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The Total Synthesis of dZ-~~-Tetrahydrocannabinol and 
Four of Its Isomers' 

K. E. Fahrenholtz, M. Lurie, and R.  W. Kierstead 

Contribution from the Chemical Research Department, Hoffmann-La Roche Inc., 
Nutley, New Jersey 07110. Received June 2, 1967 

Abstract: The total syntheses of the racemic modifications of two psychotomimetically active components of mari- 
huana, A9-tetrahydrocannabinol (I) and A*-tetrahydrocannabinol (11), are described. The syntheses of three un- 
natural isomers, XII, XXI, and XXIII, are also presented. Cyclization of the coumarin V gave the dibenzopyran 
VII, which was converted by stereochemically controlled reactions to the trans-ketone Xa and the cis-ketone XI, 
The trans-ketone Xa was converted through the chloride XIV to a mixture rich in the A9 isomer I, from which I was 
isolated in crystalline form. The trans-ketone Xa was also converted via the carbinol XIIIa to the A8 isomer 11. 
The cis-ketone XI was converted via the carbinol XXII to the cis analog XXIII of A9-tetrahydrocannabinol. The 
ketones Xa and XI were converted to the corresponding exocyclic methylene derivatives XI1 and XXI, respectively. 
The structure of the key intermediate IX was proven by its alternate synthesis from the chromanone XVII. 

he crude resin obtained from the flowering tops of T female plants of several Cannabis satioa L. varieties 
has been known and used as a psychotomimetic agent 
for many  year^.^-^ The structure of this material, 
known variously as marihuana, hashish, etc., had 
evaded elucidation for many years. Finally, the groups 
of C a h r ~ , ~  Todd,6 and Adam$ elucidated the gross struc- 
ture of many of the components of the crude resin and 
several of the natural materials (physiologically inactive) 
were synthesized. The complete structure of the 
psychotomimetically active components, however, de- 
fied elucidation until more powerful modern physical 
methods became available. Recently the components 
of marihuana have received renewed attention. In 
1964, Gaoni and Mechoulam,s on the basis of nmr 
studies, and S a n t a ~ y , ~  on the basis of infrared studies 
and molecular rotation differences, determined the 
complete structure of the major physiologically active 
constituent, I-AQ-tetrahydrocannabinol (I). lo One of 
these groups has also described1'" the first total synthe- 
sis of dI-I, the preparation requiring repeated column 
chromatography to  effect purification of an inter- 
mediate. Early this year an elegant synthesis of I-can- 
nabidiol was publishedllb in which this naturally occur- 
ring material was prepared in one-step from olivetol. 
In  view of the reportss3llc that &cannabidiol can be con- 

(1) Part of these results have been reported in a preliminary com- 
munication: K. E. Fahrenholtz, M. Lurie, and R. W. Kierstead, 
J. Am. Chem. Soc., 88,2079 (1966). 

(2) (a) D. F. Downing, Quart. Rev. (London), 16, 133 (1962); (b) 
D. F. Downing in "Psychopharmacological Agents," Vol. 1, M. 
Gordon, Ed., Academic Press Inc., New York, N. Y., 1964, pp 585- 
607. 

(3) R. Adams, Harcey Lectures, 37, 168 (1941). 
(4) A. R. Todd, Experientia, 2, 55 (1946). 
( 5 )  R. S. Cahn, J .  Chem. Soc., 1400 (1933), and earlier papers. 
(6) F. Bergel, A. L. Morisson, H. Rinderknecht, A. R. Todd, A. D. 

Macdonald, and G. Woolfe, ibid., 286 (1943), and earlier papers. 
(7) R. Adams, M. Harfenist, and S. Loewe, J .  Am. Chem. SOC., 71, 

1624 (1949), and earlier papers. 
(8) Y .  Gaoni and R. Mechoulam, ibid., 86, 1646 (1964). 
(9) F. Santavy, Acta Uniu. Palackianae Olomuc. Fac. Med., 35, 5 

(1964); Chem. Abstr., 62, 4057d (1965). 
(10) Compound I has been called AI-tetrahydrocannabinol by other 

workers. However, we feel the numbering system used here is prefer- 
able, conforming to the Chemical Abstracts nomenclature of dibenzo- 
[b,dlpyran compounds. 

(11) (a) R. Mechoulam and Y .  Gaoni, J .  Am. Chem. Soc., 87, 3273 
(1965); (b) T. Petrzilka, W. Haefliger, C. Sikemeier, G. Ohloff, and 
A. Eschenmoser, H e h .  Chim. Acta, 50, 719 (1967); (c) Y. Gaoni and 
R. Mechoulam, Tetrahedron, 22, 1481 (1966). 

verted in unspecified yield to  I-AQ-tetrahydrocannabinol, 
this new synthesis of I-cannabidiol may provide a con- 
venient procedure for the synthesis of I-Ag-tetrahydro- 
cannabinol. Last year the isolation of another psycho- 
tomimetically active component, I-As-tetrahydrocanna- 
binol (11), from some varieties of Mexican hemp was an- 

I I1 

nounced12 and a total synthesis of dl-I1 has also been 
reported,13 the isolation of dl-I1 requiring column chrom- 
atography followed by a preparative vapor phase chrom- 
atographic separation.13" 

The present paper reports the synthesis of dI-A9- 
tetrahydrocannabinol (I), dl-As-tetrahydrocannabinol 
(11), and other tetrahydrocannabinols by procedures 
amenable to  large-scale preparation of these com- 
pounds. 

The von Pechmann condensation of 01ivetol'~ (111) 
and diethyl a-a~etoglutarate '~ (IV) in the presence of 
phosphorus oxychloride gave only one isolated product 
in spite of the fact that two coumarins and two chro- 
mones are possible16 (Scheme I). That the product iso- 
lated was the desired compound V was supported by its 
spectra and its eventual conversion to IX which was 
also prepared by another, unambiguous route (see 
below). The next step in the reaction sequence re- 
quired an intramolecular condensation involving a 
methyl group vinylogous to  a lactone carbonyl. A few 
similar i n t e r m ~ l e c u l a r ~ ~ ~  l8 and intramolecular l9 con- 

(12) R. L. Hively, W. A. Mosher, and F. W. Hoffmann, J .  Am. Chem. 

(13) E. C. Taylor, I<. Lenard, and Y. Shvo, ibid., 88, 367 (1966) 
(13a) NOTE ADDED IN PROOF. 

SOC., 88, 1832 (1966). 

After the acceptance of this manu- 
script, two syntheses of ( -)-As-tetrahydrocannabinol [(  -)-I11 appeared 
in print: T. Y. Jen, G. A. Hughes, and H. Smith, ibid., 89,4551 (1967), 
and R. Mechoulam, P. Braun, and Y .  Gaoni, ibid., 89, 4552 (1967). 
Both of these groups also prepared (+)-I1 and in addition the latter 
group converted (-)-I1 to ( - ) -I  cia (-)-XIV. 

(14) C. M. Suter and A. W. Weston, ibid., 61, 232 (1939). 
(15) H. Henecka, Ber., 81, 197 (1948). 
(16) S. Sethna and R. Phadke, Org. Reactions, 7, 1 (1953). 
(17) W. Borscheu and R. Manteuffel, Ann., 505, 177 (1933). 
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I11 

X a , R = H  IX 
b, R = CH$O 

J \ 

XI1 XIIIa, R = H 
b, R = CH3C0 

\ 

I1 

densations have been reported on compounds where the 
most acidic protons were on the methyl group. In V, 
however, the hydroxylic proton and the protons a to  
the ester group are all probably more acidic than the 
methyl protons. Treatmen; af V with sodium hydrox- 
ide in ethano1I9 gave the corresponding acid VI  rather 
than the cyclization product VII. The former com- 
pound was readily reconverted to  V by treatment with 
the diethyl acetal of dimethylformamide. 20,21  Treat- 
ment of V with sodium hydride in refluxing benzene 
gave no reaction. The use of potassium t-butoxide in 
dimethyl sulfoxide gave a low yield of cyclized product 
whereas sodium hydride in dimethyl sulfoxide gave good 
yields of VI1 accompanied by small and varying amounts 
of VI. The spectral properties of VI1 suggest that the 
double bond is conjugated with the lactone group 
forming a coumarin chromophore. In particular the 
nmr spectrum clearly shows the absence of olefinic 
protons. Treatment of VI1 with ethylene glycol gave 
the corresponding ketal VIII. The reaction of VI11 
with methylmagnesium iodide2 followed by acid hy- 
drolysis then gave IXZ3 which has also been prepared 
from XVII (see below). The nmr spectrum of IX 

(18) R. Kuhn and C. Grundmann, Ber., 69, 1757 (1936). 
(19) H. Meerwein, Ann. ,  358, 71 (1908). 
(20) H. Vorbruggen, Angew.  Cheni. Intern. Ed. Engl., 2, 211 (1963). 
(21) H.  Brechbuhler, H. Biichi, E. Hatz, J. Schreiber, and A. Eschen- 

moser, ibid., 2, 212 (1963); H e h .  Chim. Acta, 48, 1746 (1965). 
(22) R. Adams, C. K. Cain, and B. R. Baker, J .  Am. Chem. Soc., 62, 

2201 (1940). 
(23) All compounds prepared in this paper which contain centers of 

asymmetry are racemates and for convenience are represented through- 
out by one enantiomeric series. 

