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Among the nonclassical cannabinoids, CP-55,244 (4), which incorporates an axial 14(-
hydroxymethyl group, is pharmacologically 30 times more potent than its prototype CP-
47,497 (2) and 300 times more potent than A°-THC (1). It has a high degree of stereoselectivity
(about 120:1) with respect to its diastereoisomer, CP-97,587 (5), which differs structurally by
having the 14-hydroxymethyl group equatorial. Conformational studies of 4 and 5 were carried
out using 2D NMR spectroscopy and molecular modeling in order to define and compare the
similarities and differences between them. Specific structural features of interest are the
conformation of the 1',1'-dimethylheptyl (DMH) side chain, the conformation of the cyclohexyl
rings, the orientation of the phenolic ring (A ring) relative to the cyclohexyl ring (C ring), and
the orientation of the hydroxymethyl group as well as the formation of intramolecular hydrogen
bonding. Our results show that the conformations of the phenolic hydroxyl (Ph-OH) and DMH
side chain for 4 are similar to those of 2. The proton of the phenolic hydroxyl is pointing away
from the C ring while the DMH chain randomly adopts one of four dynamically averaged
conformers in which it is almost perpendicular to the plane of the aromatic ring. The relative
orientation of the A and C rings is such that the two rings interconvert between two low-
energy conformations. Compound 5 prefers the conformer with the Ph-OH pointing toward
the o-face of the cyclohexyl ring, while for 4, there is an increased preference for the conformer
where the Ph-OH is directed toward the 5 face. This may be due to intramolecular H-bonding
between the Ph-OH and the axial 145-hydroxymethyl group of 4 that stabilizes this conforma-
tion. Hydrogen bonding between the Ph-OH and the equatorial 14a-hydroxymethyl of 5 was
not detected. Thus, the orientation of the aliphatic hydroxyl group with respect to the D ring
in 4 and 5 may play an important role with regard to the pharmacophoric requirements of the
two analogs for the cannabinoid receptor and provide an explanation for the observed differences

in their biological properties.

Introduction

Since the main biologically active constituent in
marijuana (Cannabis sativa) was identified in the
1960s?! as (—)-A%-tetrahydrocannabinoid (1), the struc-
tures of cannabinoids have experienced a significant
evolution toward more potent synthetic analogs (Figure
1).175 A series of new cannabinoid compounds possess-
ing only the most essential pharmacophores were de-
signed and synthesized with the aim of obtaining novel
analgesic agents that are devoid of the psychotropic
properties of marijuana. The essential pharmacophoric
requirements for cannabimimetic activity include the
phenclic OH (Ph-OH), the dimethylheptyl side chain
(DMH), and the cyclohexyl ring (C ring)® (Figure 1).
Those analogs were named nonclassical cannabinoids
(NCCs) since they deviate structurally from the natu-
rally occurring tricyclic tetrahydrocannabinols by the
absence of a tetrahydropyran ring.#® Figure 1 shows
several selected NCCs: 2 (CP-47,497) is the NCC pro-
totype with the most simplified structure; 3 (CP-
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55,940) is an important ligand that was used in the
identification of the cannabinoid receptor; 4 (CP-55,244)
and 5 (CP-97,587) are two diastereoisomeric NCCs
possessing widely different cannabimimetic potencies.
In earlier publications we reported the conformational
properties of 2 and 3.72 The focus of the present com-
munication is now the structurally more elaborate dia-
stereoisomers, 4-[4-(1,1-dimethylheptyl)-2-hydroxyphen-
yllperhydro-2a,63-dihydroxynaphthalene (4) and 4-[4-
(1,1-dimethylheptyl)-2-hydroxyphenyl]perhydro-2a,6a-
dihydroxynaphthalene (5). For ease of discussion these
compounds have been numbered as shown in Figure 1.
Unlike 27 and 3, the two diastereomeric NCCs
presented in this paper are tricyclic compounds. The
presence of a third ring (or D ring) in 4 and 5 results in
two analogs in which the 14-hydroxymethyl (or southern
hydroxymethyl) group is more spatially restricted as
compared to the hydroxypropyl group of 3 (Figure 1).

