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procedures already described: mp 167-170 °C. Anal. (C;3H,4-
N,0,S-HI) C, H, N.

6-(2-Imidazolin-2-ylamino)-2H-1,4-benzoxazin-3(4H)-one
Hydriodide (5). 7-Nitro-2H-1,4-benzoxazin-3(4H)-one* was
converted in 43% yield to 7-amino-2H-1,4-benzoxazin-3(4H)-one:
mp 216-219 °C. The method described for 12 was used to convert
this amine to 5: yield 15%; mp 301-303 °C. Anal. (C;;H,N,-
OxHI) C, H, N. Compound 10 was prepared, by using the same
methods, from 6-nitro-benzoxazinone.*

1-Ethyl- and 1-Acetyl-6-(2-imidazolin-2-ylamino)indoline
Hydriodide (15 and 16). 6-Nitroindoline (Aldrich) was converted
to the 1-acetyl derivative which was converted by methods already
described to give 15 and 16.

Pharmacology. Details of the in vitro screening procedures
have been described in an earlier publication.’

Activity at Peripheral a;-Adrenoreceptors in Vivo. Pre-
junctional agonist and antagonist activities were studied in the
vas deferens of pithed rats. Agonist potency was determined as
the dose (ug/kg, iv) required to inhibit the electrical-evoked
contractions of the vas deferens by 40% (ED,, value). The
maximal percent inhibition of the vas deferens was also noted,
indicating the intrinsic activity of the test compound. Antagonist
potencies were determined as the dose (as an infusion pug/kg per
min) required to produce a 2-fold shift of the cumulative dose-
response curve to UK-14,304? on the twitch response of the vas
deferens. Agonist and antagonist studies were performed in
separate groups of pithed rats (n = 6). Agonists were administered
in a cumulative manner and the antagonists were continuously
infused (0.03 mL/min, iv) to obtain equilibrium conditions, and
a dose-response curve to UK-14,304 was constructed 10 min after
the start of the infusion.

Activity at Central a,-Adrenoreceptors. Agonist activity
was determined by measuring the mydriatic effects of the com-
pounds after iv or icv administration to pentobarbitone an-
esthetized rats. Antagonist potency was determined by the re-
versal of a maximally effective mydriatic dose of guanoxabenz

(300 ng/kg).'® Compounds were administered 10 min after
guanoxabenz, and the cumulative dose reversing guanoxabenz by
50% was calculated (ADjgq, ug/kg).
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The Importance of the Orientation of the C9 Substituent to Cannabinoid Activity
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We have found a correlation between cannabinoid psychopharmacological activity and the orientation of the C9
substituent in one class of cannabinoid derivatives. We report here a study of the active cannabinoids A%-tetra-
hydrocannabinol (A%-THC), A8-tetrahydrocannabinol (A3-THC), and 118-hexahydrocannabinol (118-HHC); the
minimally active cannabinoid 1la-hexahydrocannabinol (11a-HHC); and the inactive cannabinoids A’-tetra-
hydrocannabinol (A”-THC) and A%!!-tetrahydrocannabinol (A%11-THC). Our working hypothesis is that there are
two components of cannabinoid structure which confer upon these compounds reactivity characteristics crucial to
activity: the directionality of the lone pairs of electrons of the phenyl group hydroxyl oxygen and the orientation
of the carbocyclic ring relative to this oxygen. The structures of these six molecules were optimized by using the
method of molecular mechanics as encoded in the MMP2(85) program. Other possible minimum-energy conformations
of the carbocyclic ring were calculated by driving one torsion angle in this ring by use of the dihedral driver option
in MMP2(85). The rotational energy behavior of the phenyl group hydroxyl in each molecule was studied also by
using the dihedral driver option in MMp2(8s). We found that the carbocyclic ring in 11a-HHC can exist in either
a chair or a twist conformation. The carbocyclic ring in A%-THC, in A.-THC, and in A’-THC was found to exist
only in a half-chair conformation, while the carbocyclic ring in 113-HHC and in A%!!-THC was found to exist only
in a chair form. The results of the rotational energy profiles indicated that the minimum-energy positions of the
phenyl group hydroxyls are nearly identical in all molecules. These molecules, then, were found to differ only in
the conformation of the carbocyclic ring in each. This conformation, in turn, determines the orientation of this
ring and its C9 substituent relative to the oxygen of the phenyl group hydroxyl. In order to assess the orientation
of the carbocyclic ring with respect to the phenyl group hydroxyl oxygen in each optimized structure, the following
nonbonded torsion angles were measured: C10-C10a-C1-0, C8-C7-C1-0, C11-C9-C1-0, and C9-Q-C1-O (where
Q is a dummy atom placed midway between C8 and C10). A correlation was found between activity and the
C11-C9-C1-0 angle, an angle that measures the orientation of the C11 methyl group (i.e., the C9 substituent) relative
to the oxygen of the phenyl group hydroxyl. C11-C9-C1-0 was found to be negative for all active cannabinoids.
As C11-C9-C1-0 becomes positive, activity is significantly reduced or abolished. These results seem to indicate
that there is a critical area near the top of the carbocyclic ring which must not be blocked. Such findings argue
strongly for a steric requirement at the site of action of these compounds.