VI11 VI1 

xv 

indicates the presence of an olefinic proton and the 
other spectra also confirm the rearranged position of the 
double bond. The reduction of IX with lithium in 
liquid ammonia at -70" gave a mixture of two prod- 
ucts. The minor product was identical with the cis- 
ketone XI which was also prepared by an alternate and 
unambiguous route (see below). The major product of 
this reduction was the desired trans-ketone Xa. This 
ketone was allowed to react with triphenylphosphine- 
methylene to  give the exocyclic analog XI1 of tetra- 
hydrocannabinol. No deliberate attempts were made 
to  isomerize the double bond to an endocyclic position 
but it was shown that XI1 is recovered unchanged under 
the conditions used for the dehydration of the carbinol 
XIIIa (see below). 

As will be mentioned later the cis-ketone XI reacted 
completely with methylmagnesium iodide. However, 
when the trans-ketone Xa was treated with methyl- 
magnesium iodide, even with a large excess of reagent 
or at the temperature of refluxing benzene, thin layer 
chromatography of the reaction mixture showed the 
presence of a large amount of unreacted starting ma- 
terial. Only small amounts of pure XIIIa could be ob- 
tained from these mixtures by crystallization. How- 
ever, reaction of the corresponding acetate Xb with 
methylmagnesium iodide gave a product mixture (free 
of ketone Xa) which could be used directly for subse- 
quent steps. This mixture could also be crystallized 
to obtain satisfactory yields of the carbinol XIIIa.24226 

(24) The hydroxyl group in XIIIa is assigned the axial configuration 
because dehydration under conditions not vigorous enough to cause 
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Table I. Nuclear Magnetic Resonance Spectra of Tetrahydrocannabinols. 

Type of dl-I ___ 7 ,  dl-I1 dl-XI1 d/-XXIII dl-XXI 
in CDClo 

J = 2) (1) J = 2) (1) J = 2) (1) J = 2) (1) J = 1.5) (2)e J = 1.5) 

proton In CDC13*3c In CCI&d In CDCI3c In CCla in CDC13 in CDC13c 

Aromatic 6.28 (d, 6.13 (d, 6.27 (d, 6.08 (d, 6.28 (d, 6.27 (br d) 6.25 (d, 

6.13 (d, 
J = 2)(1) 

Olefinic 6.32 (br) (1) 
(2-10 

C-loa H 3.18 (br d) 
(1) 

C-9 CHI 1.68 ( s )  
C-6 (CH3)2 1.40 (s) 

1.08 (s) 
w - C H ~  0.88 (t) (3) 

5.97 (d, 
J = 2)(1) 

6.28 (br) (1) 
c-10 

3.13 (br d) 
(1) 

1.65 (s) 
1.37 (s) 
1.05 (s) 
0.88 (t) (3) 

6.08 (d, 

5.40 (br) (1) 
C-8 

3.22 (br d) 
(1) 

1.70 (s) 
1.37 (s) 
1.10 (s) 
0.88 (t) (3) 

J = 2) (1) 
5.88 (d, 

J = 2) (1) 
5.32 (br) (1) 

C-8 
3.13 (br d) 

(1) 
1.65 (s) 
1.30 (s) 
1.05 (s) 
0.88 (t) (3) 

(1) 
6.10 (d, J = 

4.77 (b) (3)’ 
exocyclic 
and OH 

1.5) (1) 

1.38 ( s )  
1.05 (s) 
0.87 (t) (3) 

(1) 
6.07 (d, J = 

J = 2) (1) 1.5) (1) 
6.27 (br d) (2)‘ 4.65 (br d, 

c- 10 J = 3) 
3.58 (br (1) (2) exo- 

cyclic 
1.68 (s) 
1.38 (s) 1.38 (s) 
1.27 (s) 1.28 (s) 
0.87 (t) (3) 

6.12 (d, 

0.87 (t) (3) 

0 All spectra were determined on a Varian A-60 spectrometer. Values are given in ppm relative to TMS as internal standard. Coupling 
Compare ref 8. e The signal at 6.27 includes one aromatic 

f The signal at 4.77 includes the two exocyclic protons and the phenolic OH which exchanges on ad- 
constants are given in cps. 
proton and the C-10 olefinic proton. 
dition of D,O. 

Identical with natural I - L 3 O  Compare ref 13. 

This apparent difference in reactivity of Xa and XI 
toward the Grignard reagent can be readily explained 
on the basis of steric factors. In the reaction of both 
Xa and XI with methylmagnesium iodide the initial 
reaction is probably abstraction of the hydroxylic proton 
to  form the corresponding phenolate anions. Further 
reaction is then a competition between attack of the 
Grignard reagent on the carbonyl carbon and enoliza- 
tion of the carbonyl initiated by C-10 proton abstraction 
by the adjacent phenolate anion. Studiesz6 by Corey 
and by Zimmerman have shown that enolization of 
cyclic ketones proceeds preferentially (but not exclu- 
sively) by abstraction of axial protons. Measurements 
on Dreiding models27 of the ketones with ring C as a 
chair and ring B as a half-chair (most likely close to  the 
most stable conformation) show that in Xa the hy- 
droxylic oxygen is 1.8 and 2.8 A distant from the equa- 
torial and axial C-10 protons, respectively. In the 
cis-ketone XI these distances are 1.8 and 3.4 A, respec- 
tively, and in addition the axial proton is sterically 
shielded from the hydroxylic oxygen by the equatorial 
hydrogen. 

In the reaction of the cis-ketone XI, therefore, attack 
on the carbonyl carbon by the Grignard reagent is pre- 
ferred over internal abstraction of either the equatorial 
(2-10 proton or the sterically inaccessible axial proton, 
giving reaction mixtures essentially free of XI. With 
the trans-ketone Xa, however, internal proton abstrac- 
tion competes favorably with Grignard attack and a 
large amount of Xa is recovered. 

Treatment of the carbinol XIIIa with acetic anhydride 
in pyridine gave the corresponding diacetate which, 
upon selective hydrolysis, was converted to  the mono- 
acetate XIIIb. Pyrolysis of XIIIb gave impure IT while 
dehydration of XIIIa with a catalytic amount of p-tolu- 
enesulfonic acid in benzene gave an excellent yield of 
racemic As-tetrahydrocannabinol (11) shown by glpc 
to  be different from and free of either I or XII. This 
isomerization of the exocyclic isomer XI1 gives the endocyclic product 
11. In an analogous case,26 a 3P-methyl-3a-hydroxy steroid (axial 
hydroxyl) was dehydrated to endocyclic products whereas the isomeric 
3u-methyl-3P-hydroxy steroid (equatorial hydroxyl) was dehydrated to 
the exocyclic product. 

(25) C. E. Cook, R. C. Corley, and M. E. Wall, Tefrahedron Leffers ,  
891 (1965). 

(26) E. L. Eliel, “Stereochemistry of Carbon Compounds,” McGraw- 
Hill Book Co., Inc., New York, N. Y. ,  1962, p 241. 

(27) A. S .  Dreiding, H e h .  Chim. Acta, 42, 1339 (1959). 

material had spectra compatible with its structure and 
the nmr spectrum was identical with that reported for 
dl-II1z (see Table I). 