Compound 4 has an axial or 143-hydroxymethyl group
while 5 incorporates an equatorial or 14a-hydroxy-
methyl. Pharmacologically, 4 is 30 times more potent
than its prototype 2 and 300 times more potent than
1.89 It has a high degree of stereoselectivity, being
approximately 120 times more potent than its diaste-
reoisomer, 5. The different orientation assumed by the
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Figure 1. Evolution in cannabinoid structures with progres-
sively enhanced potencies from naturally occurring AS-THC
toward a more potent and stereoselective synthetic analog (4).

aliphatic hydroxyl group with respect to the D ring in
4 and 5 may be critical in determining the pharma-
cophoric requirements in the cannabinoid receptor and
provide an explanation for the observed differences in
their biological properties.

In this paper, we report the conformational properties
of the tricyclic nonclassical cannabinoids 4 and 5 as
determined by NMR spectroscopy and computational
analysis. Specifically, the conformation of the cyclo-
hexyl rings C and D, the position of the A ring relative
to the C ring, the orientation of Ph-OH, and the
orientations of the DMH side chain and of the solution
aliphatic hydroxyl group are examined in an attempt
to shed light on the difference in activity between these
two diastereoisomers.

Materials and Methods

Materials. Nonclassical cannabinoids were kindly provided
to us by Pfizer Central Research (Groton, CT), Deuterated
chloroform (CDCI3) and tetramethylsilane (TMS) were pur-
chased from Aldrich Chemical Co. (Milwakee, WI), and deu-
terated dimethyl sulfoxide (DMSO) containing 1% TMS from
Cambridge Isotope Laboratories. NMR samples were prepared
as 0.02 M, thoroughly degassed by the freeze—thaw method,
and sealed in high-quality 5 mm NMR tubes (no. 528, Wilmad
Glass Co., Buena, NJ). TMS was used as an internal chemical
shift reference in all samples.

NMR Spectra. High-resolution 'H NMR spectra were
collected on a Bruker AVANCE DMX500 spectrometer with a
5 mm inverse detection triple resonance probe and a BVT-
2000 temperature controller. 1D 'H NMR spectra were
obtained with a spectral width of 4921.26 Hz and 32K data
points at temperatures of 263—333 K for CDCl; spectra and
at 298 K for DMSO spectra. Double-quantum-filtered COSY1©
(DQFCOSY), NOESY, and ROESY*? spectra were recorded
with a spectral width of 4921.26 Hz and 2K data points in the
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F2 dimension for 512 transients. The F1 dimension was zero-
filled to 2K data points prior to 2D Fourier transformation to
yield a 2K x 2K data matrix. 2D spectra of CDCl; samples
were acquired at temperatures ranging from 263 to 333 K and
for DMSO spectra at 298 K. NOESY and ROESY spectra were
acquired with mixing times of 100, 300, and 500 ms. The
simulations of the 1D 'H NMR spectra of 4 and 5 correspond-
ing to the bicyclohexyl ring and hydroxymethyl chain were
performed using an ASPECT3000 computer and the LAO-
COON-based PANIC software®® from the Bruker computer
program library, and as we have described elsewhere.’2?14 The
spectral parameters defining the spin system comprise chemi-
cal shifts and scalar coupling constants (J coupling) that were
estimated from 2D phase-sensitive COSY spectra. These
values were used as the starting point for an iterative
simulation of subspectra. The refined 3J values were then
used to calculated the dihedral angles from the Karplus
equation?®® as described later.

Computer Molecular Modeling. The conformational
properties of 4 and 5 were studied using computational
approaches described by us in earlier publications.”? Molec-
ular modeling calculations were carried out by using the
InsightlI/DISCOVER program package'® on a Silicon Graphics
4D/70GT workstation. Calculations were carried out using
AMBER?Y and CVFF*8 force fields with similar results obtained
in each case. The atomic charges were calculated using the
semiguantum molecular orbital method MOPAC (AM1).1°
Bond rotary searches (or dihedral drive technique) were
performed to calculate energy barriers and define preferred
angles. Normally, typical intervals of 5° were used for single
bond rotation, and 10° for two-bond rotation. Energy barriers,
calculated by simply rotating about a bond while maintaining
the remaining bonds and angles rigid, can be erroneously high
due to van der Waals overlapping. To avoid this problem and
relax the whole molecule, energy minimization was carried out,
during which an additional torsion force (200 kcal/rad?) was
applied in order to restrain the dihedral angle at the new value
to which it had been rotated. The conformational search was
performed following a method similar to that used for calculat-
ing energy barriers, except that the two dihedral angles were
rotated in an orderly fashion.