Cannabinoids are the group of C,; compounds that are
typical of and present in Cannabis sativa, their carboxylic
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acids, analogues, and transformation products.! Since
Mechoulam et al. reported (-)-trans-A%-tetrahydro-
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cannabinol (A%-THC; 1; see Chart I) to be the major psy-
chopharmacologically active constituent of cannabis,??
many cannabinoid analogues have been synthesized and
tested. Structure-activity relationships (SARs) in the
cannabinoids have been generated for effects on prosta-
glandin synthesis* and for analgesic activity,® but princi-
pally for psychopharmacological activity.® Little is yet
known, however, about the molecular basis of action of
these compounds. Cannabinoids are thought by some to
interact with a specific receptor in the central nervous
system.” Others hold that cannabinoids exert their effect
by interactions with membranes in one of several ways: by
fluidizing them in a manner similar to the Meyer—Overton
explanation of anesthesia,® by altering their composition,?
or by stereoselectively interacting with the phospholipid
bilayer.!®

In our work, we seek to reveal elements of molecular
reactivity that are related to activity. The information
provided by SAR studies of cannabinoid psychopharma-
cological activity is an excellent starting point for our work.
We use the methods of theoretical chemistry to calculate
the molecular properties generated by the entire structure

* (1) Mechoulam, R.; Gaoni, Y. Fortschr. Chem. Org. Naturst. 1967,
25, 175.

(2) Gaoni, Y.; Mechoulam, R. J. Am. Chem. Soc. 1964, 86, 1646.

(3) Gaoni, Y.; Mechoulam, R. J. Am. Chem. Soc. 1971, 93, 217.

(4) Burstein, S.; Hunter, S. A.; Ozman, K. Mol. Pharmacol. 1983,
23, 121.

(5) Johnson, M. R.; Melvin, L. S.; Althius, T. H.; Bindra, J. S;
Harbert, C. A.; Milne, G. M.; Weissman, A. J. Clin. Pharmacol.
1981, 21, 2715.

(6) Razdan, R. K. Pharm. Rev. 1986, 38, 75.

(7) Dill, J. A.; Howlett, A. C. J. Pharm. Exp. Ther. 1988, 244, 1157.

(8) Roth, S. H.; Williams, P. J. J. Pharm. Pharmacol. 1979, 31,
224.

(9) Burstein, S.; Hunter, S. A. Biochem. Pharmacol. 1978, 27,
1275.

(10) Makriyannis, A.; Fesik, S.; Kriwacki, R. In New Methods in
Drug Research; Makriyannis, A., Ed.; J. R. Prous: Barcelona,
1985; p 19.
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of each cannabinoid. These molecular properties are
presumed to be directly responsible for the molecular in-
teractions at the site of action. Our ultimate aim is to shed
more light on the basis of action of these compounds at
the molecular level.