The reaction of the carbinol XIIIa (or more con- 
veniently the total carbinol mixture from the Grignard 
reaction on the acetate Xb) with Lucas reagent in acetic 
acid gave a good yield of the chloride XIV. If the 
Lucas reaction was carried out on the crude Grignard 
product from the ketone Xa, the resulting mixture could 
be separated readily into recovered Xa and the desired 
chloride XIV. 

This chloride, on dehydrohalogenation with potas- 
sium hydroxide in ethanol, gave impure racemic As-tetra- 
hydrocannabinol (11) identical with the product from 
dehydration of the carbinol XIIIa. However, dehydro- 
halogenation of XIV with sodium hydride in tetrahydro- 
furan gave an excellent yield of a mixture of olefinsz8 
containing 74% I and 26% 11. Treatment of this mix- 
ture with rn-nitrobenzenesulfonyl chloride gave pure XV 
in 23% yield. Hydrolysis of XV gave an excellent 
yield of crystalline racemic Ag-tetrahydrocannabinol 
(I) ,29 shown by glpc to  be free of either I1 or other de- 
tectable impurities and identical in all respects (except 
optical rotation and melting point) with I-Ag-tetrahydro- 
cannabinol, isolated from marihuana. 30 

As a proof for the position of substitution in IX (and 
therefore also in the von Pechmann product V), we 
prepared IX by another route which is both unambigu- 
ous and which provides an alternate approach to the 
synthesis of these tetrahydrocannabinol isomers. 

The reaction of olivetol (111) with 3-methylcrotonic 
acid (XVI) in the presence of boron trifluoride etherate 
at 125” 3 1  led to  the isolation of two products, XVII 
(50z yield) and XVIII (22% yield) (Scheme 11). The 
ratio of products could be reversed simply by using 
boron trifluoride etherate at 25” 3 *  which gives XVII 
(23 % yield) and XVIII (63 % yield). Attempted con- 

(28) The different behavior of XIV to these basic systems can be 
explained readily by the assumption that with the sodium hydride- 
tetrahydrofuran system intramolecular dehydrochlorination is pro- 
moted by the initially formed phenolate anion. 

(29) Previously obtained as an oil.“ 
(30) We are indebted to Dr. Nathan B. Eddy of the Department of 

Health, Education, and Welfare for a sample of I-~9-tetrahydrocanna- 
binol of natural origin. 

(31) W. M. McLamore, J .  Am,  Chem. Soc., 73, 2221 (1951). 
(32) H. B. Bhat and I<. Venkataraman, Terrahedron, 19, 77 (1963). 
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The cis-ketone XI was prepared by the unambiguous 
Catalytic hydrogenation of route given in Scheme 111. 

densations with a variety of other  system^^^-^^ were less 
satisfactory. 
Scheme I1 

CH3 
I + CH3C=CHC02H 

OH 
XVI 

C$ii 6 
I11 

XVII XVIII 

\ R 

W i i  &c 0 CH3 * GHii &CH3 0 CH, 

XIX IX 

Structural assignments of XVII and XVIII were 
readily made by a study of their spectra. The nmr spec- 
tra were most revealing; the hydroxylic proton in 
XVII appeared at 11.73 ppm while that of XVIII ap- 
peared at 8.77 ppm, indicating extensive intramolecular 
hydrogen bonding in XVII and not in XVIII.37 In 
addition, the signal associated with the methylene 
group CY t o  the aromatic ring is shifted downfield by 
0.50 ppm in XVIII relative to  XVII, indicating extensive 
deshielding of the methylene protons by the coplanar 
carbonyl group in XVIII.38 The infrared spectrum of 
XVII was conspicuous by the absence of absorption 
characteristic of a free phenol3g while a strong band at 
1645 cm- indicative of strong intramolecular hydrogen 
bonding40 was observed. On the other hand, the in- 
frared spectrum of XVIII exhibited a sharp peak at 
3590 cm-' due to an unbonded hydroxyl and the ab- 
sorption at 1670 cm-' was more normal for an aro- 
matic ketone. Both XVII and XVIII exhibited strong 
absorption in the ultraviolet region at 280 mp (in 
ethanol). However, in strong base this band in the 
spectrum of XVII was shifted to 285 mp and to 328 mp 
in XVIII, indicative of an o-hydroxyaromatic ketone41 
in XVII and a p-hydroxyaromatic ketone in XVIII. 

The condensation of ethyl formate with XVII in the 
presence of sodium hydride gave XIX. Ring annela- 
tion of XIX with methyl vinyl ketone gave IX, identical 
in all respects with the material prepared uia V, thus 
providing a proof for the position of substitution in V 
and its subsequent conversion products. 

(33) H. R. Snyder and C. T. Elston, J .  Am. Chem. Soc., 77, 364 
(1955). 

(34) M. Miyano and M. Matsui, Bull. Chem. SOC. Japan, 31, 397 
(1958). 

(35) L. Smith and V. A. Engelhardt, J .  Am. Chem. SOC., 71, 2671 
(1949). 

(36) R. D. Desai and M. Ekhlar, Proc. Indian Acad. Sci., A8, 194 
(1 938). 

(37) L. M. Jackman, "Applications of Nuclear Magnetic Resonance 
Spectroscopy in Organic Chemistry," The Macmillan Co., New York, 
N. Y., 1959, p 69. 

John Wiley and Sons, Inc., New York, N. Y. ,  1954, p 90. 

(38) See ref 37, p 122. 
(39) L. J. Bellamy, "The Infra-red Spectra of Complex Molecules," 

(40) See ref 39, p 124. 
(41) A. I. Scott, "Interpretation of the Ultraviolet Spectra of Natural 

Products," The Macmillan Co., New York, N. Y. ,  1964, p 109. 

Scheme III 
I 

VI11 xx 
CH2 R II 

XI 

\ 

XXII 

XXI 

XXIII 

VI11 in the presence of Raney nickel under high pressure 
and t e m p e r a t ~ r e ~ ~  gave the cis-lactone XX. Treatment 
of the latter compound with methylmagnesium iodide 
followed by hydrolysis of the protecting group gave the 
cis-ketone XI which was identical with the minor prod- 
uct of the chemical reduction of IX. The reaction of 
XI with triphenylphosphinemethylene gave the exo- 
cyclic cis analog XXI of tetrahydrocannabinol. The 
reaction of XI with methylmagnesium iodide proceeded 
to completion, unlike the corresponding reaction with 
the trans-ketone Xa, and the methylcarbinol XXII was 
readily isolated. This latter compound was then de- 
hydrated with p-toluenesulfonic acid to give a single 
product, clearly an endocyclic olefin with an nmr spec- 
trum identical with that reportedI3 for XXIII (the cis 
analog of Ag-tetrahydrocannabinol). 

Experimental Section43 
Ethyl I-Hydroxy-4-methyI-7-pentyIcoumarin-3-propionate (V). 

A mixture of 299 g (1.66 moles) of olivetoli4 (III), 420 g (1.84 moles) 
of diethyl a-acetoglutaratei5 (IV), and 152 ml(254 g, 1.66 moles) of 
phosphorus oxychloride, protected from atmospheric moisture, 
was stirred at room temperature until the mixture solidified. The 
reaction was then allowed to stand for a total of 10 days. The 
solid was dissolved in chloroform, washed three times with water, 
dried (Na2S04), and evaporated to an orange solid. This was re- 
crystallized from benzene to give (in several crops) 481 g (84%) of 
V as colorless crystals, mp 120-122'. Further recrystallization 
gave the analytical sample: rnp 123-124". X2yH 250 r n M  (infl) 
(e 8600), 257 (lO,OOO), 309 (15,000); vE@ 1700 cm-l (very broad 
and strong). 

(42) P. L. deBenneville and R. Connor, J .  Am. Chem. Soc., 62, 283 
(1 940). 

