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BMS-378806 (1) is an azaindole derivative known to interfere
with the HIV-1 entry process by targeting the viral gp120
envelope glycoprotein and inhibiting its interaction to cellu-
lar CD4 receptors. To give a detailed comprehension of its
conformational features, a theoretical study of 1 was per-
formed at the B3LYP/6-31G(d) level of calculation. Tenths of
populated conformations were located and grouped into four
families corresponding to the possible arrangements at the

two planar amido functions. In agreement with these results,
the high-field 'H NMR spectrum of 1, recorded at 248 K,
showed four distinct series of signals easily attributable to
each family, thus confirming on experimental grounds the
very high degree of conformational mobility of the com-
pound.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Currently used anti-HIV therapy is a combination cock-
tail of inhibitors of HIV reverse transcriptase and protease;
it allows effective control of viral load and disease pro-
gression in HIV-infected individuals. Though this therapy
has prolonged the survival of AIDS patients, the emergence
of drug-resistant strains and the toxicity associated to the
therapy have limited the efficacy of the current combination
regimen. New drugs, with a different mechanism and im-
proved anti-HIV potency, were studied as inhibitors that
block HIV infection at the early stages. Indeed, a promising
area of investigation is the identification of agents that in-
hibit viral attachment and entry into host cells.[']

BMS-378806 (1), an azaindole derivative discovered at
Bristol-Myers Squibb,? has been shown to interfere with
the HIV-1 entry process by targeting the viral gp120 enve-
lope glycoprotein and inhibiting its interaction with cellular
CD4 receptors.’ It was selective for HIV-1, specifically sub-
type B, inactive against HIV-2, SIV, and a panel of other
viruses.[¥ The pharmacokinetic and pharmaceutical charac-
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teristics of BMS-378806 supported an oral formulation in
man, and initial toxicology studies raised no safety con-
cerns.[>31 It was also being investigated in formulations for
vaginal administration for the prevention of HIV-1 trans-
mission when used in combination with other vaginal mi-
crobicides.[

The binding mode between 1 and HIV-1 gp120 was pre-
dicted by docking and molecular dynamics simulations!”!
and was suggested to be similar to the binding of Phe43 in
CD4. Actually, it was demonstrated that 1 inhibits the bind-
ing of gpl120 to cellular CD4 receptors through a specific
and competitive mechanism at a stoichiometry of approxi-
mately 1:1 with a binding affinity similar to that of soluble
CD4. However, when the flexible molecular docking pro-
cedure combined with a molecular dynamics simulation was
performed,[”! the structure of 1 was supposed to be rather
rigid and only one rotatable bond was defined in the
multiconformational docking, the one corresponding to the
methoxy group at the 4-position of the azaindole ring, de-
fined as 7; in Figure 1. Despite the apparent rigidity, BMS-
378806 is a highly flexible molecule, as several other degrees
of conformational freedom do exist: (i) the single bond be-
tween C3 of the azaindole and the adjacent carbonyl (7,);
(i1) the vicinal dioxo system (73); (iii) both the amido func-
tions with the geometrical isomerism determined by the
partial double bond character of the C-N bonds (74 and
75); (iv) the single bond between the phenyl group and the
adjacent carbonyl (7¢); (v) the geometry of the piperazine
ring (t; and tg).
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Figure 1. Conformational families of compound 1.

In particular, the presence of the two amido functions
and the height of the corresponding energy barriers to rota-
tion allow four different arrangements to be distinguished
on the NMR timescale (structures 1A-D, Figure 1). Theo-
retical calculations can predict the relative stability of these
four geometries and high-field '"H NMR spectroscopy can
give experimental proof of their individual existence. Thus,
we performed a complete modeling study of BMS-378806
(1) at the B3LYP/6-31G(d) level® to determine all its ac-
cessible conformations. The result of the calculations was
supported by high-field '"H NMR experimental data.

