
Exploitation of the Catalytic Site and 150 Cavity for Design of
Influenza A Neuraminidase Inhibitors
Pal John Pal Adabala,† Eric B. LeGresley,† Nicole Bance,‡ Masahiro Niikura,‡ and B. Mario Pinto*,†

†Department of Chemistry and ‡Faculty of Health Sciences, Simon Fraser University, Burnaby, British Columbia, Canada V5A 1S6

*S Supporting Information

ABSTRACT: We report here the exploitation of the 150
cavity in the active site of influenza A viral neuraminidases for
the design of novel C-6 triazole-containing Tamiflu derivatives.
A general and convenient synthetic route was developed by
utilizing a highly substituted cyclic Baylis−Hillman acetate as
an active precursor for azide substitution via suprafacial allylic
azide [3,3]-sigmatropic rearrangement. Virus replication
inhibitory assays in vitro of these triazole derivatives containing
either an amino or guanidino function indicated that the
guanidinium compound showed the higher efficacy against a
strain with N2 subtype at a concentration of 2 × 10−5 M but
did not inhibit replication of a strain with N1 subtype even at a concentration of 10−4 M. In order to probe the nature of the
enzyme−inhibitor interactions, molecular dynamics simulations were performed on complexes of these compounds with
different neuraminidase enzymes. The results indicated that the candidate inhibitors occupy both the 150 cavity and catalytic site
but with alternating occupancy.

■ INTRODUCTION

Influenza A and B viruses can cause respiratory infections and
lead to annual epidemics and infrequent pandemics.1 Although
vaccination is the primary strategy for the prevention of
influenza, this approach is compromised by the necessary lead
time to generate a vaccine and the requirement of annual
revaccination with newly produced vaccines due to the
antigenic drift. Consequently, antiviral agents play an important
role in the management of influenza and are critical in
preparing for a pandemic posed by an antigenically new virus to
the human population such as H5N1 avian influenza A virus.
Neuraminidase (NA), a surface glycoprotein of influenza virus,
is a highly successful clinical target for the treatment of
influenza infections.2 Two neuraminidase inhibitors, namely
Tamiflu (1; oseltamivir phosphate)3 and Relenza (2;
zanamivir),4 are the antiviral drugs currently available to treat
influenza infections (Figure 1). More recently, two other
neuraminidase inhibitors, peramivir5a and laninamivir,5b were
also approved as anti-influenza drugs. Despite their success,

these inhibitors have limitations: for example, zanamivir suffers
from low oral bioavailability, and oseltamivir is highly
vulnerable to inactivation due to viral mutation.6

Influenza viral NA exists as a tetramer affixed to the viral
membrane, which cleaves terminal sialic acid residues from
receptors and facilitates the release of new virions from infected
cells. All of the nine known neuraminidase subtypes from
influenza A virus can be divided into two groups on the basis of
phylogenetic analysis: group 1, consisting of N1, N4, N5, and
N8 subtypes, and group 2, consisting of N2, N3, N6, N7, and
N9 subtypes.7 X-ray crystallography of several neuraminidases
revealed that the active sites of groups 1 and 2 differ markedly:
In group 1, a loop of amino acids, consisting of residues 147−
152 (150 loop), adopts an open conformation, whereas in
group 2 subtypes, this loop is closed.8 As a result of this open-
loop conformation, a cavity near the active site (150 cavity)
becomes accessible to other ligands in the case of the N1, N4,
N5, and N8 subtypes. The discovery of the 150 cavity has led to
the development of several inhibitors designed to exploit
contacts in this region and increase specificity.9,12 However, the
recent crystal structure of a partially open 150 loop in a
complex of N2 with oseltamivir10 and several in silico
studies11,12d have indicated that movement of the 150 loop
may not be restricted to group 1 NAs. Indeed, molecular
dynamics (MD) studies showed that all NAs may retain the
propensity for both “open” and “closed” states, maintaining an
equilibrium that varies among strains.11,12d,e
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Figure 1. Anti-influenza drugs (neuraminidase inhibitors) in current
use.
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In our previous studies,12 we reported the exploitation of the
150 cavity in the active sites of group 1 neuraminidases for the
design of new triazole-containing carbocycles related to
oseltamivir. The most active inhibitor of the N1 enzyme12a

(Figure 2, compound 4a) was selective for the N1 class and

showed significantly less inhibition (Ki = 2.6 vs 0.07 μM) of
free influenza virus neuraminidase-2 (N2). The crystal structure
of N8 complexed with these triazole-containing compounds
4a−c (Figure 2) corroborated our design principle in which the
active site and the adjoining 150 cavity are both occupied.12e In
addition to the triazole compounds, the new candidate 3
(Figure 2) containing a guanidine function (zanamivir/
oseltamivir hybrid inhibitor) was found to be a better inhibitor
with a Ki value of 4.6 × 10−10 M and was active in vitro against
several viral strains,12b including a Tamiflu-resistant (H274Y)
strain.12e Furthermore, these compounds 3 and 4a−c (Figure
2) did not inhibit the mammalian neuraminidases NEU3 and
NEU4,12c,e an off-target effect observed with zanamivir.13 Even
though the 150 cavity is certainly occupied by our first-
generation triazole-extended derivatives 4a−c (Figure 2), these
compounds were still not active enough in the virus replication
inhibition assay to warrant further development.12b This is
likely because of the absence of hydrogen-bonding interactions

between the amino or guanidino function with the catalytic site
amino acids Asp151 and Glu 119 to anchor the compounds.
These results are corroborated by MD studies in which the
triazole group (TG) is not stable in the 150 cavity but exits the
subsite periodically.12d,e To re-establish the hydrogen-bonding
network of basic groups with Asp151 and Glu 119, we designed
the next-generation compounds 5 and 6 (Figure 2), which
contain the amino or guanidine group as well as the TG to
occupy both the catalytic site and the 150 cavity. The rationale
behind this approach is that the C-6 methylene carbon of
oseltamivir is also oriented toward the 150 cavity8a and, hence,
shifting the substituted triazole group to this position would
also give access to the 150 cavity. Another consequence of this
approach is that the position of the double bond in the new
series will be same as in that in oseltamivir, as opposed to our
first generation of compounds. We believe, as before,12 that
targeting both subsites with these next-generation dual-site
inhibitors will lead to reduced potential for development of
resistance and such inhibitors could lead to new anti-influenza
drugs that would add to the current arsenal. Most of the
previous work related to 150 cavity binders was developed on
the basis of the zanamivir skeleton.9 We report here the
synthesis of the next-generation carbocyclic candidates, their
evaluation in vitro against viral strains, and their molecular
dynamics (MD) studies in complexes with different neurami-
nidase enzymes. To attain the target molecules, we have chosen
our previously reported12a intermediate 7 (Scheme 1) as the
starting material.

■ RESULTS AND DISCUSSION

Synthesis. As depicted in Scheme 1, we have synthesized
the target molecules by functionalizing the C-1, C-2, and C-6
positions of the chiral azide 7 by using dihydroxylation, sulfuryl
chloride mediated elimination, and azidation of the allylic
acetate via allylic azide [3,3]-sigmatropic rearrangement as the
key reactions. Initial attempts with osmium tetroxide mediated
dihydroxylation of unsaturated ester 7 under various exper-
imental conditions failed. To overcome the unreactive nature of
olefin 7 toward the dihydroxylation, we chose a mild and highly
reactive ruthenium-based bimetallic oxidizing system14 (RuCl3/
CeCl3·7H2O/NaIO4) for its dihydroxylation. Thus, treatment
of unsaturated ester 7 with a catalytic amount of RuCl3 in the
presence of CeCl3/NaIO4 in a mixed solvent system (EtOAc/

Figure 2. Previously reported neuraminidase inhibitors 3 and 4 and
target compounds 5 and 6.

Scheme 1. Synthesis of the Key Intermediate 12
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CH3CN/H2O, 3/3/1) at 0 °C provided an α-diol with high
diastereoselectivity. Acetylation of the resulting diol in the
presence of Ac2O/Py gave the monoacetate 8 in 60% overall
yield. The configurations at C-1 and C-2 were confirmed by
NMR spectroscopy. The large coupling constants (i.e., >10.0
Hz) for J2,3, J3,4, and J4,5 and cross-peaks between H-2, H-4, and
H-6b in the 1H−1H NOESY spectrum of compound 8 clearly
showed the existence of the chair conformation (Figure 3) and
the formation of the α-diol in the dihydroxylation reaction.

