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Three diazabicyclo analogs of BMS-378806, in which the
axial methyl group present on its piperazine ring is replaced
by a carbon bridge, were synthesized and tested, through a
viral neutralization assay, on a panel of six pseudoviruses.
The diazabicyclooctane and -nonane derivatives maintained
a significant infectivity reduction power, whereas the diaza-
bicycloheptane derivative was much less effective. A model-

Introduction

AIDS is caused by the human immunodeficiency virus
(HIV), a retrovirus with a RNA genome.[1] The UNAIDS
Report 2009 estimated that 33.4 million people worldwide
were living with HIV at the end of 2008.[2] In the absence
of an effective preventive vaccine, anti-HIV drugs are urged
to combat the expanding global epidemic.

Currently used anti-HIV therapy is a combination cock-
tail of inhibitors of HIV reverse transcriptase and protease;
it allows an effective control of viral load and disease pro-
gression in HIV-infected individuals, prolonging the sur-
vival of AIDS patients. Nevertheless, the emergence of
drug-resistant strains and the toxicity associated to the ther-
apy have limited the efficacy of this regimen. Since the
AIDS pandemic is one of the leading global public health
threats, the discovery and development of new antiretroviral
drugs with reduced toxicity, enhanced potency, different
mechanisms of action, and reduced prevalence of adverse
drug–drug interactions remain very high priorities. In par-
ticular, a promising area of investigation is the identification
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ing study allowed to relate the antiviral activity to the confor-
mational preferences of the compounds. Moreover, similarly
to BMS-378806, theoretical calculations predict the existence
of different conformational families corresponding to the pos-
sible arrangements at the two planar amido functions of the
compounds. High-field 1H NMR spectra confirm these re-
sults, as they show two distinct series of signals.

of agents that inhibit viral attachment and entry into host
cells[3] in order to block HIV infection at the early stages.

The azaindole derivative BMS-378806 (1) (Scheme 1),
discovered at Bristol–Myers Squibb,[4] has been shown to
interfere with the HIV-1 entry process, inhibiting the inter-
action between the viral gp120 envelope glycoprotein and
its cellular CD4 receptors[5] through a specific and competi-
tive mechanism with a stoichiometry of approximately 1:1
and a binding affinity similar to that of soluble CD4. BMS-
378806 retains activity against HIV strains resistant to pro-
tease and reverse transcriptase inhibitors and is active
against viral strains with both the CCR5 and the CXCR4
coreceptors,[5] other very attractive targets for anti-HIV
therapy. Its pharmacokinetic and pharmaceutical charac-
teristics supported an oral formulation in man, but it was
also being investigated in formulations for vaginal adminis-
tration for the prevention of HIV-1 transmission when used
in combination with other vaginal microbicides.[6]

Scheme 1. Compounds 1–4.
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We recently reported a full conformational evaluation of

BMS-378806, which shows its high flexibility.[7] The located
conformations were grouped into four families correspond-
ing to the possible arrangements at the two planar amido
functions and distinguishable in the NMR timescale. In
fact, the high-field 1H NMR spectrum of 1 shows four dis-
tinct series of signals easily attributable to each family,
which thus supports the modeling results.

Starting from 1, the design of structural analogs repre-
sents an important tool to obtaining new compounds poss-
ibly with even higher potency and/or better characteristics
in their inhibitory activity against HIV-1.[8]

Some of us have a long-lasting experience in the synthesis
of pharmacologically active compounds with a diazabicyclo
moiety in their structure. So our interest has been directed
to obtaining analogs of 1 in which the central piperazine
ring is replaced by 3,6-diazabicyclo[3.1.1]heptane (2), 3,8-
diazabicyclo[3.2.1]octane (3), or 3,9-diazabicyclo[3.3.1]-
nonane (4) (Scheme 1). These compounds were prepared
and, together with 1, subjected to a viral neutralization as-
say[9] in order to investigate their pharmacological proper-
ties relative to the reference compound. Moreover, in an
attempt to correlate the geometrical features and the con-
formational preferences of compounds 2–4 to their HIV-1
inhibitory activity, a modeling study was carried out with a
computational approach, which was supported by a de-
tailed NMR analysis of the new compounds.

Results and Discussion

Synthesis

All compounds were synthesized with a procedure sim-
ilar to that already used for reference compound 1,[4] start-
ing from known[10] diazabicyclo precursors. Through the
proper protection/deprotection steps, compounds 5 were
converted into the benzoylated derivatives 9 and then into
the target compounds (Schemes 2 and 3).

Two different approaches were used for the synthesis of
the three required benzoylated diazabicycles 9. The first, ap-
plied to the synthesis of 9b and 9c (Scheme 2), was based
on the temporary protection of the secondary amino group
of 5 with di-tert-butyl dicarbonate to allow debenzylation,
achieved by catalytic hydrogenation with a heterogeneous
Pd/C catalyst, and benzoylation of the unmasked amino
group with benzoyl chloride in toluene. Acidic deprotection
gave compounds 9b and 9c.

