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’ INTRODUCTION

In recent years, our interest has been focused on developing
novel environmentally friendly synthetic routes to target mol-
ecules incorporating the tetrahydro-6H-benzo[c]chromene
system.1 This structural motif has been proposed as a privileged
structure2 as it occurs in a diverse range of bioactive natural
products and can interact with a variety of cellular targets. The
cannabinoids are examples of natural products with this privi-
leged structural unit (e.g.,Δ9-trans-THC 2 andΔ8-trans-THC 4)
(Figure 1), which represent a group of C21 terpenophenolic
compounds found in Cannabis sativa var. indica.3 The phytocan-
nabinoids Δ8-THC and Δ9-THC have comparable potencies
and act upon two cellular receptors, the central cannabinoid
receptor, CB1,

3a which is found mainly in the brain, and the
peripheral cannabinoid receptor, CB2,

3c which is found almost
exclusively in the immune system.4 Synthetic cannabinoids that
selectively interact with only one receptor are highly desired,
especially since CB2-selective ligands should limit the side-effects
associated with CB1 receptor activation.5 Thus, extensive struc-
ture�activity relationship (SAR) studies of cannabinoid analogues
with affinities for the CB1 and CB2 receptors have been
reported,6 which has highlighted the need to develop short,
flexible, and efficient synthetic routes to easily obtain a large
number of target compounds in a stereochemically pure form.

Several strategies for constructing the Δ8-THC and Δ9-THC
derivatives have primarily focused on the condensation of a
relevant aromatic ring system with an appropriately functionalized
achiral or chiral monoterpene, followed by pyran formation.7

Most of them suffer from serious drawbacks, such as harsh
reaction conditions and little control of the cis-trans stereochem-
istry at the cyclohexene ring junction and of the position of the
double bond (i.e., the Δ8 isomer is thermodynamically more

stable than the Δ9 isomer). This has lowered the yields and
limited the flexibility of the reactions, and thus the possibility of
constructing libraries of cannabinoid analogues and other new
natural product-like compounds. Although the Diels�Alder
reaction represents an efficient tool for the stereocontrolled
synthesis of functionalized polycyclic compounds, there are only
a few synthetic approaches to cannabinoids in the literature that
are based on the Diels�Alder reaction.8

Recently, our laboratory reported a high-yielding and envir-
onmentally safemethod for the construction of the cis-6a,7,10,10a-
tetrahydro-6H-benzo[c]chromene and trans-6a,7,10,10a-tetra-
hydro-6H-benzo[c]chromene skeleton through the use of a
Diels�Alder reaction using coumarins1b,d or alkoxybenzylidene-
acetones1e as dienophiles. Due to the low reactivity of the
coumarins and the benzylideneacetones double bond as dieno-
philes, we observed previously that they react with 1,3-butadienes
at normal pressure only at high temperature and over long reac-
tion times, to give their relative cycloadducts in low yields. Thus,
we reported on our investigations into the great utility of high
pressure (9�11 kbar) as an activating method in the Diels�
Alder strategy to access cis- and trans-polysubstituted benzo[c]-
chromene templates in high yields and under milder reaction
conditions.9 For example, by using hydroxy-substituted 3-cyano-
coumarins as dienophiles, we developed a Diels�Alder strategy
for synthesizing a range of hydroxy-substituted cis-6a,7,10,10a-
6a-cyano-benzo[c]chromenones and applied this to the synthesis
ofΔ6-3,4-cis-cannabidiol andΔ8-cis-THC (3), in order to open a
route to the non-naturalΔ8-cis-THCs family.1b Instead, when we
used alkoxy-benzylideneacetones as dienophiles, we exploited this
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ABSTRACT: Diels�Alder reactions of a range of 1-(alkoxy/
alkyl-substituted phenyl)buta-1,3-dienes withmethyl vinyl ketone
and methyl acrylate carried out in ethanol as the reaction
medium under 9 kbar pressure were investigated. The use of
high pressure as the activating method of the Diels�Alder
reactions allows the efficient and endodiastereoselective gen-
eration of a series of cis-cyclohexenyl-benzene cycloadducts, which are selectively converted into their trans-epimers. The cis-
cyclohexenyl-benzenes and trans-cyclohexenyl-benzenes produced are useful precursors for accessing substituted privileged cis-
6a,7,8,10a-tetrahydro-6H-benzo[c]chromene and trans-6a,7,8,10a-tetrahydro-6H-benzo[c]chromene skeletons. The total synth-
eses of Δ9-cis-tetrahydrocannabinol (THC) and Δ9-trans-THC, through the use of selected Diels�Alder adducts, are described.
Finally, a route for obtaining Δ9-trans-THC in both enantiomeric pure forms based on the (S)-(�)-1-amino-2-(methoxy-
methyl)pyrrolidine (SAMP)-hydrazone method is also reported.
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Diels�Alder approach for the rapid construction of a series
of trans-6a,7,10,10a-tetrahydro-6H-benzo[c]chromenes and for
the synthesis of Δ8-trans-THC (4) in both enantiomeric pure
forms.1e

