Synthetic Approaches to 9-Ketocannabinoids

to give pale yellow needles of thalidezine, mp 155-159 °C and unde-
pressed on admixture with an authentic sample (lit.!2 mp 158-159 °C).
These crystals have identical NMR and UV spectra and similar TLC
behavior to the authentic sample.

Hernandezine (19). Treatment of thalidezine (110 mg) with dia-
zomethane was carried out as described for 3-methoxynuciferine.
Hernandezine (90 mg, 80%) was obtained which was identical in all
respects with an authentic sample.13
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Cannabinoids. 3.! Synthetic Approaches to 9-Ketocannabinoids.
Total Synthesis of Nabilone
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The 9-ketocannabinoid, nabilone (6), is of clinical interest as one of a new group of totally synthetic cannabinoids
that possesses interesting central nervous system properties. Synthetic approaches to 6 from the resorcinol 1 were
explored. Three unique approaches to 9-ketocannabinoids are reported (Schemes III, IV, and V) as well as two
other approaches (Schemes I and II) that have precedent in the literature. The most efficient synthesis of 6 pro-
ceeds through the cis isomer 7 which is isomerized to 6 with AICl; in CH2Cly. The optical antipodes, 6a and 6b, of
nabilone (6) can be prepared by two different synthetic routes (Schemes II and III). The most efficient method for
the preparation of the optical isomers 6a and 6b is from nopinone (14b) by the method outlined in Scheme II1

The natural products of marijuana, Cannabis sative L.,
have been the subject of intensified synthetic endeavors
during the past decade.?2? Undoubtedly, some of these efforts
were undertaken with the recognition of the therapeutic po-
tentials® manifested by this group of interesting compounds.
Certainly, our synthetic efforts were motivated by the search
for a therapeutically effective drug in the cannabinoid area.

During the course of these studies, our interest focused on
a group of compounds containing a keto group at the 9 position
of the dibenzo[b,d]pyran nucleus.* One of these 9-ketocan-
nabinoids, nabilone (6), has been selected for clinical evalu-
ation®aP on the basis of its preclinical pharmacology.5¢

Because the original synthesis (Scheme I) of 6 that we em-
ployed was low yielding and cumbersome, we looked for new
approaches to the synthesis of 9-ketocannabinoids. This paper
describes the results of this search for an efficient synthesis
of 6. Additionally, we report herein the application of a new
and shorter synthetic route to the synthesis of the 3-n-pentyl
analogue (26). Previously, 26 has been converted by others®
into racemic A8- and A®-tetrahydrocannabinol (THC). We also
report the preparation of the optical antipodes, 6a and 6b, of
the parent compound 6 by two different approaches.

Results and Discussion

Scheme I outlines our initial approach to the synthesis of
6. This reaction sequence follows the stepwise approach used
by Fahrenholtz et al.® for the synthesis of the 3-n-pentyl an-
alogues 25 and 26. The resorcinol 1 was converted into the
coumarin 2 by reaction with diethyl 2-acetylglutarate. Cy-
clization of 2 with NaH in Me;SO7 gave the tricyclic ketone
3 in 57% yield. Ketalization to 4 followed by Grignard reaction
and strong acid hydrolysis afforded the «,3-unsaturated ke-
tone 5. Reduction of 5 with Li8 in liquid NHj; gave, after sep-
aration of the cis isomer 7, the desired trans isomer 6. The
overall yield from 1 was 24% by this route. The cyclization of
2 to 3 was difficult to perform on a scale larger than 1 mol and
never gave greater than 70% yield. Additionally, the chro-
matographic (and/or crystallization) separation of the trans
isomer 6 from the approximately 20% impurity of the cis iso-
mer 7 was difficult. Thus, we sought a better synthetic ap-
proach to 9-ketocannabinoids of the type represented by na-
bilone 6.

The approach described in Scheme II was chosen primarily
because it permitted the use of either (—)- or (+)-a-pinene as
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the starting point. The optically active pinenes could then be
converted into the verbenols 8a and 8b which would eventu-
ally lead to the optically active 9-ketocannabinoids (6a and
6b). Likewise, the choice of the (&)-a-pinene as the starting
material would, by this route, give the desired racemate 6.
Fixing the 6a,10a ring juncture trans early in the synthesis
avoided the separation of isomers that was a drawback in the
first synthesis (Scheme I). Additionally, all of the intended
synthetic conversions had a literature precedent in the syn-
thesis? of A8-THC and its conversion to the n-pentyl ketone
26,

The appropriate verbenol 8a or 8b was converted into the
A8 isomers 9a or 9b by reaction with the resorcinol 1 in a
manner similar to that reported for the synthesis of A3-THC.?

Acetylation to 10a or 10b followed by photolysis, in a manner
similar to that published for the preparation of A%!1.THC,10
gave the A%11 isomers 11a or 11b. During the photolysis, the
1-acetate group was removed so that it was necessary to rea-
cetylate the A%!! isomers to give 12a or 12b which were sub-
sequently ozonized to yield the keto acetates 13a or 13b. Hy-
drolysis of the 1-acetate afforded the desired optically active
ketones 6a or 6b. From (—)-a-pinene was obtained the
6aR,10aR isomer 6a; from (+)-a-pinene, the 6aS,10aS isomer
6b. The assignment of absolute stereochemistry rests upon
the fact that (—)-verbenol has been converted?® into (—)-AS-
THC whose absolute stereochemistry has been shown!? to be
6aR,10aR.

Although this route from verbenol provided optically active
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materials, it suffered from the low-yielding photolysis and
ozonolysis steps. Thus, in relation to the synthesis of 6, it was,
in fact, no better than the original synthesis shown in Scheme
I. Clearly what was needed was a shorter, more efficient syn-
thesis.

The experience gained from the above synthetic work led
us to believe that introduction of the oxygen function earlier
in the synthesis might alleviate some problems, especially
those associated with the low-yielding photolysis and ozono-
lysis reactions needed to introduce the 9-keto group by the
reactions outlined in Scheme II. Thus, we decided to start with
§-pinene and introduce the oxygen function in the first step
by ozonolysis. The nopinone (14b) obtained by this procedure
was converted by bromination to 15b and dehydrobromina-
tion into (+)-apoverbenone (16b). Reaction of 16b with the
resorcinol 1 gave the optically active ketone 6a in 16% yield.
Attempts to improve this yield were unsuccessful. Alterna-
tively, nopinone (14b) could be converted into the enol acetate
17a which on treatment with lead tetraacetate in refluxing
benzene for 2 h gave the diacetate 20b in 41% yield. If the re-
flux time was extended to 18 h, the enol acetate 18a could be
isolated in 39% yield. Either of these acetates, 18a or 20b,
could be converted in 70% yield into the intermediate norpi-
nanone (19b) by the action of p-toluenesulfonic acid in chlo-
roform at room temperature.

The key intermediate 19b was then treated with p-tolu-
enesulfonic acid in refluxing chloroform to give the optically
active cis ketone 7a in 61% yield. Alternatively, the optically
active trans ketone 6a could be prepared in 82% yield from the
treatment of 19b with stannic chloride in chloroform at room
temperature.

Consequently, the synthesis of cis- and trans-9-ketocan-
nabinoids could be achieved from §3-pinene, The lead tetra-
acetate step (17a to 18a or 20b) proved to be low yielding and
therefore limiting in this approach. Likewise, the direct con-
version of 18a or 20b gave 6a in low yield (31%) and contam-
inated with terpene impurities which were difficult to remove
from the desired product. Nevertheless, this synthetic route
via the intermediate 19b provides optically active 6a in the
most convenient method that is presently available.

An optically active terpene (8a or 8b) or terpene-derived
moiety (16b, 18a, or 20b) is condensed with the resorcinol 1
in the approaches outlined in Schemes II and III. This same
general conceptual approach provides the basis for most of the
efficient syntheses of optically active THC’s.12 For the prep-
aration of racemic 9-ketocannabinoids, such as 6 or 7, the

CH,

optically inactive diene 23 is a readily available starting ma-
terial. It can be prepared from p-methoxyacetophenone (21)
by Grignard addition to provide 2-(4-methoxyphenyl)-2-
propanol (22), then followed by Birch reduction to the desired
diene 23. The overall yield of 23 from p-methoxyacetophenone
is 55%.