Results and Discussion

The conformational properties of compound 1 were de-
termined by optimization of all the possible starting geome-
tries within the DFT approach at the B3LYP level with the
6-31G(d) basis set. Its conformational space was fully ex-
plored taking into consideration the various chair or
twisted-boat conformations of the piperazine ring, the ar-
rangement of the 1,2-dioxo system, the orientation at the
bond between C3 of azaindole and the adjacent carbonyl
group, and the orientation of the methoxy group at the 4-
position of 7-azaindole and that of the phenyl in the ben-
zoyl group. Moreover, as a result of the partial double bond
character of the C-N bonds of the two amido functions,
which makes the N-C=0 systems almost planar, four dif-
ferent arrangements of these functional groups were consid-
ered.

Tenths of conformations were located and a number of
them were populated. Their description has to be started
from conformer 1Aa (Figure 2), the global minimum geom-
etry of 1. As expected, in 1Aa the piperazine ring assumes
a chair conformation (z; = 52° and 73 = —51°) and the C2
methyl group is axially oriented to avoid unfavorable steric
interactions with the Clb carbon atom and/or the corre-
sponding oxygen atom.
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Figure 2. Three-dimensional plots of significant conformations of
compound 1.

The carbonyl oxygen atoms of the two amido functions
point in opposite directions, with 74 (C2-N-Cla—Cl1b) close
to 0° and 75 (C3-N-C4a-C1"") close to 180° (this arrange-
ment can be named “anti”). The two substituents of azain-
dole, that is, the C4’" methoxy and C1b carbonyl groups, lie
on the plane of the heteroaromatic system with 7; (C3'a—
C4'-O-CH3;) and 1, (Cla-C1b-C3'-C3'a) close to 180°. On
the contrary, the dioxo system largely deviates from planar-
ity with a value of —134° for 73 (N-Cla—-C1b-C3’). On the
other side of the molecule the same occurs for the benzoyl
group with a value of —44° for 74 (N-C4a-C1''-C2"").

The numerous other conformations of compound 1 differ
from 1Aa in one or more geometrical features. Table 1 re-
ports the relative energy, the equilibrium percentages at
248 K calculated through the Boltzmann equation, and se-
lected geometrical data of all the conformers with a relative
energy in a range of 3 kcalmol ! above the global mini-
mum, whereas Table 2 summarizes the percentage confor-
mational preferences at each rotatable single bond.
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Table 1. Relative energies [kcalmol™!], equilibrium percentages at 248 K, and significant torsional angles® [°] of the conformations of

compound 1.