Among the natural cannabinoids isolated from the Indian
hemp, the most prominent is (�)-Δ9-THC, which has a 6a,
7,8,10a-tetrahydro-6H-benzo[c]chromene core structure. De-
spite the increased need for new broadly substituted Δ9-cis-
THCs and Δ9-trans-THCs, their synthesis remains a highly
labor-intensive process.7 We envisioned as a new eco-friendly
method for accessing substituted cis- and trans-Δ9-THCs family a
strategy illustrated in Scheme 1. The diastereoselective
Diels�Alder reaction of 3-methyl-1-(alkoxy/alkyl-substituted
phenyl)buta-1,3-dienes 5 with methyl vinyl ketone (6x) and
methyl acrylate (6y) is the cornerstone of our strategy, because it
allows the expedient generation of the carbon skeleton and
secures the proper stereochemistry at the cyclohexene ring
stereocenters. The 6a,7,8,10a-tetrahydro-6H-benzo[c]chromene
system can then be obtained by Grignard addition, demethyla-
tion, and cyclyzation (Scheme 1).

In the present study we report (i) investigation of the
Diels�Alder reaction of 3-methyl-1-(alkoxy/alkyl-substituted
phenyl)buta-1,3-dienes 5 with methyl vinyl ketone (6x) and
methyl acrylate (6y) in green solvents10 as reaction medium and
under high pressure; (ii) the conversion of selected cycloadducts
into their corresponding Δ9-cis- and Δ9-trans-THCs; and (iii) a
route for obtaining Δ9-trans-THC in both enantiomeric pure
forms based on the SAMP-hydrazone method.1e

’RESULTS AND DISCUSSION

3-Methyl-1-(alkoxy/alkyl-substitutedphenyl)buta-1,3-dienes
Synthesis.Thenecessary 1,3-butadienes5 can be readily synthesized

in high yields (75�95%) and with total selectivity by the Wittig
reaction11 of the corresponding (E)-benzylideneacetones 101e

(Scheme 2).
Diels�Alder Reactions of 3-Methyl-1-(alkoxy/alkyl-substi-

tuted phenyl)buta-1,3-dienes 5 with Methyl Vinyl Ketone
(6x) and Methyl Acrylate (6y) under Atmospheric and High-
Pressure Conditions. The Diels�Alder reaction between 5 and
6 is the key step of our strategy as this allows access to the
6a,7,8,10a-tetrahydro-6H-benzo[c]chromene skeleton. The con-
trol of endo/exo diastereoselectivity of the cycloaddition reac-
tions is of particular importance, as it secures the correct cis/trans
stereochemistry at the C1 and C2 stereocenters of the cycload-
ducts, which selectively allows access to theΔ9-cis- and trans-Δ9-
THCs (see Scheme 1). There are relatively few examples of
Diels�Alder reaction of 1-aryl-1,3-butadienes in the literature,
and examples of cycloaddition reactions of 5 with dienophiles of
type 6 are particularly rare. Thus, it became clear that optimizing
the Diels�Alder reaction of 5 with dienophiles of type 6 would
not be a trivial task. For example, it has been reported that 1-aryl-
1,3-butadienes and 1-aryl-2,3-dimethyl-1,3-butadienes react with
methyl acrylate under thermal conditions (80�100 �C) with low
tomoderate endo/exo distereoselectivities, to give mixtures of the

Figure 1. Tetrahydrocannabinol (THC) family.