The reaction of 23 with the resorcinol 1 was studied under
a wide variety of acid catalysis conditions (see Scheme IV).
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The products of the reaction showed a surprising dependence
on the nature of the acidic catalyst, solvent, temperature, and
reaction time. As an example, the ketal 27 was isolated in 37%
yield from the reaction of 1 with 23 using 1 mol of BF3-Et,0
in benzene at room temperature. From a similar reaction using
3 mol of BF3:Et;0 in CH,Cl; at 0 °C, the hemiketal 28 was
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isolated in 42% yield.!® (Conversion of the hemiketal 28 to
ketal 27 was accomplished with oxalic acid in methanol.) The
cis ketone 7 was obtained in 65% yield using SnCl, in CH,Cl,,
although 28 was observed by TLC to be initially formed and
then disappear during the 7-h reaction period. If 1 mol of
water was added to the SnCly reaction, the yield of 7 dra-
matically improved to 89%. Conditions were not found under
which the trans ketone 6 was the major product, although it
was formed in 5-15% yield in the SnCl, reaction.

The appearance and then disappearance of 28 in the reac-
tion mixture coupled with the observation that either 27 or
28 could be readily converted into 7 on treatment with SnCl,
lead us to the hypothesis that 27 and 28 are intermediates in
the formation of 7 from 23. It follows that the ketal 27 is the
initial product of the condensation of 23 and 1, but is hydro-
lyzed, especially in the presence of an added mole of water, to
the hemiketal 28 which undergoes rearrangement to 7 in the
rate-determining step. This suggested mechanism would ex-
plain the observed stereoselectivity of the reaction if the ring
closure occurs before the hemiketal opening to the ketone.

Since our synthetic objective was the trans isomer 6, it was
necessary to either modify reaction conditions to change the
stereochemical course of the reaction or find some method to
isomerize the 6a,10a cis ring juncture. The isomerization of
c1s-A%THC to trans-A8-THC using BBr3 in CH,Cl; at low
temperature has been reported by Razdan and Zitko.! Similar
treatment of the cis ketone 7 gave the hemiketal 28 instead
of the anticipated trans ketone 6.

The elusive conditions for isomerization of 7 to 6 were
eventually discovered to be AICl3 in CHyCly at 0 °C. Similarly,
the cyclic hemiketal 28 can also be converted into 6 using the
same AlCl; isomerization procedure. An overall yield of 80%
from diene 23 to trans ketone 6 has been achieved using the
two-step approach outlined in Scheme IV. It is our belief that
this process proceeds by way of isomerization of the 6a posi-
tion rather than the 10a position. Work is presently in progress
to definitely establish this point. The high yield of this ap-
proach (Scheme IV) coupled with the ready availability of 23
from p-methoxyacetophenone makes this the most convenient
synthesis of 6 that we have discovered.

The generality of this approach to other 3-alkyl-9-keto
compounds was demonstrated in the preparation of the 3-
n-pentyl compounds 25 and 26 by the same procedure using
olivetol (24). The overall yield of 26 from olivetol was 25%.
Since 26 has been previously converted® into (£)-A%-THC, this
approach (Scheme IV) represents a new synthesis of the op-
tically inactive natural products.

Other “masked ketones” can be used in place of the diene
23. As examples, the ketals 31 and 33 (Scheme V) are con-
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verted by the SnCly procedure into 7 in 80% yield. Either of
these ketals can be prepared from the ester 29 by way of the
intermediate ketal esters 30 and 32. The ester 29 is available
from a Diels-Alder reaction described by Danishefsky and
Kitahara.1®

Experimental Section

Instrumentation. Infrared spectra were obtained using a Per-
kin-Elmer Model 457 diffraction grating spectrophotometer. A Cary
15 spectrophotometer was used to obtain ultraviolet spectra. Proton
magnetic resonance spectra were measured with Varian Associates
T-60 and HA-100 spectrometers; chemical shifts are expressed in
parts per million (§) downfield from internal tetramethylsilane.
Low-resolution mass spectra were determined on a CEC 21-110
spectrometer at an ionizing voltage of 70 eV. For exact mass deter-
minations a Varian MAT 731 mass spectrometer was used. Optical
rotations were determined with a Perkin-Elmer 241 polarimeter.
Melting points and boiling points are uncorrected.

7-(1,1-Dimethylheptyl)-5-hydroxy-4-methyl-2-0x0-2H-1-
benzopyran-3-propionic Acid Ethyl Ester (2). A mixture of 331
g (1.4 mol) of 5-(1,1-dimethylheptylresorcinol (1),! 322 g (1.4 mol) of
diethyl 2-acetylglutarate (Aldrich Chemical Co.), and 214 g (1.4 mol)
of POCl; was stirred at room temperature for 11 days. Ethyl acetate
was added, and the solution was washed with 5% NaHCOj; solution
and water, dried over NapSQy, filtered, and concentrated to afford
548 g (97% yield) of crude 2 suitable for use in the following reaction.
A small sample, purified by column chromatography on Woelm
neutral alumina (activity IT) using CHCl; as the eluent, had the fol-
lowing physical and chemical characteristics: mp 78-85 °C; UV
(EtOH) Apax 208, 257, and 308 nm (e 16 200, 3900, and 5600); 'H NMR
(CDCl3) 6 7.2 (broad s, 1 H, exchanges with D;0), 6.70,6.80 (2d, 2 H,
J = 2 Hz, Hg and Hg), 4.15(q, 2 H, J = 7 Hz, -COOCH,-), 2.68 (s, 3
H, C-4 CHj), 1.25 (t, 3 H, J = 7 Hz, -COOCH,CH3), 1.25 (s, 6 H,
gem-di-CHy’s), and 0.82 (t, 3 H, «-CHj3).

Acidification of the NaHCOj extract gave (5-37% yield) the cor-
responding carboxylic acid: mp 164-167 °C; 'H NMR (CDCl;-
MesSO-dg) 6 10.1 (broad s, 2 H, exchanges with D-20), 6.75 (m, 2 H),
and 2.60 (m, 9 H).

Anal. Caled for CeoH3005: C, 70.56; H, 8.08. Found: C, 70.35; H,
7.80.

3-(1,1-Dimethylheptyl)-7,8,10-dihydro-1-hydroxy-9 H-di-
benzo[ b,d]pyran-6,9(10 H)-dione (3). To a suspension of NaH (136
g, 5.66 mol, 272 g of a 50% NaH dispersion in mineral oil, washed
several times with n-hexane) in 1500 mL of MeySO,!! a solution of
548 g (1.35 mol) of 2 in 1 L of MeoSO was added dropwise, while
maintaining the temperature at 18-20 °C. After standing overnight,
the excess NaH was decomposed by dropwise addition of EtOH. The
mixture then was poured carefully onto ice and concentrated HCl.
The solid that formed was collected and washed with water. The wet
filter cake was dissolved in hot methyl ethyl ketone and washed with
5% NaHCOs, saturated NaCl solution, and water. Drying over NapSQ,
and evaporating under reduced pressure afforded a light yellow foam.
This crude product was triturated with Ets0, collected, and dried to
give 273 g (57% yield) of 3 and a light yellow solid: mp 173-175 °C; UV
(EtOH) Apax 204, 258, and 307 nm (¢ 12 200, 2600, and 3700); 'H NMR
(CDCl3-MegS0-dg) 6 6.9 (broad s, 1 H, exchanges with D,0), 6.70,
6.80(2d,2H,J = 2Hz, Hyand Hy), 1.2 (s, 6 H, gem-di-CHy’s), and
0.82 (t, 3 H, w-CHj).

Anal. Caled for CooHogO4: C, 74.13; H, 7.92; O, 17.95. Found: C,
74.34; H, 7.97; 0, 17.95.

