currentwas recorded48�72h after injection as describedpreviously.24

The tested compounds were applied at pH 5.5 at various concentrations

Figure 4. Plaque reduction assay with A/M2 wt influenza virus. The
inhibitory effect of the compounds on influenza A virus replication was
evaluated by plaque formation inMDCK cells in the presence or absence
of the compounds (5 μM) as described in the Experimental Section.
Plaque counts (number of plaques per well) are as follows: no drug, 78;
amantadine, 10; 4, 8; 5, 14; 6, 20; 7, 6; 8, 12; 9, 3; 24, 32.

http://pubs.acs.org/action/showImage?doi=10.1021/jm101334y&iName=master.img-008.jpg&w=240&h=304
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when the inward current reaches maximum. The compounds were
applied for 2 min, and residual membrane current was compared with
the membrane current before the application of compounds. Membrane
currents were analyzed with pCLAMP 10.0 software package (Axon
Instruments, Sunnyvale, CA).
Plaque Reduction Assay. Confluent monolayers of MDCK cells

were incubated with serially diluted virus samples (A/Udorn/72) in
DMEM with 1% bovine serum albumin (BSA) for 1 h at 37 �C. The
inocula 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 N-acetyltrypsin (NAT, 1.0 μg/mL). To examine
the effect of the compounds on plaque formation, MDCK cell mono-
layers were preincubated with DMEM supplemented with the com-
pound (5 μM) at 37 �C for 30 min, and virus samples were preincubated
withDMEMplus 1%BSAwith the compound (5 μM) at 4 �C for 30min
before infection. At 2 days after infection, the monolayers were fixed and
stained with naphthalene black dye solution (0.1% naphthalene black,
6% glacial acetic acid, 1.36% anhydrous sodium acetate).
Cytotoxicity Assays. The compound cytotoxicity was assessed as

described.66 Briefly, exponentially growing MDCK cells were grown in
96-well plates and test compounds were added in serial dilutions. After
72 h of incubation at 35 �C, cell viability was measured by the formazan-
based MTS assay and the OD values were used to calculate the
compounds concentrations causing 50% cytotoxicity (CC50).
CD Titrations. CD titrations were conducted using materials and

procedures described in a previous study.24 Synthetic M2TM 22�46
(62.5 μM) was dissolved in DPC micelles (detergent concentration,
2.5 mM) potassium phosphate buffer (10 mM), pH 7.4. For titrations,
the drug was added from concentrated solutions in the same buffer.
Spectra were recorded in a 1 mm path length cuvette using a Jasco J-810
spectropolarimeter (Jasco, Easton, MD) at 25 �C with 1 nm step scans
(4 s acquisitions, 3 accumulations). The ellipticity at 222 ( 1 nm was
averaged to improve signal-to-noise and corrected for dilution factor.
Chemical Synthesis. General Methods. Melting points were

determined in open capillary tubes with a MFB 595010 M Gallenkamp
or a B€uchi B-540 melting point apparatus. 300 MHz 1H/75.4 MHz 13C
NMR spectra, 400 MHz 1H/100.6 MHz 13C NMR spectra, and 500
MHz 1H NMR spectra were recorded on Varian Gemini 300, Varian
Mercury 400, and Varian Inova 500 spectrometers, respectively. The
chemical shifts are reported in ppm (δ scale) relative to internal
tetramethylsilane, and coupling constants are reported in hertz (Hz).
Assignments given for the NMR spectra of the new compounds have
been carried out on the basis of DEPT, COSY 1H/1H (standard
procedures), and COSY 1H/13C (gHSQC and gHMBC sequences)
experiments. IR spectra were run on Perkin-Elmer Spectrum RX I or
Thermo Nicolet Nexus spectrophotometers. Absorption values are
expressed as wavenumbers (cm�1); only significant absorption bands
are given. Column chromatography was performed on silica gel 60 AC.C
(35�70 mesh, SDS, ref 2000027). Thin-layer chromatography was
performed with aluminum-backed sheets with silica gel 60 F254 (Merck,
ref 1.05554), and spots were visualized with UV light and 1% aqueous
solution of KMnO4. The analytical samples of all of the new compounds
which were subjected to pharmacological evaluation possessed a purity
of g95% as evidenced by their elemental analyses.
(Pentacyclo[6.4.0.02,10.03,7.04,9]dodec-8-yl)amine Hydro-