(43) All melting points were determined in glass capillaries and are 
corrected. The infrared spectra were dctermined using a Beckman 
IR-9 spectrophotometer. The ultraviolet spectra were determined 
using a Cary 14 spectrophotometer. The nmr spectra were determined 
using a Varian A-60 spectrometer and are reported as parts per million 
relative to TMS as internal standard. All compounds prepared in this 
section had compatible infrared, ultraviolet, and nuclear magnetic 
resonance spectra, and spectral data are given only where significant. 
Florisil (Floridin Co.) is a synthetic magnesium silicate adsorbent. 
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Anal. Calcd for CtoH~eOs: C, 69.34; H, 7.57. Found: 
C, 69.28; H ,  7.21. 
5-Hydroxy-4-methyl-7-pentyIcoumarin-3-propionic Acid (VI). A 

small sample of V was mixed with an equal weight of potassium 
carbonate in 50% aqueous ethanol and heated for 10 min under 
reflux. The solution was diluted with water, acidified with hydro- 
chloric acid, and filtered. Recrystallization from acetonitrile gave 
the analytical sample as colorless crystals: mp 230-233"; ~2;;" 
1660 and 1710 crn-'. 

Arid.  Calcd for ClIHZZOS: C, 67.91; H, 6.97. Found: C, 
67.70; H, 7.24. 

Esterification of VI to V. A mixture of 1.0 g (3.1 mmoles) of 
VI, 10 ml of benzene, and 1.5 ml of the diethyl acetal of dimethyl- 
formamide20~21 was heated for 3 hr under reflux. The cooled re- 
action was diluted with ether, washed with 1 N hydrochloric acid 
and with water, dried (NalSOa), and concentrated to an orange solid. 
Recrystallization from benzene gave 790 mg (72%) of V as colorless 
cgstals, mp 121-124", undepressed upon admixture with an authen- 
tic sample. 

7,lO-Dihydro-l-hydroxy-3-pentyl-6H-dibenzo[b,~pyran-6,9(8H)- 
dione (VII). To the sodium hydride obtained by washing 72.0 g 
(1.5 moles) of 50% sodium hydride in mineral oil dispersion with 
dry hexane was added 120 g (0.35 mole) of V and the two powders 
were mixed thoroughly. The reaction flask was cooled to 15-17' 
and 1.2 I. of dimethyl sulfoxide was distilled from calcium hydride 
directly into the reaction flask. After stirring for an additional 
hour at 15-17', the reaction was kept overnight in the refrigerator. 
After warming to room temperature the reactioI: mixture was 
poured into a rapidly stirred mixture of 4 I. of ice and water and 
250 ml of concentrated hydrochloric acid, more ice being added as 
needed to keep the mixture cold. After stirring for an additional 
hour the slurry was filtered and the solids were washed well with 
water. The net filter cake was then heated on the steam bath with 
excess concentrated sodium bicarbonate solution and, while still 
warm, was filtered. The filter cake was washed well with water 
and recrystallized from acetone to give (in several crops) 81 g 
(78 %) of cyclized product VI1 as colorless crystals, mp 203-206'. 
Further recrystallization from acetonitrile gave the analytical 
sample: mp 205.5-207.5"; X~ ' ,~ " ' '  215 mp (infl) ( E  26,000), 250 
(infl) (9750). 258 (10,500), 308 (14,550); Y ~ , ~ ~ ~  1670 and 1710 cm-l; 
nmr (DMSO), no olefinic protons. 

And .  Calcd for CIIHloOa: C, 71.98; H, 6.71. Found: C, 
71.85; H, 6.85. 

The combined sodium bicarbonate filtrates from several reactions 
were acidified with concentrated hydrochloric acid and filtered. 
The filter cake was washed well with water and, while still damp, 
was recrystallized from acetonitrile to give from 3 to 10% yields 
of the acid VI, mp 228-231 ', undepressed upon admixture with an 
authentic sample. 

7,8,9,10-Tetrah~dro-l-hydroxy-3-pentylspiro[6€~-dibenzo[b,~- 
pyran-9,2'-[1',3']dioxolan]-6-one (VIII). A solution of 9.22 g (0.031 
mole) of VI1 in 500 ml of benzene containing I O  ml of ethylene glycol 
and 10 mg ofp-toluenesulfonic acid was heated overnight under re- 
flux (Dean-Stark trap). The cooled solution was poured into water 
containing excess sodium bicarbonate. The organic layer was 
dried (Na,SO,) and evaporated to a yellow oil which, upon crystal- 
lization from dichloromethane-ether, gave 9.91 g (94%) of VI11 
as colorless crystals, mp 11 2-1 14". Further recrystallization from 
ether gave the analytical sample: mp 114.5-1 16'; XC2H"H 228 
rnp (infl) ( E  8400), 250 (infl) (9200), 257 (10,400), 304714,200); 
v,,, 1695 cm-1; nmr (CDCI,), 6 6.65 (two protons), no other 
unsaturated protons. 

A / ~ u / .  Calcd for CzoHZaO6: C, 69.75; H, 7.02. Found: C, 
69.61; H,7,31. 

Occasionally on standing, solutions of VI11 deposited crystals, 
rnp -1 10-140". This material, on recrystallization from methanol, 
was reconverted to material with mp 114.5-116". However, on 
recrystallization from ether it  was also converted to a polymorphic 
modification of VIII whose analytical sample had mp 145-148"; 
the infrared, ultraviolet, and nmr spectra were identical with those 
ofthe 114.5-116" modification. 

A d .  Calcd for C20N2405: C, 69.75; H, 7.02. Found: C, 
69.69; H, 7.40. 

d/-6a,7-Dihydro-l-hydroxy-6,6-dimethyl-3-pentyl-6H-dibenzo- 
[h,apjran-9(8H)-one (IX). A slurry of 60.0 g (0.175 mole) of 
Vi11 in 1.5  I. of ether was added over 90 min to the Grignard reagent 
prepared from 34.6 g (1.84 g-atoms) of magnesium and 110 ml 
(251 g, 1.77 moles) of methyl iodide in 1.8 1. of ether. After re- 
fluxing for 2 days the reaction was treated carefully with 200 ml of 
1 IV' hydrochloric acid, the color changing from yellow to red- 

C H C k  

brown to green, and then with 740 ml of 6 N hydrochloric acid, 
The mixture was stirred vigorously for 1 hr and then the ether layer 
was washed once with water and once with 5 %  sodium bicarbonate, 
the color changing from green to yellow-brown. The ether layer 
was dried (Na2S04) and concentrated with stirring under a nitrogen 
stream on the steam bath to 500 ml. The resulting precipitate was 
filtered to give 38.4 g (70%) of IX as pale yellow crystals, mp 193- 
195", suitable for the next step. Recrystallization from dichloro- 
methane-ether gave the analytical sample as pale yellow crystals: 
mp 198-199"; A::L:60H 231 mp (E 16,000), 247 (infl) (5000), 325 
(26,800); nmr (CDCI,)? 6 6.53 and 6.25 (two one-proton doublets, 
J = 2 cps, aromatic protons) and 8.07 (one-proton doublet, J = 2 
cps, olefinic proton). 

Anal. Calcd for CloH1603: C, 76.40; H, 8.34. Found: C, 
76.27; H ,  8.66. 

d/-6a~,7,10,10aa-Tetrahydro-l-hydroxy-6,6-dimethyl-3-pentyl- 
6H-dibenzo[b,d]pyran-9(8H))-one (Xa). A solution of 11.5 g 
(0.0366 mole) of IX in 100 ml of tetrahydrofuran was added slowly 
to a rapidly stirred solution of 400 mg of lithium in 500 ml of liquid 
ammonia (distilled through potassium hydroxide pellets) kept 
at -70".'+ Whenever the blue color began to fade, addition of 
IX was stopped and more lithium was added. Addition of 1X 
was then resumed. This process was repeated until a permanent 
blue color persisted after the complete addition of IX. A total of 
1.04 g (0.15 g-atom) of lithium was added. Stirring was continued 
for an additional 5 min and the blue color was discharged by the 
addition of ammonium chloride. The ammonia was allowed to 
evaporate and the residue was diluted with 500 ml of water, acidi- 
fied with hydrochloric acid solution, and extracted with dichloro- 
methane. The extracts were dried (NalSOa) and concentrated to an 
oil. Crystallization from dichloromethane-hexane (until the 
mother liquors were free of either Xa or XI as shown by tlc) gave 
a total of 9.13 g of colorless crystals (79%) of a mixture of Xa and 
XI and little else (as shown by tlc). This material was then re- 
crystallized from methanol-water to give 6.09 g (52.7:d) of the 
trans-ketone Xa, free of the cis-ketone XI (thin layer chromatog- 
raphy), mp 162--164". Further recrystallization from dichloro- 
methane-hexane gave the analytical sample of Xa as colorless 
crystals: mp 163-165"; XZ~,~"'  230 mp (infl) (E 9800), 275 (infl) 
(1375), 283 (1490); v:>Y:la 1695 cm-l. 