The same procedure to obtain 9a presented many diffi-
culties and too low yields because of the extreme instability
of the diazabicyclo[3.1.1]heptane moiety, in particular dur-
ing the cleavage reaction of the tert-butyloxycarbonyl
group. Thus, the alternative approach described in
Scheme 3 was applied in the preparation of 9a. The benzyl
derivative 5a was treated with benzoyl chloride in toluene
and then submitted to catalytic hydrogenation. The initially
formed intermediate was not isolated, as it spontaneously
rearranged into its isomer 9a through an intramolecular
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Scheme 2. Synthesis of compounds 3 and 4.

Scheme 3. Synthesis of compound 2.

transposition already observed for other diazabicyclo com-
pounds.[10c]

Finally, the target compounds 2–4 were obtained by reac-
tion of the suitable benzoylated diazabicycles 9 with (4-
methoxy-1H-pyrrolo[2,3-b]pyridine-3-yl)oxoacetic acid[11]

(Schemes 2 and 3).

Biology

A standardized chemoluminescent assay[9] was per-
formed to assess the infectivity reduction of all compounds
under examination; in detail, BMS-378806 (1) and its three
analogs 2–4 were tested. The infectivity reduction power
was challenged on a panel of six pseudoviruses, including
one laboratory strain SF162, four Clade B isolates QH0692,
6535, PVO, and AC10 and one Clade C primary virus
ZM214. As a specificity negative control, an HIV-unrelated
virus (SVA.MLV#922) was also included in the experiment
to show that none of the compounds under assay affected
its infectivity (data not shown).
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Table 1 summarizes the data of infectivity reduction on
the six pseudoviruses of the panel. Compound 1 efficiently
neutralized all viruses tested with a mean IC50 of 0.01 μm;
it also showed a mean IC90 and IC99 at low concentrations,
0.66 and 2.1 μm, respectively. Compounds 3 and 4 showed
an infectivity reduction power lower than 1; mean IC50,
IC90, and IC99 values were 0.69, 29, and 71 μm, respectively,
for 3 and 0.79, 29, and 70 μm, respectively, for 4. On the
contrary, analog 2 was much less effective than the other
compounds as it showed no activity against QH0692 and
reduced infectivity of the other viruses at 50% only with a
mean IC50 of 145 μm. The positive control TriMab showed
a range of IC50 from �0.25 to 9.1, of IC90 from 0.25 to
�67, and of IC99 from 2.0 to ��67 μg/mL. As expected,
in all these cases, including TriMab, the Clade C virus was
less susceptible to neutralization than the Clade B viruses.

Table 1. HIV-1 infectivity reduction expressed as IC50, IC90, and
IC99 [μm] by BMS-378806 (1) and its analogs 2–4 in a TZM-bl cell
assay with a panel of six different viruses.

Viruses Clade ICx
[a] 1 2 3 4 TriMab[b]

SF162 Laboratory Strain B IC50 0.002 140 0.36 0.39 �0.25
IC90 0.49 �250 32 42 0.25
IC99 3.2 ��250 88 120 2.0

QH0692Primary B IC50 0.02 ��250 1.2 1.9 �0.25
IC90 2.1 ��250 56 57 3.0
IC99 5.2 ��250 133 124 10

6535 Primary B IC50 �0.002 70 0.02 0.02 0.08
IC90 0.005 �250 1.4 6.7 8.3
IC99 0.10 ��250 4.0 22 24

PVO Primary B IC50 0.002 175 0.24 0.51 �0.25
IC90 0.22 �250 9.4 18 0.53
IC99 0.42 ��250 22 41 4.7

AC10 Primary B IC50 0.02 185 1.1 1.1 0.46
IC90 0.69 �250 18 13 21
IC99 1.4 ��250 33 22 50

ZM214 Primary C IC50 0.005 153 1.1 0.83 9.1
IC90 0.49 �250 59 38 �67
IC99 2.5 ��250 144 89 ��67

[a] IC50, IC90, and IC99 stand for the compound concentration lead-
ing to 50, 90, and 99% of infectivity reduction, respectively. [b]
Positive control [μg/mL].

Modeling

Theoretical calculations were performed within the DFT
approach at the B3LYP level with the 6-31G(d) basis set.[12]

Solvent effects were also considered through single-point
calculations on the gas-phase optimized geometries, by
using a self-consistent reaction field (SCRF) method, based
on the polarizable continuum model (PCM),[13] and by
choosing water as the solvent. However, the solvent does
not significantly influence the results so that, in the follow-
ing discussion, it will not be considered.