Eliminations of the alcohol function in 8 with various
reagents such as Martin sulfurane,15 Burgess reagent,16

Vilsmeier reagent,17 and other classical methods (POCl3,
SOCl2, OTf elimination)18 were unsuccessful or were very
low yielding. The elimination reaction was finally achieved with
sulfuryl chloride. Initial experiments with SO2Cl2 in the
presence of pyridine in CH2Cl2 furnished the chlorosulfate 9
as the only product, which was used for the preparation of
olefin 10 using basic conditions or by heating. Subsequently,
the elimination reaction was accomplished in excellent yields in
a one-step process using CH3CN as solvent with SO2Cl2 in the
presence of pyridine. Owing to the residual sulfur products in
olefin 10, the reduction of the azide using Lindlar catalyst with
H2 (1 atm) was unsuccessful. However, reduction of the azide
10 with PPh3 in THF−H2O at 50 °C provided the
corresponding free amine, which on treatment with tert-

butylpyrocarbonate afforded the Boc-protected amine 11
(Scheme 1).
Initially, we prepared the related mesylate derivative instead

of the acetate 11 for the nucleophilic substitution reactions.
However, the mesylate was highly unstable and compromised
further reactions. Therefore, the crucial nucleophilic substitu-
tion was examined using the allylic acetate 11 (Scheme 1), a
cyclic Baylis−Hillman derivative. Initial attempts at substitution
reactions with sodium azide in different polar solvents led to a
complex mixture of products. Finally, the desired azide 12 was
obtained in 46% yield by treatment of 11 with TMSN3 in t-
BuOH, a side product 12a also being formed. Controlling the
regioselectivity of this reaction under various reaction
conditions proved to be difficult and depended on the
neighboring substituents and nature of the leaving groups.
The stereochemistry of the azide 12 was confirmed by NMR

spectroscopic analysis. The 1H NMR spectrum of compound
12 showed small vicinal coupling constants (<4.0 Hz) for J3,4,
J4,5, and J5,6, which contrast with the coupling constants
observed in the acetate 11. In the latter case, the large coupling
constants for J3,4, J4,5, and J5,6 (>6.5 Hz) clearly confirmed the
preponderance of the preferred half-chair conformation 11-I
(Figure 4). The lower coupling constants in azide 12 would be
consistent with an albeit unlikely half-chair conformation in
which the bulky groups occupy axial or pseudoaxial positions.
However, NOE contacts between H-6/H-5 and H-6/NHBoc
and examination of molecular models suggested that 12 more
likely exists in the boatlike conformation 12-I (H-6 gauche to
H-5 and −NHBoc, Figure 4), in which the dihedral angles
between H-3/H-4, H-4/H-5, and H-5/H-6 correlate with their
coupling constants. If the desired azide 12 were an α-azide
(12b; Figure 4), it would be unlikely to exist in the half-chair
conformation 12b-I (Figure 4), in which all the bulky groups
occupy axial or pseudoaxial positions, resulting in small
coupling constants. This would also contrast with the
conformation of the α-acetate 11, in which all the bulky
groups occupy equatorial positions, resulting in large coupling
constants. Furthermore, a boatlike conformation of the α-azide

Figure 3. Observed 1H−1H NOESY contacts for compound 8.

Figure 4. Conformational analysis of 11, 12, and 12b. Double-headed arrows indicate NOE contacts.
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12b (12b-II; Figure 4) would not be consistent with the small
coupling constant for J5,6 and the observed NOE correlations.
Therefore, the collective evidence suggests that 12 is in fact the
β-azide.
The desired azide 12 could have arisen from SN2 substitution

of the acetate by the azide nucleophile, or alternatively, via
allylic azide [3,3]-sigmatropic rearrangement. Such thermally
facile rearrangements have precedent in the literature.19 Indeed,
heating either isomer 12 or 12a in t-BuOH at reflux led to the
formation of an equilibrium mixture of 12 and 12a in a 2.2:1
ratio (Figure 5), where the individual regioisomers are stable at
room temperature for longer durations. The azide 12a is thus
the kinetic product, which rearranges to give an equilibrium
mixture of 12 (thermodynamic product) and 12a. The allylic
azide 12a likely results from the conjugate addition of the azide
nucleophile on the unsaturated ester, which forms a stabilized
anion, followed by the E1cB elimination of the acetate. The
azide substituent in 12a was also assigned to the β orientation
because thermally allowed [3,3]-sigmatropic rearrangements
proceed in a suprafacial manner.19 This configuration was also
confirmed by NMR spectroscopy. The small coupling constants
for J3,4, J4,5, and J5,6 (<4.8 Hz), the observed NOE correlations
between H-6/H-5 and H-6/H′ (hydrogen from the isopenty-
loxy group), and an examination of molecular models suggested
that the azide 12a also exists in the boatlike conformation 12a-I
(Figure 6).

Having the desired azide 12 in hand, we next turned our
attention to the target molecules 5 and 6. The copper-catalyzed
azide−alkyne cycloaddition reaction12a,20 with azide 12 and 1-
pentyn-3-ol using the standard protocol provided the triazole
13 in 71% yield. Hydrolysis of the methyl ester 13 was
performed using 1 M KOH in THF. The desired carboxylic
acid 14 was precipitated by the addition of EtOAc to the
column-purified acid. The NHBoc deprotection of acid 14 with
TFA furnished the target compound 5 in 88% yield (Scheme
2).
The triazole 13 was next used for the synthesis of

guanidinium derivatives 17 and 6. Thus, the Boc deprotection
of carbamate 13 under acidic conditions followed by treatment
with basic Amberlyst A26 resin gave the free amine, which was
then converted into the Boc-protected guanidine derivative 16

Figure 5. 1H NMR spectra of 12 (bottom trace), 12a (top trace), and the mixture (center trace) obtained by equilibration of either isomer.

Figure 6. Conformational analysis of 12a. Double-headed arrows
indicate NOE contacts.
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using Boc-protected thiourea and HgCl2, and the Boc groups
were removed to give 17, as shown in Scheme 3. However,

hydrolysis of the methyl esters 16 and 17 into their respective
acids was problematic even with mild Me3SnOH hydrolysis.
The target guanidinium salt 6 was obtained finally in modest
yield from 5 by introduction of the Boc-protected guanidine
group using Boc-protected 1H-pyrazole-1-carboxamidine and
subsequent Boc deprotection with TFA (Scheme 3).
In this synthesis we have used racemic 1-pentyl-3-ol and

synthesized compounds 5 and 6 as diastereomeric mixtures. In
our previous report,12a compound 4a (Figure 2) as a
diastereomeric mixture was the most active 150 cavity binder.
In a recent publication,12e we have reported the crystal
structures of each of these isomers (4a, Figure 2) in complexes
with the neuraminidase enzyme N8. Both compounds bind in
similar modes and are both presumably active. On the basis of
these results, our initial investigation of compounds 5 and 6 as
150 cavity binders also dealt with diastereomeric mixtures.
Future work will involve examination of individual diaster-
eomers.

Cell Culture Assays. In our previous work12a we reported
in vitro enzyme inhibition assays. However, we have found that
even compounds showing nanomolar inhibition of the pure
enzymes were not active when tested in cell culture assays.12b

The latter tests are therefore a more robust, albeit humbling,
test for whether active compounds, which could be developed
further as drug candidates, are present. In general, one loses 3−
4 orders of magnitude in activity on going from in vitro enzyme
assays to cell-based assays. Therefore, in order to investigate the
efficacy of the compounds against influenza A virus, the three
compounds 5, 6, and 17 were tested in an in vitro replication
inhibition assay using A/Puerto Rico/8/34 (PR8, H1N1) and
A/Hong Kong/1/68 (HK1, H3N2) strains.12b As shown in
Table 1, compound 6 showed the highest efficacy against the

HK1 strain at a concentration of 2 × 10−5 M. The methyl ester
17, which contains the free guanidine group, and the amino
acid 5 also showed inhibitory effects at 1 × 10−4 M against the
HK1 strain. However, the inhibitory effect of these compounds
was limited to the HK1 strain and they did not inhibit
replication of the N1 subtype (PR8) even at a concentration of
10−4 M. The inhibitory effects of these compounds were
significantly increased in comparison to our first-generation
triazole compounds.12b

Molecular Dynamics Studies. The MD simulations of the
R and S diastereomers of compounds 5 and 6 were examined.
They behaved similarly, and so only the simulations of the R
isomer are described (Figure 7). The subtle differences in
binding between diastereomers do not appear to be significant,
and this portion of the molecule is ejected from the 150 subsite
during the simulations. Thus, MD simulations were performed
on compounds 5 and 6 in complexes with four monomers (T2,
T12, T1open, and T1closed) of influenza neuraminidase (see the
Experimental Section and Supporting Information for details);
the reported crystal structures had either open or closed 150
loops. The behaviors of the R and S stereoisomers at the
propyloxy function were similar. Compounds 5 and 6 were
docked onto each of T2, T12, T1open, and T1closed using
Autodock Vina21 before three independent molecular dynamics
trajectories were collected using standard parameters,12d for
each combination, as noted above. Using combined clustering
with conserved active site residues12d as well as residues 147−
152 (the 150 loop), significant conformations of compounds 5
and 6 and important conformations of the enzymes were
determined and the data were compared.
In every dynamics simulation except for the N1closed-6

complex, the inhibitor stayed bound in the active site of its
respective enzyme. However, retaining oseltamivir-like inter-
actions while gaining interactions in the 150 cavity via the
triazole-linked group (TG) was compromised. In the T2-5

Scheme 2. Synthesis of Target Compound 5

Scheme 3. Synthesis of Target Compound 6

Table 1. Inhibitory Effects of the Compounds against PR8
(H1N1) and HK1 (H3N2) Strainsa