Scheme 1. Proposed Synthesis of the Δ9-cis- and Δ9-trans-THC Family

Scheme 2. Synthesis of 3-Methyl-1-(alkoxy/alkyl-substituted
phenyl)buta-1,3-dienes
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cis/trans adducts in ratios of 1.3/1 to 2.5/1 in moderate
yields (50�60%).12 However, to the best of our knowledge, no
examples of Diels�Alder reactions between 3-methyl-1-(alkoxy/
alkyl-substituted phenyl)-1,3-butadienes 5 and dienophiles 6
have been reported, except the cycloaddition reaction between
diene 5d and methyl vinyl ketone 6x, which was reported to
occur at high temperature (130 �C) and to give unspecified
mixtures of the cis/trans cycloadducts in ratios of 2:1 and 1:6 at
130 and 200 �C, respectively.8a
Thus, the Diels�Alder reactions of 3-methyl-1-(20-methoxy-

phenyl)buta-1,3-diene 5a with dienophiles 6x,y were chosen as
representative and investigated under various atmospheric and
high-pressure conditions in green solvents (ethanol or water) as
the reaction medium, to find efficient (high yield and selectivity)
and eco-friendly conditions for these transformations. The
results of the optimization study are summarized in Table 1.
Under atmospheric or high-pressure conditions, the cycload-

ditions of 5a with 6x,y were always totally regioselective.
Hovewer, this regiochemical behavior is typical of 1-substituted
1,3-butadienes and can be explained on the basis of frontier
molecular orbital teory9h

Under atmospheric pressure (10�3 kbar), heating at reflux
temperature 3-methyl-1-(20-methoxyphenyl)buta-1,3-diene 5a
with methyl vinyl ketone 6x in toluene or ethanol solution led
to 3:1 and 4:1 mixtures of the endo-cycloadduct 7ax and exo-
cycloadduct 8ax, respectively, in low isolated yields (47% and
48%, respectively) (Table 1, entries 1 and 2). Cycloaddition
reactions at ambient pressure in ethanol or water gave good
yields (75% and 80%, respectively) when the reaction tempera-
tures were lowered to 22 and 50 �C, respectively, although
the prevalences of endo-adduct 7ax (endo/exo 4:1 and 3:1,

respectively) was still not satisfactory (Table 1, entries 3 and
4). Similarly, methyl acrylate (6y) reacted with 5a at normal
pressure in ethanol or water as the reaction medium to provide a
4:1 mixture of the endo/exo-cycloadducts 7ay and 8ay in
moderate yields (55% and 45%, respectively) (Table 1, entries
12 and 13). Considering that enhanced endo-diastereoselectivity
and higher yields of the Diels�Alder reactions are generally
achieved using Lewis acid catalysis and/or high pressure,9 we
studied the cycloaddition of 5a with 6x under Lewis acid
catalysis and high-pressure conditions. However, the reaction
of 5a with 6x in the presence of HfCl4 3 2THF at ambient
pressure and temperature led again to a 4:1 mixture of endo/
exo-cycloadducts 7ax and 8ax in moderate yield (55%), al-
though with a reduced reaction time (Table 1, entry 5). Instead,
when using hyperbaric conditions (9 kbar pressure) and
ethanol as the reaction medium, remarkably superior endo-
diastereoselectivity (7ax/8ax, 9:1) and good yield (92%) were
finally obtained in a reduced reaction time (16 h) and at room
temperature (Table 1, entry 6).
To further improve both the yield and the endo-diastereos-

electivity, we investigated the solvent effect at 9 kbar pressure.
Changing the solvent from methylene chloride, known to be the
best solvent in high-pressure experiments mainly because of its
low freezing point, to water, ethanol/water mixtures, and per-
fluorohexane, known to have solvophobic effects,13 did not
improve either the yield or the endo-distereoselectivity of this
Diels�Alder reaction (Table 1, entries 7�11). In the case of the
cycloaddition of 5a with methyl acrylate (6y), analogous to the
above reports for 6x, hyperbaric conditions (9 kbar) and use of
ethanol as the reaction medium provided the best yield (92%)
and endo-diastereoselectivity (7ay/8ay, 9:1).