Arrd. Calcd for CaoHzrOl: C. 75.91: H. 8.92. Found: C. , .  .. ._ . , 

75.87; H, 8.89. 
Several times the rraris-ketone Xa was isolated as a lower melting 

polymorph whose analytical sample (from dichloromethane- 
ether) had mp 148-150". 

Alia/. Calcd for CloHIIOB: C, 75.91; H, 8.92. Found: C, 
76.19; H ,  9.22. 

The two samples had identical infrared, ultraviolet, and nmr 
spectra and identical behavior on tlc. In addition, the samples 
could be interconverted by judicious choice of recrystallization sol- 
vents and seeds. 

The mother liquors from several of these reductions were com- 
bined and chromatographed over silica gel. Later benzene frac- 
tions contained essentially pure Xa. Recrystallization from meth- 
anol-water then gave an amount of Xa, mp 162-165", correspond- 
ing to a total yield of Xa of 59 %. Further elution with benzene 
and with mixtures of benzene and ether gave mixtures of Xa and XI, 
until 3:1 benzene-ether gave a small amount of solid which upon 
recrystallization from ether gave the cis-ketone XI as colorless 
crystals, mp 148-150", undepressed upon admixture with an authen- 
tic sample of cis-ketone prepared from XX (see below). 

ril-6a~,7,10,10aa-Tetrahydro-l-hydroxy-6,6-dimetl1yl-3-pentyl- 
6H-dibenzo[b,dlpyran-9(8H)-one Acetate (Xb). .4 mixture of I .OO g 
(3.2 mmoles) of Xa, 5 ml of pyridine, and 5 nil of acetic anhydride 
was heated for 15 min at IOO',  at the end of which time tic showed 
the reaction to be complete. The cooled solution was diluted with 
100 ml of water, stirred for 30 min, and extracted with ether. The 
ether layer was extracted four times with water, dried (Na2SOa), 
and evaporated to 1.07 g of a semicrystalline residue. This was 
crystallized from hexane to give 0.80 g (71 %) of Xb as colorless 
crystals, mp 86-91 '. Further recrystallization from hexane gave 
the analytical sample: mp 88-91 "; A:,'?"" 227 mp (infl) ( e  8500), 
275 (2000), 282 (2180); Y ~ ~ ~ "  1705 and 1765 cm-l. 

Arid.  Calcd for Cl2H3~O4: C, 73.71; H, 8.44. Found: C. 
73.63; H, 8.35. 

d/-6a~,7,8,9.10,10aa-Hexal1ydro-6,6~~dimethyI-9-meth~lene-3- 
pentyI-6H-dibenzo[b,~pyran-l-ol (XII). A slurry of sodium 

(44) Thin layer chromatography of the total product mixtores showcd 
that the reductions at - 70" were much cleaner than  those a t  - 33" .  
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of 500 mg (1.5 mmoles) of XIIIa and 50 mg of p-toluenesulfonic 
acid in 50 mi of benzene was heated for 30 rnin under reflux (Dean- 
Stark trap). The cooled solution was passed through a small 
column of silica gel and the benzene eluates were evaporated to 
give 454 mg (96%) of 11 as a colorless oil (only one isomer by glpc 
and with spectra identical with those of the analytical sample). 

To 35 ml of benzene containing two drops of pyridine was added 
350 mg (1.1 mmoles) of I1 and one-third of the solvent was distilled, 
The solution was cooled to room temperature under a drying tube 
and 278 mg (1.3 mmoles) of 3,5-dinitrophenyl isocyanate.*6 was 
added. After stirring overnight a small amount of solid was re- 
moved by filtration and the yellow filtrate was adsorbed onto Flori- 
sil. Elution with benzene gave a colorless eluate and a light yellow 
band on the upper portion of the column. Concentration of the 
eluate gave colorless crystals which, upon one recrystallization from 
ether-hexane, afforded 330 mg of the 3,5-dinitrophenylurethan of 
11, mp 208-209.5". Recrystallization of this material was not suc- 
cessful and gave a product with a lower melting point. Therefore 
no further attempts were made to characterize I1 cia the 33-  
dinitrophenylurethan and 180 mg of this solid was hydrolyzed by 
stirring with 1.1 ml of 1 N sodium hydroxide solution in 50 ml of 
methanol overnight. The solution was poured into a mixture of 
ether and excess dilute hydrochloric acid. The ether layer was 
washed with water, dried (NanSOa), and concentrated. The residue 
was dissolved in benzene and passed over Florisil. The upper 
portion of the column was bright yellow and the colorless benzene 
eluate was evaporated to give 90 mg of the analytical sample of 11 
as a colorless oil: X ~ ~ " "  231 mp (infl) (e 8820), 275 (1160), 283 
(1190); v:,f:;l3 3600, 1620. and 1575 cm-'; nmr, see Table I. 

Anal. Calcd for C?lH3002: C,  80.27; H, 9.62. Found: 
C, 80.30; H, 9.73. 
dl-9-Chloro-6a~,7,8,9,10,10acu-hexahydro-6,6,9-trimethyI-3-pentyl- 

6H-dibenzo[b,rilpyran-l-o1 (XIV). To a solution of 7.10 g (0.021 
mole) of a mixture of carbinols (see the preparation of XIIIa) in 
100 ml of glacial acetic acid was added a solution of 72 g of zinc 
chloride in 56 ml of concentrated hydrochloric acid. After stirring 
for 3 hr at room temperature the reaction mixture was poured into 
a mixture of 2 1. of water and 2 1. of ether. The ether layer was 
washed five times with 1-1. portions of water, dried (Na?SOa), 
and evaporated to a yellow oil. Crystallization from hexane gave 
5.53 g (74%) of XIV as colorless crystals, mp 85-90'. Recrystal- 
lization from hexane gave the analytical sample as colorless crystals: 
mi? 87-90'; Azdt',l""" 230 mp (infl) ( E  9700), 276 (1200), 277 (1230). 

A i d  Calcd for C21H31C10?: C, 71.88; H, 8.90; CI, 10.10. 
Found: C, 71.92; H, 9.02; CI, 10.06. 

Similarly. purified carbinol XIITa gave XIV in comparable yields. 
The Preparation of XIV Directly from Xa. A slurry of 10.00 

g (0.0316 mole) of Xa in 100 ml of ether was added over 15 rnin to a 
solution of methylmagnesium iodide prepared from 7.0 g (0.29 
g-atom) of magnesium and 18.0 ml (41.0 g, 0.29 mole) of methyl 
iodide in 500 ml of ether. The reaction was heated for 90 rnin under 
reflux and cooled in an ice bath. Water was added carefully to 
decompose the excess Grignard reagent and enough 6 N hydro- 
chloric acid was added to give two clear layers. The organic layer 
was diluted with 600 ml of ether and washed twice with water and 
finally with brine. The solution was dried (Na2S04) and concen- 
trated. To the residue dissolved in 150 ml of glacial acetic acid 
was added a solution of 103 g of zinc chloride in 80 ml of concen- 
trated hydrochloric acid. After stirring for 90 rnin at room tem- 
perature the reaction mixture was poured into a mixture of 3 1. 
of water and 2.4 1. of ether. The ether layer was washed five times 
with 1.5-1. portions of water. dried (Na.S04), and evaporated. 
The residue was dissolved in benzene and adsorbed on a column 
of silica gel. The column was eluted with benzene until thin layer 
chromatograms showed that no more XIV was being eluted. The 
column was then eluted with ether and these ether eluates were 
worked up to give 3.64 g of recovered Xa. The benzene eluates 
were evaporated and crystallized from hexane to give 3.45 g (49 %, 
based on unrecovered Xa) of XIV as light tan crystals, mp 85-88", 
identical with the material obtained directly from the carbinol XIIIa. 