5 6 17

concn (M) PR8 HK1 PR8 HK1 PR8 HK1

1 × 10−4 − + − + − +
2 × 10−5 − ± − + − ±
4 × 10−6 − − − ± − −

aTest monolayers were infected at 50TCID50. All experiments were
performed along with a back-titration in which 50TCID50 always
resulted in clear infection (i.e., results similar to no inhibition) in all
wells. Legend: +, inhibition; ±, incomplete inhibition; −, no inhibition.
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complex, the ligand consistently translated away from the 150
cavity and tilted such that the TG became trapped underneath
Asp151 of the 150 loop. Although at any one time one or two
of the amino, carboxyl, or pentyloxy groups interacted with the
enzyme, no sustained interactions occurred. The amide group
lost all contacts, but the hydroxyl group of the TG maintained
hydrogen bonding with Asp151 or Glu119 throughout all three
of the triplicate runs. The enzyme interconverted between
closed and open states. In the T2-6 complex, the triazole ring of
the ligand was pushed away from the 150 cavity and retained a
vertical conformation with respect to the enzyme active site, the
TG was buried in the enzyme adjacent to the 150 cavity, and
the 150 loop retained a fully closed conformation. In the T12-5
complex, the ligand exhibited oseltamivir-like interactions,
although the TG was ejected into solution, and because of
slight translation away from the 150 cavity, the pentyloxy group
lost many interactions due to steric clashes. The 150 loop,
although primarily closed, occasionally adopted an open
conformation. When compound 6 was complexed to T12, the
ligand adopted two main conformations: the first was similar to
oseltamivir, although like the T12-5 complex, the TG and the
pentyloxy group exited the subsites. The second consisted of
the TG buried in the enzyme next to the 150 cavity, and all
oseltamivir-like interactions were lost except for the guanidine
group, which interacts with Glu277 and Glu119. The 150 loop
oscillated between the open and closed conformations. In the
T1open-5 complex, the ligand either adopted an oseltamivir-like
conformation with the TG in solution (minor conformation) or
a conformation in which all oseltamivir-like interactions were
lost except for the amino group, which interacted with Glu119,
and the TG, which was pulled under Arg151 where its OH
group interacted with Arg151. The 150 loop maintained a
hyper-open conformation. When compound 6 was complexed
with N1open, it maintained oseltamivir-like interactions but was
translated 1.5 Å away from the 150 cavity relative to

oseltamivir. The TG and the pentyloxy groups were exposed
to solution. The 150 loop again adopted an overly open
position. The T1closed-5 complex resulted in the ligand moving
between an oseltamivir-like state with the pentyloxy group and
the TG in solution and a conformation in which the TG
entered the 150 cavity or slid under Asp151 but with all
oseltamivir-like interactions lost, except for the amino−Glu119
interaction. The 150 loop moved to an open or very open
position. In the T1closed-6 simulations, the ligand exited the
active site and the 150 loop oscillated from a closed to an open
conformation.
The fluctuations of the enzymes were as follows: T2 < T12 <

T1open = T1closed. As the dynamics of the subtype increased,
both 5 and 6 appeared to be less strained and tended to prefer
an oseltamivir-like pose where the TG was in solution over a
conformation where the TG was bound to the enzyme and
most oseltamivir-like interactions were lost. In the more
dynamic enzymes, the guanidine moiety consistently made
better contacts with proximal acidic residues than the amino
group due to its larger size. The translation of the triazole ring
away from the 150 cavity when either ligand was in an
oseltamivir-like conformation is attributable to steric clashes
between the TG and residues in the 150 loop. These steric
clashes were present in virtually all conformations and were
relieved by loop opening. In summary, compounds 5 and 6 can
either maintain contacts in the active site but suffer ejection of
the TG into solution or severely compromise contacts in the
active site so that the TG can bind to the 150 cavity. This “see-
saw” effect is caused by the large (∼60°) angle between the
central ring and the TG and the fact that the TG is too short to
allow simultaneous occupation of both 150 cavity and the
catalytic site.

■ CONCLUSIONS
In conclusion, we have successfully synthesized C-6 triazole-
functionalized Tamiflu derivatives as second-generation candi-
dates using an azidation reaction on the cyclic Baylis−Hillman
derivative 11 via allylic azide [3,3]-sigmatropic rearrangement
and copper-catalyzed azide−alkyne cycloaddition as key
reactions. These new candidates were designed to target both
the catalytic site and the 150 cavity of influenza virus NA. The
guanidinium compound 6 showed promising inhibitory activity
against HK1 (H3N2) strain at a concentration of 2 × 10−5 M
and also showed activity against PR8 (H1N1) strain but at
higher concentrations (>1 × 10−4 M). Although the 150 cavity
is certainly occupied by these molecules, molecular dynamics
simulations suggest that further optimization will be required at
the C-6 position in order to sustain interactions with both the
catalytic site and the 150 cavity. These results provide further
insight into the requirements of an effective inhibitor of
influenza neuraminidase through multisubsite occupation.

■ EXPERIMENTAL SECTION
General Methods. 1H and 13C NMR spectra were recorded at 600

or 400 MHz and 150 or 100 MHz, respectively. All assignments were
confirmed with the aid of two-dimensional 1H−1H (COSY) and/or
1H−13C (HSQC) experiments using standard pulse programs.
Processing of the spectra was performed with MestReNova software.
Analytical thin-layer chromatography (TLC) was performed on
aluminum plates precoated with silica gel 60F-254 as the adsorbent.
The developed plates were air dried, exposed to UV light, and/or
sprayed with a solution containing 1% Ce(SO4)2 and 1.5% molybdic
acid in 10% aqueous H2SO4, and heated. Column chromatography was
performed with an automated flash chromatography system. High-

Figure 7. Poses from MD simulations: The beige ribbons represent
the open and closed conformations of the 150 loop from the crystal
structures of T1open and T1closed, respectively. The magenta enzyme
cartoon represents a hyper-open-loop structure from dynamics
simulations. The green enzyme cartoon represents a closed-loop
structure from dynamics simulations. The crystal structure position of
oseltamivir in T1open and T1closed is shown by orange sticks. The
extremes of the “see-saw” motion are shown as green and magenta
sticks. The green sticks show the oseltamivir-like pose, and the
magenta sticks show a pose where the TG is bound in the 150 cavity.
Note the relative positions of the central rings.
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resolution mass spectra were obtained by the electrospray ionization
method, using a TOF LC/MS high-resolution magnetic sector mass
spectrometer.
Virus Inhibition Assay. Cells and Viruses. Influenza A virus

strains A/Puerto Rico/8/32 (PR8, H1N1) and A/Hong Kong/1/68
(HK1, H3N2), both of which are mouse-adapted, were obtained from
Dr. E. Brown (University of Ottawa). MDCK cells were maintained in
DMEM supplemented with 10% FBS and antibiotics. After the
infection the monolayers were maintained in DMEM with 0.00075%
trypsin (Difco) and antibiotics without FBS (DMEM-trypsin).
TCID50. Tissue culture infectious dose 50 (TCID50) values of the

IFV stocks were determined by inoculating 100 μL of diluted virus
stocks in DMEM−trypsin to the MDCK monolayers in 96-well plates.
In the case of the HK1 strain, the infection of IFV was visually
determined by the cytopathic effect (CPE) under a light microscope
on 2 and 3 days of infection. For determination of the infection of
strain PR8, which does not produce specific CPE on an MDCK
monolayer, the infected monolayers were fixed by methanol−acetone
(1/1) and immunostained by PR8-specific chicken antiserum (Charles
River) and FITC-labeled antichicken IgY (Sigma) after 2 days of
infection. The monolayers that showed the lack of spread of positive
staining rather than the lack of individual cell staining were considered
as infection positive. TCID50 was calculated by the Reed and Müench
method from the results of eight wells for each dilution.
Inhibition Test. To test the replication inhibition efficacy, the

compounds were dissolved in methanol and then diluted at least 100
times in DMEM−trypsin.12b A fifty microliter portion of each diluted
test compound was added to each well of MDCK monolayers in 96
wells and then followed by 50 μL of virus suspension (50 TCID50)
prepared DMEM−trypsin. The test was performed in quadruplicate.
The inhibition effect was regarded positive when the virus spread was
not observed by the same criteria as used for the determination of
TCID50.
Computational Studies. Preparation of Enzyme Monomers.