As already found for 1,[7] we also expected for 2–4 the
presence of four conformational families, which correspond
to the four different combinations of arrangements of the
C–N bonds of the two amido functions and which differ in
the torsional angles τ1 and τ2. Additional degrees of confor-
mational freedom arise because of the presence of the di-
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azabicyclo system and the substituents on the two pipera-
zine nitrogen atoms. The mobility of the former system may
derive from the chair/boat interconversion of the piperazine
ring and, in the case of 4, of that of the piperidine ring.
The arrangement of the 1,2-dioxo system, the orientation
of the azaindole moiety, the orientation of the methoxy
group, and that of the benzoyl phenyl group allow the con-
formational flexibility of the substituents. All the corre-
sponding starting geometries were prepared and optimized.
Tenths of minimum energy conformers were located and
grouped into four families (A–D). The symmetry of the di-
azabicyclo systems makes the members of the A family mir-
ror images of the members of the D family and the same
relationship holds true between the members of the B and
C families. A lower number of conformers were located for
the diazabicycloheptane derivative 2 as, in this case, the 1,2-
dioxo system showed only one minimum instead of the two
arrangements found for all the other compounds. A larger
number of conformers were located for the diazabicy-
clononane analog 4 because of the greater conformational
freedom of the bicyclic moiety. In Table 2, the gas-phase
energies of the most-stable member of each family for the
three analogs and the percentage contribution of each fam-
ily to the overall population are reported, together with the
torsional angles defining the orientation of the amido func-
tions. In Figure 1, the corresponding three-dimensional
plots for the A and B families are reported.

Table 2. Relative energies [kcal/mol], equilibrium percentages at
248 K, and significant torsional angles[a] [°] of significant confor-
mations of compounds 2–4.

Erel % τ1 τ2

2A 0.06 23.4 24 176
2B 0.00 26.6 –171 176
2C 0.00 26.6 23 16
2D 0.06 23.4 –171 15
3A 0.10 22.7 6 172
3B 0.00 27.3 –172 173
3C 0.00 27.3 6 27
3D 0.10 22.7 –173 28
4A 0.07 25.2 –4 169
4B 0.00 24.8 –170 169
4C 0.00 24.8 –4 22
4D 0.07 25.2 –171 22

[a] τ1: C1–Nx–Cxa–Cxb; (x = 6 for 2, x = 8 for 3, x = 9 for 4); τ2:
C2–N3–C3a–C1��.

In order to put in better evidence analogies and differ-
ences among the conformations of the various compounds
and to compare them with reference compound 1,[7] we su-
perimposed, through the rms fitting of the six atoms of the
piperazine ring, the conformations of 1–4 holding the same
label. As examples, in Figure 2, the superimpositions of the
A and B geometries are reported.

It can be seen that the orientation of the azaindole group
is quite different in the four compounds, as well as that of
the benzoyl phenyl group. With respect to 1, a progressive
deviation of the two aromatic systems towards a direction
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Figure 1. Three-dimensional plots of the most-stable members of
the A and B conformational families of compounds 2–4.

Figure 2. Superimpositions of the most-stable members of the A
and B conformational families of compounds 1–4.

opposite to the aliphatic bridge is observed, more pro-
nounced for the azaindole group, especially in the case of
2, where the deviation is very significant.

Table 3. B3LYP/6-31G(d) GIAO calculated 1H NMR chemical
shift (δ, in ppm relative to TMS) for compounds 2–4, based on the
geometries optimized at the same level. The experimental values
from the spectra recorded in CD3OD are given for comparison.

A/D families B/C families
Compound H δcalcd. δexp. δcalcd. δexp.

2[a] 1 4.85 4.75 4.28 4.75
2ax 4.00 4.11 3.73 4.11
2eq 4.54 4.19 4.45 4.11
4ax 4.23 4.07 4.54 4.01
4eq 3.28 3.71 3.44 3.73
5 4.12 4.56 4.63 4.56

3 1 4.43 4.30 4.60 4.89
2ax 3.47 3.26 2.94 3.22
2eq 4.56 4.59 4.55 4.70
4ax 3.47 3.63 4.03 3.67
4eq 3.57 3.64 3.61 3.56
5 4.44 4.69 4.22 4.10

4 1 4.12 4.00 4.64 4.83
2ax 3.14 3.21 2.96 3.33
2eq 4.67 4.75 4.72 4.89
4ax 3.44 3.70 3.73 3.59
4eq 3.76 3.90 3.72 3.78
5 4.48 4.64 3.96 3.81

[a] In the case of compound 2, the assignment of the resonances of
the A/D and B/C families may be interchanged.
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At last, we computed the 1H NMR chemical shifts for
each populated conformation of compounds 2–4 by using
GIAO NMR calculations[14] at the same level already used
for the optimizations.[15] The obtained values were
weighted, averaged, separately for the conformations of ev-
ery family, on the basis of the population percentages. The
chemical shift values for the hydrogen atoms of the pipera-
zine rings are reported in Table 3, together with the corre-
sponding experimental data (see below).