Results

Computational Results. The results of the confor-
mational search for the DMH side chain are similar to
those reported earlier for 2 and 3, with four equiener-
getic conformations. In order to simplify our simula-
tions, the dihedral angles ¢3 (C2—C3—C1'—C2") and ¢4
(C3—C1'—C2'—C3") of the DMH groups were arbitrarily
set to —56° and —58°, respectively, according to one of
the four conformations.”ab

One-bond drive calculations were performed to de-
termine the rotational energy barriers of the C6—C7
bond between the A and C rings. Upon incrementally
rotating around the C6—C7 bond, the energy gradually
increases up to the point where the two rings are almost
“coplanar” (¢1 (C5—C6—C7—C8) = 30°). Two energy
minima were detected corresponding to conformations
in which the plane of the aromatic ring was perpendic-
ualr to that of the cyclohexyl rings with the Ph-OH
facing either the o or j face of the cyclohexyl rings (¢1
= 63° and ¢; = —115° respectively). The energy
difference between the two minima is 0.7 kcal mol™2,
and the calculated rotational energy barrier between the
two low-energy conformations is 20.5 kcal mol~? for 4
and 21.2 kcal mol~1 for 5.

Two-bond rotary searches were conducted to investi-
gate the conformational properties of the hydroxymethyl
group (or southern OH) for both molecules. Figure 2
shows an energy contour map for 5 as a function of the
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Figure 2. 2D contour maps displaying the potential energy
of 5 (A) and 4 (B) as a function of torsion angles 7; (C15—C14—
C17—-017) and 7, (C14—C17—017—H17) at intervals of 10°.
The numbered contours indicate relative energies at intervals
of 1.18 kcal/mol for A and 1.26 kcal/mol for B.

torsion angles 7; (C15—C14—C17-017) and 1, (C14—
C17—017—H17). These were calculated by relaxing the
entire molecule while systematically sampling 7; and
75, with the torsional angles ¢1, ¢», ¢3, and ¢4 predefined™
at the low-energy values determined by the one-bond
drive calculations described above. The results show
three minima, around —60°, 60°, and 180°, for the angles
71 and 72. The solid line contour at approximately 7; =
—60°, and 72 = 60° is the calculated minimum energy
conformation, while the dash line contours at ap-
proximately 7; = —120° and 7, = 0° is the highest energy
conformation. Three minimum conformation rotamers
are possible by rotation around the C14—C17 bond of
5, and the rotational energy barrier for the angle 7; of
5 was found to be 0.4 kcal mol~t. None of the three
conformations is compatible with an intramolecular
H-bond between the hydroxymethyl group and the
phenolic OH, a finding that is in agreement with our
NMR results. Two refined conformations were obtained
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and are represented graphically in Figure 3 with the
angle values listed in Table 1.

The same methodology was employed to investigate
the orientation of the hydroxymethyl group in 4 (Figure
2). The minimum energy conformation occurs when ¢;
= —115° (i.e. when Ph-OH is directed towards the j face
of the cyclohexyl rings), 71 = —30° and 7, = 60°, which
allows formation of an intramolecular H-bond between
the hydroxymethyl OH as the donor and phenolic
hydroxyl OH as the acceptor. At the minimum energy
point, the H-bonding distance is 2.03 A (159°). Thus,
based on the computational data, this conformation of
4 is preferred due to stabilization through the intramo-
lecular H-bond. This conformer was retrieved from the
recorded file through the trajectory animation option,
and subjected to further energy minimizations without
any constraint. The results of these refined conforma-
tions for 4 are given in Table 1. Two of these low-energy
conformers, one of which involves H-bonding between
the Ph-OH and the southern OH, are graphically shown
in Figure 3.

NMR Results. The 1D proton NMR spectra of 5 and
4 reflect the dynamic behavior of these molecules. The
aromatic regions of the 1D 'H spectra at low tempera-
tures (Figure 4) show two sets of peaks that differ in
intensity. Each set is comprised of two doublets and a
singlet consistent with the aromatic spin system. In
CDClj; the intensity of the major peaks compared to the
minor is 1:0.3 for 4 and 1:0.15 for 5. In DMSO the ratio
of major to minor peak intensities is 1:0.15 for both 4
and 5. The two sets of peaks are characteristic of slow
exchange on the chemical shift time scale, between two
unequally populated orientations of the phenol ring
relative to the cyclohexyl ring system. This is evidenced
by exchange cross peaks between the two sets of peaks
observed in NOESY spectra (discussed below) and by
the spectral changes that occur with increasing tem-
perature.