Our previous studies of the molecular determinants for
cannabinoid activity have led us to hypothesize that there
are two aspects of the structure of A>-THC (1) that confer
reactivity characteristics upon the molecule which are
crucial to activity. These components are the orientation
of the lone pairs of electrons of the phenyl group hydroxyl
oxygen and the orientation of the carbocyclic ring (ring A)
relative to this oxygen.!! Because we believe that two
aspects are important, our work on the molecular deter-
minants for cannabinoid psychopharmacological activity
has taken two directions. In the first, we have studied the
position of the phenyl group hydroxyl in both active and
inactive cannabinoids, all of which possess very similar
carbocyclic ring orientations.}® Our original study of the
template molecule, A>-THC (1), revealed that there are two
minimum-energy conformations for the phenyl group hy-
droxyl in 1. In conformation I (C2-C1-O-H = -1°), the
phenolic hydrogen points away from the carbocyclic ring;
consequently, the lone pairs of electrons of the oxygen
point toward this ring. In conformation II (C2-C1-O-H
= 155°), the phenolic hydrogen points toward the carbo-
cyclic ring; consequently, the lone pairs of electrons of the
oxygen point away from this ring.!! Comparisons with
other cannabinoids led us to hypothesize that conformation
II is the more relevant conformation at the site of ac-
tion.1213 We are currently synthesizing compounds that
will test this part of our working hypothesis.!?

This paper deals with the second part of our working
hypothesis. Here we investigate the effect that a change
in orientation of the carbocyclic ring (ring A) relative to
the phenyl group hydroxyl oxygen has upon activity. To
this end, we have carefully chosen six cannabinoids to
study. The following criterica were used in the selection
of subject molecules: (1) All cannabinoids must have been
assayed in the same pharmacological test. (2) All canna-
binoids must differ from A®-THC (1) only in their carbo-
cyclic ring. Thus, subject molecules must have pentyl side
chains, have no additional substitution on rings B and C,
possess ring B conformations identical with that of ring
B in 1, and possess phenyl group hydroxyl conformations
identical with those of 1. (3) The variations in ring A must
be such that the electrostatic potential generated in this
region be similar to that of 1.1! Molecules that possess
functional group substitutions in ring A such as hydroxyl,
carboxyl, ester, aldehyde, or amino groups were not con-
sidered for this study, because the addition of these
functionalities would introduce two variables, conforma-
tional changes and electrostatic potential changes.

Using the above criteria, we chose five cannabinoids in
addition to (-)-A%-THC (1). These five cannabinoids are
the active cannabinoids A3-THC (2),* 118-HHC (C11
methyl group equatorial; 3a),!® the minimally active com-

(11) Reggio, P. H.; Mazurek, A. P. J. Mol. Struct. (Theochem.)
1987, 149, 331.

(12) Reggio, P. H. In NIDA Research Monograph Series: Struc-
ture-Activity Relationships of the Cannabinoids; Rapaka, R.
S., Makriyannis, A., Eds.; U.S. Department of Health and
Human Services: Rockville, MD, 1987; p 82.

(13) Reggio, P. H.; Cox, S. In Marihuana: An International Re-
search Report; Chesher, G., Consroe, P., Musty, R., Eds.;
Australian Government Publishing Service: Canberra, 1988;
p 285.

(14) Edery, H.; Grunfeld, Y.; Ben-Zvi, Z.; Shani, A.; Mechoulam, R.
Arzneim.-Forsch. 1972, 22, 1995.
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Figure 1. Conformation of (-)-A%-THC (1) (with propyl side
chain) as determined by MMP2(s5): the perspective of the car-
bocyclic ring (ring A) is viewed in the direction parallel to the
vector from C2 to C10b. Here the oxygen of the phenyl group
hydroxyl is shown as a blackened circle.

pound 11a-HHC (C11 methyl group axial; 3b),'® and the
inactive compounds A-THC (4)' and A*!.THC (5).”
The activity of each of these cannabinoids has been as-
sayed in rhesus monkey behavioral tests. In these can-
nabinoids, a slight structural change (i.e., a change in the
position of the double bond in ring A or loss of the double
bond in ring A) produces a dramatic change in activity.