3-(1,1-Dimethylheptyl)-7,8-dihydro-1-hydroxyspiro[9 H-di-
benzo[ b,d]pyran-9-2'-[1,3]dioxalan]-6(10H)-one (4). A solution
of 310 g (0.87 mol) of 3, in 1500 mL of benzene!® containing 53 mL of
ethylene glycol and 200 mg of p-toluenesulfonic acid, was heated
overnight under reflux using a Dean-Stark water separator. After
cooling to room temperature, the mixture was poured into 5%
NaHCO; solution and extracted with ethyl acetate. The combined
organic extracts were washed with water, dried over Na;SOy, and
concentrated to give 329 g (95% yield) of 4 as a light yellow solid: mp
55-58 °C; UV (EtOH) Apax 205, 257, and 304 nm (e 11 500, 2700, and
3400); IR (CHCl3) no absorption at 5.75 u; 'H NMR (CDCls-
MeyS0O-dg) 66.70,6.80(2d,2 H,J = 2 Hz, Hy and Hy), 4.05 (s, 4 H,
ketal CHy’s), 1.25 (s, 6 H, gem-di-CHy’s), and 0.82 (t, 3 H, w-CHg).

Anal. Caled for Co4H3205: C, 71.97; H, 8.05; 0, 19.97. Found: C,
71.68; H, 8.08; O, 19.77.

(£)-3-(1,1-Dimethylheptyl)-6,6a,7,8-tetrahydro-1-hy-
droxy-6,6-dimethyl-9 H-dibenzo{ b,dJpyran-9-one (5). A solution
of 329 g (0.825 mol) of 4 in 1500 mL of anhydrous Et;0 was added
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dropwise to 1780 mL of a 2.8 M CH3MgBr solution in Et,0. After
overnight reflux the mixture was cooled and poured slowly onto an
ice~-HCl mixture, the resulting HC] concentration being 6 N. The
mixture was then heated on a steam bath, whereupon the Et,0
evaporated and a light yellow precipitate formed. Recrystallization
from ethyl acetate gave 195 g (64% yield) of 5 as a yellow solid: mp
194-196 °C; IR (Nujol mull) 6.1 u (a,f-unsaturated C=0); UV
(EtOH) Amax 208, 230, and 323 nm (e 25 6(0, 13 200, and 23 200); 'H
NMR (CDCl3) 6 10.5 (s, 1 H, exchanges with D;0),8.05(d, 1 H,J =
2 Hz, Hyp), 6.36,6.66 (2d, 2 H, J = 2 Hz, Hy and Hy), 1.50, 1.17 (255,
each 3H, CHz’s at C-6), 1.25 (s, 8 H, gem-di-CHg’s), and 0.83 (t, 3 H,
w-CHs).

Anal. Caled for Co4H3404: C, 77.80; H, 9.25. Found: C, 77.98; H,
9.00.

(£)-trans-(1,1-Dimethylheptyl)-6,6a,7,8,10,10a-hexahydro-
1-hydroxy-6,6-dimethyl-9 H-dibenzo[ b,d]Jpyran-9-one (6) and
(+)-cis-3-(1,1-Dimethylheptyl)-6,6a,7,8,10,10a-hexahydro-1-
hydroxy-6,6-dimethyl-9 H-dibenzo[ b,d]pyran-9-one (7). A so-
lution of 195 g (0.527 mol) of 5 in 2500 mL of anhydrous THF was
added dropwise to a solution of Li metal in 10 L of liquid NHj at =78
°C. The reaction vessel was kept under a stream of dry nitrogen to
prevent moisture from forming inside the reaction flask. More Li
metal was added when the blue color of the reaction mixture dissi-
pated. The end of the addition was determined when the blue color
persisted for 10 min, after which solid NH,4Cl was added to decompose
the excess Li. The mixture was permitted to warm to room tempera-
ture overnight under a Ny atmosphere; during that time most of the
excess NHj evaporated. The mixture was acidified with 4 N HCI and
extracted with ethyl acetate. The combined organic extracts were
washed with water, dried over NagSQy, and concentrated to give 194
g of a yellow solid containing both 6 and 7. Purification and separation
of the isomers were achieved in the following manner: The crude
product was recrystallized from EtOAc-n-hexane (1:1) to afford 125
g of solid which was chromatographed on 2200 g of Woelm neutral
AloO3 (activity 1I) using EtOAc-benzene (1:1) as an eluent. The
combined fractions containing 6 were recrystallized to give 76 g of 6
(39% vield) as a white, crystalline solid: mp 159-160 °C; Ry 0.45 (silica
gel; 20% EtOAc-benzene); UV (EtOH) Apqax 207, 280 nm (e 47 000,
250); IR (CHCl3) 5.85 u (C=0); 'H NMR (CDCl3) 6 7.75 (s, 1 H, ex-
changes with D20}, 6.34,6.36 (2d,2 H,J = 2 Hz, Hy and Hy), 4.15 (d,
1H,J =14.3,3 Hz, Hyg,), 3.08-0.70 (32 H) especially 1.47, 1.13 (2 s,
3 H each, a and 3 C-6 CHj's), 1.21 (s, 6 H, gem-di-CHzy’s), and 0.83 (t,
3 H, w-CHj3); mass spectrum m/e 372 (M*).

Anal. Caled for CgqH3603: C, 77.38; H, 9.74; O, 12.88, Found: C,
77.59; H, 9.68; 0, 12.99.

The combined fractions containing 7 were recrystallized to give 5
g (2.5% yield) as a white, crystalline solid: mp 163-165 °C; Ry 0.38
(silica gel; 20% EtOAc-benzene); 'H NMR (CDCl3) 6 6.98 (s, 1 H,
exchanges with D;0), 6.36 (broad s, 2 H, Hy and Hy), 1.40,1.35 (255,
each 3 H, e and 3 C-6 CHy’s), 1.20 (s, 6 H, gem-di-CHy’s), and 0.83 (t,
3 H, «-CHjy); mass spectrum m/e 372 (M*).

Anal. Caled for CoyHgg04: C, 77.38; H, 9.74; O, 12.88. Found: C,
77.61; H, 10.00; O, 12.57.

(—)- and (+)-trans-Verbeno!l (8a and 8b). The procedure of
Whitman!7 for the conversion of (+)-«-pinene to (+)-trans-verbenol
was followed.

(=)- or (+)-a-pinene (Aldrich Chemical Co.) was redistilled before
use: bp 152-155 °C; [«]?°p —44.6° (¢ 1, MeOH) and +49.6° (¢ 0.27,
MeOH); 'H NMR (CDCl3) 6 5.21 (m, 1 H), 2.4-0.80 (15 H), especially
1.67 (q,3 H,J = 2 Hz), 1.28 (s, 3 H), and 0.83 (s, 3 H).

(=)- or (+)-trens-verbenyl acetate had the following physical
characteristics: bp 73-75 °C (6 mm); [@]?°p —139° (¢ 1, MeOH) and
+132° (¢ 0.44, MeOH); 'H NMR (CDCls) 4 5.4 (m, 1 H), 2.4-0.80 (17
H), especially 2.03 (s, 3 H), 1.36 (s, 3 H) and 0.93 (s, 3 H).

The optically active trans-verbenols, 8a and 8b, had the following
physical and chemical characteristics: [«]25p —118° (¢ 0.96, MeOH)
and +112° (¢ 1, MeOH); '"H NMR (CDCl3) 6 5.35 (m, 1 H), 4,28 (m,
1 H), 2.50-0.80 (14 H), especially 1.70 (m, 3 H), 1.34 (s, 3 H), and 0.87
(s, 3 H).

(—)-trans-3-(1,1-Dimethylheptyl)-6a,7,10,10a-tetrahydro-
6,6,9-trimethyl-6 H-dibenzo[ b,dJpyran-1-ol (9a). A solution of 48.6
g (0.206 mol) of 1 in 500 mL of CH3Cl; was cooled to —10 °C. To this
solution was added 31.3 g (0.206 mol) of 8a followed by dropwise ad-
dition of 28.4 mL (32.7 g, 0.230 mol) of freshly distilled BF3-Et;0. The
red mixture was stirred for 2 h at =10 °C and then poured into a 5%
NaHCOj3 solution. The organic layer was separated and washed with
water and saturated NaCl solution, dried over NaSOy, and concen-
trated to afford 72.5 g of a dark, reddish brown gum. Chromatography
on 1500 g of silica gel (40% benzene-n-hexane) gave a 51% yield of 9a
as a clear resin: [a]25p —211.8° (¢ 0.41, MeOH); 'H NMR (CDCly) 6

J. Org. Chem., Vol. 42, No. 13,1977 2281

6.21,6.40 (2d, 1 H each,J = 2 Hz, Hy and H,), 5.42 (m, 1 H, Hg), 5.26
(s, 1 H, exchanges with D0), 3.40-0.85 (34 H), especially 1.72 (broad
s, 3 H, C-9 CH3), 1.42 (s, 3 H, 63-CHjy), 1.37 (s, 6 H, gem-di-CHy’s),
1.13 (s, 3 H, 6a-CH3), and 0.85 (t, 3 H, w-CHj).