Figure 5 shows spectra of 4, focusing on the aromatic
region, acquired in CDCl3, and at increasing tempera-
tures. The peaks broaden and change in chemical shift
so that between 303 and 313 K, complex line shapes
are observed that are characteristic of intermediate
exchange. These spectra indicate an increase in the rate
at which nuclei are exchanging between sites. At 323
K there is only one set of peaks visible. Beyond this
coalescence point, the spectra are characteristic of fast
exchange on the chemical shift time scale. The peaks
sharpen indicating an increase in the rate of exchange
between the two conformations so that there is averag-
ing between the two sets of peaks. The assignment of
resonances is discussed below.

Thermodynamic parameters for rotation around the
C6—C7 bond at the coalescence temperature were
derived on the basis of the major and minor resonances
of the H2 proton as it was not involved in coupling. The
calculation required the chemical shift difference be-
tween the major (M) and minor (m) H2 resonances and
the population difference between the two conformations
as determined from the low temperature spectra.2021 At
323 K, the difference in free energy (AG) between the
two states in the case of 4 was 0.8 kcal/mol with AG*y—m
= 16.9 kcal/mol and AG*y—.m = 16.1 kcal/mol. The
lifetime of the major conformer was 38.7 ms and that
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Figure 3. Graphic representations of the energetically preferred conformations of 4 (A and A') and 5 (B and B'). (The DMH side

chain is not displayed.)

Table 1. Structural Features and Relative Energies of
Conformations of 4 and 5 as a Function of Torsional Angles (z1,
72) Calculated by Using Dihedral Drive Techniques and Later
by Retrieving the Conformations for Further Energy
Minimization until the Maximum Derivative Is Less Than
0.001 kcal/mol

lati H-bonding
relative ; b

energy dihedral angle K—HeeY®  XeerH—Yd
compd? (kcal/mol) ¢1  ¢2 11 72 A) A
4A 9.25 62 05 —-174 180

4 9.99 —115 0.4 -175 -180

4A 8.09 —101 1.6 —41 67 2.03(159°) 3.06 (63°)
5B 8.08 63 0.2 -—-61 179

5B’ 8.71 —-116 0.8 —-59 180

d) /

aThe letters A, A, B, and B' indicate the corresponding
conformations that are represented graphically in Figure 3. b ¢;
and ¢,, are defined as the dihedral angles C5—C6—C7—C8 and
C2—C1—-0—H, respectively. 7; and 72 are defined as the dihedral
angles C15—C14—C17—017 and C14—C17—017—H17, respec-
tively. ¢ X—H---Y represents the H-bond distance between the
proton of the hydroxymethyl 17-OH (H, as donor) and oxygen of
the phenolic OH group (O, as acceptor). The value in parentheses
is the angle of the H-bond X—H---Y. d X:-*H-Y represents the
H-bonding distance between the oxygen of the hydroxymethyl 17-
OH (O, as acceptor) and the proton of phenolic OH group (H, as
donor). The value in parentheses is the angle of the H-bond
XeesH-Y.
of the minor conformer was 11.5 ms. In the case of 5,
AG = 1.2 kcal/mol, AG*y—m = 17.2 kcal/mol, and
AG*—m = 16.0 kcal/mol. The lifetimes of the major and
minor conformers were 73.1 and 10.9 ms, respectively.

Assignment of Major Resonances. Resonances at
3.81 and 2.78 ppm in the spectrum of 5 were tentatively
assigned as H9a and H7a, respectively, by comparison
with the spectrum of 272 and were used as a starting
point for analysis of the cyclohexyl coupling networks
in the DQFCOSY spectrum. These protons couple
through a vicinal mechanism to H16a, H8a, H8e, H10a,
and H10e. The axial hydrogen H14a was identified by
its vicinal coupling to the methylene hydrogens of the
C17 hydroxymethyl group. The H1l4a proton shows
coupling to H15a and H13a and the coupling network

T T T T T l

T T T T T T
7.00 695 690 685 680 675 670 665 6.60 6.55 6.50 ppm

Figure 4. Aromatic 1D *H spectral regions of (a) compound
4 acquired at 298 K in DMSO, (b) compound 5 acquired at
298 K in DMSO, (c) compound 4 acquired at 263 K in CDCls,
and (d) compound 5 acquired at 263 K in CDCls.

then extends to H16a, H12a, H15e, H13e, H12e, etc.,
thus allowing assignment of all aliphatic ring protons.
Similarly, the proton resonances of the phenol ring and
1',1'-dimethylheptyl side chain (DMH) were initially
assigned by comparison with those of 272 and confirmed
by the COSY spectrum. Heteronuclear 'H—13C (HMQC)
experiments were employed to assign 13C resonances
and to confirm ambiguous H assignments. The phe-
nolic and aliphatic hydroxyl hydrogens were tentatively
assigned by analogy with earlier analyzed spectra of
other nonclassical cannabinoids’@P and later confirmed
by 2D 1H chemical exchange experiments.