chloride (14 3HCl). To a solution of known acid 13 (2.50 g, 12.2
mmol) in CH2Cl2 (25 mL), concentrated H2SO4 (4 mL) was added.
The mixture was heated to 50 �C. Then sodium azide (1.69 g, 26.0
mmol) was added portionwise and the heating was continued for 1.5 h.
The mixture was cooled to 0 �C (ice�water bath). Ice (25 g) was added,
and 2NNaOHwas added until basic pHwas obtained. The two layers were
separated, and the aqueous layer was extracted with EtOAc (4� 20mL).
The combined organic extracts were dried with anhydrous Na2SO4,

filtered, treated with excess of HCl in Et2O, and concentrated in vacuo to
give the hydrochloride of 14 (2.25 g, 82% yield). An analytical sample of
14 3HCl was obtained as a white solid by crystallization from methanol/
Et2O: mp >242 �C (dec); IR (KBr) ν 3200�2500 (max at 2948, 2926,
2882, and 2786, N�H, þN�H, and C�H st) cm�1; 1H NMR (500
MHz, CD3OD) δ 1.49 (s, 1 H, 9-H), 1.60�1.70 [complex signal, 6 H,
5(11)-HR, 5(11)-Hβ and 6(12)-HR], 1.71�1.79 [complex signal, 2 H,
6(12)-Hβ], 2.32 [s, 2 H, 4(10)-H], 2.40 [s, 4 H, 1(7)-H and 2(3)-H];
13C NMR (100.6 MHz, CD3OD) δ 21.9 [CH2, C6(12)], 24.6 [CH2,
C5(11)], 48.6 [CH, C2(3)], 52.1 (CH, C9), 54.7 [CH, C4(10)], 56.3
[CH, C1(7)], 64.5 (C, C8). MS (EI), m/e: 175 (M 3þ, 17), 147 (100),
146 (19), 132 (16), 119 (32). Anal. Calcd for C12H17N 3HCl 3 0.1H2O
(213.54): C 67.49, H 8.59, N 6.56. Found: C 67.49, H 8.68, N 6.56.
N,N-Diethyl(pentacyclo[6.4.0.02,10.03,7.04,9]dodec-8-yl)amine

Hydrochloride (15 3HCl).Toa solutionof14 3HCl (275mg, 1.3mmol)
in MeOH (10 mL) were added NaBH3CN (95%, 172 mg, 2.6 mmol),
acetic acid (0.4 mL), and acetaldehyde (0.22 mL, 3.9 mmol). The mixture
was stirred for 4 h at room temperature. A second portion of NaBH3CN
(95%, 86 mg, 1.3 mmol) and acetaldehyde (0.11 mL, 1.95 mmol) were
added, and the mixture was stirred for an additional 18 h at room
temperature. The mixture was concentrated in vacuo. Water (15 mL)
was added, and the suspension was made basic with 2 N NaOH and
extracted with EtOAc (4� 10mL). The combined organic extracts were
washed with brine (2� 25 mL), dried with anhydrous Na2SO4, filtered,
treated with excess of HCl in Et2O, and concentrated in vacuo to give the
hydrochloride of 15 (269 mg, 78% yield). An analytical sample of
15 3HCl was obtained as a white solid by crystallization from MeOH/
Et2O: mp 206�207 �C; IR (KBr) ν 3100�2800 (max at 2956 and 2864,
C�H st), 2700�2400 (max at 2624, 2549 and 2470, þN�H st) cm�1;
1H NMR (500 MHz, CD3OD) δ 1.45 [t, J = 7.5 Hz, 6 H, N-
(CH2CH3)2], 1.66�1.76 [complex signal, 6 H, 5(11)-Hβ, 6(12)-HR

and 6(12)-Hβ], 1.91�1.96 [complex signal, 3 H, 5(11)-HR and 9-H],
2.39 [complex signal, 4 H, 2(3)-H and 4(10)-H], 2.72 [s, 2 H, 1(7)-H],
3.41�3.50 [complex signal, 4 H, N(CH2CH3)2], 4.85 (s, NH); 13C
NMR (100.6 MHz, CD3OD) δ 11.5 [CH3, N(CH2CH3)2], 23.8 [CH3,
C6(12)], 23.9 [CH2, C5(11)], 48.2 [CH, C2(3)], 48.7 [CH2,
N(CH2CH3)2], 51.5 (CH, C9), 54.3 [CH, 4(10)], 56.3 [CH, 1(7)],
79.4 (C, C8). MS (EI), m/e (%): 231 (M 3þ, 48), 216 (23), 203 (100),
202 (32), 188 (33), 175 (30), 136 (30). Anal. Calcd for C16H25N 3
HCl 3 0.15H2O (270.54): C 71.03, H 9.80, N 5.18, Cl 13.10. Found: C
70.87, H 9.73, N 5.30, Cl 13.31.
N-(Pentacyclo[6.4.0.02,10.03,7.04,9]dodec-8-yl)acetamidine