Table 1. Diels�Alder Reactions of (E)-3-Methyl-1-(20-methoxyphenyl)buta-1,3-diene (5a) with Methyl Vinyl Ketone (6x) and
Methyl Acrylate (6y) under Atmospheric and High-Pressure Conditions

entry dienophilea mediumb t (h) P (kbar) T (�C) productsd yielde (%)

1 6x PhMe 18 10�3 reflux 7ax/8ax (3:1) 47

2 6x EtOH 21 10�3 reflux 7ax/8ax (4:1) 48

3 6x EtOH 76 10�3 22 7ax/8ax (4:1) 75, 60f

4 6x H2O 44 10�3 50 7ax/8ax (3:1) 80, 58f

5 6x CH2Cl2 3 10�3c 22 7ax/8ax (4:1) 55

6 6x EtOH 16 9 22 7ax/8ax (9:1) 92, 80f

7 6x CH2Cl2 14 9 22 7ax/8ax (5:1) 73, 58f

8 6x CF3(CF2)4CF3 6 9 22 7ax/8ax (4:1) 41

9 6x H2O 14 9 22 7ax/8ax (4:1) 23

10 6x H2O/EtOH (1:1) 14 9 22 7ax/8ax (5.7:1) 25

11 6x H2O/EtOH (3:1) 14 9 22 7ax/8ax (7.3:1) 30

12 6y EtOH 23 10�3 80 7ay/8ay (4:1) 55

13 6y H2O 50 10�3 50 7ay/8ay (4:1) 45

14 6y CH2Cl2 14 9 22 7ay/8ay (5.7:1) 46

15 6y EtOH 16 9 22 7ay/8ay (9:1) 92, 81f

aTwo equivalents of dienophile were used. bDiene concentration = 0.1 M. c 10 mol % of HfCl4 3THF was used. d cis:trans diastereoisomeric ratio was
determined by GC and 1H NMR analyses. eCombined isolated yields of distereoisomers 7 and 8. fYield of purified cycloadduct 7.
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The study was then extended to the Diels�Alder reactions of
other 3-methyl-1-(alkoxy/alyl-substituted phenyl)buta-1,3-
dienes 5b�d with dienophiles 6x,y to determine the flexibility
of this approach for the selective construction of the Δ9-cis- and
Δ9-trans-THC skeleton. The alkoxy group in the 20-position of
arylbutadienes 5 is essential for pyran ring formation of the
THCs family (see Scheme 1), whereas those in the 40-position
and 60-position are useful for access to various desoxy-cannabi-
noids derivatives and to the characteristic 1-hydroxy group of
natural cannabinoids, respectively (Figure 1). Results of the
optimized thermal and high-pressure reaction conditions are
reported in Table 2.
As with 5a, the cycloadditions of 5b�d with both dienophiles

6x,y carried out under normal or high-pressure conditions were
always totally regioselective. (Table 2).
Under atmospheric conditions, the Diels�Alder reactions of

5b�d with 6x in ethanol and water at 80 and 50 �C respectively,
led to the isolation of the expected distereomeric cycloadducts in
moderate yields (45�72%) as mixtures of the endo/exo diaster-
eoisomers 7bx�dx and 8bx�dx in ratios of 2.5:1 to 4:1 (Table 2,
entries 1, 2, 7, 8, 13, and 14). The thermal reactions of 5dwith 6x
in ethanolic medium were also studied using 3 or 5 equiv of 6x
and at various reaction temperatures (22, 50, and 65 �C),
although neither an increase in yield nor of endo-diastereoselec-
tivity were ever observed. Unexpectedly, the higher electron-
donating character of the phenyl moiety of dienes 5b�d when

compared to 5a did not translate into higher isolated yields,
presumably because of steric hindrance.
With methyl acrylate (6y), the thermal cycloadditions of

5b�d occurred in aqueous medium with comparable yields
(55�67%) although over longer reaction times (37�120 h),
with respect to 6x (Table 2, entries 5, 11 and 18), whereas in
ethanol as reaction medium, the same cycloadditions generally
gave lower yields (43�48%) (Table 2, entries 4, 10 and 17).
Comparison across the data reported in Table 2 indicates that