NMR Spectroscopy

High-field 1H NMR spectra in [D4]methanol were re-
corded at 248 K because compounds 3 and 4 show broad
signals as a result of coalescence at 298 K. On the contrary,
the proton resonances have a good shape and resolution at
the selected temperature. As expected, all the spectra show
two distinct series of signals, which correspond to the two
couples of conformational families A/D and B/C predicted
by the calculations. As convenient entry points for the reso-
nances assignment, the protons linked to the tertiary
bridgehead carbon atoms of the bicyclic systems, easily de-
termined by HSQC experiments, were used. The spectra
could also be divided into three zones on the basis of the
effect of the amidic carbonyl groups on the chemical shifts
of the diazabicycle protons:[7] (a) from 5.00 to 4.50 ppm
(equatorial piperazine protons, which are strongly influ-
enced by the deshielding effect of amidic carbonyls), (b)
from 4.35 to 3.00 ppm (the other piperazine protons) and
(c) from 3.00 to 1.40 (the bridge protons, lowest deshielding
effect). In this way, it was possible to assign (Table 3),
through COSY and HSQC experiments, 2-Heq and 5-H
(4.59 and 4.69 ppm, respectively, A/D families) and 2-Heq
and 1-H (4.70 and 4.89 ppm, respectively, B/C families) for
compound 3 and the corresponding resonances (4.75, 4.64,
4.89, and 4.83 ppm) for compound 4. These signals from
5.00 to 4.50 ppm, deshielded by the carbonyl groups, repre-
sent the key points for the conformational assignment. The
remaining 2-H as well as the 4-H resonances were then as-
signed. In particular, COSY cross peaks, as a result of the
long-range couplings between the equatorial 2-H (4.59 and
4.70 ppm for compound 3 and 4.75 and 4.89 ppm for com-
pound 4) and 4-H, allow to assign the axial/equatorial gem-
inal 4-H protons. Finally, through a careful study of the 2D
spectra, the protons of the di- and trimethylene bridges of
3 and 4 can also be assigned (see Supporting Information).

Differently, compound 2 shows two signals at δ = 4.75
and 4.56 ppm in its spectrum, which account for the four
bridgehead 1-H and 5-H protons (clearly detected by
HSQC). The coupling of these protons with the two charac-
teristic high-field 7-H bridge protons at δ = 2.86 ppm
(9.1 Hz) and 1.80/1.81 ppm (weak COSY cross peak) and
with the other two couples of methylene protons (2-H and
4-H) confirms the assignments. Also, in this case, the as-
signment of the axial/equatorial orientation to the geminal
protons was possible because of the long-range couplings
between 2-Heq and 4-Heq. Unfortunately, the overlapping
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of all the 1-H signals as well as the 5-H signals did not
allow the assignment of the resonances to the correspond-
ing conformational series.

The signals for the azaindole protons of all the studied
compounds could be also determined under these experi-
mental conditions – they appear as well-separated sharp
signals for the two conformational series, that, however,
could not be assigned (see Supporting Information): two
singlets for 2-H� (8.26–8.40 ppm), two doublets (J = 5.8 Hz)
for 6-H� (8.22–8.27 ppm), two doublets (J = 5.8 Hz) for 5-
H� (6.90–6.96 ppm). The two well-resolved methoxy singlets
at 3.99–4.04 ppm and the multiplet at 7.38–7.56 ppm, which
account for the five benzoyl protons, completed the descrip-
tion of the 1H NMR spectra of compounds 2–4.

Finally, for all the compounds a relative ratio close to 1:1
of the A/D and B/C conformational families was detected
by careful integration of some well-resolved 1H signals.
These data confirm those predicted by calculations
(Table 2). In particular, a 51:49 ratio for compound 4 was
deduced from the 5A-H/1B-H and 2eqA-H/2eqB-H reso-
nances (Table 3). The same 51:49 ratio was observed for 3
(2eqA-H/1B-H).

Conclusions

Three structural analogs of BMS-378806 1, in which the
axial methyl group present on its piperazine ring is replaced
by a methylene, dimethylene, or trimethylene bridge, were
synthesized and their infectivity reduction power deter-
mined relative to the reference compound, through a viral
neutralization assay on a panel of six pseudoviruses.

All compounds under assay neutralized the viral strains,
although they reduced the virus infectivity to different ex-
tents. Diazabicyclooctane 3 and diazabicyclononane 4
maintained a significant infectivity reduction power,
whereas diazabicycloheptane 2 was much less effective.

Theoretical calculations show a very high degree of mo-
lecular flexibility for the analogs 2–4. The same four confor-
mational families, already found in 1, corresponding to the
possible arrangements at the two planar amido functions,
were located. The high-field 1H NMR spectra of the com-
pounds confirm these results and show two distinct series
of signals attributed to the A/D and B/C couples of the
conformational families predicted by the calculations.