Hydrochloride (16 3HCl). A suspension of 14 3HCl (250 mg, 1.18
mmol), Et3N (0.5 mL, 3.59 mmol) and methyl acetimidate hydro-
chloride (259 mg, 2.37 mmol) in THF (8 mL) was stirred at room
temperature for 24 h. The precipitate was filtered and washed with THF
and Et2O. The filtrate was taken in H2O (5 mL), and 5 N NaOH was
added till basic pH was obtained. The suspension was stirred at room
temperature for 1 h. The solid was filtered, washed with H2O (3 �
5 mL), taken in EtOAc (10 mL), dried with anhydrous Na2SO4, filtered,
treated with excess of HCl in Et2O, and concentrated in vacuo to give the
hydrochloride of 16 (124 mg, 42% yield) as a white solid. An analytical
sample of 16 3HCl was obtained as a white solid by crystallization from
EtOAc/Et2O:mp >273 �C (dec); IR (KBr) ν 3500�2800 (max at 3368,
3135, 2940 and 2866, N�H, þN�H and C�H st), 1670 and 1636
(CdN st) cm�1; 1HNMR (500MHz, CD3OD) δ 1.45�1.60 [complex
signal, 4 H, 6(12)-HR and 6(12)-Hβ], 1.60�1.66 [complex signal, 5 H,
5(11)-HR, 5(11)-Hβ and 9-H], 2.27 [s, 2 H, 4(10)-H], 2.32 (s, 3 H,
CH3), 2.38 [broad s, 2 H, 2(3)-H], 2.87 [t, J = 3.5 Hz, 2H, 1(7)-H], 7.62
(s, 1 H, NH), 9.16 (s, 1 H) and 9.34 (s, 1 H) (dNH2

þ); 13C NMR
(100.6 MHz, CD3OD) δ 19.4 (CH3, CH3), 22.1 [CH2, C6(12)], 25.1
[CH2, C5(11)], 48.6 [CH, C2(3)], 52.8 [CH, C1(7)], 53.7 [CH,
4(10)], 55.4 (CH) and 55.5 (CH) (C9), 68.5 (C) y 68.6 (C) (C8),
166.0 [C, CH3(CdNH)NH]. MS (EI), m/e (%): 217 (23), 216 (M•þ,



2653 dx.doi.org/10.1021/jm101334y |J. Med. Chem. 2011, 54, 2646–2657

Journal of Medicinal Chemistry ARTICLE

100), 201 (70), 199 (28), 198 (31), 188 (31), 160 (46), 159 (53), 147
(100), 146 (44), 137 (37), 132 (28), 130 (27), 129 (27), 119 (43), 109
(34), 91 (31), 80 (33), 77 (26), 59 (32). Anal. Calcd for C14H20N2 3
HCl 3 1.1H2O (272.60): C 61.68, H 8.58, N 10.28, Cl 13.01. Found: C
61.52, H 8.76, N 10.22, Cl 13.44.
Pentacyclo[6.4.0.02,10.03,7.04,9]dodecane-8-carboxamide

(17). A solution of acid 13 (1.00 g, 4.90 mmol) in SOCl2 (20 mL, 0.27
mol) was heated under reflux for 2 h. The solution was concentrated in
vacuo, taken in toluene (5 mL), and concentrated in vacuo (twice). A
yellow oil, corresponding to the acyl chloride, was obtained. A solution
of this oil in CH2Cl2 (5 mL) was cooled to 0 �C. NH4OH (25% aqueous
solution, 45 mL) was added dropwise, and the mixture was stirred at
room temperature overnight. The mixture was extracted with CH2Cl2
(4 � 30 mL). The aqueous layer was acidified with concentrated HCl,
extracted with ethyl acetate (3� 30mL), dried with anhydrous Na2SO4,
filtered, and concentrated in vacuo to give starting acid 13 (40 mg). On
the other hand, the organic phase of CH2Cl2 was washed with brine (2�
30 mL), dried with anhydrous Na2SO4, filtered, and concentrated in
vacuo to give the amide 17 (894 mg, 94% yield based in recovered
starting material) as a white solid. An analytical sample of 17 was
obtained by crystallization from CH2Cl2/hexane: mp 173�174 �C; IR
(KBr) ν 3500�3150 (max at 3481, 3391, 3344, 3206, and 3187, N�H
st), 300�2750 (max at 2973, 2943, 2908, and 2868 C�H st), 1651
(CdO st), 1607 (N�CdO st) cm�1; 1H NMR (500 MHz, CDCl3) δ
1.45�1.67 [complex signal, 8 H, 5(11)-HR, 5(11)-Hβ, 6(12)-HR and
6(12)-Hβ], 1.84 [t, J = 2.5 Hz, 1 H, 9-H], 2.23 [broad s, 2 H, 4(10)-H],
2.30 [m, 2 H, 2(3)-H], 2.39 [broad s, 2 H, 1(7)-H], 5.43 (broad signal, 1
H), and 5.96 (broad signal, 1 H) (CONH2);