A similar strategy was used for the assignment of 4.
The 'H NMR chemical shift assignments were tenta-
tively made by comparison with the assignments for 5
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Figure 5. The aromatic 1D 'H spectral regions of 4 in CDCl;
acquired at 10° intervals.

and were confirmed by the DQFCOSY spectrum. Am-
biguous assignments were further confirmed and 2C
resonances assigned by the *H—13C HMQC spectrum.
The resonance assignments for each diastereomer in
CDCl3 are summarized in Table 2.

A number of differences in the chemical shift of
resonances between the two diastereoisomers were
detected. Differences in the chemical shift of 12-CHo,
13-CHj, 14-CH,, and 15-CH, were attributed to the
axial versus equatorial position of the hydroxymethyl
groups, which led to upfield or downfield shifting of
these resonances in the diastereoisomer. For example,
H13a (0.98 ppm) and H15a (0.56 ppm) resonances are
shifted upfield for 5 in comparison with those of 4 (1.26
and 1.04 ppm, respectively). This is interpreted as a
shielding effect from the C17—0 o-bond. The 3C upfield
shifts of 12-CH, (26.38 ppm), 16-CH (41.29 ppm), and
17-CH> (63.93 ppm) for 4 are credited as a y-effect.

Minor Peak Assignment. Partial assignment of the
minor peaks was possible based on the major peak
assignments and exchange crosspeaks observed in
NOESY spectra (Figure 6). Downfield resonances were
easily assigned in this way however the resonances in
the upfield region could not be detected due to overlap.
The aromatic resonances H2, H4, and H5 show large
chemical shift differences between major and minor
resonances due to different orientations of the phenol
around the C6—C7 bond. The H7 resonance on the
cyclohexyl ring shows a particularly large chemical shift
difference between the major peak and minor peak. The
downfield chemical shift of the major peak compared
to the minor peak is possibly due to the close proximity
of the phenol oxygen in the case of the major conformer.
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Table 2. 'H NMR at 500 MHz and 13C NMR at 125 MHz
Chemical Shift Assignments

compound 4 compound 5
1H 13C 1H 13C
hydrogen (6, ppm) (6, ppm) hydrogen (6, ppm) (9, ppm)
2 6.67 113.06 2 6.67 112.97
4 6.83 118.79 4 6.85 118.84
5 6.98 126.24 5 7.03 126.60
7a 2.74 39.00 7a 2.78 38.86
8e 2.09 43.52 8e 2.07 43.70
8a 1.40 43.52 8a 1.43 43.70
9a 3.81 70.42 9a 3.81 70.34
10e 1.98 42.93 10e 2.01 43.00
10a 1.17 43.93 10a 1.17 43.00
1lla 1.17 40.94 1la 1.18 41.03
12e 1.77 26.38 12e 1.76 33.34
12a 1.48 26.38 12a 1.16 33.34
13e 151 28.83 13e 1.80 29.31
13a 1.26 28.83 13a 0.98 29.31
1l4a 1.86 36.04 14e 1.42 40.66
15e 1.45 30.90 15e 1.47 32.77
15a 1.04 30.90 15a 0.56 32.77
16a 1.17 41.29 16a 1.14 46.39
17a 3.62 63.93 17a 3.35 68.54
17b 3.51 63.93 17b 3.34 68.54
2' 1.53 44.64 2' 1.53 44.76
3 1.04 24.54 3 1.05 24.59
4 1.17 30.17 4 1.18 30.08
5 1.18 31.81 5 1.19 31.90
6' 1.22 22.68 6' 1.22 22.72
7 0.84 14.11 7 0.84 14.14
8.9 1.23 28.77 8.9 1.23 28.69
1-OH 4.85 1-OH 4.85
9-OH 1.70 9-OH 1.70
17-OH 1.32 17-OH 1.69

In contrast the H9a and H17 resonances that are located
further away from the phenol do not exhibit a large
chemical shift difference between the two orientations
of the phenol.

