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The X-ray molecular structure of Rimonabant methanol solvate has been determined together with the
1H, 13C and 15N NMR spectra in acetone solution. B3YP/6-311þþG(d,p) calculations have been performed
out to determine two minimum energy conformations, on these geometries GIAO calculations were
carried out to obtain the corresponding absolute shieldings that were compared with the experimental
chemical shifts.

� 2008 Elsevier Masson SAS. All rights reserved.
1. Introduction

Rimonabant (1) is the first selective CB1 receptor blocker used in
patients of metabolic syndrome and related illness like diabetes
and dyslipidaemia [1–4]. Our group has been active in this field
preparing and evaluating a large series of compounds related to 1
[5–12]. A search in the crystallographic database (CSD) [13] shows
that the structure of 1 was never reported and that very little is
known about its NMR properties. Therefore, we decided (i) to
determine its X-ray structure; (ii) to study its 1H, 13C and 15N NMR
spectra in solution, and (iii) to calculate its minimum geometry and
the corresponding absolute shieldings. We hope doing this will
provide other researches in the active field of cannabinoid antag-
onists with the molecular properties of the reference compound
(Scheme 1).

A search in the CSD [13] was carried out to confirm that the
structure of Rimonabant (1, SR 141716, CAS RN 168273-06-1) was
not known. It is worth mentioning that there is a great interest on
the polymorphism of 1 [14–18] but the X-ray molecular structure of
none of the polymorphs has been solved, only power diffraction
: þ34 91 5644853.

son SAS. All rights reserved.
data were reported. Note also that no high-level computational
study of compound 1 has been carried out; only molecular
mechanics [19,20] and AM1 [21] calculations have been described.

2. Results and discussion

2.1. Crystallography

The structure of the methanol solvate of Rimonabant, shown in
Fig. 1, displays no noticeable modifications in crystal packing from
RT to 150 K. The solvate molecule helps to the packing connecting
two Rimonabant molecules throughout the –N–H/O–H/O– syn-
thon, forming infinite chains propagating along the b crystallo-
graphic axis. These strong interactions are shown in Tables 3 and 4
for the RT and 150 K, respectively. Two additional C–H/O– weak
interactions shown in Table 4 were better located in the low
temperature experiment.

2.2. NMR spectroscopy

The spectra were recorded in acetone-d6 at 30 �C (1H at
499.81 MHz), 13C (125.68 MHz), 15N (50.66 MHz) and the data
reported in Table 1. The GIAO calculated absolute shieldings are also
given in Table 1.
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Scheme 1. Rimonabant.

Fig. 1. Compound 1 at 150 K. Top: an isolated molecule (ORTEP). Bottom
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These data are correlated through Eqs. (1a)–(5a) for 1a and Eqs.
(1b)–(5b) for 1b which includes the three references (TMS 1H, 13C
and MeNO2

15N) calculated at the same level.

d15N [ Lð136:8 ± 3:2ÞL ð0:907 ± 0:028Þs15N; n [ 5; r2 [ 0:997

(1a)

d13C [ ð172:6 ± 1:5ÞL ð0:944 ± 0:016Þs13C; n [ 19; r2 [ 0:995

(2a)

d13C [ ð175:4 ± 0:8ÞL ð0:964 ± 0:009Þs13C; n [ 16; r2 [ 0:999

(3a)
: the N3–H3/O23–H23/O1 hydrogen bond sequence (Mercury).



Table 1
Experimental (chemical shifts) and calculated (absolute shieldings) (ppm) and some coupling constants (Hz). Italicized values are the carbon atoms linked to chlorine atoms.
Includes Ref. [22].