once again high pressure was the most efficient and eco-friendly
method of activation,9g as this allowed the reactions to proceed
with better yields and selectivities under much milder reaction
conditions in a green reactionmedium and without the use of any
metallic catalyst. Thus, under 9 kbar pressure (in the highest
yielding cases), dienes 5b�d reacted in a highly endo-stereo-
selective fashion with 6x in ethanolic solution at room tempera-
ture to give in high yield (88�92%) mixtures of the correspond-
ing endo/exo cycloadducts 7bx/8bx, 7cx/8cx and 7dx/8dx
(Figure 2), in the ratios 6:1, 5.5:1 and 6:1, respectively (Table 2,
entries 3, 9, and 16). Separation by chromatography on silica gel
led the pure endo-cycloadducts 7bx, 7cx, and 7dx in 74%, 70% ,
and 72% yields, respectively. With methyl acrylate (6y), under
identical conditions, the cycloadditions of 5b�d again gave good
isolated yields of the diastereomeric cycloadducts (80�88%),
although they were slightly less endo-diastereoselective, produ-
cing mixtures of endo/exo cycloadducts 7by/8by, 7cy/8cy, and

Table 2. Diels�Alder Reactions of 3-Methyl-1-(alkoxy/alkyl-substituted phenyl)buta-1,3-dienes (5b�d) with But-3-en-2-one
(6x) and Methyl Acrylate (6y) under Atmospheric and High-Pressure Conditions

entry dienea dienophileb medium t (h) P (kbar) T (�C) productsc yieldd (%)

1 5b 6x EtOH 20 10�3 80 7bx/8bx (2.5:1) 60

2 5b 6x H2O 21 10�3 50 7bx/8bx (4:1) 57

3 5b 6x EtOH 24 9 21 7bx/8bx (6:1) 88, 74e

4 5b 6y EtOH 28 10�3 80 7by/8by (2.7:1) 45

5 5b 6y H2O 37 10�3 50 7by/8by (3:1) 55

6 5b 6y EtOH 24 9 21 7by/8by (5.3:1) 85, 68e

7 5c 6x EtOH 16 10�3 80 7cx/8cx (2.7:1) 72, 48e

8 5c 6x H2O 46 10�3 50 7cx/8cx (2.6:1) 62

9 5c 6x EtOH 18 9 21 7cx/8cx (5.5:1) 90, 70e

10 5c 6y EtOH 20 10�3 80 7cy/8cy (3:1) 43

11 5c 6y H2O 120 10�3 50 7cy/8cy (2.5:1) 65

12 5c 6y EtOH 18 9 21 7cy/8cy (5:1) 80, 65e

13 5d 6x EtOH 24 10�3 80 7dx/8dx (3.3:1) 69

14 5d 6x H2O 46 10�3 50 7dx/8dx (2.8:1) 45

15 5d 6x H2O 22 10�3 80 7dx/8dx (2.7:1) 67

16 5d 6x EtOH 36 9 21 7dx/8dx (6:1) 92, 72e

17 5d 6y EtOH 24 10�3 80 7dy/8dy (2.8:1) 48

18 5d 6y H2O 120 10�3 50 7dy/8dy (2.4:1) 67

19 5d 6y EtOH 36 9 21 7dy/8dy (4.7:1) 83, 65e

aDiene concentration, 0.1 M. bTwo equivalents of dienophile were used. cThe cis-trans diastereoisomeric ratio was determined by GC and 1H NMR
analyses. dCombined isolated yields of distereoisomers 7 and 8. eYield of purified cycloadduct 7
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7dy/8dy (Figure 2) in the ratios of 5.3:1, 5:1, and 4.7:1,
respectively (Table 2, entries 6, 12, and 19). However, the good
endo-diastereoselectivity allowed the isolation in pure forms of
the cycloadducts 7by, 7cy, and 7dy in 65�68% yields, by column
chromatography on silica gel.
Application to the Synthesis of the Δ9-cis- and Δ9-trans-

THCs. With a large number of the cis-methoxy-substituted
cyclohexenyl-benzenes 7 on hand, it appeared useful to investi-
gate their stabilities with respect to the cis-trans isomerization, to
acquire a body of thermodynamic data of possible use to also
access the Δ9-trans-THCs family.
Equilibria of the endo/exo cycloadducts 7/8 epimers were

established in methanolic sodium methoxide, and the optimal
results are given in Table 3. Inspection of the equilibrium data
reveals that the trans-epimers 8 with an pseudo equatorial C(2)-
aryl group are more stable than the cis-isomers 7 with a pseudo
axial C(2)-aryl group (Figure 3).
We then turned our attention to the synthesis of Δ9-cis-THC

(1) and Δ9-trans-THC (2). Thus, starting from pure endo-
cycloadduct 7dx, methylation with CH3MgBr in toluene at