13C NMR (100.6 MHz,
CDCl3) δ: 23.0 [CH2, C6(12)], 24.1 [CH2, C5(11)], 49.0 [CH,
C2(3)], 50.0 (CH, C9), 53.5 [CH, C4(10)], 58.1 [CH, C1(7)], 59.4
(C, C8), 176.5 (C, CO). MS (EI), m/e (%): 204 (15), 203 (M•þ, 100),
159 (57), 117 (28), 115 (21), 91 (34), 79 (21), 77 (24). Anal. Calcd for
C13H17NO (203.28): C 76.81, H 8.43, N 6.89. Found: C 76.76, H 8.52,
N 6.85.
[(Pentacyclo[6.4.0.02,10.03,7.04,9]dodec-8-yl)methyl]amine

Hydrochloride (18 3HCl). To a stirred solution of amide 17 (598 mg,
2.94 mmol) in anhydrous THF (40 mL) at 0 �C, LiAlH4 (375 mg, 95%
purity, 9.40 mmol) was carefully added. When the addition was finished,
the suspension was heated under reflux for 18 h. Themixture was cooled
to 0 �C (ice�water bath), treated with 10 N NaOH (5 mL), and stirred
at room temperature for 1 h. The obtained solid was filtered through
Celite in vacuo and washed with CH2Cl2 (3� 25 mL). The filtrate was
dried with anhydrous Na2SO4, filtered, treated with excess of HCl in
Et2O, and concentrated in vacuo to give the hydrochloride of 18.
Crystallization from MeOH/Et2O gave pure 18 3HCl as a white solid
(396 mg, 60% yield): mp >255 �C (dec); IR (KBr) ν 3200�2700 (max
at 2980, 2940 and 2861, N�H, þN�H, and C�H st) cm�1; 1H NMR
(500 MHz, CD3OD) δ 1.14 [t, J = 2.5 Hz, 1 H, 9-H], 1.47�1.66
[complex signal, 8 H, 5(11)-HR, 5(11)-Hβ, 6(12)-HR and 6(12)-Hβ],
2.20 [broad s, 4 H, 1(7)-H and 4(10)-H], 2.33 [m, 2H, 2(3)-H], 3.11 (s,
2H, CH2NH2), 4.86 (broad signal, 3H,NH3

þ); 13CNMR (100.6MHz,
CD3OD) δ 23.1 [CH2, C6(12)], 25.0 [CH2, C5(11)], 38.5 (CH2,
CH2NH2), 49.2 [CH, C2(3)], 51.0 (C, C8), 53.0 (CH, C9), 53.7 [CH,
C4(10)], 54.4 [CH, C1(7)]. MS (EI), m/e: 190 (16), 189 (M 3þ, 17),
173 (30), 172 (100), 157 (35), 144 (52), 143 (37), 131 (38), 130 (41),
129 (68), 128 (32), 117 (45), 115 (41), 109 (34), 108 (30), 107 (30),
106 (35), 105 (33), 94 (54), 92 (36), 91 (71), 80 (47), 79 (46), 77 (41).
Anal. Calcd for C13H19N 3HCl 3 0.33H2O (231.77): C 67.37, H 8.99, N
6.04, Cl 15.30. Found: C 67.51, H 9.22, N 6.00, Cl 15.44.
N-Methyl[(pentacyclo[6.4.0.02,10.03,7.04,9]dodec-8-yl)methyl]-

amine Hydrochloride (19 3HCl). To a stirred solution of 18 3HCl
(225.8 mg, 1.0 mmol), Et3N (0.55 mL, 3.76 mmol) in anhydrous Et2O
(10mL) at 0 �C,methyl chloroformate (0.18mL, 1.94mmol) was added
dropwise. When the addition was finished, the solution was stirred at