Four monomers of neuraminidase were used in this study: a typical
type 2 neuraminidase from A/Memphis/31/1998(H3N2) with a
traditionally closed 150 loop (PDB code 2AEP; referred to as T2), a
type 1 neuraminidase from A/California/04/2009(H1N1) prone to
loop closure22 (PDB code 3NSS; referred to as T12), and a typical
type 1 neuraminidase from A/duck/Ukraine/01/1963(H3N8) crystal-
lized in both 150 loop open and closed conformations (PDB codes
2HT7 and 2HT8, respectively; referred to as T1open and T2closed,
respectively). In preparation for molecular dynamics, the enzyme
PDBs were modified. All PDB structures were first passed to
MolProbity,23 where their structure was ensured to be free of error
and corrected if necessary. If the PDB structure had more than one
monomer, the monomer with the least errors was chosen to carry on.
The monomers were then passed to the PDB2PQR server,24 where all
amino acids were protonated on the basis of a pH of 6.5. The
coordinates were retrieved, and the monomers were aligned. All non
amino acid atoms were removed, and disulfide bridges were created
and verified. Also, the Ca2+ ion proximal to the binding site was added
if missing,25 and nonclashing crystal structure bound water was
readded to each monomer. The enzyme files were renumbered and
saved as AMBER files using the tleap tool in Amber 12.0.26

Ligand Preparation. The ligand parametrization consisted of two
main steps: partial charge derivation (RESP)27 and atom-type
assignment. Because small perturbations in molecular structure were
found to make vast differences in charge distribution over the ligand,
eight independent quantum mechanical optimizations were performed
at the Hartree−Fock level with the 6-31G* basis set in Gaussian09,28

giving eight minimized structures per compound, from which charges
were derived. The partial charges were computed by the R.E.D.
server29 using single-point electrostatics calculations in multiple
orientations. The final charge set for each molecule was selected on
the basis of consistency with the Amber ff99SB force field30 parameters
and previous partial charge calculations.12d All generalized amber force
field31 (GAFF) atom types for the compounds were assigned
automatically by antechamber and checked manually for errors. As
with the enzyme, AMBER files for the ligands were finalized by tleap.

Docking. Before molecular dynamics simulations, the compounds
were docked onto the enzymes using AutoDock Vina.21 Initial poses
for molecular dynamics were chosen on the basis of conformation rank
and similarity to binding poses of existing inhibitors. Both R and S
isomers about the propyloxy function were examined.

Molecular Dynamics Simulations. MD simulations of all systems
were conducted with the GROMACS suite, version 4.6,32 utilizing the
Amber ff99SB force field. AMBER files for each complex were
converted into GROMACS formats using ACPYPE33 with the
“gmx45” option. Each system was placed in a dodecahedral box with
a minimal 12 Å distance between solute and box edge and solvated
with TIP3P water molecules. Salt ions were then introduced to achieve
a concentration of 0.15 M and neutralize the overall charge. Each
system was then treated to at least two alternating rounds of 5000
steps each steepest descent and conjugate gradient minimization.
Following minimization, random velocities were generated in the first
step of equilibration to yield unique triplicate runs of each system.
Equilibration entailed first gradually heating the system from 0 to 300
K in 60 K increments with a Berendsen thermostat during simulations
of 40 ps duration. Position restraints on solute molecules began at
1000 kJ mol−1 nm−2 and were reduced by 200 kJ mol−1 nm−2 per
incremental run. The pressure was then equilibrated during three
steps, first, with 200 kJ mol−1 nm−2 solute restraints, a Berendsen
barostat with a time constant of 2.0 ps and a reference pressure of 1.0
atm, and a Berendsen thermostat with a time constant of 0.5 ps and a
reference temperature of 298 K. After 100 ps, position restraints were
removed for an additional 100 ps simulation. Finally, the pressure and
heat controls were changed to a Nose−Hoover34 thermostat and a
Parrinello−Raham barostat,35 and the system was equilibrated for a
final 400 ps before beginning production runs with the same
configuration. Throughout, the LINCS algorithm was used to
constrain bonds involving hydrogen atoms and the leapfrog integrator
was employed with a 2 fs time step. Short-range interactions were
calculated with a cutoff of 1.0 nm for Columbic interactions and 1.3
nm for van der Waals interactions. Long-range electrostatic
interactions were calculated with the particle mesh Ewald (PME)
algorithm using a grid spacing of 0.12 nm and an interpolation order of
4. Neighbor lists with a 1.0 nm cutoff were updated every five steps.

Combined Clustering and General Analysis. Previous results12d

have shown that achievement of backbone stability in similar situations
takes no longer than 20 ns. Therefore, the first 20 ns of each triplicate
run was discarded as “extra equilibration” before combined clustering
analysis.12d Combined clustering was performed by extracting the
concatenated enzyme trajectories from all systems. Both trajectories of
the same enzyme were then concatenated. An RMSD matrix for the
combined trajectories of each was then calculated from a time step of
50 ps and based on the side chain heavy atoms of key, conserved active
site residues (R118, E119, W178, R224, E227, E276, E277, R292,
R371, Y406) and the mobile 150 loop residues (147−152). Clustering
was then performed on each combined enzyme trajectory using the
GROMOS algorithm,36 as implemented in the GROMACS package
with an RMSD cutoff of 0.16 nm between each cluster. This cutoff was
chosen as the optimal balance between the number of clusters and
their meaningfulness. Ligands were clustered separately by the same
method, although on the basis of all heavy atoms of the compound and
an RMSD cutoff of 0.15 nm. Results for the enzymes were separated
and sorted via custom Bash Shell scripts and assembled along with the
ligand clusters in spreadsheets to facilitate interpretation. The results
of the combined clustering are detailed in the Supporting Information
(SI 1 and 2). RMSD values of the heavy atoms of the enzyme
backbones were computed to confirm enzyme stability (Supporting
Information, SI 3). Center of mass (COM) distances from the heavy
atoms of the enzymes to the heavy atoms of the ligands were also
measured (Supporting Information, SI 4). Both the backbone RMSD
and the COM distance measurements were done on the full 100 ns
runs.

Methyl (1R,2S,3R,4R,5R)-4-Acetamido-2-acetoxy-3-azido-5-
(1-ethylpropoxy)-1-hydroxycyclohexane-1-carboxylate (8). A
mixture of NaIO4 (990.1 mg, 4.621 mmol) and CeCl3·7H2O (76.2 mg,
0.309 mmol) in H2O (6.0 mL) was stirred at room temperature for a
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few minutes. The reaction mixture was cooled to 0 °C, and EtOAc
(9.0 mL), CH3CN (18.0 mL), and RuCl3·H2O (16.0 mg, 0.077 mmol)
were added successively. After the mixture was stirred for 2.0 min, a
solution of olefin 7 (1.0 g, 3.086 mmol) in EtOAc (9.0 mL) was
added, and the resulting heterogeneous mixture was stirred until the
reaction was complete (TLC monitoring). The reaction mixture was
diluted with EtOAc (300 mL). The organic layer was washed with
aqueous NaHCO3 and water, dried (Na2SO4), and concentrated under
reduced pressure. The crude diol (860 mg, 2.401 mmol) was dissolved
in pyridine (10.0 mL) and acetic anhydride (0.7 mL, 7.203 mmol), and
the resulting reaction mixture was stirred at room temperature for 2
days. The reaction mixture was diluted with ethyl acetate (300 mL)
and washed with water (300 mL). The organic layer was washed with
2 M H2SO4 and aqueous NaHCO3, dried over anhydrous Na2SO4, and
concentrated under reduced pressure. The crude product was purified
using flash chromatography (hexanes/EtOAc 1/1) to give mono-
acetate 8 as a white solid (740 mg, 60% yield for two steps). [α]D

23 =
−35.24° (c 1.05, CH2Cl2).

1H NMR (400 MHz, CDCl3): δ 6.36 (d,
J4,NH = 8.2 Hz, 1H, −NH), 5.04 (d, J2,3 = 10.2 Hz, 1H, H-2), 4.35 (t,
J2,3 = J3,4 = 10.6 Hz, 1H, H-3), 3.94 (td, J4,5 = J5,6b = 10.9, J5,6a = 4.6 Hz,
1H, H-5), 3.74 (s, 3H, −COOCH3), 3.63 (d, J1,OH = 1.5 Hz, 1H, 1-
OH), 3.50 (dt, J3,4 = J4,5 = 10.4, J4,NH = 8.5 Hz, 1H, H-4), 3.17 (p, J =
5.6 Hz, 1H, −OCH(CH2CH3)2), 2.18−2.08 (m, 1H, H-6a), 2.13 (s,
3H, −OCOCH3), 2.03 (s, 3H, −NHCOCH3), 1.90−1.84 (m, 1H, H-
6b), 1.52−1.33 (m, 4H, −OCH(CH2CH3)2), 0.85 and 0.83 (t, J = 7.3
Hz, 3H, −OCH(CH2CH3)2).