Experimental Calculated 1a Calculated 1b 1H 15N 13C 1H 15N 13C 1H

Atom 15N 13C

N1 �161.4 – – 29.09 – – 27.79 – –
N2 �59.3 – – �78.41 – – �83.87 – –
C3 – 144.87 – – 31.42 – – 31.94 –
C4 – 117.44 – – 55.78 – – 56.53 –
C–Me – 8.82 2.30 – 171.62 29.55 – 171.54 29.55
C5 – 143.02 – – 32.87 – – 33.66 –
C10 – 136.82 – – 38.62 – – 39.05 –
C20 – 132.92 – – 34.92 – – 33.35 –
C30 – 129.97 7.61 – 47.65 24.52 – 47.51 24.25
C40 – 135.78 – – 32.55 – – 32.19 –
C50 – 128.39 7.54 – 50.95 24.52 – 51.06 24.84
C60 – 131.92 7.66 – 46.64 24.30 – 46.53 25.15
C100 – 127.96 – – 48.47 – – 48.44 –
C200 – 131.59 7.27 – 46.86 24.80 – 46.10 24.70
C300 – 128.94 7.42 – 49.37 24.53 – 49.15 24.52
C400 – 134.59 – – 33.43 – – 32.19 –
Ca – 159.73 – – 20.21 – – 15.67 –
Nb �210.7a – 8.21 91.26 – 24.79 (NH) 91.26 – 23.66 (NH)
Ng �284.4 – – 154.20 – – 154.20 – –
CH2 d – 56.16 2.90b – 123.01 29.27 127.26 28.45
CH2 3 – 25.88 1.66b – 153.48 30.18 152.41 30.32
CH2 f – 23.50 1.41b – 155.88 30.56 155.85 30.52
CH3NO2 0.00 – – �154.43 – – �154.43 – –
TMS (13C) – 0.00 – – 184.75 – – 184.75 –
TMS (1H) – – 0.00 – – 31.97 – – 31.97

a JNH¼ 95� 3 Hz.
b d1H (ppm) and JHH [Hz] values for 10 proton system piperidine ring were obtained, assuming a rapid inversion of the ring in the NMR time scale, from spectral simulation

using the gNMR program (Cherwell Scientific) [22] (Fig. 2). [d CH2, 4H, Jgem¼�12.1, 3J¼ 3.7 and 7.0, 3 CH2, 4H, Jgem¼�13.5, 3J¼ 3.7 and 8.0, f CH2, 2H, Jgem¼�12.5].
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d13C [ ð175:4 ± 0:8ÞL ð0:964 ± 0:008Þs13C L ð9:3 ± 1:2ÞCl;

n [ 19; r2 [ 0:999 (4a)

d1H [ ð33:2 ± 1:1ÞL ð1:042 ± 0:041Þs1H; n [ 10;r2 [ 0:988 (5a)
3.250 3.000 1.750 1.500 1.2502.2502.750 2.0002.500

a

b

Fig. 2. 1D proton NMR experimental (a) and simulated spectrum (b) of the piperidine
ring in compound 1 on the basis of the chemical shifts and coupling constants
summarized in Table 1.
d15N [ Lð135:3 ± 1:9ÞL ð0:904 ± 0:017Þs15N; n [ 5; r2 [ 0:999

(1b)

d13C [ ð173:0 ± 1:4ÞL ð0:951 ± 0:016Þs13C; n [ 19; r2 [ 0:995

(2b)

d13C [ ð175:7 ± 0:8ÞL ð0:969 ± 0:009Þs13C; n [ 16; r2 [ 0:999

(3b)

d13C [ ð175:7 ± 0:8ÞL ð0:969 ± 0:008Þs13C L ð8:7 ± 1:2ÞCl;

n [ 19; r2 [ 0:999 (4b)

d1H [ ð32:3 ± 0:3ÞL ð1:012 ± 0:012Þs1H; n [ 10;r2 [ 0:999 (5b)

Eq. (3) corresponds to removing the three chlorine-bearing carbons
that the calculations do not reproduce well [23]. Including
a dummy for C–Cl atoms lead to Eq. (4) which shows that
a correction of �9 ppm should be applied to these atoms. In the
case of 1H NMR we have excluded the NH signal too sensitive to
solvent effects to obtain Eq. (5).

The correlations coefficients are equal or better using 1b espe-
cially Eq. (5). Using only the five protons that are the most different
for 1a and 1b, C30H, C50H, C60H, CH2d and CH23, Eq. (6) are obtained:

d1H [ ð34:7 ± 2:8ÞL ð1:099 ± 0:105Þs1H; n [ 5;r2 [ 0:973 (6a)

d1H [ ð32:4 ± 0:7ÞL ð1:012 ± 0:026Þs1H; n [ 10; r2 [ 0:998

(6b)



a b

Fig. 3. Optimized structures of Rimonabant.