room temperature for 18 h. Water (15 mL) was added, and the two
layers were separated. The aqueous layer was extracted with EtOAc (3�
10 mL). The combined organic extracts were washed with H2O (1 �
10 mL), with 2 N HCl (2 � 10 mL), dried with anhydrous Na2SO4,
filtered, and concentrated in vacuo to give the expected carbamate. This
residue dissolved in anhydrous THF (2 mL) was added dropwise to a
suspension of LiAlH4 (265 mg, 7.0 mmol) in anhydrous THF (7 mL) at
0 �C. When the addition was finished, the suspension was heated under
reflux for 20 h. Themixture was cooled to 0 �C (ice�water bath), treated
with 5 N NaOH (3 mL), and stirred at room temperature for 1 h. The
obtained solid was filtered through Celite in vacuo and washed with
CH2Cl2 (3 � 10 mL). The filtrate was dried with anhydrous Na2SO4,
filtered, treated with excess of HCl in Et2O, and concentrated in vacuo to
give the hydrochloride of 19. Crystallization from MeOH/Et2O gave
pure 19 3HCl as a white solid (98.3 mg, 41% yield): mp >280 �C (dec.);
IR (KBr) ν 3000�2750 (max at 2938, 2873, 2824, and 2754, N�H,
þN�H, and C�H st) cm�1; 1H NMR (500 MHz, CD3OD) δ 1.15
[broad s, 1 H, 9-H], 1.48� 1.67 [complex signal, 8 H, 5(11)-HR, 5(11)-
Hβ, 6(12)-HR and 6(12)-Hβ], 2.18 [broad s, 2 H, 4(10)-H], 2.21 [broad
s, 2 H, 1(7)-H], 2.34 [d, J = 1.5 Hz, 2 H, 2(3)-H], 2.76 (s, 3 H, CH3),
3.21 (s, 2 H, CH2N), 4.85 (s, NH2

þ); 13C NMR (100.6 MHz, CD3OD)
δ 23.1 [CH2, C6(12)], 25.0 [CH2, C5(11)], 34.9 (CH3, CH3NH), 48.9
(CH2, CH2N), 49.3 [CH, C2(3)], 50.8 (C, C8), 53.3 (CH, C9), 54.0
[CH, C4(10)], 54.3 [CH, C1(7)]. MS (EI), m/e (%): 203 (M•þ, 15),
172 (100), 157 (44), 144 (52), 143 (38), 131 (26), 130 (30), 129 (49),
117 (25), 106 (31), 94 (59), 91 (48), 80 (69), 79 (33), 44 (81). Anal.
Calcd for C14H21N 3HCl (239.78): C 70.13, H 9.25, N 5.84, Cl 14.79.
Found: C 70.37, H 9.30, N 5.81, Cl 14.91.
3-Azahexacyclo[7.6.0.01,5.05,12.06,10.011,15]pentadeca-7,

13-diene-1,2-dione (20). Amixture of diacid 12 (2.44 g, 10.0 mmol)
and urea (3.00 g, 97% purity, 50.0 mmol) was heated slowly to 135 �C.
When themixturemelted, it was heated to 180 �C for 30min and cooled.
Water (50 mL) was added, and the suspension was extracted with
CH2Cl2 (6� 30 mL). The combined organic extracts were washed with
brine (1 � 45 mL), dried with anhydrous Na2SO4, filtered, and
concentrated in vacuo to dryness to give imide 20 as a white solid
(952 mg, 42% yield). An analytical sample of 20 was obtained by
crystallization from CH2Cl2: mp >245 �C (dec); IR (KBr) ν 3187
(N�H), 1751 and 1718 (CdO st) cm�1; 1H NMR (500MHz, CDCl3)
δ 2.87 [m, 2 H, 10(11)-H], 3.46 [m, 4 H, 6(9,12,15)-H], 6.07 [t, J = 2.0
Hz, 4 H, 7(8,13,14)-H], 7.96 (broad s, 1 H, NH); 13C NMR (100.6
MHz, CDCl3) δ 62.4 [CH, C6(9,12,15)], 64.4 [CH, C10(11)], 68.3
[C, C1(5)], 132.2 [CH, C7(8,13,14)], 175.5 (C, CO). MS (EI), m/e
(%): 225 (M•þ, 4), 160 (100), 153 (31), 152 (18). Anal. Calcd for
C14H14NO2 (225.24): C 74.65, H 4.92, N 6.22. Found: C 74.29, H 4.97,
N 6.31.
3-Azahexacyclo[7.6.0.01,5.05,12.06,10.011,15]pentadeca-7,