13C NMR (100 MHz, CDCl3): δ 173.1
(−COOCH3), 170.7 (−NHCOCH3), 169.3 (−OCOCH3), 81.5
(−OCH(CH2CH3)2), 75.2 (C-2), 74.7 (C-1), 71.4 (C-5), 61.4 (C-
3), 57.8 (C-4), 53.5 (−COOCH3), 36.9 (C-6), 26.0 and 25.8
(−OCH(CH2CH3)2), 23.5 (−NHCOCH3), 20.5 (−OCOCH3), 9.7
and 9.1 (−OCH(CH2CH3)2). HRMS: m/z calcd for C17H28N4O7Na
[M + Na]+ 423.1850, found 423.1854.
Methyl (1R,2S,3R,4R,5R)-4-Acetamido-2-acetoxy-3-azido-1-

((chlorosulfonyl)oxy)-5-(1-ethylpropoxy)cyclohexane-1-car-
boxylate (9). A solution of alcohol 8 (150 mg, 0.374 mmol) and
pyridine (0.18 mL, 2.244 mmol) in CH2Cl2 (36.0 mL) was cooled to
−25 °C and added dropwise to sulfuryl chloride (0.045 mL, 0.561
mmol) over 5 min. The reaction mixture was stirred at this
temperature for 2 h, and excess sulfuryl chloride was decomposed
by dropwise addition of EtOH (0.04 mL). The mixture was warmed to
0−5 °C and washed with 2 M sulfuric acid (50 mL). The aqueous
layer was back-extracted with CH2Cl2 (50 mL), and the organic layers
were combined and washed with water, followed by 5% aqueous
NaHCO3, and dried over anhydrous Na2SO4. Evaporation of the
solvent gave the crude product, which was purified by flash column
chromatography (hexanes/EtOAc 7/3) to give compound 9 as a
colorless liquid (143.0 mg, 76% yield). [α]D

23 = −42.73° (c 1.1,
CH2Cl2).

1H NMR (400 MHz, CDCl3): δ 5.87 (d, J4,NH = 6.8 Hz, 1H,
−NHAc), 5.08 (d, J2,3 = 10.3 Hz, 1H, H-2), 4.58 (t, J2,3 = J3,4 = 10.7
Hz, 1H, H-3), 4.30 (td, J4,5 = J5,6b = 11.2, J5,6a = 4.3 Hz, 1H, H-5), 3.79
(s, 3H, −COOCH3), 3.27−3.16 (m, 2H, H-4, −OCH(CH2CH3)2),
3.00 (dd, J6a,6b = 15.6, J5,6a = 4.3 Hz, 1H, H-6a), 2.14 (s, 3H,
−OCOCH3), 2.10 (dd, J6a,6b = 15.6, J5,6b = 11.5 Hz, 1H, H-6b), 2.04
(s, 3H, −NHCOCH3), 1.52−1.38 (m, 4H, −OCH(CH2CH3)2), 0.86
and 0.85 (t, J = 7.4 Hz, 3H, OCH(CH2CH3)2).

13C NMR (150 MHz,
CDCl3): δ 170.9 (−NHCOCH3), 169.4 (−OCOCH3), 165.7
(−COOCH3), 93.3 (C-1), 81.7 (−OCH(CH2CH3)2), 73.4 (C-2),
69.7 (C-5), 60.0 (C-3), 58.5 (C-4), 54.1 (−COOCH3), 34.9 (C-6),
26.0 and 25.7 (−OCH(CH2CH3)2), 23.8 (−NHCOCH3), 20.4
(−OCOCH3), 9.6 and 9.2 (−OCH(CH2CH3)2). HRMS: m/z calcd
for C17H28ClN4O9S [M + H]+ 499.1260, found 499.1267.
Methyl (3R,4R,5R,6R)-4-Acetamido-6-acetoxy-5-azido-3-(1-

ethylpropoxy)cyclohex-1-ene-1-carboxylate (10). A solution of
alcohol 8 (850 mg, 2.123 mmol) and pyridine (1.71 mL, 21.23 mmol)
in CH3CN (127.0 mL) was cooled to −25 °C and added dropwise to
sulfuryl chloride (0.26 mL, 3.184 mmol) over 15 min. The reaction
mixture was stirred at −25 °C for 2 h, warmed to room temperature,
and stirred overnight at this temperature. Excess sulfuryl chloride was
decomposed by dropwise addition of EtOH (0.23 mL), and the
reaction mixture was washed with 2 M sulfuric acid (200 mL). The

aqueous layer was back-extracted with CH2Cl2 (200 mL), and the
organic layers were combined and washed with water, followed by 5%
aqueous NaHCO3, and dried over anhydrous Na2SO4. Evaporation of
the solvent gave the crude product, which was purified by flash column
chromatography (hexanes/EtOAc 3/2) to give olefin 10 as a yellow
foam (725 mg, 89% yield). [α]D

23 = −80.77° (c 1.3, CH2Cl2).
1H NMR

(400 MHz, CDCl3): δ 6.89 (br t, J2,3 = 1.8 Hz, 1H, H-2), 5.93 (d, J4,NH
= 7.1 Hz, 1H, −NHAc), 5.83−5.81 (m, 1H, H-6), 4.74 (dt, J3,4 = 8.3,
J2,3 = 2.3 Hz, 1H, H-3), 4.45 (dd, J4,5 = 11.0, J5,6 = 7.8 Hz, 1H, H-5),
3.74 (s, 3H, −COOCH3), 3.35 (p, J = 5.7 Hz, 1H,
−OCH(CH2CH3)2), 3.25 (dt, J4,5 = 10.9, J3,4 = J4,NH = 7.8 Hz, 1H,
H-4), 2.09 (s, 3H, −OCOCH3), 2.03 (s, 3H, −NHCOCH3), 1.58−
1.43 (m, 4H, −OCH(CH2CH3)2), 0.90 (t, J = 7.4 Hz, 6H,
-OCH(CH2CH3)2).

13C NMR (100 MHz, CDCl3): δ 171.1
(−NHCOCH3), 169.5 (−OCOCH3), 164.7 (−COOCH3), 141.9
(C-2), 128.5 (C-1), 82.3 (−OCH(CH2CH3)2), 71.8 (C-3), 69.3 (C-
6), 61.5 (C-5), 56.7 (C-4), 52.2 (−COOCH3), 26.1 and 25.4
(−OCH(CH2CH3)2), 23.5 (−NHCOCH3), 20.8 (−OCOCH3), 9.5
and 9.3 (−OCH(CH2CH3)2). HRMS: m/z calcd for C17H27N4O6 [M
+ H]+ 383.1925, found 383.1936.

Methyl (3R,4R,5R,6R)-4-Acetamido-6-acetoxy-5-((tert-
butoxycarbonyl)amino)-3-(1-ethylpropoxy)cyclohex-1-ene-1-
carboxylate (11). The azide 10 (2.0 g, 5.233 mmol) was dissolved in
THF/H2O (5/1 v/v, 150 mL). Triphenylphosphine (2.74 g, 10.466
mmol) was added, and the mixture was heated to 50 °C for 3 h. After
completion of the reaction, THF was evaporated under reduced
pressure and the residue worked up with ethyl acetate and dried with
Na2SO4. Evaporation of the solvent gave the crude product. To a
stirred solution of this crude amine and Et3N (1.45 mL, 10.46 mmol)
in 50 mL of CH2Cl2 was added Boc2O (3.424 g, 15.69 mmol). The
reaction mixture was stirred at room temperature for overnight. The
mixture was extracted with CHCl3 (300 mL × 3), and the combined
organic phase was washed with aqueous NH4Cl solution, dried over
Na2SO4, and concentrated under reduced pressure. The crude product
was purified by flash chromatography (hexanes/EtOAc 2/3) to give
compound 11 as a white solid (854 mg, 36% yield for two steps). [α]D

23

= −66.67° (c 0.3, CH2Cl2).
1H NMR (600 MHz, CDCl3): δ 6.96 (d,

J2,3 = 1.8 Hz, 1H, H-2), 6.05 (d, J4,NH = 9.0 Hz, 1H, −NHAc), 5.86 (d,
J5,6 = 6.9 Hz, 1H, H-6), 5.24 (d, J5,NH = 8.9 Hz, 1H, −NHBoc), 4.21
(dt, J4,5 = J4,NH = 8.9, J3,4 = 6.9 Hz, 1H, H-4), 4.03 (dt, J3,4 = 6.5, J2,3 =
2.3 Hz, 1H, H-3), 3.89 (dt, J4,5 = J5,NH = 9.0, J5,6 = 7.2 Hz, 1H, H-5),
3.75 (s, 3H, −COOCH3), 3.43 (p, J = 5.6 Hz, 1H,
−OCH(CH2CH3)2), 2.05 (s, 3H, −OCOCH3), 1.96 (s, 3H,
-NHCOCH3), 1.55−1.48 (m, 4H, -OCH(CH2CH3)2), 1.40 (s, 9H,
−OC(CH3)3), 0.89 and 0.88 (t, J = 7.4 Hz, 3H, -OCH(CH2CH3)2).
13C NMR (150 MHz, CDCl3): δ 170.1 (−NHCOCH3), 169.4
(−OCOCH3), 165.0 (−COOCH3), 156.1 (−NHCOOC(CH3)3),
141.4 (C-2), 128.9 (C-1), 82.5 (−OCH(CH2CH3)2), 80.0
(−OC(CH3)3), 74.2 (C-3), 68.3 (C-6), 53.0 (C-5), 52.5 (C-4), 52.2
(−COOCH3), 28.2 (−OC(CH3)3), 25.8 and 25.6 (−OCH-
(CH2CH3)2), 23.3 (−NHCOCH3), 20.8 (−OCOCH3), 9.4 and 9.3
(−OCH(CH2CH3)2). HRMS: m/z calcd for C22H36N2O8Na [M +
Na]+ 479.2364, found 479.2357.