Determination of Coupling Constants. The 2J
and 3J values were approximately determined by first-
order analysis'* of the individual multiplets obtained
as F2 cross section spectra from the 2D phase-sensitive
COSY spectra. The approximate J values and the
chemical shift values were then used as a starting point
for iterative simulation of the subspectra using Bruker’s
LAOCOON-based PANIC computer program as de-
scribed by us in earlier publications.”2P14 This iterative
simulation process allowed the determination of the
selected geminal and vicinal coupling constants between
the aliphatic hydrogens of the cyclohexyl ring and the
17-CH,0OH group. The results of the simulation are
listed in Table 3.

NOE Measurements. Cross peaks opposite in sign
to chemical exchange crosspeaks were observed in
NOESY spectra that were due to intramolecular NOEs.
The significance of specific NOE interactions in deter-
mining the three dimensional geometry of 4 and 5 is
detailed in the following Discussion section. The NOE
dipole—dipole interactions obtained by the NOESY
spectrum were confirmed by carrying out 2D ROESY
NMR experiments which gave similar results. Except
where noted, the spatial information provided by this
experiment for the comparison of the diastereomers is
the same as that for the 2D NOESY experiments.

Discussion

In this section, the similarities and differences be-
tween 4 and 5 are discussed with regard to (i) the
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Figure 6. Two regions of a 100 ms NOESY showing exchange cross peaks between the major and minor peaks in the spectrum.

Table 3. Coupling Constants Determined by Iterative Simulation of the Subspectra Using Bruker's PANIC Program and Calculated

Dihedral Angles

compound 4

compound 5

coupling constant

dihedral

coupling constant

dihedral

type of coupling H":H nJ value? (Hz) angle® (deg) H":H nJ value? (Hz) angle® (deg)
geminal 2J 8a—8e -12.3 c 8a—8e -12.5 c
10a—10e —-12.6 c 10a—10e —-12.6 c
17a—17b 9.9 c 17a—17b 12.4 c
vicinal 3J 7a—8a 10.8 158 7a—8a 10.8 158
7a—8e 4.0 58 7a—8e 4.1 57
7a—12a 11.7 161 7a—16a 11.5 160
8a—9a 10.8 158 8a—9a 10.8 158
8e—9a 4.3 57 8e—9a 4.3 57
9a—10a 10.7 158 9a—10a 10.9 159
9a—10e 4.2 56 9a—10e 4.2 56
17a—14e 8.7 d 17a—14a 5.8 d
17b—14e 7.6 d 17b—14a 5.8 d
17a—HO 1.0 d 17a—HO d
17b—HO 6.9 d 17b—HO d

a Obtained from 1D or 2D experimental spectra and refined through spectral simulation using PANIC; n is the number of bonds through
which coupling occurs: geminal, n = 2; vicinal, n = 3. P Calculated using the equation 3J = K cos? ¢; where Ka—a = 12.5 Hz, Ka—e = Ke—a
=14.3 Hz, and Ke—e = 12.9; ¢ is the dihedral angle, K values calculated from 1,3,5-trimethylcyclohexane.'® ¢ Geminal bond angles cannot
be quantitatively determined. @ Vicinal bond angles cannot be quantitatively determined. The couplings between H17ab and OH were

not observed for 5.

conformation of the 1',1'-dimethylheptyl side chain, (ii)
the conformation of the decalin (C ring) system, (iii) the
orientation of the aromatic ring (A ring) relative to the
C ring, and (iv) the orientation of the hydroxymethyl
group as well as the formation of an intramolecular
H-bond.

Conformation of the 1',1'-Dimethylheptyl Side
Chain. The 100 ms NOESY results of 5 show that NOE
interactions of similar magnitude are observed between
the 8- and 9-methyl protons (1.23 ppm) and the
aromatic H2 (6.67 ppm) and H4 (6.85 ppm) protons. In
addition, NOEs are also observed between the 2'-CH,
hydrogens (1.53 ppm) and the H2 and H4 phenolic ring
hydrogens. The 100 ms NOESY spectrum of the other
diastereoisomer, 4, shows similar NOE effects for the
8'- and 9'-CHj; and 2'-CH; protons with the aromatic H2
and H4 protons. These data suggest that in both mole-
cules the preferred conformations for the 1',1'-dimeth-
ylheptyl side chain have the side chain almost perpen-
dicular to the plane of phenol ring (Figure 7) and ¢3

(C2—-C3—-C1'—C2) is approximately 60° or 120°. The
NOE patterns allow for the possibility of four dynami-
cally averaged conformations on the NMR time scale, a
finding that is consistent with the results obtained for
2_7a

The experimentally determined conformations are
congruent with the computational model. A conforma-
tional search for the DMH chain showed four almost
equienergetic conformers differing from each other by
no more than 0.4 kcal/mol, while rotation of the DMH
side chain around ¢3 and ¢4 (C3—C1'—C2'—C3') shows
energy barriers of 7.5 and 8.0 kcal mol~?! for 4 and 5,
respectively.