13-diene Hydrochloride (21 3HCl). To a stirred solution of imide
20 (1.45 g, 6.42 mmol) in anhydrous THF (50 mL) at 0 �C, LiAlH4

(2.44 g, 64.2 mmol) was carefully added. When the addition was
finished, the suspension was heated under reflux for 72 h. The mixture
was cooled to 0 �C (ice�water bath), treated with 10 N NaOH till basic
pH was obtained, and stirred at room temperature for 1 h. The obtained
solid was filtered in vacuo through Celite and washed with CH2Cl2 (3�
25 mL). The filtrate was dried with anhydrous Na2SO4, filtered, and
evaporated in vacuo. The obtained solid residue was taken in Et2O
(20 mL) and treated with excess of HCl in Et2O to give the hydro-
chloride of 21. An analytical sample of 21 3HCl was obtained as a white
solid by crystallization fromMeOH/Et2O: mp >240 �C (dec); IR (KBr)
ν 3160, 3060, 2974, 2949, 2883, 2836, and 2736 (NH2

þ st) cm�1; 1H
NMR (500 MHz, DMSO-d6) δ 2.77 (m, 2 H, 10(11)-H), 2.97 [s, 4 H,
2(4)-H2], 3.11 [pseudo q, J = 2.5 Hz, 4 H, 6(9,12,15)-H], 4.86 (s, NH2),
6.19 [t, J = 2.0 Hz, 4 H, 7(8,13,14)-H]; 13C NMR (100.6 MHz, DMSO-
d6) δ 36.3 [CH2, C2(4)], 53.3 [CH, C6(9,12,15)], 55.3 [CH, C10(11)],
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63.3 [C, C1(5)], 125.4 [CH, C7(8,13,14)]. MS (EI), m/e (%): 197
(M•þ, 55), 196 (35), 168 (24), 167 (26), 165 (27), 156 (30), 153 (25),
152 (30), 132 (64), 131 (91), 130 (100), 118 (48), 117 (38), 115 (51).
Anal. Calcd for C14H15N 3HCl (233.74): C 71.94, H 6.90, N 5.99, Cl
15.17. Found: C 71.80, H 7.08, N 5.91, Cl 15.47.
3-Azahexacyclo[7.6.0.01,5.05,12.06,10.011,15]pentadecane

Hydrochloride (22 3HCl). A suspension of 21 3HCl (150 mg, 0.64
mmol) and 5% Pd/C (50% in water, 10 mg) in absolute EtOH (20 mL)
was hydrogenated at 1 atm for 48 h. The suspension was filtered. The
residue was washed with EtOH, and the filtrate was concentrated in
vacuo to give 22 3HCl as a white solid (150mg, 99% yield). An analytical
sample of 22 3HCl was obtained by crystallization from MeOH/Et2O:
mp >240 �C (dec.); IR (KBr) ν 2938, 2871, 2793, and 2765 (NH2

þ

st) cm�1. 1H NMR (500 MHz, CD3OD) δ 1.62�1.68 [complex signal,
8 H, 7(8,13,14)-HR and 7(8,13,14)-Hβ], 2.24 [m, 4 H, 6(9,12,15)-H],
2.55 (broad s, 2H, 10(11)-H), 3.11 [s, 4H, 2(4)-H2], 4.86 (s, NH2);

13C
NMR (100.6 MHz, CD3OD) δ 22.3 [CH2, C7(8,13,14)], 41.5 [CH2,
C2(4)], 51.7 [CH, C10(11)], 56.1 [CH, C6(9,12,15)], 62.2 [C, C1(5)].
MS (EI), m/e (%): 201 (M 3þ, 100), 186 (23), 184 (36), 169 (50), 156
(27), 155 (27), 143 (32), 129 (45), 106 (70), 91 (50). Anal. Calcd for
C14H19N 3HCl 3 0.4H2O (244.98): C 68.64, H 8.56, N 5.72, Cl 14.47.
Found: C 68.59, H 8.56, N 5.56, Cl 14.41.
3-Azaoctacyclo[8.7.0.01,5.05,13.06,11.07,9.012,17.014,16]hept-