A comparison of the biological data with the modeling
results suggests that the conformational preferences of this
class of small molecules are determinant for their antiviral
activity. In fact, the modeling studies evidence a progressive
deviation of the azaindole and benzoyl groups towards a
direction opposite to the aliphatic bridge in compounds 2–
4 with respect to those in 1, more pronounced for the azain-
dole group, especially in the case of 2. The antiviral activity
of 3 and 4 suggests that a small deviation of the azaindole
system with respect to the position occupied in 1 is toler-
ated, while a larger deviation in the same direction, as in 2,
causes an almost complete loss of activity. The steric hin-
drance of the aliphatic bridge present in 2–4 does not seem
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to exert a major influence on the biological properties, as
compound 4, which contains a larger carbon bridge, shows
antiviral activity almost comparable to that of 3 and much
better than that of 2, although the latter compound is, in
size, most similar to 1.

Experimental Section

General: All materials were purchased from Sigma–Aldrich and
were used without any further purification. All reactions involving
air-sensitive reagents were performed under a nitrogen atmosphere.
Reactions were monitored by thin layer chromatography (TLC) on
an aluminum-backed Silica Gel 60 plates (0.2 mm, Merck). The
compounds were purified by flash chromatography by using Merck
Silica Gel 60 (70–230 mesh). Melting points were determined in
open capillary tubes on a Büchi Melting Point B-540 apparatus. 1H
NMR spectra of intermediates were acquired at 298 K on a Varian
300 MHz Oxford instrument. Mass spectrometry was performed
on a Thermo Electron TRACE DSQTM spectrometer through the
rapid heating filament direct-exposure probe (DEP) insertion
mode. The mass spectrometric analyses were performed in chemical
ionization (CI–MS) by using methane as reactant gas at an electron
energy of 70 eV with a source temperature of 200 °C.

6-Benzoyl-3-benzyl-3,6-diazabicyclo[3.1.1]heptane (10): To a solu-
tion of 3-benzyl-3,6-diazabicyclo[3.1.1]heptane (5a)[10a] (1.10 g,
5.84 mmol) in toluene (12 mL) were added triethylamine
(5.84 mmol) and benzoyl chloride (5.84 mmol). The reaction mix-
ture was stirred at room temperature overnight. The salts were fil-
tered off, and the solvent was evaporated to give the crude product.
The residue was purified by flash chromatography by eluting with
petroleum ether (PE)/EtOAc (1:1) to give compound 10 (1.11 g,
65 %): Rf = 0.26 (PE/EtOAc, 1:1). 1H NMR (300 MHz, CDCl3): δ
= 2.00–2.10 (m, 1 H, 7a-H), 2.55–2.70 (m, 2 H, 7b-H and 4a-H),
2.80–3.00 (m, 2 H, 2a-H and 4b-H), 3.30–3.40 (m, 1 H, 2b-H),
3.65–3.75 (m, 2 H, CH2Ph), 4.35–4.45 (m, 1 H, 5-H), 4.50–4.60 (m,
1 H, 1-H), 7.20–7.65 (m, 10 H, arom.) ppm. C19H20N2O (292.37):
calcd. C 78.05, H 6.89, N 9.58; found C 78.26, H 6.79, N 9.62.

3-Benzoyl-3,6-diazabicyclo[3.1.1]heptane (9a): A solution of 6-benz-
oyl-3-benzyl-3,6-diazabicyclo[3.1.1]heptane (10) (0.70 g, 2.39
mmol) in EtOH (40 mL) was hydrogenated at 3 atm and 60 °C in
the presence of 10% Pd–C (10:1 w/w) for 72 h. The catalyst was
filtered off through Celite, and the solvent was evaporated. The
residue was purified by flash chromatography by eluting with
EtOAc/MeOH (7:3) to give compound 9a as a yellow solid (0.26 g,
53%): Rf = 0.10 (EtOAc/MeOH, 7:3). 1H NMR (300 MHz,
CDCl3): δ = 1.50–1.60 (m, 1 H, 7a-H), 1.75–1.85 (m, 1 H, NH),
2.65–2.75 (m, 1 H, 7b-H), 3.55–3.65 (m, 3 H, 1-H, 4a-H, 5-H),
3.75–3.90 (m, 2 H, 2a-H and 4b-H), 4.00–4.10 (m, 1 H, 2b-H),
7.35–7.45 (m, 5 H, arom.) ppm. C12H14N2O (202.25): calcd. C
71.26, H 6.98, N 13.85; found C 71.12, H 7.09, N 13.99.