Methyl (3R ,4R ,5R ,6S)-4-Acetamido-6-azido-5-((tert-
butoxycarbonyl)amino)-3-(1-ethylpropoxy)cyclohex-1-ene-1-
carboxylate (12). To a solution of allyl acetate 11 (700 mg, 1.533
mmol) in t-BuOH (20 mL) was added one portion of
azidotrimethylsilane (3.024 mL, 23.0 mmol), and the reaction mixture
was stirred at 80−85 °C. After 3 days, the remaining portion of
azidotrimethylsilane was added to the reaction mixture and stirring was
continued at the same temperature for 3 days more. The solution was
poured into saturated aqueous NaHCO3 and extracted with EtOAc
(80 mL × 3). The combined extracts were dried over Na2SO4, filtered,
and concentrated to afford the crude azido compound 12. The crude
product was purified by flash chromatography (CHCl3/MeOH 99/1)
to give the desired azido compound 12 as a white solid (310 mg, 46%
yield) and 300 mg of a mixture of other products. Further purification
of this mixture by flash chromatography (EtOAc/hexane 3/2) gave the
azido compound 12a (major component of the mixture) as a white
solid (145 mg, 21% yield). Data for compound 12 are as follows. [α]D

23
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= −36.67° (c 0.3, CH2Cl2).
1H NMR (400 MHz, CDCl3): δ 7.03 (d,

J2,3 = 4.4 Hz, 1H, H-2), 6.60 (d, J4,NH = 7.4 Hz, 1H, −NHAc), 5.85 (d,
J5,NH = 8.0 Hz, 1H, −NHBoc), 4.54 (d, J5,6 = 2.8 Hz, 1H, H-6), 4.22
(ddd, J4,NH = 7.2, J4,5 = 3.5, J3,4 = 2.8 Hz, 1H, H-4), 4.09 (ddd, J5,NH =
7.9, J5,6 = 4.0, J4,5 = 3.7 Hz, 1H, H-5), 4.00(dd, J2,3 = 4.1, J3,4 = 2.7 Hz,
1H, H-3), 3.86 (s, 3H, −COOCH3), 3.67 (p, J = 5.6 Hz, 1H,
−OCH(CH2CH3)2), 1.95 (s, 3H, −NHCOCH3), 1.61−1.49 (m, 4H,
−OCH(CH2CH3)2), 1.41 (s, 9H, −OC(CH3)3), 0.93 and 0.89 (t, J =
7.4 Hz, 3H, −OCH(CH2CH3)2).

13C NMR (150 MHz, CDCl3): δ
169.5 (−NHCOCH3), 165.9 (−COOCH3), 154.9 (−NHCOOC-
(CH3)3), 138.1 (C-2), 128.2 (C-1), 82.4 (−OCH(CH2CH3)2), 80.0
(−OC(CH3)3), 71.1 (C-3), 57.5 (C-6), 52.5 (−COOCH3), 50.2 (C-
5), 49.1 (C-4), 28.3 (−OC(CH3)3), 26.0 and 25.7 (−OCH-
(CH2CH3)2), 23.4 (−NHCOCH3), 9.7 and 9.0 (−OCH(CH2CH3)2).
HRMS: m/z calcd for C20H33N5O6Na [M + Na]+ 462.2323, found
462.2336. Data for methyl (3S,4R,5S,6R)-4-acetamido-6-azido-3-(tert-
butoxycarbonylamino)-5-(1-ethylpropoxy)cyclohex-1-ene-1-carboxy-
late (12a) are as follows. 1H NMR (400 MHz, CDCl3): δ 7.01 (d, J2,3
= 4.1 Hz, 1H, H-2), 5.99 (d, J4,NH = 8.5 Hz, 1H, −NHAc), 5.22 (d,
J3,NH = 9.6 Hz, 1H, −NHBoc), 4.42 (d, J5,6 = 3.0 Hz, 1H, H-6), 4.33
(ddd, J3,NH = 9.6, J2,3 = 4.8, J3,4 = 3.4 Hz, 1H, H-3), 4.24 (ddd, J4,NH =
8.5, J4,5 = 4.8, J3,4 = 3.9 Hz, 1H, H-4), 3.84 (s, 3H, −COOCH3), 3.77
(dd, J5,6 = 3.6, J4,5 = 4.8 Hz, 1H, H-5), 3.41 (p, J = 5.5 Hz, 1H,
−OCH(CH2CH3)2), 1.95 (s, 3H, −NHCOCH3), 1.60−1.45 (m, 4H,
−OCH(CH2CH3)2), 1.42 (s, 9H, −OC(CH3)3), 0.89 and 0.85 (t, J =
7.4 Hz, 3H, −OCH(CH2CH3)2).

13C NMR (150 MHz, CDCl3): δ
169.7 (−NHCOCH3), 166.1 (−COOCH3), 155.0 (−NHCOOC-
(CH3)3), 139.8 (C-2), 127.7 (C-1), 83.1 (−OCH(CH2CH3)2), 80.1
(−OC(CH3)3), 75.0 (C-5), 58.2 (C-6), 52.5 (−COOCH3), 50.6 (C-
4), 48.7 (C-3), 28.4 (−OC(CH3)3), 25.8 and 25.7 (−OCH-
(CH2CH3)2), 23.4 (−NHCOCH3), 9.5 and 9.2 (−OCH(CH2CH3)2).
HRMS: m/z calcd for C20H33N5O6Na [M + Na]+ 462.2323, found
462.2309.
Methyl (3R,4R,5R,6S)-4-Acetamido-5-((tert-butoxycarbonyl)-

amino)-3-(1-ethylpropoxy)-6-[4-(1-hydroxypropyl)[1,2,3]-tria-
zol-1-yl]-cyclohex-1-ene-1-carboxylate (13). To a stirred solution
of azide 12 (200 mg, 0.455 mmol) and pent-1-yn-3-ol (51.0 μL, 0.6
mmol) in a 1/1 mixture (4 mL) of water and tert-butyl alcohol was
added copper(II) sulfate pentahydrate (8.0 mg) followed by the
addition of a freshly prepared 1 M solution (0.16 mL) of sodium
ascorbate in water. The reaction went to completion after vigorous
stirring at room temperature for 4 h. The reaction mixture was diluted
with CH2Cl2 (150 mL) and washed with 10% NH4OH (70 mL × 2)
and water (70 mL × 2). The organic layer was dried over anhydrous
Na2SO4, concentrated to dryness, and purified by flash chromatog-
raphy (CHCl3/MeOH 19/1) to give triazole 13 (170 mg, 71% yield)
as a white solid. Data for the mixture of diastereomers are as follows.
1H NMR (600 MHz, CDCl3): δ 7.82 (s, 2H, H-5′), 7.45−7.40 (br m,
2H, −NHAc), 7.24 (d, J2,3 = 3.8 Hz, 2H, H-2), 6.10 (d, J = 6.8 Hz, 2H,
−NHBoc), 5.40 (s, 2H, H-6), 4.82−4.78 (m, 2H, −CH(OH)-
CH2CH3), 4.45−4.42 (m, 2H, H-4), 4.22−4.20 (m, 2H, H-3), 4.10−
4.07 (m, 2H, H-5), 3.65 (s, 6H, −COOCH3), 3.62−3.59 (m, 2H,
−OCH(CH2CH3)2), 1.94−1.84 (m, 4H, −CH(OH)CH2CH3), 1.87
(s, 6H, -NHCOCH3), 1.63−1.55 (m, 8H, -OCH(CH2CH3)2), 1.39 (s,
18H, −OC(CH3)3), 0.97−0.93 (m, 12H, −CH(OH)CH2CH3,
−OCHCH2CH3), 0.91 (t, J = 7.5 Hz, 6H, −OCHCH2CH3).

13C
NMR (150 MHz, CDCl3): δ 170.0 (−NHCOCH3), 165.0 and 164.9
(−COOCH3), 155.2 (−NHCOOC(CH3)3), 151.3 (C-4′), 140.0 (C-
2), 127.2 (C-1), 123.0 (C-5′), 82.7 (−OCH(CH2CH3)2), 80.1
(−OC(CH3)3), 72.1 (2C, C-3), 68.2 (−CH(OH)CH2CH3), 58.2
(C-6), 53.4 (C-5), 52.4 (−COOCH3), 48.4 (C-4), 30.3 and 30.2
(−CH(OH)CH2CH3)2), 28.3 (−OC(CH3)3), 25.8 and 25.7 (−OCH-
(CH2CH3)2), 23.1 (−NHCOCH3), 9.7 and 9.6 (−CH(OH)-
CH2CH3), 9.5 and 9.1 (−OCH(CH2CH3)2). HRMS: m/z calcd for
C25H41N5O7Na [M + Na]+ 546.2898, found 546.2906.
(3R,4R,5R,6S)-4-Acetamido-5-((tert-butoxycarbonyl)amino)-