adecane-2,4-dione (23). To a suspension of imide 20 (2.50 g, 11.1
mmol) and Pd(OAc)2 (62.8 mg, 0.28 mmol) in CH2Cl2 (5 mL) an
ethereal solution of diazomethane (freshly prepared from N-methyl-N-
nitrosourea, 10 g, 9.7mmol) was added. Themixture was stirred at room
temperature. Two further additions of ethereal solution of diazomethane
were performed to achieve total conversion (1H NMR control). The
suspension was filtered. NaHCO3 (saturated aqueous solution, 100 mL)
was added, and the mixture was stirred at room temperature overnight.
The organic layer was separated, dried with anhydrous Na2SO4, filtered,
and evaporated in vacuo to give the imide 23 as a pale yellow solid (2.66 g,
95% yield). An analytical sample of 23 was obtained by crystallization
from CH2Cl2/pentane: mp 277�278 �C (dec); IR (KBr) ν 3225 (NH
st), 1751, 1721, and 1698 (CdO st) cm�1. 1H NMR (500 MHz,
CDCl3) δ 0.13 [dt, 2 H, J = 5.5 Hz, J0 = 7.5 Hz, 8(15)-Hendo], 0.26 [dt,
2 H, J = 5.5Hz, J0 = 3.3Hz, 8(15)-Hexo], 1.11 [dd, 4H, J = 7.5 Hz, J0 = 3.3
Hz, 7(9,14,16)-H], 1.93 [m, 2 H, 11(12)-H], 2.81 [dd, 4 H, J = 2.0 Hz,
J0 = 0.5 Hz, 6(10,13,17)-H], 8.28 (s, 1 H, NH); 13C NMR (100.6 MHz,
CDCl3) δ 2.1 [CH2, C8(15)], 9.6 [CH, C7(9,14,16)], 39.1 [CH,
C11(12)], 55.2 [CH, C6(10,13,17)], 66.3 [C, C1(5)], 176.6 [C,
C2(4)]. MS (EI), m/e (%): 253 (M 3þ, 21), 187 (24), 182 (20), 175
(31), 174 (26), 167 (32), 166 (23), 165 (48), 152 (27), 148 (30), 128
(28), 115 (38), 104 (25), 91 (38), 79 (100), 77 (61). Anal. Calcd For
C16H15NO2 (253.30): C 75.87, H 5.97, N 5.53. Found: C 75.64, H 5.77,
N 5.49.
3-Azaoctacyclo[8.7.0.01,5.05,13.06,11.07,9.012,17.014,16]hept-

adecane Hydrochloride (24 3HCl). To a stirred solution of imide
23 (763 mg, 3.01 mmol) in anhydrous THF (28 mL) at 0 �C, LiAlH4

(1.14 g, 30.1 mmol) was carefully added. When the addition was
finished, the suspension was heated under reflux for 72 h. The mixture
was cooled to 0 �C (ice�water bath), treated with 10 N NaOH till basic
pH was obtained, and stirred at room temperature for 1 h. The obtained
solid was filtered in vacuo through Celite and was washed with CH2Cl2
(3 � 25 mL). The filtrate was dried with anhydrous Na2SO4, filtered,
and evaporated in vacuo. The obtained solid residue was taken in
EtOAc/Et2O and treated with excess of HCl in Et2O to give the
hydrochloride of 24 as a solid (506 mg, 64% yield). An analytical sample
of 24 3HCl was obtained by crystallization from CH2Cl2/pentane: mp
242�243 �C (dec); IR (KBr) ν 3446 (NH st) cm�1. 1H NMR (500
MHz, CD3OD) δ 0.19 [dt, 2 H, J = 5.0 Hz, J0 = 7.2 Hz, 8(15)-Hendo],
0.43 [dt, 2 H, J = 5.0 Hz, J0 = 3.0 Hz, 8(15)-Hexo], 1.13 [dd, 4 H, J = 7.2
Hz, J0 = 3.1 Hz, 7(9,14,16)-H], 1.89 [m, 2 H, 11(12)-H], 2.37 [broad s,