Anal. Caled for Co5H3s0q0: C, 81.03; H, 10.34; O, 8.63. Found: C,
80.80; H, 10.10; O, 8.78.

Similarly prepared in 49% yield from 8b was the (+) isomer, 9b,
which had the following physical and chemical characteristics: [«}2°p
+190.9° (¢ 1, MeOH); 'H NMR identical with that of 9a; an exact
mass determination gave m/e 370.2868 (caled for Co5Hss0s,
370.2871).

(+)-trans-3-(1,1-Dimethylheptyl)-6a,7,10,10a-tetrahydro-
6,6,9-trimethyl-6 H-dibenzo[ b,d]pyran-1-ol Acetate (10b). A
mixture of 45.6 g (0.123 mol) of 9b, 456 mL of pyridine, and 456 mL
of AczO was stirred under a Ny atmosphere for 2 h at room tempera-
ture. The mixture was then poured onto crushed ice and after warming
to room temperature, extracted with Et;0. The organic extracts were
washed (five times) with 1 N HCI solution, water (five times), and
saturated NaCl solution, dried over NaySO,, filtered, and concen-
trated to give 50.7 g (99% yield) of 10b as a tan gum which solidified
upon standing: [a]25p +193° (¢ 1, MeOH); 'H NMR (CDCls) 6 6.52,
6.68 (2d, 1 Heach,J = 2 Hz, Hy and Hy), 5.45 (m, 1 H, Hg), 2.90-0.75
(37 H), especially 2.28 (s, 3 H, acetate CH3), 1.68 (broad s, 3 H, C-9
CHs), 1.40 (s, 3 H, 63-CHs), 1.23 (5, 6 H, gem-di-CHy’s), 1.12 (s, 3 H,
6«-CHjs), and 0.83 (t, 3 H, w-CH3y); mass spectrum m/e 412 (M*).

Anal. Caled for Co;HyoO3: C, 78.60; H, 9.77; O, 11.63. Found: C,
78.88; H, 9.69; O, 11.84.

Similarly prepared from 9a was the (=) isomer 10a which had the
following physical and chemical characteristics: [«]25p —186.8° (¢ 1,
MeOH); 'H NMR (CDCls) identical with the above spectrum for
10b.

Anal. Caled for Co7HyoO3: C, 78.60; H, 9.77; O, 11.63. Found: C,
78.23; H, 9.62; 0, 11.51.

(—)-trans-3-(1,1-Dimethylheptyl)-6a,7,8,9,10,10a-hexahy-
dro-6,6-dimethyl-9-methylene-6 H-dibenzo[ b,d Jpyran-1-ol (11a).
A solution of 1.0 g (2.42 mmol) of 10a in 200 mL of 5% p-xylene-2-
propanol was photolyzed (450-W Hanovia, Vycor) for 2.5 h under a
helium atmosphere. The organic residue obtained by evaporation
under reduced pressure was chromatographed on 20 g of silica gel
(impregnated with 25% AgNO3;) using 10% EtOAc-benzene as an el-
uent to afford 0.3 g of 11a (34% yield) as a yellow gum: [a]25p —41° (c
0.24, MeOH); '"H NMR (CDCls) 6 6.25,6.40 (2d, each 1 H, J = 2 Hz,
Hj and Hy), 5.32 (broad s, 1 H, exchanges with D;0), 4.80 (broad s,
2 H, exo-CHs-), 4.0-0.75 (33 H), especially 1.40 (s, 3 H, 63-CH3), 1.18
(s, 6 H, gem-di-CH3’s), 1.07 (s, 3 H, 6a-CH3), and 0.85 (t, 3 H, w-CHs);
an exact mass determination gave m/e 370.2870 (caled for CosH3gOs,
370.2872).

Similarly prepared from 10b was the (+) isomer 11b which had the
following physical and chemical characteristics: [a]?5p +33.6° (¢ 1,
MeOH); 'H NMr )cdcls) identical with the above spectrum for 11a;
an exact mass determination for 11b gave m/e 370.2868 (calcd for
Co5H350,, 370.3872).

(—}-trans-3-(1,1-Dimethylheptyl)-6a,7,8,9,10,10a-hexahy-
dro-6,6-dimethyl-9-methylene-6 H-dibenzo[ b,d jpyran-1-ol
Acetate (12a). A mixture of 2.6 g (7.5 mmol) of 11a, 26 mL of pyri-
dine, and 26 mL of acetic anhydride was stirred at room temperature
under Ny overnight. The mixture was then poured onto ice and ex-
tracted with Et;0. The organic extracts were combined, washed with
1 N HCI (3 X 100 mL) and saturated NaCl solution, dried over
NagS0y, filtered, and concentrated to give 2.8 g (91% yield) of 12a as
a light tan resin: 'H NMR (CDCls) 6 6.50, 6.67 (2d, 1 H each, J = 2
Hz, Hs and Hy), 4.72 (broad s, 2 H, exo-CHy), 3.40-0.75 (36 H),
especially 2.30 (s, 3 H, acetate CH3), 1.38 (s, 3 H, 63-CHj3), 1.20 (s, 6
H, gem-di-CHj's), 1.05 (s, 3 H, 6a-CHj), and 0.83 (t, 3 H, w-CH3); mass
spectrum m/e 412 (M+).

Anal. Caled for Co;HyoO3: C, 78.60; H, 2.77; O, 11.63. Found: C,
78.40; H, 9.81; 0, 11.50.

Similarly prepared from 11b was the (+) isomer 12b which had the
following physical and chemical characteristics: 'H NMR (CDCly)
identica! with the above spectrum for 11a.

Anal. Caled for Co7H4003: C, 78.60; H, 9.77; O, 11.63. Found: C,
78.38; H,9.57; 0, 11.92.

(+)-trans-3-(1,1-Dimethylhepty!)-6,6a,7,8,10,10a-hexahy-
dro-1-hydroxy-6,6-dimethyl-9 H-dibenzo[ b,d]pyran-9-one Ac-
etate (13b). A solution of 1.0 g (2.43 mmol) of 12b in 100 mL of
CH.Cl; was cooled to —78 °C and treated with 1.1 equiv of O3 from
a calibrated ozonizer (Matheson). One minute after the addition of
the Og, 1.7 mL of a 1.52 N solution of {CH3),S in CH,Cl; was added
and the mixture permitted to warm to 0 °C. Evaporation of the sol-
vents under reduced pressure gave a crude product which was chro-
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matograpaed on 20 g of silica gel eluted with benzene followed by 1%
EtOAc-}enzene elution. The desired product, 13b, was obtained as
a light o1ange resin, 402 mg (41% vield): [a]?®p +55° (¢ 0.89, MeOH);
1H NMR (CDCl3) 6 6.53, 6.71 (2d, 1 H each, J = 2 Hz, Hy and Hy),
3.5-0.75 (36 H), especially 2.32 (s, 3 H, acetate CHg), 1.48 (s, 3 H,
68-CHg), 1.22 (s, 6 H, gem-di-CHjy’s), 1.12 (s, 3 H, 6a-CH3), and 0.85
(t, 3 H, w-CHj3); mass spectrum m/e 414 (M*).

Anal. Caled for CogH3:04: C, 75.32; H, 9.24; O, 15.44. Found: C,
75.11; H, 8.98; O, 15.34.

Similarly prepared from 12a was the (—) isomer 13a which had the
following physical characteristics: [«]2°p —48° (¢ 1.7, MeOH); H
NMR (CDCI;) identical with the above spectrum for 13b; an exact
mass determination for 13a gave m/e 414.2771 (caled for Co6H3s0y4,
414.2770).