3-(1-ethylpropoxy)-6-[4-(1-hydroxypropyl)[1,2,3]-triazol-1-yl]-
cyclohex-1-ene-1-carboxylic Acid (14). KOH (1 N, 3.0 mL) was
added to a solution of compound 13 (100 mg, 0.191 mmol) in 10 mL
of THF, and the reaction mixture was stirred at room temperature

overnight. The pH of the reaction mixture was adjusted to 7 by
bubbling CO2, and the solvents were evaporated. The crude mass was
purified by flash column chromatography (CHCl3/MeOH, 3/1 (v/v)),
and the resulting carboxylic acid (oil-like compound) was dissolved in
a minimum amount of MeOH and EtOAc (1−2 mL). The desired
acid was precipitated out in this solution, and the precipitate was
filtered and dried to give the pure carboxylic acid 14 (46 mg, 47%
yield) as a white solid. Data for the mixture of diastereomers: 1H NMR
(600 MHz, CD3OD): δ 7.80 (d like, 2H, H-5′), 7.01 (d, J2,3 = 1.7 Hz,
2H, H-2), 5.51−5.46 (m, 2H, H-6), 4.70 (dt, J = 13.1, 6.5 Hz, 2H,
−CH(OH)CH2CH3), 4.38 (d, J3,4 = 7.9 Hz, 2H, H-4), 4.15−4.02 (m,
4H, H-4, H-5), 3.48 (p, J = 5.6 Hz, 2H, −OCH(CH2CH3)2), 1.95 (d
like, 6H, −NHCOCH3), 1.90−1.77 (m, 4H, −CH(OH)CH2CH3),
1.60−1.49 (m, 8H, −OCH(CH2CH3)2), 1.32 (d like, 18H, −OC-
(CH3)3), 0.96 (t, J = 7.4 Hz, 6H, −OCHCH2CH3), 0.91−0.88 (m,
12H, −CH(OH)CH2CH3, −OCHCH2CH3).

13C NMR (150 MHz,
MeOD): δ 173.6 (−NHCOCH3), 167.5 (2C, −COOH), 157.6 (2C,
−NHCOOC(CH3)3), 152.1 and 151.9 (C-4′), 143.6 (2C, C-2), 130.0
(C-1), 124.1 (2C, C-5′), 84.1 (2C, −OCH(CH2CH3)2), 80.4 (2C,
−OC(CH3)3), 76.1 (C-3), 69.1 and 69.0 (−CH(OH)CH2CH3), 62.8
(2C, C-6), 57.1 and 57.0 (C-5), 55.6 and 55.5 (C-4), 31.5 and 31.32
(−CH(OH)CH2CH3), 28.6 (−OC(CH3)3), 27.2 and 26.6 (−OCH-
(CH2CH3)2), 22.9 (2C, −NHCOCH3), 10.0, 9.9, and 9.6 (−OCH-
(CH2CH3)2, −CH(OH)CH2CH3). HRMS: m/z calcd for C24H40N5O7
[M + H]+ 510.2922, found 510.2924.

(3R,4R,5R,6S)-4-Acetamido-5-amino-3-(1-ethylpropoxy)-6-
[4-(1-hydroxypropyl)[1,2,3]-triazol-1-yl]cyclohex-1-ene-1-car-
boxylic Acid Trifluoroacetate Salt (5). The carboxylic acid 14 (20
mg) was dissolved in a 1/3 mixture of TFA and dichloromethane (1
mL), and this mixture was stirred at room temperature for 3 h.
Solvents were evaporated, and the crude mass was then triturated with
dichloromethane (2 × 2 mL) to yield compound 5 as a colorless foam
(18 mg, 88% yield). Data for the mixture of diastereomers are as
follows. 1H NMR (600 MHz, D2O): δ 8.11 (d like, 2H, H-5′), 7.16 (d,
J2,3 = 2.3 Hz, 2H, H-2), 6.01−5.98 (m, 2H, H-6), 4.83 (t, J = 6.8 Hz,
2H, −CH(OH)CH2CH3), 4.61 (d, J3,4 = 9.1 Hz, 2H, H-3), 4.37 (dd,
J3,4 = 9.2, J4,5 = 11.9 Hz, 2H, H-4), 4.17−4.12 (m, 2H, H-5), 3.62 (p, J
= 5.6 Hz, 2H, −OCH(CH2CH3)2), 2.10 (s, 6H, −NHCOCH3), 1.90−
1.84 (m, 4H, −CH(OH)CH2CH3), 1.64−1.47 (m, 8H, −OCH-
(CH2CH3)2), 0.91 (t, J = 7.4 Hz, 6H, −OCHCH2CH3), 0.88−0.85
(m, 12H, −CH(OH)CH2CH3, -OCHCH2CH3).

13C NMR (150
MHz, D2O): δ 175.5 (−NHCOCH3), 166.5 (−COOH), 163.0 (q, JC,F
= 35.3 Hz, CF3COO

−), 151.1 (2C, C-4′), 143.2 (2C, C-2), 126.9 and
126.8 (C-1), 123.8 and 123.5 (C-5′), 116.4 (q, JC,F = 289.4 Hz,
CF3COO−), 84.7 (−OCH(CH2CH3)2), 73.7 (C-3), 67.4 (2C,
−CH(OH)CH2CH3), 59.4 (C-6), 54.4 (2C, C-5), 51.8 (2C, C-4),
29.2 (−CH(OH)CH2CH3), 25.3 and 24.9 (−OCH(CH2CH3)2), 22.5
(−NHCOCH3), 8.9, 8.5, and 8.4 (−OCH(CH2CH3)2, −CH(OH)-
CH2CH3). HRMS: m/z calcd for C19H32N5O5 [M + H]+ 410.2398,
found 410.2404.

Methyl (3R,4R,5R,6S)-4-Acetamido-5-amino-3-(1-ethylpro-
poxy)-6-[4-(1-hydroxypropyl)[1,2,3]-triazol-1-yl]cyclohex-1-
ene-1-carboxylate Trifluoroacetate Salt (15). The methyl ester
13 (30 mg) was dissolved in a 1/2 mixture of TFA and
dichloromethane (2 mL) and stirred at room temperature for 3 h.
Solvents were evaporated, and the crude mass was then dissolved in
EtOAc and allowed to precipitate. The precipitate was filtered and
dried to give compound 15 as a white solid (19 mg, 62% yield). Data
for the mixture of diastereomers are as follows. 1H NMR (600 MHz,
D2O): δ 8.17 (d like, J = 8.8 Hz, 2H, H-5′), 7.22−7.20 (m, 2H, H-2),
6.06−6.04 (m, 2H, H-6), 4.87 (td, J = 6.7, 2.8 Hz, 2H,
−CH(OH)CH2CH3), 4.65 (d, J3,4 = 9.2 Hz, 2H, H-3), 4.40 (dd, J3,4
= 9.3, J4,5 = 11.9 Hz, 2H, H-4), 4.19 (ddd, J4,5 = 12.0, J5,NH = 9.2, J5,6 =
4.4 Hz, 2H, H-5), 3.66 (p, J = 5.6 Hz, 2H, −OCH(CH2CH3)2), 3.62
(s, 6H, −COOCH3), 2.13 (s, 6H, −NHCOCH3), 1.94−1.88 (m, 4H,
−CH(OH)CH2CH3), 1.68−1.51 (m, 8H, −OCH(CH2CH3)2), 0.94
(t, J = 7.4 Hz, 6H, −OCHCH2CH3), 0.92−0.89 (m, 12H,
−CH(OH)CH2CH3, −OCHCH2CH3).

13C NMR (150 MHz,
D2O): δ 175.4 (−NHCOCH3), 165.2 (−COOH), 162.9 (q, JC,F =
35.3 Hz, CF3COO

−), 151.2 (2C, C-4′), 143.6 and 143.5 (C-2), 126.2
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and 126.1 (C-1), 123.8 and 123.5 (C-5′), 116.4 (q, JC,F = 290.0 Hz,
CF3COO

−), 84.6 (−OCH(CH2CH3)2), 73.7 (2C, C-3), 67.4 and 67.3
(−CH(OH)CH2CH3), 59.3 (C-6), 54.3 (2C, C-5), 52.9
(−COOCH3), 51.8 and 51.7 (C-4), 29.2 and 29.1 (−CH(OH)
CH2CH3), 25.3 and 24.9 (−OCH(CH2CH3)2), 22.4 (−NHCOCH3),
8.9 (−CH(OH)CH2CH3), 8.5 and 8.4 (−OCH(CH2CH3)2). HRMS:
m/z calcd for C20H34N5O5 [M + H]+ 424.2554, found 424.2561.
Methyl (3R ,4R ,5R ,6S )-4-Acetamido-5-(2,3-bis(tert-