Several other investigators have alluded to the impor-
tance of the carbocyclic ring in cannabinoid compounds.
Using Dreiding stereo models and NMR data, Binder,
Edery, and Porath!” measured the perpendicular distance
of the C11 carbon above the plane of the aromatic ring in
A% THC, A%-THC, and A*!'I"THC. They suggested that
distances of 200 and 220 pm seemed to be critical for
psychoactivity. In discussions of stereospecificity and
stereoselectivity of cannabinoid actions, Mechoulam et al.!?
have also implicated the position of the C11 atom (i.e., the
methyl group at C9). They have hypothesized that, in the
absence of other molecular changes, the planarity of the
methyl group at the C9 position determines cannabimetic
activity.

In our early studies of 1, we found that the carbocyclic
ring (ring A) assumes a half-chair conformation.!! This
result was in agreement with the theoretical and NMR
results of Archer et al.!® This half-chair conformation
causes the top portion of the carbocyclic ring to move out
of the plane of the aromatic ring (moving into what we call
the “top face” of the molecule). Looking at the drawing
of 1, this conformation causes the top portion of ring A
to lift up out of the plane of the paper and toward the
viewer. In Figure 1 we accentuate this conformation by
turning the molecule sideways so that the side chain points
toward the viewer (i.e., viewing it in the direction parallel

(15) Edery, H.; Grunfeld, Y.; Ben-Zvi, Z.; Mechoulam, R. Ann. N.Y.
Acad. Sci. 1971, 191, 40.

(16) Mechoulam, R.; Edery, H. In Marihuana, Chemistry, Phar-
macology, Metabolism, and Clinical Effects; Mechoulam, R.,
Ed.; Academic Press: New York, 1973; p 101.

(17) Binder, M.; Edery, H.; Porath, G. In Marihuana Biological
Effects: Analysis, Metabolism, Cellular Responses, Repro-
duction, and Brain; Nahas, G. G., Paton, W. D. M., Eds.;
Pergamon Press: Oxford, 1979; p 71.

(18) Mechoulam, R.; Feigenbaum, J. J.; Lander, N.; Breuer, A,;
Consroe, P.; Jarbe, T. U. C.; Hiltunen, A. J. In Marihuana: An
International Research Report; Chesher, G., Consroe, P.,
Musty, R., Eds.; Australian Government Publishing Service:
Canberra, 1988; p 243.

(19) Archer, R. A;; Boyd, D. B.; Demarco, P. V.; Tyminski, 1. J.;
Allinger, N. L. J. Am. Chem. Soc. 1970, 92, 5200.
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to the vector from C2 to C10b). When viewed from this
perspective, the top of the carbocyclic ring (ring A) can
be seen to move to the left of the phenyl group hydroxyl
oxygen and into the top face of the molecule. We have
taken this orientation as characteristic of active canna-
binoids, with the idea that cannabinoids whose carbocyclic
rings are not in this orientation may lose activity. In order
to assess the extent to which the carbocyclic ring and its
substituent protrudes into the top face of the molecule in
A%-THC and other cannabinoids, we have measured several
nonbonded torsion angles. These angles help to quantify
the orientation of the carbocyclic ring with respect to the
phenyl group hydroxyl oxygen (see Methods). We have
called these angles “protrusion” torsion angles.

In this paper, we report on the optimized structures of
six cannabinoids (including the reoptimized structure of
1), on other minimum-energy accessible conformations of
the carbocyclic ring in these molecules, on the minimum-
energy positions of the phenyl group hydroxyl in each
molecule, on the “protrusion” torsion angles of each, and,
finally, on the correlations we were able to make between
these “protrusion” torsion angles and cannabinoid psy-
chopharmacological activity.

Methods

The crystal structure of A*THC acid B was used as
the starting geometry for all cannabinoids. The Modify
facility within the CHEM-X molecular modeling system?!
was used to delete unnecessary atoms and to add necessary
ones at standard bond lengths and bond angles.?? The
side chain on each molecule was shortened from pentyl to
propyl in order to keep the molecule small enough for
input into other computer programs in a future stage of
our studies. Such a modification is acceptable since the
focus of our study is on the fused ring structure of these
molecules and not on their side chains.