(+)-trans-3-(1,1-Dimethylheptyl)-6a,7,8,9,10,10a-hexahy-
dro-1-hydroxy-6,6-dimethyl-9 H-dibenzo[ b,dIpyran-9-one (6b).
To a solution of 3.56 g (8.6 mmol) of 13b in 100 mL of MeOH was
added, dropwise with stirring at room temperature, a solution of 10.0
g of K2CO3in 50 mL of Hy0. After stirring for an additional 1 h, the
mixture was concentrated, diluted with water, and extracted with
EtOAc. The combined organic extracts were washed with 1 N HC|,
water, and saturated NaCl solution, dried over NasSOy, filtered, and
concentrated to give 3 g of a light vellow glass. Chromatography on
100 g of Woelm neutral alumina (activity II) with Eto0 as the eluent
gave 2.65 g (83% yield) of 6b as a clear glass: [«]25p +54.9° (¢ 1, CHClg);
'H NMR (CDCl;) identical with that of the (+) racemate 6; an exact
mass determination gave m/e 372.2663 (caled for CgqH360;,
372.2664).

Similarly prepared from 13a was the (—) isomer 6a which had the
following physical characteristics: [«]25p ~55.7° (¢ 1, CHCly); 'H
NMR (CDCl3) identical with that of the (&) racemate 6; mass spec-
trum m/e 372 (M),

Anal. Caled for Co4HagO3: C, 77.38; H, 9.74; O, 12.88. Found: C,
77.60; H, 9.50; 0, 13.24.

(+)-Apoverbenone (16b) was prepared according to the litera-
ture!® procedure from (—)-3-pinene (Aldrich Chemical Co.) which
was converted into nopirone 14b followed by bromination to 15b and
dehydrobromination to 16b: bp 52-55 °C (4 mm); 'H NMR (CDCl3)
67.55(q,1H,J =9Hz),595(d, 1 H,J =9 Hz), 3.35-2.35 (m, 3 H),
2.15(d, 1 H, J = 9 Hz), 1.55 (s, 3 H), and 1.10 (s, 3 H).

Preparation of 6a from 16b. To a solution of 16b (1.6 g, 12 mmol)
and 1 (2.8 g, 12 mmol) in 50 mL of CH2Cl; at 0 °C was added 1.6 g (12
mmol) of anhydrous AICl;3. After stirring for 3 days at room temper-
ature, the reaction mixture was poured onto ice and extracted with
Et20. The organic extracts were combined and washed with 2 N HC],
water, and 5% NaHCOs, dried over NagSOy, filtered, and concentrated
to afford 4.5 g of crude product. Chromatography on Woelm silica gel
(activity II) with benzene as the eluent gave 720 mg (16% yield) of 6a:
[a]2%p —40.2° (¢ 1, CHCl3); 1H NMR (CDCl3) identical with that of
6; mass spectrum m/e 372 (M™*).

(—=)-Nopinone enol acetate (17a) was prepared according to the
literature!? procedure: [a]2°p —37.3° (¢ 1, CHCly) [lit. [«}20p —18.6°
(CHCI3)]. We believe that the literature rotation value is in error by
a factor of 2,

(—)-6,6-Dimethyl-2,4-diacetoxy-2-norpinene (18a). To a so-
lution of 18.0 g (0.1 mol) of 17a in 250 mL of dry benzene under a N,
atmosphere was added 4&.8 g (0.11 mol) of Pb(OAc)4 (previously dried
in vacuo over PoOs/KOH). The mixture was refluxed for 18 h, then
cooled and filtered. The filtrate was washed with 10% NaHCO3 and
water, dried over NasSQOy, filtered, and concentrated to afford 23.5
g of a clear liquid. Distillation gave 9.3 g (39% yield) of 18a: bp 115-118
°C (5 mm); [«]2%p —89.7° (¢ 1, CHCl3); 'H NMR (CDCl3) 6 5.25 (m,
2H),2.4(m,4H),2.1(s,3H),2.0(s,3H),1.35(s,3H),and 1.0 (s, 3
H); IR (CHClj3) 1730 and 1763 cm~! (C=0); mass spectrum m/e 196
(M+ — CHy=C=0).

Anal. Caled for C;3H504: C, 65.53; H, 7.61. Found: C, 65.72; H,
7.43.

Using the above procedure with a reflux time of 2h gave 9.8 g (41%
vield) of (+)-6,6-dimethyl-2,2-diacetoxy-3-norpinene (20b): bp
102-103 °C (5 mm); [«]2%p + 33.2° (¢ 1, CHCl3); 'H NMR (CDCl3)
66.4 (m,2H),3.156 (m, 1 H),2.3 (m,3H), 2.1 (s,6 H), 1.4 (s, 3 H), and
1.1 (s, 3 H); mass spectrurn m/e 196 (M* — 42); IR (CHCl3) 1750 ecm™!
(C=0).

Anal. Caled for C13H;504: C, 65.53; H, 7.61; COCH3, 36.12. Found:
C,65.77; H, 7.32; COCHsg, 36.56.

(+)-4-[4-(1,1-Dimethylheptyl)-2,6-dihydroxypheny!]-6,6-di-
methyl-2-norpinanone (19b). A mixture of 1.19 g (5 mmol) of either
18a or 20b, 1.18 g (56 mmol) of 1, and 0.95 g (5 mmol) of p-TSA-H;0
in 50 mL of CHCl; was permitted to stand at room temperature for
4 h. Ether was added and the organic extracts were washed with 10%
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NaHCOj3 and water, dried over NagS0,, and concentrated to give a
semicrystalline residue. The residue was triturated with 25 mL of
n-hexane and filtered to provide 1.30 g (70% yield) of 19b as a white,
crystalline solid: mp 171-174 °C; [«]2°p +55.8° (¢ 1, CHCly); IR (KBr)
1668 em~! (C=0); 'H NMR (CDCl:-Me2S0-dg) 6 8.05 (s, 2 H, ex-
changes with D20), 6.35 (s, 2 H), 4.05 (t, 1 H), 3.65 (m, 1 H), 2.45 (m,
5H), 1.35 (s, 3 H), 1.15 (m, 19 H), and 0.95 (s, 3 H); mass spectrum m/e
372 (M),

Anal. Caled for CoqH3¢03: C, 77.38; H, 9.74. Found: C, 77.59; H,
9.83.

(—)-cis-3-(1,1-Dimethylheptyl-6,6a,7,8,10,10a-hexahydro-
1-hydroxy-6,6-dimethyl-9 H-dibenzo[ b,d]pyran-9-one (7a). A
solution of 372 mg (1 mmol) of 19b and 190 mg (1 mmol) of p-TSA-
H20 in 25 mL of CHCI; was refluxed for 24 h, After cooling to room
temperature the mixture was extracted with Et;0. The organic ex-
tracts were washed with 10% NaHCOj; solution and water, dried over
NagS0,, and concentrated to give 380 mg of a white foam. Purification
by chromatography (Woelm activity Il silica gel; 5% Et;0-benzene)
afforded 228 mg (61% yield) of 7a as a white, crystalline solid: mp
139.5-141 °C; [«]20p —50.0° (¢ 1, CHCly); tH NMR (CDCl;) identical
with the spectrum obtained from the (+) racemate 7; an exact mass
determination gave m/e 372.2665 (calcd for Co4H303, 372.2664).

Also obtained from the above reaction mixture after chromatog-
raphy was 114 mg (31% yield) of 6a.

Conversion of 19b into 6a. To a solution of 372 mg (1 mmol) of 19b
in 25 mL of CHCI; was added 1.0 mL of SnCly. The resulting mixture
was stirred at room temperature for 16 h and then poured onto ice and
extracted with Et;0. The organic extracts were combined, washed
with 2 N HCl solution, water, and 5% NaHCOj solution, dried over
NagSQy, filtered, and concentrated to afford 378 mg of a foam.
Chromatography (Woelm activity II, silica gel; benzene) yielded 305
mg (82% vield) of 6a, []2°p —52.3° (¢ 1, CHCls), and 55 mg (14% yield)
of 7a, [«]2p —50° (c 1, CHCly). 'H NMR and other spectral data were
identical with those obtained for the racemates 6 or 7, respectively;
an exact mass determination for 6a gave m/e 372.2667 (calcd for
CosH3603, 372.2664).