60 �C resulted in the formation of the corresponding tertiary
alcohol 11 (95% yield), which was subjected to monodemethyla-
tion with NaSMe in DMF,1e,14 to give diol 12 in an 85% yield
(Scheme 3). Our efforts were next directed toward forming the
pyran ring for the construction of Δ9-cis-THC (1). However, all
of our attempts to achieve cyclyzation of 12 under the standard
conditions (ZnBr2, MgSO4)

1e,7j,7m,8c used previously for the
trans-THCs were unsuccessful. Formation of the desired, cy-
clyzed ether 13was achieved in a 65% isolated yield by heating 12
in benzene at 75 �C for 0.5 h in the presence of a catalytic amount
of TsOH.15 Next, according to the literature data,1e,7m the
remaining methoxy group on 13 was removed with NaSMe
(10 equiv) in DMF at 140 �C, to provideΔ9-cis-THC7a,d,g (1) in
70% yield (Scheme 3). The Δ9-cis-THC (1) hed been formed
previously in low yields as a byproduct in some syntheses of the
trans-isomer 2.7a,d,g

The synthesis of Δ9-trans-THC (2) from ester 8dy has been
reported in literature7m (Scheme 3). Alternatively, we synthe-
sizedΔ9-trans-THC (2) from pure ketone 8dx through methyla-
tion and subsequent monodeprotection to known diol 14,7j,m,8d

which was then converted into 2 by pyran ring formation and
demethylation, according to the literature data7j,m (Scheme 3).
Synthesis of (R,R)-(�)- and (S,S)-(þ)-Δ9-THCs (2).With the

rapid and efficient entry into racemic Δ9-trans-THC (2) via this
high-pressure Diels�Alder approach, we wanted to explore the
feasibility of obtaining enantiomerically enriched 2 using SAMP
(15) as the reagent for resolution of the cycloadduct 8dx, which
we previously used successfully for resolution of Δ8-trans-THC
(4).1e Thus, when the acetyl derivative 8dx was treated with
commercially available SAMP (15) a mixture of the two diaster-
eoisomeric SAMP-hydrazones 16 were obtained. The mixture
was chromatographed over silica gel, eluting with 95:5 petroleum
ether/Et2O to give diastereomerically pure (S,R,R)-(þ)-16 [R]D
=þ54 (c 1.57, CHCl3) and (S,S,S)-(þ)-16 [R]D =þ156 (c 1.25,
CHCl3) in 37% and 40% yields, respectively. Upon hydrolysis of
the corresponding SAMP-hydrazones 16 with oxalic acid,1e en-
antiomerically pure (R,R)-(�)-8dx [R]D = �98 (c 2.28, CHCl3)
and (S,S)-(þ)-8dx [R]D = þ101 (c 1.68, CHCl3) were obtained
in 75% and 65% yield, respectively. It should be noted that the
SAMP (15) was recovered in a 64% yield. Confirmation that no
racemization had occurred under the reaction conditions was
achieved by reamination of (R,R)-(�)-8dx with (S)-(�)-SAMP
15 to provide (S,R,R)-(þ)-16 as a single diastereomer (75%).

Figure 2. Diels�Alder cycloadducts.

Table 3. EquilibriumConstants for the cis-trans Isomerism of
Cycloadducts 7 and 8

cycloadduct pairsa t (h) T (�C) yield (%) Kb

7ax-8ax 24 22 79 99

7ay-8ay 20 50 85 19

7bx-8bx 24 22 78 19

7by-8by 96 50 75 9

7cx-8cx 27 22 73 19

7cy-8cy 72 50 76 6

7dx-8dx 22 22 95 33

7dy-8dy7m 72 65 91 33
aConcentration of cycloadducts 7, 0.18 M. b K, trans-cycloadduct 8/cis-
cycloadduct 7 ratio. Based on GC analysis.
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With the same sequence established for the synthesis of racemic
Δ9-trans-THC (2), the (R,R)-(�)-2 [R]D = �148 (c 0.35,
CHCl3) (lit.

7m [R]D = �152 (c 0.46, CHCl3)) and (S,S)-(þ)-
Δ9-THC 2 [R]D = þ143 (c 0.39, CHCl3) (lit.