The structures of all molecules were optimized by using
the method of molecular mechanics as encoded in the
MMP2(85) program.? Lone pairs on the oxygen of the
phenyl group hydroxyl and on the ether oxygen were in-
cluded in each optimization. Since our original charac-
terization of 1 was performed with the MM2 program,!! we
also reoptimized the structure of 1 by using MMP2(85). In
order to ascertain if any other minimum-energy confor-
mations of the carbocyclic ring (ring A) exist, we performed
dihedral driver studies of this ring.?* In each case, one
torsion angle [C10a—C6a—C7-C8 in AS-THC (1), C10-
C10a-C6a—C7 in A%-THC (2), C6a—C7-C8-C9 in 118-HHC
(3a) and 11-HHC (8b), C6a—C10a—C10-~C9 in A™-THC (4),
and C10a—C10-C9-C8 in A*11-THC (5)] was driven in
increments of 5-10°.

In our calculations, we have assumed that all mini-
mum-energy conformations within 3 kcal/mol of the ab-
solute minimum are accessible. This amount of energy is
probably easily obtained by the interaction of the canna-
binoid with bulk solvent or by interaction at its site of

(20) Rosengvist, E.; Ottersen, T. Acta Chem. Scand. 1975, 1329,
379.

(21) CHEM-X, developed and distributed by Chemical Design, Ltd.,
Oxford, England.

(22) Mitchell, A. L,; Cross, L. C., Eds. Tables of Interatomic Dis-
tances and Configurations in Molecules and Ions; Special
Publication 11; The Chemical Society: London, 1958; Special
Publication 18, 1965.

(23) Allinger, N. L. MMP2(85), distributed by Molecular Design,
Ltd., San Leandro, CA.

(24) Burkert, U.; Allinger, N. L. Molecular Mechanics; ACS Mon-
ograph Series 177; American Chemical Society: Washington,
DC, 1982.
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action.®® In order to be certain that each accessible con-
formation identified above was capable of mimicking the
low-energy phenyl group hydroxyl positions of 1, we per-
formed an MMP2(85) dihedral driver study of molecular
energy as a function of rotation about the C1-0 axis for
each conformer.?* Rotations in 36 steps were made about
this axis.

There are several ways in which the carbocyclic ring of
some cannabinoids can protrude into the top face of the
molecule. One or all of the following atoms can be involved
in this protrusion: C8, C9, C10, or C11 (see the numbering
system illustrated for 1). In order to describe the orien-
tation of the top portion of the carbocyclic ring relative
to the phenyl group hydroxyl oxygen, we measured four
“protrusion” torsion angles by using the Calculate Geom-
etry facility within the CHEM-X molecular modeling sys-
tem.?! These angles correspond to the following non-
bonded torsion angles: C10-C10a-C1-O (angle 1), C8-
C7-C1-0 (angle 2), and C11-C9-C1-0 (angle 3). In order
to measure the inclination of C9 with respect to the phenyl
group hydroxyl oxygen, it was necessary to define a point
Q such that Q is the midpoint of the nonbonded distance
between C8 and C10. We then measured the torsion angle,
C9-Q-C1-0 (angle 4). In each case, this “protrusion”
torsion angle was the extent of clockwise rotation necessary
to impose C1-0O on C10a—-C10 (or C7-C8, or C9-C11, or
Q-C9) when viewed along the nonbonded distance C1-—-
Cl10a (C1—C7, C1—C9), C1—Q).

Results and Discussion

Geometry Optimization. The cyclohexene ring (ring
A) in A%-THC (1), in A3 THC (2), and in A™-THC (4) was
found to exist in a half-chair conformation as has been
calculated for cyclohexene itself.?* This half-chair con-
formation of the cyclohexene ring in 1, 2, and 4 is in
keeping with our previous results!! for 1 and those of
others.”® A8-THC (2) was found to be 3.36 kcal/mol lower
in steric energy than A%>-THC (1) and 4.36 keal/mol lower
in steric energy than A™-THC (4).

The cyclohexane ring (ring A) in 118-HHC (3a) and in
11a-HHC (3b) was found to exist in a chair conformation.
The PMR results of Archer et al.'® for one HHC isomer
studied (3b) are in agreement with this result. 113-HHC
(3a), in which the C11 methyl group is equatorial, was
found to be 1.68 kcal/mol lower in steric energy than
11a-HHC (3b), in which the C11 methyl group is axial.
This amount compares well with the 1.70 kcal /mol sta-
bilization determined experimentally for equatorial versus
axial methyleyclohexane in solution.??