I. Alkorta et al. / European Journal of Medicinal Chemistry 44 (2009) 1864–1869 1867
It is clear that although 1a is more stable than 1b in the gas phase
(3.9 kJ mol�1, see below), the NMR spectra in solution correspond
to 1b, the structure present in the crystal.
2.3. Computational studies

We have optimized the geometry of Rimonabant at the B3YP/6-
311þþG(d,p) level. We have used as starting geometry that of X-ray
(Fig. 1). Compound 1 has five single bonds plus the conformation of
the piperidine ring that should be optimized. The Ca–Nb amide
bond we have kept it fixed in the Z configuration, which is the
standard one in the peptide bond [24]. The two phenyl rings are
geared and their conformation limited by the presence of the
methyl group in position 4 and the lone pair of N2.

(1) Concerning the C10–N1 bond, there is only a minimum because
rotating this bond only lead to a conformational mirror image.

(2) Rotation about the C100–C5 bond produces the same
conformation.

(3) Rotation about the C3–Ca bond from its planar sE configuration
results in a large increase of the energy because in the planar sZ
geometry there is a strong lone pair-lone repulsion (LP/LP) of
the carbonyl oxygen atom and N2 [25]; besides the sZ config-
uration is stabilized by a Nb–H/N2 hydrogen bond (the cor-
responding bond critical point is found in the AIM analysis
[26]); this fix the C3–Ca/Ca–Nb system of bonds.

(4) The most stable conformation of the 1-aminopiperidine ring is
the chair with Nb in equatorial position [27].
Table 2
Crystal data and structure refinement for Rimonabant.

Temperature 293 K 150 K
Empirical formula C23H25 Cl3N4O2 C23H25 Cl3N4O2

Formula weigh 495.82 495.82
Crystal system Monoclinic Monoclinic
Space group P 21/c P 21/c
a (Å) 7.529(5) 7.4410(1)
b (Å) 13.259(5) 13.0347(2)
c (Å) 24.937(5) 24.8402(3)
a (�) 90 90
b (�) 98.548(5) 97.457(1)
g (�) 90 90
V (Å3) 2461.7(19) 2388.90(6)
Z 4 4
m (mm�1) 3.592 3.701
F(000) 1032.0 1032.0
Wavelength (Å) 1.54184 1.54184
Reflections collected 11528 11445
Unique reflections 4970 4822
Rint 0.0224 0.0224
R1[I> 2s(I)] 0.0517 0.0502
wR2 (all data) 0.1617 0.1454
(5) We have rotated the Nb–Ng bond and found two minima 1a
and 1b (Fig. 3) with a difference in energy of 3.9 kJ mol�1, the
less stable 1b corresponding to the X-ray geometry (this
difference in energy corresponds at 300 K to 83% 1a/17% 1b).

We have used both optimized geometries of Fig. 3 to calculate
the absolute shieldings (GIAO) reported in Table 1.

The comparison of the calculated (1b) and experimental
geometries (the RT and 150 K are almost identical) indicates that
phase effects were negligible since all the corresponding torsion
angles (the most sensitive parameter) were similar. For instance,
the experimental dihedral angles f1 (C20–C10–N1–C5) and f5 (C200–
C100–C5–N1) are 66.3/54.3� at RT and 65.3/54.2� at 150 K while the
calculated ones are 68.9/50.8�, showing that the 1b minimum
energy conformation in the gas phase has a shape very similar to
that found in the crystal. Also note that the presence of methanol in
the crystal solvate has no appreciable effects on the structure.

3. Conclusions

Although we have not carried out the exploration of the
conformational hypersurface of Rimonabant, we have located two
minima very close in energy (3.9 kJ mol�1) one of them being that
found in the solid state by crystallography. Moreover, the NMR
spectra measured in acetone solution agree better with the X-ray
structure 1b than with that obtained rotating the N–N bond 1a. We
propose that the same structure 1a present in the solid state exists,
at least in greater extent, in solution. Both 1a and 1b fit the 3D
model of the cannabinoid receptor we have described in 2005 [8].
We hope that these data will prove useful in the design of new
drugs related with Rimonabant [3,28–30].