1-(3-Benzoyl-3,6-diazabicyclo[3.1.1]hept-6-yl)-2-(4-methoxy-1H-pyr-
rolo[2,3-b]pyridin-3-yl)ethane-1,2-dione (2): To a solution of (4-
methoxy-1H-pyrrolo[2,3-b]pyridin-3-yl)oxoacetic acid (0.454
mmol) in dry CH2Cl2 (6 mL) under a nitrogen atmosphere was
added SOCl2 (0.454 mmol), and the mixture was heated to reflux
for 1 h. The reaction was cooled to –40 °C, and a solution of com-
pound 9a (92 mg, 0.455 mmol) and DIPEA (1.82 mmol) in CH2Cl2
(4 mL) was added very slowly. The mixture was warmed to room
temperature and stirred overnight. The reaction was quenched with
17% NaCl, and the mixture was extracted with CH2Cl2. The or-
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ganic layers were dried with Na2SO4, and the solvents evaporated
under vacuum. The residue was purified by flash chromatography
by eluting with EtOAc/MeOH (10:1). The product was washed with
Et2O at room temperature and filtered to give compound 2 as a
white solid (46 mg, 25%): Rf = 0.13 (EtOAc/MeOH, 10:1). M.p.
171–173 °C. CI-MS: m/z = 405.2 [M + H]+. C22H20N4O4 (404.42):
calcd. C 65.34, H 4.98, N 13.85; found C 65.49, H 5.12, N 13.73.

3-Benzoyl-8-tert-butyloxycarbonyl-3,8-diazabicyclo[3.2.1]octane (8b):
With the same procedure already described in the conversion of 5a
to 10, starting from compound 7b[10b] (1.04 g, 4.90 mmol), com-
pound 8b was obtained as a brown oil (1.44 g, 93%): Rf = 0.13
(PE/EtOAc, 8:2). 1H NMR (300 MHz, CDCl3): δ = 1.45 (s, 9 H,
CMe3), 1.70–1.95 (m, 4 H, 6-H2 and 7-H2), 2.95–3.10 (m, 1 H, 2a-
H), 3.30–3.40 (m, 2 H, 4-H2), 4.00–4.55 (m, 3 H, 1-H, 2b-H, and
5-H), 7.25–7.40 (m, 5 H, arom.) ppm. C18H24N2O3 (316.39): calcd.
C 68.33, H 7.65, N 8.85; found C 68.57, H 7.82, N 8.70.

3-Benzoyl-3,8-diazabicyclo[3.2.1]octane (9b): To a solution of com-
pound 8b (0.75 g, 2.37 mmol) in Et2O (20 mL) at 0 °C was added
a solution of Et2O·HCl (40 mL). The reaction mixture was warmed
to room temperature and stirred for 2.5 d. A solution of 6 m NaOH
was added until pH = 10, and the mixture was extracted with Et2O.
The organic layers were dried with Na2SO4, and the solvents evapo-
rated under vacuum to give 9b (0.49 g, 95%): Rf = 0.67 (CH2Cl2/
MeOH, 8:2). 1H NMR (300 MHz, CDCl3): δ = 1.65–1.95 (m, 5 H,
6-H2, 7-H2, and NH), 2.95–3.10 (m, 1 H, 2a-H), 3.30–3.70 (m, 4
H, 1-H, 4-H2, 5-H), 4.40–4.55 (m, 1 H, 2b-H), 7.25–7.40 (m, 5 H,
arom.) ppm. C13H16N2O (216.28): calcd. C 72.19, H 7.46, N 12.95;
found C 71.98, H 7.57, N 13.04.

1-(3-Benzoyl-3,8-diaza-bicyclo[3.2.1]oct-8-yl)-2-(4-methoxy-1H-pyr-
rolo[2,3-b]pyridin-3-yl)ethane-1,2-dione (3): With the same pro-
cedure already described in the conversion of 9a to 2, starting from
compound 9b (105 mg, 0.486 mmol), compound 3 was obtained as
a yellow solid (53 mg, 26%): Rf = 0.22 (EtOAc/MeOH, 10:1). M.p.
247–250 °C (dec.). CI-MS: m/z = 419.2 [M + H]+. Rf = 0.67
(CH2Cl2/MeOH, 8:2). C23H22N4O4 (418.45): calcd. C 66.02, H
5.30, N 13.39; found C 66.23, H 5.45, N 13.11.

3-Benzyl-9-tert-butyloxycarbonyl-3,9-diazabicyclo[3.3.1]nonane (6c):
To a solution of 3-benzyl-3,9-diazabicyclo[3.3.1]nonane 5c[10c]

(1.08 g, 4.97 mmol) in dry CH2Cl2 (10 mL) under a nitrogen atmo-
sphere was added di-tert-butyl dicarbonate (4.97 mmol). The reac-
tion mixture was stirred at room temperature overnight. The mix-
ture was evaporated, and the product was purified by flash
chromatography by eluting with cyclohexane/EtOAc (98:2) to give
compound 6c as a yellow oil (1.51 g, 96%): Rf = 0.40 (cyclohexane/
EtOAc, 98:2). 1H NMR (300 MHz, CDCl3): δ = 1.45 (s, 9 H,
CMe3), 1.60–1.90 (m, 5 H, 6-H2, 7a-H, 8-H2), 2.20–2.35 (m, 2 H,
2a-H, and 7b-H), 2.75–2.90 (m, 3 H, 2b-H and 4-H2), 3.40 (s, 2 H,
CH2Ph), 4.05 (m, 1 H, 5-H), 4.15 (m, 1 H, 1-H), 7.20–7.40 (m, 5
H, arom.) ppm. C19H28N2O2 (316.44): calcd. C 72.12, H 8.92, N
8.85; found C 72.39, H 8.69, N 8.63.