dl-49-Tetrahydrocannabinol (I) and dl-A*-Tetrahydrocannabinol 
(11). To a slurry of the sodium hydride from 1.00 g (0.02 mole) of 
50 x sodium hydride in mineral oil dispersion (washed free of min- 
eral oil with dry hexane) in 200 nil of tetrahydrofuran (distilled 
from lithium aluminum hydride) was added 1 .00 g (0.00285 mole) 
of XIV. The reaction was heated overnight under reflux with 
stirring, cooled to room temperature, and poured carefully into a 

(46) C. Naegeli and A. Tyabji, Hela. Chim. Acta, 16, 349 11933). 

hydride (obtained by washing 1.52 g (0.032 mole) of 50% sodium 
hydride in mineral oil dispersion with dry hexane) in 60 ml of di- 
methyl sulfoxide was heated at 50" until solution took place (about 
3 hr). After addition of 11.86 g (0.034 mole) of triphenylmethyl- 
phosphonium bromide, the reaction was heated for 3 hr at 70". 
A solution of 1 .OO g (0.0032 mole) of Xa in 60 ml of dimethyl sulf- 
oxide was added and the reaction was heated overnight at 70". 
The cooled reaction was poured into a mixture of ice and water 
containing 20 g of sodium bicarbonate. This was extracted with 
benzene and the organic layer was washed with water, dried 
(Na2S0J, and evaporated to 6.15 g of a tan oil containing triphenyl- 
phosphine oxide by thin layer chromatography. This oil was 
passed over silica gel in 1 : 1 hexane-benzene to  give 1.57 g of color- 
less oil containing an odorous impurity. This oil was absorbed 
onto silica gel in hexane and the first hexane eluates contained the 
impurity. Later hexane eluates were evaporated to give 0.59 g 
(59%) of xII as a colorless oil: X ~ ~ ~ 6 0 K  230 mp (infl) (e 9620), 
275 (1290), 283 (1300); nmr, see Table I. 

Anal. Calcd for C21H3002: C, 80.21; H, 9.62. Found: 
C, 79.95; H, 9.91. 

Attempted Isomerization of XIl. A solution of 40 mg of XI1 
and 3 mg of p-toluenesulfonic acid in 3 ml of benzene was heated 
for 15 rnin under reflux. The cooled reaction was poured into 
water containing an excess of sodium bicarbonate. The benzene 
layer and one benzene wash were combined, dried, and evaporated 
to an oil. This was evaporatively distilled at 135" (0.05 mm) to 
give 28 nig of an oil with an nmr spectrum identical with that of XII. 

dl-6a~,7,8,9,10,lOaa-Hexahydro-6,6,9~-trimethyl-3-penty1-6H- 
dibenzo[b,dlpyran-l,9a-diol (XIIIa). To a refluxing solution of 
methylmdgiiesium iodide prepared from 10.50 g (0.43 g-atom) 
of magnesium and 27.0 ml (61.5, g, 0.43 mole) of methyl iodide 
in 650 ml of ether was added a solution of crude Xb prepared from 
15.0 g (0.047 mole) of Xa dissolved in 500 ml of ether. The solu- 
tion was heated for an additional hour under reflux and excess 
Grignard reagent was decomposed by the cautious addition of water. 
The reaction mixture was acidified with 3 N hydrochloric acid and 
the ether layer and several ether extracts were washed with water, 
sodium bicarbonate solution, and finally with water. The ether 
layer was dried (Na2S04) and evaporated to a semisolid oil which 
on crystallization from ether-hexane gave 13.93 g (88x)  of a 
mixture of carbinols suitable for conversion to the chloride XIV 
(see below). Recrystallization from ether-hexane gave 6.82 g 
(4373 of XIIIa as colorless crystals, mp 159.5-166'. Further re- 
crystallization from ether--hexane gave the analytical sample: 
mp 162-163"; X ~ ~ u ~ ' o ' i  231 mp (infl) (e 9500), 276 (1220), 282 
(1270); 

Anal. Calcd for CllH32O1: C, 75.86; H, 9.70. Found: C, 
75.97; H, 9.88. 

The same carbinol (XIIIa) could be obtained by the Grignard 
reaction with the tetrahydropyranyl ether of Xa followed by acid 
hydrolysis in 31 7; yield. 

dl-9c~-Acetoxy-6a~,7,8,9,10,10a~-hexahydro-6,6,9~-trimethyl-3- 
pentyI-6H-dibenzo[h,d]pyran-l-ol (XIIIb). A solution of 100 mg 
(0.3 mmole) of XIIIa in 1 ml of acetic anhydride and 1 ml of pyridine 
was heated for 3 hr on the steam bath.45 To the cooled reaction 
was added 5 ml of water and stirring was continued for 15 min. 
The reaction was diluted with ether, washed four times with 
water, dried (NazSOI), and evaporated to give the crude diacetate. 
This was mixed with 300 mg of sodium bicarbonate in 10 ml of 
methanol and 2 ml of water and heated for 15 rnin under reflux. 
The cooled reaction was diluted with 10 ml of water and filtered 
to give 85 mg (7573 of XlIlb as colorless crystals, mp 130-1363. 
Recrystallization from hexane gave the analytical sample: mp 
137-139.5"; v:f:13 3600and 1720cm-l. 

Ana/.  Calcd for C Z H ~ ~ O ~ :  C, 73.76; H ,  9.15. Found: 
C, 73.66; H, 9.24. 

dl-6a~,7,10,10aa-Tetrahydro-6,6,9-trimethyl-3-pentyI-6H-di- 
benzo[b,apyran-l-ol (dl-~*-Tetrahydrocannabinol) (11). A solution 

3595 cm-l, no carbonyl absorption. 

(45) The acetylation and hydrolysis were both followed by tlc. 
I t  had been noted earlier that the carbinol XIIIa had a much lower mo- 
bility (silica gel plates, 1 5  :< ethyl acetate in benzene solvent) than any of 
the compounds without the 9 ~ h y d r o x y l .  During the acetylation, 
XIIIa disappeared rapidly and a new spot very similar in mobility to 
XIIIa appeared. As the acety- 
lation proceeded, this acetate was gradually replaced by a very mobile 
product, the diacetnte. During the hydrolysis, the diacetata was 
rapidly replaced by another very mobile product XIIIb which, on  pro- 
longed hydrolysis, was reconverted into XIIIa. Thus, as to be expected, 
the phenolic hydroxyl is both acet!lated and regenerated faster than the 
tertiary aliphatic hydroxyl. 

This materinl is the aromatic acetate. 

Fulirmholtz, Lurie, Kiersteud Total S,ynthesis of dl-AQ-Tetrahydrocannahinol 
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mixture of water and ether. The ether layer was washed four times 
with 500-ml portions of water, dried (NanSOa), and concentrated 
to 875 mg (98%) of a yellow oil. Vapor phase chromatographic 
analysis47 of this oil showed the presence of I and I1 in the ratio 
74 : 26 accompanied by only traces of other components. 

dl-6a~,7,8,lOacu-Tetrahydro-6,6,9-trimethyl-3-penty~~-dibenzo- 
[b,dlpyran-l-ol m-Nitrobenzenesulfonate (XV). To a solution of 
500 mg (1.6 mmoles) of the 74:26 mixture of I and I1 in 10 ml of 
dry pyridine was added 700 mg (3.2 mmoles) of rn-nitrobenzene- 
sulfonyl chloride. The solution was heated for 8 hr at  60" and 
then for 4 hr at 75" at  which time tlc indicated the reaction was 
complete. The cooled reaction was poured into a mixture of ether 
and dilute hydrochloric acid. The ether layer was washed with 
dilute hydrochloric acid, water, dilute sodium bicarbonate, and 
finally with water, dried (NanSOa), and evaporated. The residue 
was recrystallized repeatedly from methanol t o  give 180 mg (23 %) 
of XV as very pale yellow crystals, mp 106-107.5". The analytical 
sample had mp 105.5-107.5": 230 mp (infl) (e 11,600), 
247 (7650), 280 (infl) ( E  3950); nmr (CDCl,), 6.60 (one-proton 
doublet, J = 2 cps), 6.38 (one-proton doublet, J = 2 cps), 6.05 
(one-proton broad singlet). 