4 H, 6(10,13,17)-H], 3.29 [s, 4 H, 2(4)-H2];
13C NMR (100.6 MHz,

CD3OD) δ 3.2 [CH2, C8(15)], 10.3 [CH, C7(9,14,16)], 39.7 [CH,
C11(12)], 41.9 [CH2, C2(4)], 54.8 [CH, C6(10,13,17)], 66.5 [C,
C1(5)]. MS (EI), m/e (%): 226 (19), 225 (M 3þ, 100), 224 (74), 170
(20), 165 (21), 146 (27), 145 (31), 144 (70), 132 (22), 130 (30), 129
(25), 128 (26), 118 (38), 117 (45), 115 (41), 91 (38), 80 (41), 79 (44),
77 (39). Anal. Calcd For C16H19N 3HCl 3 1.25H2O (284.31): C 67.59, H
7.98, N 4.93, Cl 12.47. Found: C 67.42, H 7.75, N 4.87, Cl 12.80.
Molecular Modeling. Docking studies and restrained molecular

dynamics (MD) simulations were combined to explore the structural
features of the binding of Amt and the ring-expanded compound 24 to
the A/M2 ion channel. The PDB file 2kqt was used as template of the
channel, as it provides the ssNMR structure of the M2TM region in
DMPC bilayers bound to deuterated Amt.15 Thus, it accounts for
conformational changes in the transmembrane helices induced upon
ligand binding. The structure of the channel was refined by energy
minimization using AMBER67 and the parmff99SB68 force field by
imposing suitable positional restraints to the backbone atoms (see
below). The whole channel lumen was considered as the binding site
in docking computations. The ligands were built up with MOE
(Chemical Computing Group, Montreal, Canada). According to the
expected basicity for primary and secondary amines at physiological pH,
both Amt and 24 were modeled in the protonated form. The geometry
was refined by energy minimization with the MMFF94 force field.69

Docking simulations were carried out using rDock.70,71 The best 50
poses for each ligand were considered to examine the binding of the
compounds in the lumenal part of the channel.

Restrained molecular dynamics (MD) simulations were performed
for three different models of Amt, which were built up by placing this
compound with the amino group oriented toward the (i) C- and (ii)
N-terminus of the pore and (iii) starting from the docked pose. Likewise,
three distinct starting orientations were also considered for compound
24: (i) the docking pose, (ii) by placing the main axis of the molecule
aligned with the axis of the pore in the Amt binding site, and (iii) by
placing 24 below the plane defined by Ala30, with the main axis normal
to the pore axis and the amino group pointing toward the C-terminus
(see Figure S4 in Supporting Information). Capping (acetyl, N-methyl)
groups were added to the four helices in the ssNMR structure. TIP3P
water molecules72 were added to fill the lumenal region, paying
particular attention to the positioning of the hydrating water molecules
around the His37 box, as they have been recently identified in a X-ray
structure of the channel (PDB entry 3LBW).64 Correspondingly, only
two His37 were protonated.64 The geometries of Amt and 24, both in
their protonated state, were optimized at the B3LYP/6-31G(d) level,
and partial charges were derived using the RESP procedure.73 Standard
atom types defined in the AMBER force field were assigned to the ligand.

The geometry of the system was minimized in four steps. First, the
position of hydrogen atoms was optimized using 3000 steps of steepest
descent algorithm. Then, water molecules were refined through 2000
steps of steepest descent followed by 3000 steps of conjugate gradient.
Next, the position of the ligand and water molecules were optimized
with 2000 steps of steepest descent and 4000 steps of conjugate gradient.
Finally, the whole system was optimized with 3000 steps of steepest
descent and 7000 steps of conjugate gradient. Thermalization of the
system was performed in five steps of 100 ps, increasing the temperature
from 50 to 298 K. A restraint of 25 kcal mol�1 Å�2 was applied through
all the stages to the backbone atoms of the helices and to the side chains
of His37 and Trp41. Then, a 250 ps MD simulation was run at 298 K,
reducing progressively the restraint of the backbone atoms to 10 and 5
kcal mol�1 Å�2 for the heavy atoms in the side chain of Trp41. The
addition of the restraints is necessary to preserve the global conforma-
tional state of the channel in the presence of bound ligand. Then, a series
of restrained trajectories were run using a time step of 1 fs, SHAKE for
those bonds containing hydrogen atoms, and a cutoff of 11 Å for
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nonbonded interactions. In particular, three 40 ns MD simulations were
run for Amt, each starting from one of the three different binding modes.
For 24, two trajectories were run for 40 ns (binding modes i and ii; see
above), and in the third case (binding mode iii) the trajectory was
continued up to 58 ns, when convergence in the binding mode of the
ligand relative to the orientation adopted in the other two MD
simulations was found (see Figure S5 in Supporting Information).

Finally, the solvent interaction energies (SIE) technique developed
by Purisima and co-workers was used to estimate the interaction free
energies for the different binding modes of Amt (see Table S1 in
Supporting Information).74,75
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