The cyclohexane ring (ring A) in AY1.THC (5) was also
found to be in a chair conformation. This is the same
conformation as predicted for methylenecyclohexane.?
Binder, Edery, and Porath’s NMR study of A*I.-THC (5)V7
also revealed that ring A exists in a chair conformation.
Table I lists the torsion angles for ring A in each of these
minimum-energy conformations.

Dihedral driver studies of ring A revealed no other
minimume-energy conformations (other than the half-chair)
for A®-THC (1), AB-THC (2), or A’-THC (4). This result
is in keeping with the calculated minimum-energy con-
formations of cyclohexene.” Dihedral driver studies of ring
A in the HHC’s (3a and 3b) revealed that a second min-
imum-energy conformation of ring A exists. This mini-
mum corresponded to a twist conformation. For 113-HHC
(3a) this twist conformation was 5.55 kcal/mol above the
chair conformation. This energy difference is quite similar

(25) Schulman, J. M,; Sabio, M. L.; Disch, R. L. J. Med. Chem.
1983, 26, 817.
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Table I. Carbocyclic Ring Torsion Angles

@, Wo, wg, Wy, W, wg,

molecule deg deg deg deg deg deg
AS-THC 37 -66 62 -32 4 -6
A8.THC 17 =51 67 -48 15 2
118-HHC 55 -61 63 -60 56 -53

11a-HHC, chair 54 -61 62 -59 54 -50
11a-HHC, twist -29 -3¢ 66 -31 -31 64
AT-THC 2 -30 59 -66 39 -7
A%LTHC 54 -61 62 -59 57 -53

to the 5.36 kcal/mol difference calculated for the chair
versus twist forms of cyclohexane.”® On the other hand,
the second minimum for 11a-HHC (3b), which also cor-
responded to a twist conformation, was only 1.72 kcal/mol
above that of the chair conformation. The stabilization
of the twist form of 11a-HHC (3b) relative to the twist
form of 118-HHC (3a) is due primarily to lower torsional
strain and to lower van der Waals 1,4 interactions. Thus,
according to our 3 kcal/mol criteria, the twist conformation
of 11a-HHC (3b) is an accessible conformation. The ring
torsional values of the twist form of 3b are listed in Table
I. Dihedral driver studies of ring A in A*!l.THC revealed
a second minimum-energy conformation, a twist confor-
mation 3.02 keal/mol above the chair conformation. Since
accessible conformations were taken to be those within 3
kcal/mol of the absolute minimum, we concluded that the
only accessible conformation of ring A in A*!I-THC is the
chair. Solution NMR studies performed by Binder et al.l”
are consistent with this conclusion.

In all molecules, ring B assumes a conformation such
that the axial C6 methyl group is on the same side of the
molecule as Hyy, and is much closer to Hyg, than is the
other methyl group. The substituents on C6 and C6a are
staggered with respect to one another. The optimized
C10a-C6a-C6-0 values were 62-63° for all of the mole-
cules studied. Here the numbering system employed is
the same as that for 1.

The phenyl group hydroxyl in all of the molecules is
subject to steric interaction with the C10 proton(s). This
interaction causes the phenyl group hydroxyl to bend
slightly out of the plane of the benzene ring. The phenyl
group hydroxyl optimized at a position pointing away from
the carbocyclic ring. The optimized C2-C1-0O-H values
were 5-8° for all of the molecules studied.

Average optimized bond lengths for all molecules were
within 0.01 A of the following values: Cg—C, 1.34 4,
Cypr—Cgp (aromatic) 1.40 A, CoprCyps 1.51 A C, Cps 1.54
A Cyr0 13T A, Cm0 1.39 A Cor-H 110 A, C,pr-H 112
A, O-H 0.97 A. Figures 2 and 3 illustrate a front view and
a side view, respectively, of the optimized structure of
A"™-THC (4). This structure is included here as a repre-
sentative example of the cannabinoid structures optimized
in this study.