9-tert-Butyloxycarbonyl-3,9-diazabicyclo[3.3.1]nonane (7c): A solu-
tion of 3-benzyl-9-tert-butyloxycarbonyl-3,9-diazabicyclo[3.3.1]-
nonane 6c (1.40 g, 4.42 mmol) in EtOH (30 mL) was hydrogenated
overnight at 3 atm and at room temperature in the presence of 10%
Pd-C (10:1 w/w). The catalyst was filtered off through Celite, and
the solvent was evaporated to give 7c as a yellow oil (0.99 g, 99%):
Rf = 0.48 (CH2Cl2/MeOH, 9:1). 1H NMR (300 MHz, CDCl3): δ =
1.45 (s, 9 H, CMe3), 1.60–1.90 (m, 6 H, 6-H2, 7a-H, 8-H2, NH),
2.35–2.50 (m, 1 H, 7b-H), 2.85–3.15 (m, 4 H, 2-H2 and 4-H2), 3.95
(m, 1 H, 5-H), 4.10 (m, 1 H, 1-H) ppm. C12H22N2O2 (226.32):
calcd. C 63.68, H 9.80, N 12.38; found C 63.75, H 10.01, N 12.22.
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3-Benzoyl-9-tert-butyloxycarbonyl-3,9-diazabicyclo[3.3.1]nonane (8c):
With the same procedure already described in the conversion of 7b
to 8b, starting from compound 7c (0.98 g, 4.33 mmol), compound
8c was obtained as a white solid (1.00 g, 70%): Rf = 0.15 (PE/
EtOAc, 8:2). 1H NMR (300 MHz, CDCl3): δ = 1.45 (s, 9 H, CMe3),
1.50–1.95 (m, 5 H, 6-H2, 7a-H, and 8-H2), 2.05–2.20 (m, 1 H, 7b-
H), 3.05–3.20 (m, 1 H, 2a-H), 3.35–3.45 (m, 1 H, 4a-H), 3.65–3.75
(m, 1 H, 4b-H), 4.00–4.40 (m, 2 H, 1-H and 5-H), 4.75–4.80 (m, 1
H, 2b-H), 7.35–7.45 (m, 5 H, arom.) ppm. C19H26N2O3 (330.42):
calcd. C 69.06, H 7.93, N 8.48; found C 69.19, H 7.78, N 8.60.

3-Benzoyl-3,9-diazabicyclo[3.3.1]nonane (9c): With the same pro-
cedure already described in the conversion of 8b to 9b, starting
from compound 8c (0.89 g, 2.69 mmol), compound 9c was ob-
tained (0.56 g, 90%): Rf = 0.43 (CH2Cl2/MeOH, 9:1). 1H NMR
(300 MHz, CDCl3): δ = 1.60–1.95 (m, 5 H, 6-H2, 7a-H, and 8-H2),
2.05–2.25 (m, 2 H, 7b-H and NH), 2.90–3.00 (m, 1 H, 5-H), 3.15–
3.25 (m, 2 H, 1-H and 2a-H), 3.40–3.50 (m, 1 H, 4a-H), 3.65–3.75
(m, 1 H, 4b-H), 4.65–4.75 (m, 1 H, 2b-H), 7.30–7.45 (m, 5 H,
arom.) ppm. C14H18N2O (230.31): calcd. C 73.01, H 7.88, N 12.16;
found C 73.24, H 7.71, N 12.23.

1-(3-Benzoyl-3,9-diaza-bicyclo[3.3.1]non-9-yl)-2-(4-methoxy-1H-pyr-
rolo[2,3-b]pyridin-3-yl)ethane-1,2-dione (4): With the same pro-
cedure already described in the conversion of 9a to 2, starting from
compound 9c (102 mg, 0.443 mmol), compound 4 was obtained as
a yellow solid (39 mg, 20 %): Rf = 0.86 (EtOAc/MeOH, 10:1). M.p.
234–236 °C (dec.). CI-MS: m/z = 433.3 [M + H]+. C24H24N4O4

(432.47): calcd. C 66.65, H 5.59, N 12.96; found C 66.79, H 5.70,
N 12.83.