butoxycarbonyl)guanidino)-3-(1-ethylpropoxy)-6-(4-(1-
hydroxypropyl)[1,2,3]-triazol-1-yl]cyclohex-1-ene-1-carboxy-
late (16). The methyl ester 13 (90 mg) was dissolved in a 1/2 mixture
of TFA and dichloromethane (4 mL) and stirred at room temperature
for 3 h. Solvents were evaporated, the crude mass was then dissolved
in MeOH (4 mL), and the pH of this solution was adjusted to 7 by
adding Amberlyst A26 (nearly 200 mg). The resin was removed by
filtration, and the filtrate was concentrated to obtain the free amine
(62 mg, 87% yield) as a light yellow liquid. To a stirred solution of this
free amine (62 mg, 0.146 mmol), N,N′-bis(tert-butoxycarbonyl)-
thiourea (60.7 mg, 0.219 mmol), and Et3N (0.04 mL, 0.292 mmol) in
dry DMF (9 mL) at 0 °C was added HgCl2 (60 mg, 0.219 mmol).
After the addition, the reaction temperature was maintained at 0 °C
for 1 h and then warmed to room temperature overnight. The reaction
mixture was then diluted with ethyl acetate and filtered. The filtrate
was concentrated to dryness and purified by flash column
chromatography (MeOH/CHCl3 1/9) to give compound 16 (84
mg, 86% yield) as a colorless liquid. Data for the mixture of
diastereomers are as follows. 1H NMR (600 MHz, MeOD): δ 8.03 (d
like, J = 9.7 Hz, 2H, H-5′), 7.18−7.17 (m, 2H, H-2), 5.77−5.72 (m,
2H, H-6), 4.74−4.61 (m, 4H, H-5, −CH(OH)CH2CH3), 4.37−4.34
(m, 2H, H-3), 4.31−4.28 (m, 2H, H-4), 3.60 (d like, 6H, −COOCH3),
3.51 (p, J = 5.5 Hz, 2H, −OCH(CH2CH3)2), 1.86−1.76 (m, 4H,
−CH(OH)CH2CH3), 1.81 (s, 6H, −NHCOCH3), 1.65−1.56 (m, 8H,
−OCH(CH2CH3)2), 1.53 (d like, 18H, −OC(CH3)3), 1.44 (d like,
18H, −OC(CH3)3), 0.95 (t, J = 7.6 Hz, 6H, −OCHCH2CH3), 0.94−
0.84 (m, 12H, −OCHCH2CH3, −CH(OH)CH2CH3).

13C NMR (150
MHz, MeOD): δ 173.2 (−NHCOCH3), 166.3 and 166.2
(−COOCH3), 164.1 (2C, −NCOOC(CH3)3), 157.7 (2C, −CN),
153.5 (2C, −NHCOOC(CH3)3), 152.6 and 152.5 (C-4′), 143.2 and
143.1 (C-2), 128.5 (2C, C-1), 124.0 and 123.9 (C-5′), 84.8 and 84.7
(−OCH(CH2CH3)2), 84.7 (−OC(CH3)3), 80.6 and 80.5
(−OC(CH3)3), 75.0 and 74.9 (C-3), 68.9 (2C, −CH(OH)CH2CH3),
61.0 and 60.8 (C-6), 55.7 and 55.6 (C-5), 53.3 (C-4), 52.7
(−COOCH3), 31.5 and 31.4 (−CH(OH)CH2CH3), 28.5 (2C,
−OC(CH3)3), 28.2 (2C, −OC(CH3)3), 27.2 and 26.8 (−OCH-
(CH2CH3)2), 22.7 (−NHCOCH3), 10.1, 10.0, 9.9, 9.7, and 9.6
(−OCH(CH2CH3)2, −CH(OH)CH2CH3). HRMS: m/z calcd for
C31H52N7O9 [M + H]+ 666.3821, found 666.3825.
Methyl (3R,4R,5R,6S)-4-Acetamido-3-(1-ethylpropoxy)-5-

guanidino-6-[4-(1-hydroxypropyl)[1,2,3]-triazol-1-yl]cyclohex-
1-ene-1-carboxylate Trifluoroacetate Salt (17). The guanidinium
compound 16 (12 mg) was dissolved in a 1/1 mixture of TFA and
dichloromethane (1 mL) and stirred at room temperature for 3 h.
Solvents were evaporated, and the crude mass was then triturated with
dichloromethane (2 × 2 mL) to give compound 17 as a colorless
liquid (10 mg, 96% yield). Data for the mixture of diastereomers are as
follows. 1H NMR (600 MHz, D2O): δ 8.09 (d like, 2H, H-5′), 7.19 (d,
J4,5 = 1.3 Hz, 2H, H-2), 5.79−5.74 (m, 2H, H-6), 4.89−4.82 (m, 2H,
−CH(OH)CH2CH3), 4.66 (br s, 2H, H-3), 4.23 (br s, 4H, H-4, H-5),
3.66−3.63 (m, 2H, −OCH(CH2CH3)2), 3.62 (d like, 6H,
−COOCH3), 2.05 (s, 6H, −NHCOCH3), 1.92−1.85 (m, 4H,
−CH(OH)CH2CH3), 1.67−1.48 (m, 8H, −OCH(CH2CH3)2), 0.94
and 0.88 (t, J = 7.4 Hz, 6H, −OCH(CH2CH3)2), 0.84 and 0.83 (t, J =
7.4, 3H, −CH(OH)CH2CH3).

13C NMR (150 MHz, D2O): δ 174.4
(−NHCOCH3), 165.2 (2C, −COOCH3), 162.4 (q, J = 35.6 Hz,
CF3COO

−), 156.4 and 156.3 (−CN), 150.5 and 150.3 (C-4′), 143.1
(C-2), 126.2 (2C, C-1), 123.2 (2C, C-5′), 115.9 (q, J = 291.7 Hz,
CF3COO

−), 84.2 (−OCH(CH2CH3)2), 73.9 (C-3), 66.9 and 66.7
(−CH(OH)CH2CH3), 61.0 (2C, C-6), 56.5 (C-5), 53.0 (C-4), 52.3
(−COOCH3), 28.8 and 28.7 (−CH(OH)CH2CH3), 25.0 and, 24.5
(−OCH(CH2CH3)2), 21.4 (−NHCOCH3), 8.2, 8.1, and 7.9 (−OCH-

(CH2CH3)2, −CH(OH)CH2CH3). HRMS: m/z calcd for C21H36N7O5
[M + H]+ 466.2772, found 466.2783.

(3R,4R,5R,6S)-4-Acetamido-3-(1-ethylpropoxy)-5-guanidino-
6-(4-(1-hydroxypropyl)[1,2,3]-triazol-1-yl]cyclohex-1-ene-1-
carboxylic Acid Trifluoroacetate Salt (6). To a stirred solution of
ammonium salt 5 (17 mg, 0.0325 mmol) and Et3N (0.045 mL, 0.325
mmol) in dry MeOH (1 mL) was added N,N′-Di-Boc-1H-pyrazole-1-
carboxamidine (31.0 mg, 0.1 mmol). After the addition, the reaction
mixture was stirred at room temperature for 3−4 days. MeOH was
evaporated, and the crude product was purified by flash chromatog-
raphy (EtOAc/MeOH/H2O (3/1) 9:1) to give the desired
guanidinium compound as a liquid (7 mg, 33% yield). Then the
guanidinium compound (5.0 mg) was dissolved in a 1/2 mixture of
TFA and dichloromethane (1.2 mL) and stirred at room temperature
for 3 h. Solvents were evaporated, and the crude mass was then
triturated with dichloromethane (2 × 1 mL) to give compound 6 as a
colorless liquid. Data for the mixture of diastereomers are as follows.
1H NMR (600 MHz, D2O): δ 8.05 (d like, 2H, H-5′), 7.09 (s, 2H, H-
2), 5.73 (s, 2H, H-6), 4.88−4.83 (m, 2H, −CH(OH)CH2CH3), 4.64
(br s, 2H, H-3), 4.21 (br s, 4H, H-4, H-5), 3.67−3.63 (m, 2H,
−OCH(CH2CH3)2), 2.06 (d like, 6H, −NHCOCH3), 1.92−1.86 (m,
4H, −CH(OH)CH2CH3), 1.68−1.49 (m, 8H, −OCH(CH2CH3)2),
0.95 and 0.89 (t, J = 7.3 Hz, 6H, −OCH(CH2CH3)2), 0.84 (t, J = 7.4
Hz, 6H, −CH(OH)CH2CH3).

13C NMR (150 MHz, D2O): δ 174.4
(−NHCOCH3), 167.3 (−COOH), 162.5 (q, J = 34.8 Hz), 156.4 and
156.3 (−CN), 150.4 and 150.2 (C-4′), 141.3 (C-1), 128.1 (C-2),
123.0 and 122.9 (C-5′), 115.9 (q, J = 291.0 Hz, CF3COO

−), 84.2
(−OCH(CH2CH3)2), 74.1 (C-3), 66.9 and 66.8 (−CH(OH)-
CH2CH3), 61.4 and 61.3 (C-6), 56.5 (C-5), 53.1 (C-4), 28.8 and
28.7 (−CH(OH)CH2CH3), 25.0 and 24.6 (−OCH(CH2CH3)2), 21.4
(−NHCOCH3), 8.2, 8.1, 8.1, and 8.0 (−OCH(CH2CH3)2, −CH-
(OH)CH2CH3). In addition to the resonances of the desired
compound, a triplet and quartet were also observed at 1.30 and 3.22
ppm, respectively, resulting from CF3COOEt3NH salt contamination
(4.0 mg, containing 12.5 wt % of triethylammonium trifluoroacetate by
1H NMR, 80% yield after correcting for salt content). HRMS: m/z
calcd for C20H34N7O5 [M + H]+ 452.2616, found 452.2617.
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