Phenyl Group Hydroxyl Conformation. Since we
were interested in studying only molecules whose phenyl
group hydroxyl positions were similar to those in A>THC
(1), we next screened all of the molecules for phenyl group
hydroxyl position. For each molecule, we performed mo-

(26) Burkert, U.; Allinger, N. L. J. Comput. Chem. 1982, 3, 40.
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Table II. Protrusion Torsion Angles

Reggio et al.

angle 1, angle 2, angle 3, angle 4,
molecule activity? C10-C10a-C1-0, deg C8-C7-C1-0, deg C11-C9-C1-0, deg C9-Q-C1-0, deg
AS-THC active® -47 -49 -49 -45
AR THC active® -49 -34 -38 -33
118-HHC active® -48 -46 -54 5
11a-HHC minimally active® -48 -45 48 2
AT-THC inactive? -46 -15 36 -9
ASLTHC inactive® -47 -45 7 7

@ Activity as assessed in rhesus monkey behavioral tests. ®See ref 14. ¢See ref 15. 9See ref 16. ©See ref 17.

Figure 2. Front view of the conformation of A™-THC (4) (with
propyl side chain) as determined by MMP2(85). The oxygens are
shown as blackened circles.

+————— PHENYL GROUP
- HYDROXYL

Figure 3. Conformation of A’-THC (4) (with propyl side chain)
as determined by MMp2(85). See Figure 1 for details.

lecular mechanics dihedral driver studies using the
MMP2(85) program.?? We found that all of the molecules,
including the twist conformation of 3b, possessed two
minima and that the location of these minima were very
similar to those of 1. In conformation I (C2-C1-O-H =
5-8°), the phenyl group hydroxyl is essentially in the plane
of the aromatic ring. In this conformation the lone pairs
of electrons of the oxygen point toward the carbocyclic
ring. In conformation II (C2-C1-O-H = 160-170°), the
lone pairs of the oxygen point away from the carbocyelic
ring.

Figure 4 illustrates the rotational energy profile for
AT-THC (4). This profile is included here as a repre-
sentative example of the energy profiles obtained for all
of the molecules studied. In the rotational energy profiles
for the accessible conformations of all six cannabinoids,
the first minimum was separated from the second by a
4.40-4.70 kcal/mol barrier. The energy profile was not
symmetrical; thus the barrier separating the second min-
imum from the first was 3.10-3.90 kcal/mol (see Figure
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Figure 4. Rotational energy behavior of the phenyl group hy-
droxyl of A™-THC (4) as determined by an MMP2(s5) dihedral driver
calculation,
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4, for an example). Conformation II was found to be
0.30-0.80 kcal/mol higher in energy than conformation I
for the molecules studied.

The results of these rotational energy studies demon-
strate that the position of the phenyl group hydroxyl in
each of the molecules is similar to that of the phenyl group
hydroxyl in 1. Thus the variation of the activities of these
compounds cannot be attributed to phenyl group hy-
droxyl orientation.

Protrusion Torsion Angles. Table II contains a
summary of the results of “protrusion” torsion angle
measurements for each of the absolute minimum-energy
conformations of the investigated molecules. The mole-
cules are arranged here in order of decreasing activity. We
found a correlation between activity and the value of angle
3 (C11-C9-C1-0). All active cannabinoids possess a large
negative value for angle 3. Since angle 3 measures the
inclination of the C9 substituent (i.e., the C11 methyl
group) with respect to the oxygen position, a negative value
means that the methyl group protudes into the top face
of the molecule (moves to the left of the phenyl group
hydroxyl oxygen when viewed in sideways perspective).

As the value of angle 3 approaches zero, the molecules
lose activity. A positive value of angle 3 results when the
C9 substituent (i.e., the C11 methyl group) protrudes into
the bottom face of the molecule (moving to the right of
the phenyl group hydroxyl oxygen when viewed sideways).
Figure 5 illustrates side views of the chair conformations
of the hexahydrocannabinols 3a and 3bh. As can be seen
here, the C11 methyl group of the active isomer (3a, Figure
5A) moves to the left of the phenyl group hydroxyl oxygen
(negative “protrusion” torsion angle 3), and the C11 methyl
group of the isomer that is reduced in activity (3b, Figure
5B) moves to the right (positive “protrusion” torsion angle
3). The protrusion torsion angles were also measured in
all molecules when the phenyl group hydroxyl was in its
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Figure 5. Side views of the MMP2(s5)-optimized chair confor-
mations (with propyl side chains) of (A) 118-HHC (C11 methyl
equatorial; 3a) and (B) 11a-HHC (C11 methyl axial; 3b). See
Figure 1 for details.
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second minimum-energy position (conformation II). In
each case the angles were found to vary less than 4° from
those listed in Table II.