Conversion of 7a into 6a. A mixture of 77 mg (0.2 mmol) of 7a, 5
mL of CH,Cly, and 77 mg of AICl; was stirred at room temperature
for 4 h. The mixture was poured onto ice and extracted with Et20. The
organic extracts were washed with 2 N HCl solution, water, and 10%
NaHCOj solution, dried over NasSQ,, and concentrated to yield 75
mg of an oil.

Purification by preparative TLC (silica gel; 80% benzene-20% ethyl
acetate) gave 54 mg (70% yield) of 6a as an oil, [«]2°p —53.8° (c 1,
CHCls).

Conversion of 18a or 20b into 6a. To a solution of 2.38 g (10 mmol)
of either 18a or 20b and 2.76 g (10 mmol) of 1 in 50 mL of CH,Cl; at
0°C was added 10.2 g (12 mL, 0.1 mol) of BF3-Et50. After stirring for
1 h at 0 °C, the mixture was allowed to warm to room temperature
overnight, poured onto ice, and extracted with Et,0. The organic
extracts were washed with 10% NaHCOj; solution, dried over NasSOy,
filtered, and concentrated to give 4.1 g of a brown oil. Column chro-
matography (Woelm activity II silica gel; benzene) afforded 1.06 g
(31% yield) of 6a as a colorless oil, [«]20p —47.5° (c 1, CHCl3) (90%
optical purity).

2-(4-Methoxyphenyl)-2-propanol (22). A solution of 128 g (0.85
mol) of 4-methoxyacetophenone (21) (Aldrich Chemical Co.) in 200
mL of dry Et;0 was added dropwise to a solution of 1 mol of
CH;3MgBr in Et;0. The reaction mixture was heated under reflux for
3 h and cooled to 0-5 °C, and then 85 mL of H,O was added carefully
dropwise. The organic layer was decanted from the solid phase,
washed with water and saturated NaCl solution, dried over K;COs3,
and concentrated to give 132 g (94% yield) of 2220 which was suffi-
ciently pure for use in the next reaction: 1 H NMR (CDCls) 8 7.09 (q,
4 H, aromatics), 3.77 (s, 3 H, OCHs), 1.99 (s, 1 H, exchanges with D20),
and 1.53 (s, 6 H).

2-(4-Methoxy-1,4-cyclohexadienyl)-2-propanol (23). The
procedure of Birch?! was modified as follows. A solution of 130 g (0.78
mol) of 22 in 260 mL of anhydrous EtOH was added carefully to 1300
mL of liquid NHj. Lithium metal (26 g, 3.9 g-atoms) was added in
small pieces until the blue color persisted in the reaction mixture.
Then, 200 g (3.8 mol) of NH4Cl and 500 mL of toluene were added.
After the NH; had evaporated, 600 mL of HoO was added. The organic
layer was separated, washed with HoO and saturated NaCl solution,
dried over KoCOjs, and concentrated to give an oil. Crystallization from
125 mL of n-hexane at 0 °C gave 76.5 g (59% yield) of 232122 a5 a white,
crystalline solid: mp 33-35 °C; 1H NMR (CDCls) é 5.70, 4.67 (2 broad
s, 1 H each, Hy and Hg), 3.52 (s, 3 H, OCH3y), 2.84 (broad s, 4 H, -CHy’s
at C-3 and C-6), 1.78 (s, 1 H, exchanges with D;0), and 1.33 (s, 6 H,
gem-di-CHj’s).
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Anal. Caled for C;oH 1602 C, 71.39; H, 9.59; O, 19.02. Found: C,
71.31; H, 9.65; 0, 18.72.

Preparation of 7 from 23, A solution of 11.8 g (50 mmol) of 1 and
10.0 g (60 mmol) of 23 in 200 mL of CH4Cl; was cooled to —10 °C. To
this solution was added, in one portion, 0.9 mL (50 mmol) of H,0 and
then 13 mL (111 mmol) of SnCl, was added dropwise over a 30-min
period. After stirring for 7 h at 0 °C H,0 was added and the organic
layer was separated and washed with 1 N NaOH (twice) and water,
dried over MgSQ,, and concentrated to give a white solid. Recrys-
tallization from n-hexane gave 16.6 g (89% yield) of 7 which was shown
by GC analysis to contain 12% of 6: spectral data were identical with
those obtained from 7 prepared from 5; mp 163-165 °C.

Isomerization of 7 to 6. To a solution of 30 g (0.081 mol) of 7 in 300
mL of CH2Cl; at 0 °C was added 37.5 g (0.28 mol) of AlCl;. The mix-
ture was stirred at 0 °C for 4 h and then poured into ice water. The
organic layer was separated, washed two times with water, dried over
MgSO0y, filtered, and concentrated to give a solid residue. Recrystal-
lization from methylcyclopentane (225 mL) gave 27.7 g (92% yield)
of 6.

(+)-cis-3-n-Pentyl-6,6a,7,8,10,10a-hexahydro-1-hydroxy-
6,6-dimethyl-9 H-dibenzo[ b,d]pyran-9-one (25). A. From Olivetol
(24) and 23. The same procedure was used as for the preparation of
7 from 23. From 1.8 g (10 mmol) of 24 there was obtained 0.38 g (12%
yield) of 25 which was shown by TLC to contain some of the trans
isomer, 26: mp 148-152 °C (1it.% 149.5-150.5 °C); 1H NMR (CDCly)
6 7.28 (s, 1 H, exchanges with D;0), 6.20 (s, 2 H, Hy and Hy), 3.7-0.7
(25 H), especially 1.40, 1.33 (2 5, 3 H each, C¢s CH; and Cs,, CHs), 0.87
(t,3 H, w-CH,).

B. From 24 and 31. The same procedure was used as for the prep-
aration of 7 from 31. From 1.8 g (10 mmol) of 24 there was obtained
0.5 g (16% yield) of 25 which was shown by TLC to contain only a trace
of the trans isomer 26, mp 152-154 °C.

(+)-trans-3-n-Pentyl-6,6a,7,8,10,10a-hexahydro-1-hy-
droxy-6,6-dimethyl-9 H-dibenzo[ b,d]pyran-9-one (26). To a so-
lution of 400 mg (1.27 mmol) of 25 in 20 mL of CH,Cl; was added 0.6
g of AlCls. The mixture was stirred for 8 h and then poured into water.
The organic layer was separated, washed with water, dried over
MgSQy, filtered, and concentrated to give a solid residue. This solid
was triturated with hot n-hexane and collected by filtration to afford
220 mg (55% yield) of 26: mp 146-150 °C (lit.6 mp 148-150 °C for the
lower melting polymorph); TH NMR (CDCl3) 4 7.74 (broad s, 1 H,
exchanges with D20), 6.26 (s, 2 H, Hy and Hy), 4.13 (d, 1 H, Hyoa),
3.3-0.7 (24 H), especially 1.45, 1.10 (2 s, 3 H each, C¢g and Cg, CHy's),
and 0.87 (t, 3 H, w-CHjy).

(£)-9-(1,1-Dimethylheptyi)-3,4,5,6-tetrahydro-5-isopropyli-
dene-2-methoxy-2,6-methano-2H-1-benzoxocin-7-0l (27). To a
solution of 4.72 g (20 mrmol) of 1 and 4.0 g (24 mmol) of 23 in 100 mL
of benzene was added 2 mL of BF3-Et,0. After stirring for 6 h, water
was added, and the organic layer was separated, washed with 1 N
NaOH and water, driec over MgSQy, and concentrated to give an
off-white solid. Recrystallization from n-hexane gave 2.8 g (37% yield)
of 27 as a white, crystalline solid: mp 131-133 °C; Ry 0.85 (silica gel;
20% EtOAc-benzene); TH NMR (CDCl3) 6 6.30, 6.51 (2d, 1 H each,
J = 2 Hz, Hg and H,), 4.58 (s, 1 H, exchanges with D;0), 4.33 (broad
s, 1 H, Hg), 3.45 (s, 3 H, -OCH3), 2.80-0.70 (31 H) especially 1.96, 1.70
(2s, 3 H each, isopropylidene CHy’s), 1.20 (s, 6 H, gem-di-CHgy’s), and
0.83 (t, 3 H, w-CHa); mass spectrum m/e 386 (M*).