E %o 71 T2 73 T4 Ts Te T7 78
1Aa 0.00 10.1 178 168 —134 5 173 -44 52 =51
1Ab 0.11 8.1 178 170 —134 6 -176 44 53 =53
1Ac 0.25 6.1 -178 -171 133 -7 173 -44 53 =52
1Ad 0.58 3.1 175 -25 133 -12 173 —43 52 =52
1Ae 0.65 2.7 -178 -171 134 -8 -176 45 54 =53
1Af 1.00 1.3 -175 25 —-136 10 173 44 53 -50
1Ag 1.03 1.2 -176 25 -136 9 -176 43 53 =52
1Ah 1.24 0.8 174 -25 134 -14 -176 45 53 =53
1Ai 2.35 0.1 101 167 —134 6 172 —44 52 =52
1Aj 2.52 0.1 102 167 —134 5 -176 44 53 =53
1Ba 0.02 9.7 179 170 -135 -170 173 —44 52 =53
1Bb 0.49 3.7 178 171 -136 -170 -176 45 53 -54
1Bc 0.50 3.7 -178 -170 135 173 173 ~44 52 =52
1Bd 0.60 3.0 -178 -169 135 173 -177 44 52 =53
1Be 1.07 1.1 -177 26 -138 -161 172 43 53 =53
1Bf 1.41 0.6 176 -26 137 166 -176 43 52 =53
1Bg 1.50 0.5 175 =25 137 168 173 44 51 =52
1Bh 1.65 0.4 -176 26 -139 -161 -176 46 53 -54
1Bi 2.02 0.2 178 172 -139 -169 -179 40 -38 -39
1Bj 2.37 0.1 99 168 -134 -172 173 43 52 =53
1Ca 0.09 8.4 178 169 -134 5 28 44 52 =52
1Cb 0.35 5.0 178 173 -135 5 -32 ~44 53 =53
1Cc 0.37 4.8 -178 -171 134 -6 28 43 53 =52
1Cd 0.76 2.1 173 =25 134 -12 31 42 52 =52
1Ce 0.96 1.4 -178 -170 134 -8 =31 45 54 =53
1Cf 1.06 1.2 175 25 -136 8 27 44 52 =51
1Cg 1.16 1.0 -175 25 -136 7 -33 43 53 =52
1Ch 1.39 0.6 174 =25 135 -13 =31 —45 53 -53
1Ci 2.36 0.1 102 166 -135 4 28 43 52 =52
1Da 0.10 8.2 178 171 -135 -170 28 44 52 =53
1Db 0.48 3.8 -178 -169 135 172 27 44 52 =52
1Dc 0.67 2.6 179 171 -136 -172 =30 45 53 -54
1Dd 0.76 2.2 -179 —-171 135 172 -32 —44 53 =53
1De 1.27 0.8 -177 25 —138 —-161 28 43 53 =53
1Df 1.61 0.4 176 -25 136 167 26 44 50 =52
1Dg 1.69 0.3 176 -25 136 166 -33 43 52 =53
1Dh 1.99 0.2 180 28 —140 -162 =30 -46 53 =53
1Di 2.36 0.1 179 170 -139 -172 21 42 59 58
1Dj 2.47 0.1 178 172 -139 -170 25 45 -38 —40
1Dk 2.54 0.1 100 169 —135 -170 28 44 52 =53

[a] 7;: C3a’'~C4'-O-CHj; 1,: C3a'~C3'~Clb-Cla; 75: N1-Cla-C1b-C3'; 75: C2-N1-Cla-Clb; 75 C3-N4-CdaC1'"; 75: N4-CdaC1'"~

C2'; 1;: N1-C2-C3-N4; - N1-C6-C5-N4.

Table 2. Conformational preferences [%] at 248 K of the rotatable
single bonds of compound 1 defined by 7,, 75, 73, and 74 for the
overall ensemble of conformations and for each conformational
family.

T 5] 73 T6
180° 100° 180° 25° -25° —135°  135° 45°  45°
Overall 99.5 0.5 84.1 72 84 639 36.1 49.1 509
A family 334 0.2 272 25 39 209 127 20.7 129
B family 229 0.1 204 15 11 15.2 7.8 15.1 79
C family 24.5 0.1 197 22 27 15.7 89 8.0 16.6
D family 18.7 0.1 171 1.0 0.7 12.1 6.7 53 13.5

An examination of the data in Table 1 shows that there
is a large preference for values of 7, close to 180° (>99%),
indicating that the methoxy group is oriented anti to C3’a.
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Actually, the energy profile, obtained from conformation
1Aa through a complete rotation around the C4’-O bond,
shows two other energy minima located at 7; = 101 and
-93° with relative energy values of 2.35 and 3.42 kcalmol !,
respectively, separated by a very small energy barrier from
1Aa, whereas the highest barrier (7-8 kcalmol ™) is located
between them at 7; = 0°. These two other energy minima
have the methyl group almost orthogonal to the azaindole
system, as it can be seen from the 3D plot of 1Ai, the most
stable of them (Figure 2).