Anal. Calcd for C27H33N06S: C, 64.91; H, 6.66; N, 2.80; S, 
6.42. Found: C, 64.64; H, 6.36; N,  2.70; S, 6.78. 

d/-6a~,7,8,10a~~-Tetrahydro-6,6,9-trimethyl-3-penty1-6H-dibenzo- 
[b,dlpyran-l-ol (dl-AQ-Tetrahydrocannabinol) (I). A solution of 
1.69 g (3.4 mmoles) of XV in 600 ml of methanol containing 25 mi 
of 1 N sodium hydroxide was heated under reflux until tlc indi- 
cated the reaction was complete (45 min). The cooled reaction 
was poured into ether and dilute hydrochloric acid. The organic 
layer was washed with water, dilute sodium bicarbonate, and finally 
with water. It was dried and evaporated to a pale tan oil which 
on crystallization and recrystallization from hexane gave 0.80 g 
(84%) of I as very light tan crystals, mp (vac) 60-62". The analyt- 
ical sample had mp (vac) 64.5-65.5"; the glpc retention time (no 
detectable impurities) and infrared,,ultraviolet, and nrnr spectra were 
identical with natural l-As-tetrahydrocannabinol; for nmr data, 
see Table I;  230 mp (infl) (e lO,OOO), 275 (1250), 282 (1280); 
~2:'' 3595, 1620, 1575 cm-'. 

Anal. Calcd for C d i & ? :  C, 80.21; H, 9.62. Found: C, 
80.34; H, 9.54. 
5-Hydroxy-2,2-dimethyl-7-pentyl-4-chromanone (XVII) and 7-Hy- 

droxy-2,2-dimethyl-5-pentyl-4-chromanone (XVIII). A mixture of 
73 g (0.4 mole) of olivetol (111) and 47 g (0.47 mole) of 3-methyl- 
crotonic acid (XVI) was heated in an oil bath to 125'. Through 
the cor,denser, 94 ml of boron trifluoride etherate was added and 
the solution was heated overnight under reflux. The partially 
cooled reaction was diluted cautiously with 100 ml of water followed 
by 425 ml of 6 N sodium hydroxide and then boiled for 5 min on 
the steam bath. The solution was cooled, acidified with 6 N hydro- 
chloric acid, and extracted with ether. The ether extracts were 
washed with water, dilute sodium bicarbonate, and water and then 
dried (Na2S04) and concentrated to  106 g of a tan oil. This was 
dissolved in ether and extracted repeatedly with 1 N sodium hy- 
droxide solution. The ether layer, upon drying and evaporation, 
gave 53.1 g (50%) of crude XVII as a light tan oil suitable for the 
next step, Repeated recrystallization from methanol at - 70" 
gave the analytical sample of XVII as tan crystals: mp 23-27', 
normally handled as an oil; A ~ ~ o "  229 mp (infl) (E 11,780), 280 
(13,800), 348 (2980); A,,, (in ethanolic sodium acetate) 280 
(13,450), 348 (2940); A ~ ~ ~ K o ' T  242 (14,200), 285 (11,150), 373 
(5250); v ~ f ~ ' '  1645 cm-l; nmr (CDCI,), 11.73 (one-proton singlet, 
hydroxylic proton), 6.33 and 6.25 (two one-proton doublets, 
J = -1 cps, aromatic protons), 2.72 (two-proton singlet, C-3 
H's), 2.52 (two-proton triplet, CY methylene), 1.45 (six-proton singlet, 
2,2-bis CHI), and 0.88 (three-proton triplet, w-CHa). 

Anal. Calcd for C16H2203: C, 73.25; H, 8.45. Found: C, 
73.02; H ,  8.75. 

The 1 N sodium hydroxide extracts of the total reaction mixture 
were acidified with hydrochloric acid and extracted with ether. 
The extracts were dried and concentrated. Crystallization from 
acetonitrile gave 23.1 g (2273 of crude XVIII as tan crystals, mp 
82-86". Recrystallization from hexane gave the analytical sample 
of XVIII as colorless crystals: mp 94.5-96"; AzZboH 220 mp 

( 4 i )  The vapor phase chromatographic analyses were done on an 
F & M Model 810R-19 instrument with dual hydrogen flame detectors. 
The column was 0.25 in. X 6 f t  packed with 0.5% NPGA + 0.5% 
PEG4000MS on Anakrom ABS (60-70 mesh). The column flow was 
100 cc/min of nitrogen, the column temperature was 220", and the 
retention time of I was 20 min and that of I1 was 18 min. 

( 6  13,640), 233 (94001, 280 (11,300), 315 (4700); A,,, (in ethanolic 
sodium acetate), 285 (6250), 328 (13,600); A:::;' 252 (6650) 
and 328 (19,500); 3590 and 1670 cm-1; nmr (CDCI,), 
8.77 (one-proton singlet, hydroxylic proton), 6.35 (two protons, 
pair of doublets, aromatic protons), 2.70 (two-proton singlet, C-3 
H's), 3.02 (two-proton triplet, CY methylene), 1.42 (six-proton singlet, 
2,2-bis CH,), and 0.87 (three-proton triplet, w-CH3). 

Anal. Calcd for C16H??03: C, 73.25: H, 8.45. Found: C, 
72.98; H, 8.72. 

5-Hydroxy-3-hydroxymethylene-2,2,-dimethyl-7-pentyI-4-chro- 
manone (XIX). To the sodium hydride obtained by washing 78.5 g 
(1.64 moles) of 5 0 z  sodium hydride in mineral oil dispersion with 
hexane was added (at room temperature) a solution of 46.1 g 
(0.175 mole) of XVII in 172 ml (159 g, 2.15 moles) of ethyl formate, 
utilizing a Dry Ice condenser during the addition. This condenser 
was then replaced by a water-jacketed condenser. Ether (4.4 1.) 
was added and after heating overnight under reflux the reaction 
was cooled and acidified with 1 N hydrochloric acid. The ether 
layer and two ether washes of the aqueous layer were washed with 
1 N hydrochloric acid and twice with water and then extracted five 
times with 1 N sodium hydroxide. These basic extracts were 
acidified and extracted with ether. The ether was dried (Na?SOa) 
and concentrated to 27.5 g (5497,) of crude XlX as a yellow oil 
suitable for the next step. Crystallization and recrystallization 
from hexane gave the analytical sample as yellow crystals: mp 
31-32.5"; XCZHboH 223 mp (infl) (e 16,400), 274 (4900), 331 (15,650), 
366 (infl), (84::, 386 (infl) (4200). 

Anal. Calcd for C1,H??04: C, 70.32; H, 7.64. Found: C, 
70.60; H, 7.89. 

The Preparation of IX from XIX. To a solution of 8.33 g (0.029 
mole) of crude XIX in 43 ml of methanol and 4.25 ml of methyl 
vinyl ketone was added 1.0 ml of triethylamine. After standing 
overnight at room temperature, the solution was diluted with 
500 ml of ether and extracted four times with I O  97, sodium carbonate 
solution. The ether solution was dried (Na2S04) and concentrated. 
The residue (8.43 g) was heated overnight under reflux with 84.3 
ml of ethanol and 84.3 ml of 2 N potassium hydroxide solu- 
tion. The cooled solution was acidified with 6 N hydrochloric 
acid and extracted with dichloromethane. The extracts were dried 
(Na2S04) and concentrated, and the residue was crystallized from di- 
chloromethane-ether to give 4.1 1 g (35 %) of 1X as yellow crystals, 
mp 195-198". Further recrystallization gave pale yellow crystals, 
mp 197.5-199", undepressed on admixture with a sample of IX 
prepared from VIII. 

dl-6a~,7,8,9,10,10ap-Hexahydro-l-hydroxy-3-pentylspiro[6H-di- 
benzo[b,d]pyran-9,2'-[1',3']dioxolan]-6-one (XX). A solution of 
5.00  g (0.0145 mole) of VI11 in 100 ml of ether was subjected to 
hydrogenation at 2150-lb pressure and 130" for 2 hr in the presence 
o f 0 3  g of Raney nickel. The catalyst-free solution was evaporated 
to a crystalline residue which, on recrystallization from ether- 
hexane, gave 3.53 g (707,) of XX as colorless crystals, mp 142.5- 
143.5'. A subsequent reduction under apparently identical con- 
ditions on a 50-g scale gave a 33 97, yield of XX. Further recrystal- 
lization from ether-hexane gave the analytical sample: mp 143- 
144"; AzzboH 275 mp (infl) (e  2400), 282 (2790). 