Anal. Caled for Co5H3g03: C, 77.68; H, 9.91. Found: C, 77.49; H,
9.71.

(£)-9-(1,1-Dimethylheptyl)-3,4,5,6-tetrahydro-5-isopropyli-
dene-2,6-methano-2 H-1-benzoxocine-2,7-diol (28). To a solution
of 4.72 g (20 mmol) of 1 and 4.0 g (24 mmol) of 23 in 150 mL of CH,Cl,
at —5 °C was added 6.0 mL (72 mmol) of BF3-Et;0. After stirring for
7 h at 0 °C, water was added. The organic layer was separated and
washed with HzO and 1 N NaOH, dried over MgS0Q,, and concen-
trated to give an off-white solid. Crystallization from 25 mL of n-
hexane gave 3.1 g (42% vield) of 28 as a white, crystalline solid: mp
155-156 °C; Ry 0.65 (silica gel; 20% EtOAc-benzene); 'H NMR
(CDCl3) 6 6.23,6.42 (2d, 1 H each, J = 2 Hz, Hg and H,¢), 4.58, 2.87
(2,1 Heach, exchange with D,0), 4.28 (broad s, 1 H, Hg), 2.80-0.70
(31 H), especially 1.93, 1.67 (2, 3 H each, isopropylidene CHg’s), 1.18
(s, 6 H, gem-di-CHz), and 0.83 (t, 3 H, w-CHz3); mass spectrum m/e
372 (M™).

Anal. Caled for Co4Hz605: C, 77.38; H, 9.74. Found: C, 77.33; H,
9.55,

Conversion of 28 to 27. A solution of 1 g (2.7 mmol) of 28 and 0.1
g of oxalic acid in 50 mL of CH3OH was heated under reflux for 5 h.
After evaporation of the MeOH, the organic residue was dissolved in
CH,Cly, washed with water, dried over MgSO,, filtered, and con-
centrated to give a solid residue. The residue was triturated with -
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hexane and collected to give 0.85 g (82% vield) of 27, identical with
that obtained from 23.

Preparation of 7 from 27. To a solution of 1 g (2.6 mmol) of 27 and
0.05 mL of Hy0%3 was added 0.6 mL of SnCly. After 2 h the reaction
mixture was poured into H;0. The organic layer was separated,
washed with 1 N HCI solution and water, dried over MgSOQy, filtered,
and concentrated to give 0.90 g (93% yield) of 7, identical with that
obtained from 5.

Preparation of 7 from 28. To a solution of 1 g (2.7 mmol) of 28 in
20 mL of CH2Cl; was added 1.5 mL of SnCly. The resulting mixture
was stirred at 0-5 °C for 4 h and then poured onto ice. The organic
layer was separated, washed with 1 N HCI, NaOH solution, and water,
dried over MgSOQy, filtered, and concentrated to give a solid residue.
The residue was triturated with n-hexane and filtered to give 0.78 g
(78% yield) of 7 identical with that obtained from 5.

Preparation of 6 from 28. A mixture of 1 g (2.7 mmol) of 28, 20 mL
of CHyCly, and 1 g (7.5 mmol) of AICl; was stirred at 0 °C for 2h, The
mixture was then poured onto ice and the organic layer was separated,
washed with water, dried over MgSQ,, filtered, and concentrated to
give a solid residue. The residue was triturated with n-hexane and
filtered to afford 0.82 g (82% yield) of 6 identical with that prepared
from 5.

1,4-Dioxaspiro[4.5]dec-7-ene-8-carboxylic acid methyl ester
(30) was prepared according to the procedure of Danishefsky and
Kitahara:!®> mp 41-42 °C (lit.}* mp 40-41 °C); TH NMR (CDCl3) 5 6.9
{m, 1 H, CH=C), 3.9 (s, 4 H, OCH,CH;0), 3.7 (s, 3 H, COOCHj). 2.4
(m, 4 H), and 1.8 (m, 2 H).

a,a-Dimethyl-1,4-dioxaspiro[4.5]dec-7-ene-8-methanol (31).
A solution of 11 g (55 mmol) of 30 in 100 mL of toluene was added
dropwise to a solution of CH3MgBr (110 mmol) in Et;0 at 15 °C. After
stirring for 2 h, the reaction mixture was cooled to 5 °C and then added
to 100 mL of an ice-cold 1.3 M NH,Cl solution. The organic phase was
separated, washed with water, dried over MgSOy, filtered, and con-
centrated to give 6.6 g (60% yield) of 31 as an oil: 'H NMR (CDCly)
6 5.6 (m, 1 H, CH=C(), 3.9 (s, 4 H, OCH,CH;0, 2.6 (s, 1 H, exchanges
with D20), 2.3 (m, 4 H), 1.8 (m, 2 H), and 1.3 [s, 6 H, C{CHj3)s); mass
spectrum m/e 198 (M™*).

Anal. Caled for C1H;503: C, 66.64; H, 9.15; O, 24.21. Found: C,
66.68; H, 9.05; 0, 24.30.

3,3-Dimethyl-1,5-dioxaspiro[5.5]undec-8-ene-9-carboxylic
Acid Methyl Ester (32). Using the same procedure as for the prep-
aration of 30 except to replace ethylene glycol with 2,2-dimethyl-
1,3-propanediol gave 32 (10.6 g, 80% yield): mp 60 °C; 'H NMR
(CDCl3) 6 6.8 (m, 1 H, CH=C), 3.7 (s, 3 H, COOCHjy), 3.5 (s, 4 H,
OCH,CCH;0), 2.5 (m, 4 H), 2.1 {m, 2 H), and 1.0 [s, 6 H, C(CHs)3};
mass spectrum m/e 241 (M),

Anal. Caled for C13H2004: C, 64.98; H, 8.39. Found: C, 64.89; H,
8.18.

a,a,3,3-Tetramethyl-1,5-dioxaspiro[5.5]Jundec-8-ene-9-
methanol (33). Using the same Grignard procedure as for the prep-
aration of 31 gave 33 (50% yield): mp 114 °C; !H NMR (CDCl3) 6 5.6
(m,1H,CH=C), 3.5 (s,4 H, OCH,CCH0), 2.1-2.5 (m, 7 H, 1 H ex-
changes with D;0), 1.3 [s, 6 H, C(CH3),0H], 1.0 [2 s, 3 H each, C-
C(CHs)g].

Anal. Caled for C4H2403: C, 69.96; H, 10.07; O, 19.97. Found: C,
70.17; H, 10.11; O, 20.07.

Preparation of 7 from 31, To a solution of 2.12 g (9 mmol) of 1 and
2.18 g (10.1 mmol) of 31 at —10 °C was added 3.6 mL (31 mmol) of
SnCly over a 5-min period. The reaction mixture was stirred for an
additional 4 h at 0 °C and then poured onto ice water. The organic
layer was separated, washed with water, 1 N NaOH solution, and
water, dried over MgSQy, and concentrated to afford a white solid.
Recrystallization from 20 mL of n-hexane gave 2.66 g (80% yield) of
7 containing only a 1% impurity of 6 by GC.

Acknowledgments. The authors wish to thank the fol-
lowing at the Lilly Research Laboratories: Dr. K. Matsumoto
for helpful discussions and cooperation; Drs. A. Pohland and
R. T. Rapala for guidance and encouragement during the
course of this work; Mr. M. Vaught, Mr. J. Pauley, and Mr. L.
White for their able technical assistance; Mr. L. Spangle and
Mr. T. Elzey for NMR spectra and Dr. D. Dorman for inter-
pretation of the same; Mr. J. Gilliam for mass spectrographic
data and Mr. J. Occolowitz for interpretation of the same; Dr.
R. Souter and his staff for GC data; and Mr. G. Maciak and
his staff for microanalyses. We also acknowledge valuable
consulting discussions with Professors D. A. Evans and E. C.
Taylor.