These data indicate that, though rotation is not forbid-
den, the methoxy group spends most of the time in the ori-
entation with 7; ca. 180°. Instead, the C1b—C3’' bond was
shown to have other populated minima. In fact, besides the
arrangement with 7, close to 180°, conformational minima
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with 7, values of —25 or 25° were observed that account,
respectively, for 8.4 and 7.2% of the overall population
(Table 2) and are separated from it by energy barriers of 7—
9 kcalmol!. Conformations 1Ad and 1Af are examples of
these kinds of arrangement.

The dioxo system showed two populated minima with
values of 73 of =135 or 135° and a respective overall popula-
tion of 63.9 and 36.1%. Interconversion between the two
minima is very easy, as the barrier that passes through a
planar arrangement with 73 = 180° has a height of only
3 kcalmol™!'. The benzoyl group shows a deviation of the
phenyl group from planarity with respect the carbonyl
group with two arrangements presenting values of 74 of —44
or 44°, which are almost isoenergetic as confirmed by the
respective 49.1 and 50.9% overall population.

As far as the conformational mobility of the piperazine
ring is concerned, modeling also allowed some conforma-
tions to be located that show this ring in the twisted-boat
geometry; they are characterized by 7; and g values that
are either both positive or both negative. However, their
percentage contribution to the overall population was very
low, as it can be seen, for example, from the data of 1Bi
and 1Di, the two most stable of them, which are 2.02 and
2.36 kcalmol™!, respectively, higher in energy than 1Aa.
Moreover, conformations with the inverted chair geometry,
characterized by an equatorial arrangement of the C2
methyl group and by negative values of 7; and positive val-
ues of 73, were also located. The relative energy of the most
stable one was >4 kcalmol™!'; so, the percentage contri-
bution to the overall population can be considered negligi-
ble.

Finally, let us discuss the main conformational features
of compound 1, that is, the orientation around the two
amido bonds defined by the torsional angles 7, and 75. In
Table 1 all the located conformers are grouped into four
families showing similar values of 74 and 75 and each family
is defined by the upper case letter in the name of the confor-
mation. Two families are characterized by an “anti” ar-
rangement: family A, to which belongs the already men-
tioned global minimum 1Aa, and family D with opposite
values of 74 and 75, which are close to 180 and 0°, respec-
tively. On the contrary, families B and C are characterized
by a “syn” arrangement of the amido functions and show
values of 74 and 75 that are close to 180 or 0°, respectively.
In Figure 2, the lowest-energy conformers of the B, C, and
D families are also reported, labeled as 1Ba, 1Ca, and 1Da,
respectively. All the families were significantly populated
and summation of the percentages over the members of
each family allowed their overall population to be deter-
mined as 33.6, 23.0, 24.6, and 18.8% for the A, B, C, and
D families, respectively.l”) Then, we determined the energy
barriers for the rotation around the amido N1-Cla and
N4-C4a bonds; the computed height of the barriers was
about 21 and 14 kcalmol™!, respectively;!'% these values are
high enough to give rise to distinguishable conformations
on the NMR timescale.

At last, we computed the '"H NMR chemical shifts for
each populated conformation of compound 1 by using
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GIAO NMR calculations!''l at the same DFT B3LYP/6-
31G(d) level already used for the optimizations. The ob-
tained values were weighted averaged on the basis of the
population percentages separately for the conformations of
every family. The values for the hydrogen atoms of the pi-
perazine ring are reported in Table 3 together with the cor-
responding experimental data (see below).

Table 3. B3LYP/6-31G(d) GIAO calculated '"H NMR chemical
shift (0, in ppm relative to TMS) of the piperazine protons of com-
pound 1 on the basis of the geometries optimized at the same level
in comparison with the experimental values from the spectra re-
corded in CD;0D.