Conformation of the trans-Decalin Rings. As
expected, the trans-decalin ring systems for both 4 and
5 appear to exist in chair conformations with no appar-
ent distortions. Direct evidence for such an analysis is
provided by vicinal coupling constants (Table 2) from
which dihedral angles are calculated. Additionally, the
observed NOE interactions between axial protons are
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Figure 7. The biologically active conformation of 4. The
water-accessible surface area of the molecule is shown in
green. The hydrophilic “head” portion of the molecule is high-
lighted by red dots and the hydrophobic “tail” is shown in blue.

consistent with such an analysis. For example, H9a
(3.82 ppm) of 5 has dipolar interactions with both H7a
(2.79 ppm) and H11a (1.01 ppm) of approximately equal
magnitude, as does H15a (0.56 ppm) with H1la (1.18
ppm) and H13a (0.98 ppm).

Orientation of the A ring with Respect to the C
Ring. The 100 ms NOESY spectrum for 5 shows NOE
cross peaks between the major peaks of the aromatic
H5 hydrogen (7.03 ppm) and the decalin protons, H8a
(1.43 ppm) and H16a (1.14 ppm). Thus the major
conformer is such that the H5 proton is oriented toward
the 3 face of the cyclohexyl ring system (¢1 = 63°). Cross
peaks between the minor peaks are not observed at
short mixing times. At longer mixing times (500 ms),
a weak NOE is observed between the minor peaks H7a
and H5. This NOE taken together with the observation
that major H7a resonance is downfield of the minor H7a
resonance (Figure 5) suggests that the minor conforma-
tion is such that the H5 is facing the o-face of the
cyclohexyl ring system (¢ = —116°).

The 100 ms NOESY spectrum of 4 shows NOE cross
peaks due to the interactions of H5 (6.98 ppm) with
H16a (1.17 ppm), H8a (1.40 ppm), and H7a (2.74 ppm)
that are similar to those of 5, indicating the existence
of the two conformers around the C6—C7 bond. How-
ever in this case the minor conformer is twice as popu-
lated as the corresponding conformation of 5 as shown
by the intensity of the minor peaks compared to the
major peaks (Figure 4). This is attributed to the fact
that, for the minor conformer of 4 (¢; = —115°), the axial
CH>OH is in position to form a H-bond with Ph-OH,
while the equatorial methoxy group of 5 cannot form
such a bond. This is supported by the decrease in the
minor conformer population of 4 when dissolved in
DMSO. This more polar solvent disrupts the intramo-
lecular hydrogen bonding, leading to a decrease in this
population.

The correlation between the A and C ring conforma-
tion and H-bonding in 4 is well-supported by the results
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of our molecular modeling study shown in Table 1. The
dihedral drive calculations of the two-ring systems
showed two energy minima separated by relatively large
rotational energy barriers (20.5 kcal/mol for 4 and 21.2
for 5). The magnitude of these calculated energy
barriers is in agreement with the experimental results.
Such a high-energy barrier can be attributed to unfa-
vorable 1,6-interactions between the 15-CH, and Ph-
OH. The calculated energy barrier for either of the two
diastereoisomers is higher than for the prototype mol-
ecule 2 (the energy barrier of the C6—C7 bond for
2 is 9.1 kcal mol~1).72 This indicates that the van der
Waals repulsive interaction between 15-CH; and 1-OH
for these diastereoisomers is much stronger than the
corresponding 12-CH,/1-OH interaction for 2. The
calculated energy (Table 1) shows that the conformer
of 5 with ¢; = 63° is favored. This is also the case for
4, unless the proton of the 17-OH is in position to
hydrogen bond with the phenolic OH group when the
later is located on the -face of the decalin ring system
(Table 1).