2284 J. Org. Chem., Vol. 42, No. 18, 1977

Registry No.—1, 56469-10-4; 2, 56469-11-5; 3, 56469-12-6; 4,
56469-13-7; 5, 56469-14-8; 6, 51022-71-0; 6a, 61617-09-2; 6b, 61664-
39-9; 7, 56469-15-9; 7a, 61664-40-2; 8a, 19890-02-9; 8a acetate,
19890-04-1; 8b, 22339-08-8; 8b acetate, 39863-91-7; 9a, 61597-27-1;
9b, 61597-28-2; 10a, 61597-29-3; 10b, 61597-30-6; 11a, 61597-31-7;
11b, 61604-70-4; 12a, 61597-32-8; 12b, 61597-33-9; 13a, 61617-10-5;
13b, 61617-11-6; 16b, 35408-03-8; 17a, 28239-05-6; 18a, 61597-34-0;
19b, 61597-35-1; 20b, 61597-36-2; 21, 100-06-1; 22, 7428-99-1; 23,
61597-37-3; 24, 500-66-3; 25, 16964-51-5; 26, 16964-48-0; 27, 61597-
38-4: 28, 61597-39-5; 30, 54584-38-2; 31, 61597-40-8; 32, 61597-41-9;
33, 61597-42-0; diethyl 2-acetylglutarate, 1501-06-0; 7-(1,1-dimeth-
ylheptyl)-5-hydroxy-4-methyl-2-oxo-2H-1-benzopyran-3-propionic
acid, 61597-43-1; ethylene glycol, 107-21-1; (—)-a-pinene, 7785-26-4;
(+)-a-pinene, 7785-70-8; Acp0, 108-24-7; 2,2-dimethyl-1,3-pro-
panediol, 126-30-7.

References and Notes

(1) For part 2, see K. Matsumoto, P. Stark, and R. G. Meister, J. Med. Chem.,
20, 25 (1977).

(2) For reviews, see (a) R. Mechoulam, Ed., “‘Marijuana’’, Academic Press,
New York, N.Y., 1973, pp 2-88; (b) R. Mechoulam, N. K. McCallum, and
S. Burstein, Chem. Rev., 78, 75 (1976).

(3) R. A. Archer, Annu. Rep. Med. Chem., 9, 253 (1974).

(4) The dibenzo[b,d]pyran numbering system is used throughout this
paper.

Okamura, Hammon, Rego, Norman, and Wing

(5) (a) L. Lemberger and H. Rowe, Clin. Pharm. Ther., 18, 720 (1975); (b} L.
Lemberger and H. Rowe, Pharmacologist, 17, 210 (1875); (c) P. Stark and
R. A. Archer, ibid., 17, 210 (1975).
(6) K. E. Fahrenholtz, M. Lurie, and R. W. Kierstead, J. Am. Chem. Soc., 89,
5934 (1967).
(7) Changing the solvent to DMF gave increased yieids.
(8) Use of Na gave higher trans/cis ratio.
{9) R. Mechoulam, P. Braun, and Y. Gaoni, J. Am. Chem. Soc., 89, 4552
(1967).
(10) J. Lars et al., Acta Chem. Scand., 25, 768 (1971).
(11) Reference 2a, p 28.
(12) Reference 2a, pp 48-50, and ref 2b, p 82.
(13) The cyclic products 27 and 28 are comparable to the iso-THC's isolated
from syntheses ot AS-THC (see ref 2a, pp 39-41).
(14) R. K. Razdan and B. Zitko, Tetrahedron Lett., 4947 (1969).
(15) S. Danishefsky and T. Kitahara, J. Org. Chem., 40, 538 (1975).
(16) In subsequent reactions, toluene was used in place of benzene with more
consistent results.
(17) G. H. Whitham, J. Chem. Soc., 2232 {1961).
(18) J. Grimshaw, J. T. Grimshaw, and H. R. Juneja, J. Chem. Soc., Perkin Trans.
1, 50 (1972).
(19) J. M. Coxon, R. P. Garland, and M. P, Hartshorn, Aust. J. Chem., 23, 1069
(1970).
{(20) S. Skraup and M. Moser, Ber., 55, 1080 (1922).
{21) A.J. Birch, J. Proc. R. Soc. N.S.W., 83, 245 (1949).
(22) H. H. Inhoffen, D. Kampe, and W. Milkowski, Justus Liebigs Ann. Chem.,
674, 28 (1964).
(23) If water is omitted, the yield of 7 is reduced to 18%.

Studies on Vitamin D (Calciferol) and Its Analogues. 12.
Structural and Synthetic Studies of 5,6-trans-Vitamin D3
and the Stereoisomers of 10,19-Dihydrovitamin D3
Including Dihydrotachysterolz!2

William H. Okamura,*3a Milton L. Hammond,32 Albert Rego,32 Anthony W. Norman,3b and
Richard M. Wing*3a

Departments of Chemistry and Biochemistry, University of California, Riverside, California 92521

Received February 22, 1977

Catalytic hydrogenation of 5,6-trans-vitamin D3 (3a, 5E-Dg) afforded the previously unknown Cyo epimer of
dihydrotachysterol; (2a, DHT3 or 10S-b), 10R,19-dihydro-5E-vitamin D3 (10R-b). Reaction of 3a with 9-borabicy-
clo[3.3.1]nonane (9-BBN) produced the 9-BBN/3a adduct, which upon treatment with acetic acid produced low
yields of equal amounts of 2a and its C1o epimer 10R -b. When the 9-BBN/3a adduct was oxidized with basic hydro-
gen peroxide, good yields of the 19-hydroxy counterparts of 10S-b and 10R-b, 7a and 7b, respectively, were pro-
duced. The 9-BBN/1a adduct, produced similarly by treating vitamin D3 (1a) with 9-BBN, reacted with acetic acid
to afford 105,19- (10S-a) and 10R,19-dihydrovitamin D3 (10R-a), which differ from 10S-b and 10R-b, respectively,
in their AS-double bond configurations. Basic hydrogen peroxide treatment of the 9-BBN/1a adduct gave good
yields of the 19-hydroxy derivatives of 10S-a and 10R-a, 8a and 8b, respectively. The stereoisomeric 10S-a, 10R-a,
10S-b (2a), and 10R-b vitamin D analogues are also labeled DHV3-II, DHV;-III, DHT;, and DHV;-1V, respective-
ly, in this study. The stereochemistries and conformations of the A ring of the five analogues (5E-Dj, 10S-a, 10R-a,
10S-h, and 10R-b) have been studied by two 'H NMR methods: correlation of the observed coupling constants with
the limiting values for the two conformers (coupling constant method) and computer analysis of the 300-MHz tris-
(dipivalomethanato)europium(III) [Eu(dpm);] shifted spectra (the lanthanide induced shift or LIS method). The
reduction products of vitamin D3 (1a) are clearly identifiable by both methods as the 10S-a and 10R -a isomers. By
contrast the LIS method only partially serves to distinguish the stereochemistries assigned to the reduction prod-
ucts of 5E-D3 (3a). The LIS method distinguishes DHT}; as the 10S-b isomer but its epimer is equally well assigned
by this method to the 10S-b or 10R-b diastereomers. Coupling constants do not help in the latter case either. Thus
NMR methods must be used with a great deal of care especially when only one epimer of a fluxional molecule is
available for study. Both epimers were fortunately available in this study. The A ring of these steroids is dynamical-
ly equilibrated between two chair conformers and both methods were in good agreement as regards their A-ring
chair population ratios. The 10S-a and 10R-a isomers were strongly biased in single (~95%) but opposite chair con-
formers with the C1o methyl group axial in both cases. The clinically useful analogue 10S-b (DHT}) also exists prin-
cipally (~90%) as only one conformer (C,o methyl and C; hydroxyl equatorial), while its epimer 10R-b exists as an
approximately equimolar mixture of two A-ring chairlike conformers. Lastly, 5E-Dj is biased (~70%) in favor of
the chair possessing the equatorial hydroxyl.

In order to evaluate further the structural requirements
necessary for optimal or minimal vitamin D activity and thus
obtain more information concerning its mode of action, we
have directed our attention toward the synthesis and biolog-

ical evaluation of analogues of vitamin D3 (1a) and its prin-
cipal metabolites, 25-hydroxyvitamin D3 (1b) and 1e,25-
dihydroxyvitamin D3 (1¢).4 The latter, 1¢, is considered to be
the active functional form of vitamin D3. Among the most