A family B family C family D family

caled. exp. caled. exp. caled. exp. caled. exp.
2 423 414 484 495 398 391 4.62 4.69
3ax 283 310 283 325 327 348 326 3.6l
3eq 440 451 446 4060 358 356 3.64 3.68
Sax 3.04 337 328 323 263 310 283 3.0I
Seq 3.67 388 3.57 373 445 478 438 452
6ax 340 325 319 323 300 328 337 358
6eq 429 437 370 353 441 454 384 3.63

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

In order to give experimental support to the above theo-
retical results, compound 1 was synthesized according to
the method reported in the literaturel? and its high-field 'H
NMR spectrum in [D4Jmethanol was recorded. At 298 K it
showed broad overlapped signals due to coalescence (see
also refPl); so, it was recorded at lower temperatures. In
particular, the proton resonances had a good shape and res-
olution at 248 K, and this temperature was used for the
study.

As expected, the spectrum was very complex and four
distinct series of signals could be individuated through a
careful study of the 1D and 2D COSY experiments, starting
from the four well-resolved methyl doublets (/ = 6.8 Hz;
Figure 3). They correspond to the four conformational fam-
ilies predicted by the calculations. Also, comparing the rela-
tive ratio obtained from the integration of the methyl
groups (26, 23, 30, and 21% from the upfield to the down-
field signal) with that calculated for the overall population
of the four conformational families (see before),['?! and the
experimental versus calculated chemical shifts of the pipera-
zine protons as reported in Table 3, it was possible to assign
the 1.17, 1.23, 1.35, and 1.40 ppm resonances to the methyl
groups of the 1C, 1D, 1A, and 1B families, respectively. On
the basis of the above-reported methyl resonances, four cor-
responding H-2 piperazine protons were assigned at 3.91
(10), 4.14 (1A), 4.69 (1D), and 4.95 (1B) ppm, respectively
(see Table 3), as broad multiplets. Consequently also the H-
3 axial/equatorial protons were assigned at 3.48/3.56 (1C),
3.10/4.51 (1A), 3.61/3.68 (1D), and 3.25/4.60 (1B) ppm
(Table 3) as multiplets and broad doublets (J = 13.5 Hz),
respectively. A cross peak due to the long range “W” cou-
pling between the equatorial H-3 and H-5 piperazine pro-
tons confirmed the assignment of the configuration of the
geminal H-3 protons. Consequently, the four couples of H-
5 axial/equatorial protons were also assigned at 3.10/4.78
(1C), 3.37/3.88 (1A), 3.01/4.52 (1D), and 3.23/3.73 (1B) ppm
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(Table 3) with J = 12.5, 12.5, and 4.0 Hz for the ddd axial
and 12.5 Hz for the broad doublet equatorial H-5 protons.
The H-6 axial/equatorial protons of the piperazine ring
were assigned as multiplets/broad doublets (J = 12.5 Hz) at
3.28/4.54 (1C), 3.25/4.37 (1A), 3.58/3.63 (1D), and 3.23/3.53
(1B) ppm by comparing the experimental and calculated
chemical shift values (Table 3). Also, the azaindole protons
could be assigned under these experimental conditions: four
singlets at 8.20, 8.22, 2.28, and 8.31 ppm accounting in par-
ticular for the H-2' resonances. Four doublets at 8.23, 8.23,
8.25, and 8.25 ppm (J = 5.8 Hz) and at 6.93, 6.93, 6.95, and
6.95 ppm (J = 5.8 Hz) were referred to the H-6" and H-5’
protons. In these cases, it was not possible to relate the
chemical shifts to the conformational families 1A-D as a
result of the overlap of the resonances, but the four meth-
oxy singlets at 4.01, 4.02, 4.03, and 4.04 ppm were tenta-
tively assigned as the 1C, 1D, 1A, and 1B conformers,
respectively, on the basis of their integration. Finally, a mul-
tiplet at 7.40-7.56 ppm accounted for the five benzoyl pro-
tons of BMS-378806.