Protrusion torsion angle measurements were also per-
formed for the twist conformation of 11a-HHC (8b). In
this case angles 1, 2, 3, and 4 were found to be —48°, -20°,
-24°, and —82°, respectively. Clearly, angle 3 for the twist
form of 11e-HHC (3b) does not have a positive value as
does its chair form. In this sense, the higher energy con-
formation of 3b mimics the active cannabinoids A%>-THC
(1), AB-THC (2), and 118-HHC (3a). Taking into account
that ring A in 3b can exist as a chair or a twist and that
the phenyl group hydroxyl in each can exist in confor-
mation I or II, there are four forms of 3b that can be
considered to exist. In form 1, ring A is in a chair con-
formation and the phenyl group hydroxyl is in confor-
mation I. In Form 2, ring A is also in a chair conformation,
but the phenyl group hydroxyl is in conformation II. In
form 3, ring A exists in a twist conformation and the
phenyl group hydroxyl is in conformation I. In form 4, ring
A exists in a twist conformation also, but the phenyl group
hydroxyl is in conformation II. Our studies of 3b have
revealed that form 2 is 0.54 keal /mol higher in steric energy
than form 1. Form 3 was found to be 1.72 kcal/mol above
form 1, while form 4 was found to be 2.46 kcal/mol above
form 1. By use of the Boltzmann relationship at 298 K
and assuming no significant entropic or solvation differ-
ences, the relative amounts of forms 1-4 of 11a-HHC (3b)
would be 68%, 27%, 4%, and 1%, respectively. The fact
that the twist conformation of 3b (which exists in much
smaller amounts) possesses a negative value of angle 3 may
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account for the minimal activity of this molecule. Thus
each of the predominant forms of 11o-HHC (3b) (forms
1 and 2) possesses a C11 methyl group that protrudes into
the bottom face of the molecule (positive “protrusion”
torsion angle) as does the C11 methyl group in A’-THC
(4) and the C11 methylene group in A*'1.THC (5), both
inactive cannabinoids. But each of the forms of 11a-HHC
present in much lower amounts (forms 3 and 4) has a C11
methyl group that protrudes into the top face (negative
“protrusion” torsion angle) as does the C11 methyl group
in A%-THC (1), A3-THC (2), and 118-HHC (3a), all active
cannabinoids.

Conclusion

Our results indicate that, for cannabinoids which differ
from A%-THC (1) only in the position or absence of a
double bond in the carbocyclic ring (ring A), the orienta-
tion of the C9 substituent relative to the oxygen of the
phenyl group hydroxyl is a determinant of activity. As
measured by the “protrusion” torsion angle 3, those mol-
ecules whose C11 methyl groups (C9 substituents) point
into the top face of the molecule are active (negative
“protrusion” torsion angles). Those whose C11 methyl
groups protrude into the bottom face (positive “protrusion”
torsion angles) are inactive. This result is in keeping with
Mechoulam’s emphasis on the position of the C11 methyl
group in cannabinoid compounds.!®

It is important to emphasize that the C11 methyl group
itself is not necessary for activity. The activity of des-
methyl compounds such as 9-nor-A%THC? clearly argues
against such a posture. Here there is no substituent at C9,
and the molecule is active. Instead, it seems that there
may be a critical area near the top of the carbocyclic ring
that must not be blocked. In this study, blocking was
produced by the C11 methyl group (C9 substituent) in
inactive or low-activity molecules. In principle, blocking
could equally well be provided by another functional group.
Our results, then, argue strongly for a steric requirement
at the site of action. Protrusion into the bottom face may
hamper or prevent molecules from binding at their site of
action.
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