4. Experimental section

Rimonabant is a commercial product (Brain Research Chemicals
International), two new synthetic methods have been described
recently [31,32].

4.1. X-ray diffraction

A colorless crystal from Rimonabant was mounted on a Xcalibur
Nova diffractometer and data were collected at 293(2) K and at
150(2) K using mirror-monochromated radiation CuK/a,
Table 3
Hydrogen-bonding geometry (Å, �) for Rimonabant at 293 K.

D–H/A D–H (Å) H/A (Å) D/A (Å) D–H/A (�) Symmetrya

N3–H3/O23 0.85(3) 2.234(3) 3.047(4) 160(3)
O23–H23/O1 0.82 2.02 2.790(1) 155.6 1

a Symmetry codes: (1) �x,þy� 1/2,�zþ 1/2þ1.



Table 4
Hydrogen-bonding geometry (Å, �) for Rimonabant at 150 K.

D–H/A D–H (Å) H/A (Å) D/A (Å) D–H/A (�) Symmetrya

N3–H3/O23 0.79(4) 2.23(5) 2.985(4) 159(4)
O23–H23/O1 0.80(5) 2.01(5) 2.764(4) 157(4) 1
C17–H17/O1 0.95 2.57 3.167(4) 121.1 2
C16–H16/O1 0.95 2.56 3.151(4) 120.6 2

a Symmetry codes: (1) �x, �1/2þ y, 3/2� z; (2) 1� x, �1/2þ y, 3/2� z.
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l¼ 1.54184 Å. A total of 11528 (�9� h� 9, 0� k� 16, 0� l� 30)
resulting in 4970 independent reflections, [Rint¼ 0.0224], and
11445 (�9� h� 7, �16� k� 15, �30� l� 28), 4822 independent
reflections, [Rint¼ 0.0224], were collected and averaged at 293 K
and 150 K, respectively. Data collection was made using the
program CrysAllis CCD [33]. An empirical absorption correction
[34] was applied to the intensity data. Crystal structures were
solved by Direct Methods, using the program Sir92 [35]. Aniso-
tropic least-squares refinement was carried out with SHELXL-97
[36]. Further details of the X-ray structural analysis are given in
Table 2. Hydrogen bonds are listed in Tables 3 and 4 for the
compound at both temperatures. Most H atoms were located by
means of a final difference Fourier synthesis using the 150 K data.
Relevant hydrogen atoms, H23 on the methanol molecule and H3
on the NH group, were isotropically refined. Geometrical calcula-
tions were made with PARST97 [37] and molecular graphics with
ORTEP-3 [38] for windows. The structures at 150 and 293 K have
been registered at the Cambridge Crystallographic Data Centre
(CCDC 700181 and 700182, respectively).

4.2. Computational methods

The optimization of the geometries of the structures were first
carried out at the B3LYP/6-31G* and then reoptimized at the B3LYP/
6-311þþG** computational level [39–44] within the Gaussian-03
package [45]. Frequency calculations at both levels were carried out
to confirm that the obtained structures correspond to energy
minima. GIAO absolute shieldings [46,47] were calculated on the
B3LYP/6-311þþG** optimized geometries.

4.3. NMR spectroscopy

1H, 13C and 15N NMR spectra were recorded at 303 K, using
acetone as the solvent, on a Varian SYSTEM 500 NMR spectrometer
equipped with a 5 mm HCN cold probe. The chemical shifts are
reported in ppm from tetramethylsilane but were measured against
the solvent signals. All assignments have been performed on the
basis of heteronuclear multiple quantum coherence experiments
(gHMQC and gHMBC). Two-dimensional [1H–13C] NMR experi-
ments (gHSQC and gHMBC) were obtained using a 1H spectral
window of 4808 Hz, a 13C spectral windows of 30 000 Hz, 1 s of
relaxation delay, 1024 data points, and 200 time increments, with
a linear prediction to 512. The data were zero-filled to 4096� 4096
real points. Typical numbers of transients per increment were 4 and
16, respectively. Two-dimensional [1H–15N] gHMBC experiment
was carried out with the same conditions, using a 15N spectral
window of 15 200 Hz and 64 transients per increment.
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