Viral Infectivity Reduction Assay: Infectivity reduction was
measured as a reduction in Luc reporter gene expression after a
single round of virus infection in TZM-bl cells with env-pseu-
dotyped viruses.[9] Virus panel of HIV-related pseudoviruses in-
cluded one laboratory strain SF162 (Clade B), four from primary
infected Subtype B subjects such as QH0692, 6535, PVO, and
AC10 isolates (all strains were CCR5-tropic), and one primary in-
fected Subtype C virus, ZM214 (CCR5-tropic). In order to demon-
strate the specificity of HIV neutralization, an HIV-unrelated virus
(VSV-G virus, strain SVA.MLV#922) was also included. Briefly,
200 TCID50 of pseudoviruses in 50 μL culture media was incu-
bated with 100 μL of serially diluted compounds (from 250 to
0.002 μm) or TriMab (containing 2G12, IgG1b12, and 2F5,
50:50:50 μg/mL), by using d-MEM with 10% foetal bovine serum
in a 96-well plate for 1 h at 37 °C. A 100-μL solution of TZM-bl
cells (1� 104 cells/well) containing 15 μg/mL DEAE dextran was
added; the cultures were then incubated at 37 °C in 5% CO2/95%
air for 48 h. Infection was monitored by evaluating the luciferase
activity. Infectivity reduction was calculated as IC50, IC90, and
IC99, the compound concentration at which relative luminescence
units (RLU) were reduced by 50%, 90% and 99% respectively, rela-
tive to virus control wells (wells with no inhibitor) after subtraction
of background RLU in the cell control wells (wells without virus
infection).

Computational Methods: A systematic search of the conformational
space of compounds 2–4 was performed by using the Gaussian 03
program package[16] through optimizations in the gas phase at the
B3LYP/6-31G(d) level.[12] First, a starting geometry presenting the
A arrangement at the amido functions was optimized. Then, the
energy profiles for rotation around the single bonds of the substitu-
ents on the nitrogen atoms were determined with a step size of
30°, and ring inversion of the piperazine and piperidine rings was
performed. All the combinations of the observed minima were used
to generate starting geometries optimized as above. The procedure
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was similarly repeated for the B arrangement. Vibrational fre-
quencies were computed at the same level of theory to verify that
the optimized structures were minima. The population percentages
were calculated through the Boltzmann equation at 248 K. GIAO
NMR calculations[14] were carried out at the B3LYP/6-31G(d)
level.

NMR Spectroscopy: NMR spectra of compounds 2–4 were re-
corded with a Bruker AVANCE-500 spectrometer operating at
500.13 MHz for 1H or at 125.76 MHz for 13C NMR spectra by
using a 5-mm z-PFG (pulsed field gradient) broadband reverse
probe at different temperatures obtained through a Bruker BVT
3000 digital temperature control unit connected to a liquid nitrogen
evaporator system. Chemical shifts (δ) are reported in ppm and are
relative to residual methanol signals (δ =3.30 ppm) or 47.0 ppm
(central line) for CD3OD 13C NMR spectra, and scalar coupling
constants are reported in Hz. The data were collected and pro-
cessed by XWIN-NMR software (Bruker) running on a PC with
Microsoft Windows XP. Compounds 2–4 (4–8 mg) were dissolved
in CD3OD (0.6 mL) and put in 5-mm NMR tubes. The signal as-
signment was given by a combination of 1D and 2D (COSY and
HSQC) experiments, by using standard Bruker pulse programs. The
1H-1H and 13C-1H bond correlations were confirmed by COSY and
HSQC experiment by using Z-PFGs. The pulse widths were 8.00 μs
(90°) for 1H and 13.6 μs (90°) for 13C. Typically, 32 K data points
were collected for one-dimensional spectra. Spectral widths were
11.45 ppm (5733 Hz) for 1H NMR (digital resolution: 0.17 Hz per
point) and 259.84 ppm (32680 Hz) for 13C NMR (digital resolu-
tion: 1.0 Hz per point), 1.5 Hz line broadening. 2D experiment pa-
rameters were as follows. For 1H-1H correlations: relaxation delay
2.0 s, data matrix 1 K �1 K (512 experiments to 1 K zero filling in
F1, 1 K in F2), 2 transients in each experiment for COSY, spectral
width 8.01 ppm (4006.41 Hz). For 13C-1H correlations (HSQC): re-
laxation delay 2.5 s, data matrix 1K �1K (512 experiments to 1 K
zero filling in F1, 1K in F2), 8 transients in each experiment, spec-
tral width 8.0 ppm (4001 Hz) in the proton domain and 200.0 ppm
(25155 Hz) in the carbon domain. A sine-bell weighting was ap-
plied to each dimension. All 2D spectra were processed with the
Bruker software package.

Supporting Information (see footnote on the first page of this arti-
cle): Complete 1H and 13C NMR spectroscopic data of compounds
2–4, modeling data of all their located conformations, and com-
parison of the B3LYP/6-31G(d) and 6-311++G(2d,p) GIAO calcu-
lated 1H NMR chemical shifts are presented.
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