A

298k

273k
248k

[TFe T [P0 T E [T P B0 [T 0 E [ EX F W7 F 07

150 1.40 1.30 1.20 1.10

o

. WWM
273K
248K

LI L L L O Y I
500 475 450 425 400 375 350 325 300

Figure 3. "H NMR spectra of compound 1 at 248, 273, and 298 K.
A: signals of the C2 methyl group; B: signals of the piperazine
hydrogen atoms and the methoxy group.

Conclusions

A theoretical conformational evaluation of BMS-378806
was performed; it allowed tenths of populated conforma-
tions that differ in the orientation at the several rotatable
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single bonds as well as in the conformation of the pipera-
zine ring to be located. The conformations were grouped
into four families corresponding to the possible arrange-
ments at the two planar amido functions. The high-field 'H
NMR spectrum of 1, recorded in [D4Jmethanol at 248 K,
showed four distinct series of signals easily attributable to
each of the conformational families predicted by the calcu-
lations. These results show that BMS-378806 presents a
very high degree of conformational flexibility. As it is well
known that the active conformation of a ligand might be
neither the global minimum nor a low energy one, none of
the located conformations can be, in principle, neglected in
the evaluation of the binding mode of 1 to a proteic partner.

Methods

Theoretical Calculations: A systematic search of the conformational
space of compound 1 was performed by using the Gaussian03 pro-
gram packagel'3 through optimizations in the gas phase at the
B3LYP/6-31G(d) level. First, a starting geometry presenting the A
arrangement at the amido functions and the chair conformation of
the piperazine ring was optimized. Then, the energy profiles for
rotation around the single bonds defined by t;, 7,, 73, and 74 were
determined with a step size of 30°. All the combinations of the
3X3X2X2 observed minima were used to generate 36 starting
geometries optimized as above. The procedure was similarly re-
peated for the B, C, and D arrangements as well as for the inverted
chair and twisted-boat geometries of the piperazine ring. Vi-
brational frequencies were computed at the same level of theory to
verify that the optimized structures were minima. Thermodynamics
allowed the enthalpies and the Gibbs free energies to be calculated.
The solvent effects were considered by single-point calculations, in
water and in methanol, at the same level as above, on the gas-
phase optimized geometries by using a self-consistent reaction field
(SCRF) method based on the polarizable continuum model
(PCM).['" The population percentages were calculated through the
Boltzmann equation at 248 K. GIAO NMR calculations!'! were
carried out at the B3LYP/6-31G(d) level.

NMR Spectroscopy: All NMR spectra were recorded with a Bruker
Avance-500 spectrometer operating at 500.13 MHz for 'H by using
a Smm z-PFG (pulsed field gradient) broadband reverse probe at
different temperatures obtained through a Bruker BVT 3000 digital
temperature control unit connected at a liquid nitrogen evaporator
system. Chemical shifts are reported on the ¢ (ppm) scale and are
relative to residual methanol signals (0 =3.30 ppm), and scalar cou-
pling constants are reported in Hertz. The data were collected and
processed by XWIN-NMR software (Bruker) running on a PC
with Microsoft Windows XP. Compound 1 (3.5 mg) was dissolved
in CD3;0D (0.6 mL) and put in a 5-mm NMR tube. The signal
assignments were given by a combination of 1D and 2D experi-
ments by using standard Bruker pulse programs. The '"H-'"H bond
correlations were confirmed by COSY experiments by using Z-
PFGs. The pulse widths were 7.15 pus (90°) for 'H. Typically, 32 K
data points were collected for 1D spectra. Spectral widths were
11.45 ppm (5733 Hz) for '"H NMR (digital resolution: 0.17 Hz per
point). 2D experiments parameters were as follows. For "H-'H cor-
relations: relaxation delay 2.0 s, data matrix 1 K X 1 K (512 experi-
ments to 1 K zero filling in Fy, 1 K in F,), 2 transients in each
experiment for COSY, spectral width 8.5 ppm (4250.0 Hz). A sineb-
ell weighting was applied to each dimension. All 2D spectra were
processed with the Bruker software package.
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