Anal. Calcd for C.iOH2603: C, 69.34; H, 7.57. Found: 
C, 69.02; H, 7.30. 

dl-6a/3,7,10,10ap-Te trahydro-l-hydroxy-6,6-dimethy1-3-pentyl- 
6H-dibenzo[b,djpyran-9(8H)-one (XI). A slurry of 3.60 g (0.0104 
mole) of XX in 180 ml of ether was added (argon atmosphere) 
over 30 min to a methylmagnesium iodide solution prepared from 
11.1 ml(25.3 g. 0.1 8 mole) of methyl iodide and 4.32 g (0.18 g-atom) 
of magnesium in 180 ml of ether. The reaction was heated over- 
night under reflux and 1 N hydrochloric acid was added carefully 
until two clear layers were obtained. The aqueous layer was 
washed with dichloromethane. and the combined organic layers 
were concentrated. The residue was mixed with 80 ml of methanol 
and 40 ml of 3 N hydrochloric acid and heated for 2 hr under re- 
flux. The cooled reaction was diluted with 500 ml of water and 
extracted with dichloromethane. The extracts were dried (Na2S04) 
and concentrated to a crystalline residue which on recrystallization 
from ether gave 1.73 g (53%) of colorless crystals, mp i48-150". 
Further recrystallization from ether-hexane gave the analytical 
sample: mp 149.5-150.5@; 230 m p  (infl) (e 9800), 277 
(1570), 283 (1620). 

Anal. Calcd for C . U H ~ ~ O ~ :  C, 75.91; H, 8.92. Found: C,  
75.01 ; H, 8.88. 

dl-6a~,7,8,9,10,l0a~-Hexahydro-6,6-dimethyI-9-methylene-3- 
pentyl-6H-dibenzo[b,dlpyran-l-ol (XXI). A slurry of sodium 
hydride (obtained by washing 3.04 g (0.063 mole) of 507; sodium 
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lization from hexane gave 380 mg (72p7,) of XXII as colorless crys- 
tals, mp 142-145". Recrystallization from ether-hexane gave the 
analytical sample: mp 142-145"; X2t50H 230 mjt (infl) (e lO,OOO), 
278 (1420), 283 (1450). 

hydride in mineral oil dispersion with dry hexane) in 120 ml of 
dimethyl sulfoxide was heated at 50' until solution took place 
(about 30 min). After addition of 22.6 g (0.063 mole) of triphenyl- 
methylphosphonium bromide the reaction was heated for 3 hr 
at 70". A solution of 2.00 g (0.0063 mole) of XI in 120 ml of tetra- 
hydrofuran was added and the reaction was heated overnight 
under reflux. The cooled reaction was poured into a mixture of 
ice and water containing 40 g of sodium bicarbonate. This was 
extracted with benzene and the extracts were dried (Na2S04) and 
concentrated to a semicrystalline residue. Addition of ether and 
filtration gave two crops of triphenylphosphine oxide which con- 
tained no XXI by thin layer chromatography and were discarded. 
The evaporated mother liquors were passed over silica gel in 1 :1 
hexane-benzene. The eluates were concentrated and crystallized 
from hexane at Dry Ice temperature to give 0.94 g (47%) of XXI as 
tan crystals, mp 35-50'. Further recrystallization gave the analyt- 
ical sample as colorless crystals: mp 48-52'; 230 mjt 
(infl) (e 9500), 277 (1200), 284 (1230); nmr, see Table I. 

A n d .  Calcd for C21H3002: C, 80.21; H, 9.62. Found: 
C, 80.26; H, 9.21. 

d/-6a~,7,8,9,10,10a~-Hexahydro-6,6,9-trimethyI-3-pentyl-6H-di- 
benzo[b,dpyran-1,9-diol (XXII). A slurry of 500 mg (1.58 mmoles) 
of XI in 10 ml of ether was added to a solution of methylmagnesium 
iodide prepared from 106 mg (4.4 mg-atoms) of magnesium and 
0.30 ml (0.68 g, 4.8 mmoles) of methyl iodide in 10 ml of ether to 
give a clear reaction mixture. After heating for 1 hr under reflux 
the reaction was cooled in an ice bath and 1 N hydrochloric acid 
was added until two clear layers were formed. The organic layer 
was diluted with ether and washed twice with water, once with 
dilute sodium bicarbonate, and again with water. The ether solu- 
tion was dried (Na2S04) and concentrated to an oil which on crystal- 

A n d .  Calcd for C21H3?03: C, 75.86; H, 9.70. Found: C, 
76.07; H, 9.83. 

d/-6a~,7,8,10a~-Tetrahydro-6,6,9-trimethyl-3-pentyl-6H-di- 
benzo[b,dpyran-1-01 (XXIII). A solution of 828 mg (2.5 mmoles) 
of XXII and 50 mg of p-toluenesulfonic acid in 50 ml of benzene 
was heated for 30 min under reflux. The cooled solution was 
washed with dilute sodium bicarbonate, dried (Na2S04), and evapo- 
rated to give 770 mg (98%) of XXIII as a colorless oil. A small 
portion of this oil was evaporatively distilled at 135 O (0.05 mm) to 
give the analytical sample: X 2 $ O H  232 mjt (infl) (E 9850), 275 
(1470), 282 (1500); nmr, see Table I. 

Anal. Calcd for C21H&: C, 80.21; H, 9.62. Found: C, 
79.87; H, 9.47. 
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Abstract: The identity of the major thymine photoproduct derived from DNA is established with the cis-syn dimer 
1 obtained from irradiation of thymine in ice. The 14C-labeled photoproduct was mixed with unlabeled ice-dimer 
and  the cocrystallized material treated with bromine in alkali. The resulting stereospecific rearrangement reac- 
tion gave cis,cis,cis-3-carbonamido-l ,7-dimethyl-3,5,0-triazatricyclo[5.3.O.Oz~6]deca-4,8,lO-trione (7) retaining more 
than 91 of the specific activity of the recrystallized dimer. The mechanism of the rearrangement was investi- 
gated by performing the reaction in oxygen-18-enriched solvent. The observed nonincorporation of this isotope 
into the product 7 is consistent with a mechanism involving isocyanate formation without nucleophilic attack of hy- 
droxide. 

o o d  evidence exists3v4 that photoproducts of thy- G mine and of cytosine are responsible for the ma- 
jority of photobiological effects caused by ultraviolet 
irradiation of DNA. The formation of pyr imid ine  
dimers is particularly important in this respect a n d ,  in 
principle, they can arise either by p h o t o a d d i t i o n  of ad- 
jacent pyrimidines in the same DNA strand-intrastrand 
dimerization or from b o n d i n g  between two neighboring 

(1) Paper 11: G. M. Blackburn and R. J. H. Davies, J.  Chem. Soc., C, 
2239 (1966). 

( 2 )  Author to whom inquiries should be directed at the Department 
of Chemistry, University of Sheffield, Sheffield, England. 

( 3 )  Abbreviations used: DNA, deoxyribonucleic acid; t-RNA, 
transfer ribonucleic acid; T, thymine; TT, thymine dimer; UT, uracil- 
thymine dimer. 

(4) R. B. Setlow and W. L. Carrier, J .  Mol. Biol., 17, 237 (1966). 

pyrimidines, one in each strand, giving interstrand di- 
mers a n d  thus effecting cross-linking between the com- 
p lemen ta ry  DNA chains. 

These two m o d e s  are expected to lead  to d i m e r s  of dif- 
ferent stereochemistry, and the inspection of molecular 
models resulted in the prediction5 that intrastrand 
dimers should have cis-syn stereochemistry whereas 
i n t e r s t r a n d  d imers  would give rise to either cis-anti or to 
trans-anti products. An a l te rna t ive  opinion6 has sug- 
gested that such cross-linking would afford cis-anti 
or trans-syn i n t e r s t r a n d  dimers .  

( 5 )  G. Fraenkel and D. L. Wulff, Biochim. Biophys. Acra, 51, 332 

(6)  C. Nagata, A. Inamura, Y. Tagashira, M. Kodama, and N. 
(1961). 

Fukada, J .  Theoret. Biol., 9,  351 (1965). 
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