Conformational Properties of the Hydroxy-
methyl Group. The rotational energy barrier about
71 (C15—C14—-C17—017) for 4 and 5 was calculated to
be 4.5 and 4.0 kcal mol~%, respectively (comparable to
6.7 kcal/mol for butane under the same condition). Such
a barrier would not prevent free bond rotation. Molec-
ular modeling results using the two-bond driver tech-
nique (Figure 2) are consistent with the experimental
results and suggest a possible intramolecular H-bond
in 4 between the southern OH and Ph-OH. Systemati-
cally rotating the dihedral angles 7; and 7, of 4 at
intervals of 10° with the other torsional angles
predefined’ at ¢; = —115°, ¢ = 0.4°, ¢35 = —56°, and
¢4 = —56°, reveals a minimum energy conformation with
T1 = 152° (¢1 = —1120, ¢2 = —6.50, ¢3 = —400, and ¢4 =
70°) and an intramolecular H-bond distance of 2.54 A
between the southern OH and Ph-OH. This conformer
was then subjected to further minimization without any
restraint on the torsional angles resulting in the torsion
angles shown in Table 3 and a H-bonding distance of
2.03 A (159°). Figure 3A’ shows a conformer of 4 with
an intramolecular H-bond between the proton of 17-OH
(as the donor) and the oxygen of the phenolic hydroxyl
OH (as the acceptor). Such an intramolecular H-bond
stabilizes the conformation of 4 with the phenolic
hydroxyl group directed toward the j face (¢1 = —101°).
The same method, used to study the orientation of the
hydroxymethyl group of 5, provided no evidence of an
intramolecular H-bond. The preferred conformation of
5 is graphically represented by conformer B in Figure
3, and numerically represented by the angle values in
Table 3. The phenolic OH in this molecule prefers to
point down toward the o face (¢ = 63°).

Conclusion

The preferred conformations for two nonclassical
cannabinoid diastereoisomers, 4 and 5, were determined
using NMR techniques and computer modeling. The A
and C rings are almost perpendicular to each other (¢;
= 63° or —110°), the proton of the Ph-OH moiety is
pointing away from the cyclohexyl ring and syn to H2
(Figure 3), and the dimethylheptyl side chain randomly
adopts one of four equivalent minimum energy conform-
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ers (i.e., 3 = —56° and ¢4 = —57°). Although the only
structural difference between these two molecules lies
at the chiral center at C14, their conformations differ
in two major aspects. One difference involves the
relative orientation of the phenol ring (A ring) with
respect to the fused decalin ring system (C and D rings).
The A ring of 5 prefers the orientation with the Ph-OH
directed toward and o face of the decalin ring system
(Figure 3B). The A ring of its more biologically active
diastereomer 4 shows an increased preference for the
conformation in which the Ph-OH is directed toward the
S face of the decalin ring system (Figure 3A"), suggesting
that this may be the more biologically preferred con-
formation (Figure 7). This conformation of 4 is stabi-
lized by an intramolecular H-bond. The hydrogen
bonding between Ph-OH and 17a-OH does not occur in
the less active diastereomer, 5.

The conformational differences between these two
diastereoisomers may be correlated to their biological
activities and may explain the observed differences in
their analgesic effects as nonclassical cannabinoids. The
biologically preferred conformer of 4 has the 95-OH, 174-
OH, and Ph-OH located on the same face of the two ring
systems, thus giving this conformation an amphipathic
nature in a manner similar to the conformer adopted
by the parent compound 37° (Figure 7). Hence we can
postulate that this conformation is also favored within
a biological membrane medium, where the polar side
of the molecule interacts with the hydrophilic region of
the bilayer, while the hydrophobic side, which includes
the DMH side chain, interacts with the hydrophobic
region of the membrane. According to this argument,
the greater ability of 4 to adopt this conformation allows
it to be incorporated into biological membranes more
easily than 5. It is also possible that 4 is better able to
assume an orientation within the membrane bilayer
which allows it to diffuse laterally and interact favorably
with the receptor active site.27°

In a similar fashion, the increased potency and selec-
tivity of 4 compared to its precursor, 3, may be at-
tributed to the more defined stereochemical properties
of this tricyclic analog. Indeed, the formation of a third
ring in the case of 4 causes the 14-hydroxymethyl group
to be spatially restricted to the 3 face of the rings as
opposed to the flexible 12-hydroxypropyl group of 3. This
presumably allows 4 to more easily assume an amphi-
pathic conformation that is better incorporated in the
membrane and is more complementary to the receptor
site.
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