8c [R]D = þ141 (c
0.55, CHCl3)) were prepared from (R,R)-(�)-8dx and (S,S)-(þ)-
8dx, respectively, through the key intermediate diols (R,R)-(�)-14
[R]D =�48 (c 1.45, CHCl3) (lit.

7m [R]D =�52 (c 0.79, CHCl3))
and (S,S)-(þ)-14 ([R]D = þ46 (c 0.92, CHCl3)) (Scheme 4).
Structural Analysis. The structures of all of the compounds

were inferred from the analysis of their 1H NMR and 13C NMR
spectra. The pertinent data are given in the Experimental Section.
The (E)-configuration of the carbon�carbon double bond for all
of the 1-aryl-1,3-butadienes 5was confirmed from the 16.4�16.6
Hz coupling constant values measured for 3J1,2. The regiochem-
istry of the methyl group and the cis/trans stereochemical
assignment of all cycloadducts were based mainly on 2D-COSY,
NOESY, and HMQC experiments performed on 7cx, 7dx, 8cx,
and 8dx (Figure 3). Inspection of the 1H�1H and 1H�13C
connectivities of compounds 7cx, 7dx, 8cx, and 8dx, together
with their NOESY correlation peaks between H-2, H-3, and

4-Me protons for these compounds, revealed the regiochemistry
of the methyl group at C-4. Furthermore, the presence of a
NOESY correlation peak was observed between H-1, H-2, and
H-6β and between H-2, H-3, and the 60-OMe protons for
cycloadducts 7cx and 7dx (Figure 3a), thus revealing the cis-
relationship of H-1 and H-2 for 7cx and 7dx (Figure 3a).
However, the trans-relationship of H-1 and H-2 for adducts
8cx and 8dx followed from the NOESY correlation peaks
observed between H-2, H-3, and H-6β and between H-1,
H-5R, and H-6R, together with the absence of a correlation
peak betweenH-1 andH-2 (Figure 3b). Support for the structure
depicted in Figure 3a for all of the cis-adducts 7 was given by the
large similarities in the proton and carbon shifts of the compar-
able sites of these adducts with 7cx and 7dx. Similarly, the
structure for all of the trans-adducts 8 (Figure 3b) was given from
the similarity of the proton and carbon shifts of comparable sites
of these adducts with 8cx and 8dx. Finally, confirmation of the
structures assigned to adducts 7 and 8 followed also from the
conversion of 7dx and 8dx into the known Δ9-cis-THC (1) and
Δ9-trans-THC (2), respectively.

Figure 3. Structures assigned to (a) cycloadducts 7cx (R =H, R1 = CH3) and 7dx (R = C5H11, R1 = CH3) and (b) cycloadducts 8cx (R =H, R1 = CH3)
and 8dx (R = C5H11, R1 = CH3). Arrows indicate the observed 2D-NOESY correlations.

Scheme 3. Racemic Synthesis of Δ9-cis-THC 1 and Δ9-trans-THC 2
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’CONCLUSIONS

A novel high-yielding route to the Δ9-cis- and Δ9-transTHC
families via Diels�Alder reactions of substituted 1-aryl-3-methyl-
1,3-butadienes 5 with methyl vinyl ketone (6x) and methyl
acrylate (6y) was developed. Hyperbaric activation of the
cycloaddition reactions allowed the corresponding cycloadducts
to be prepared in excellent yields and with high endo-diastereos-
electivity, under mild reaction conditions and without any metal
catalyst. Along with the use of a green ethanolic medium, this
makes this approach to the 6a,7,8,10a-tetrahydro-6H-benzo-
[c]chromene motif (i.e., Δ9-cis- and Δ9-trans-THC) chemically
efficient and environmentally compatible. The power of this
approach lies in the ability of the high pressure to activate
efficiently and endo-diastereoselectively the Diels�Alder reac-
tions allowing access to cis-cyclohexenyl-benzene cycloadducts 7
and their trans-epimers 8 by base-catalyzed equilibration. These
are useful precursors for the synthesis of broadly substituted cis-
and trans-6a,7,8,10a-tetrahydro-6H-benzo[c]chromenes-based
privileged structures (i.e., the Δ9-THC family) for use in
bioassays and SAR studies. Application to the synthesis of Δ9-
cis-THC 1 was accomplished from selected Diels�Alder endo-
cycloadduct 7dx by Grignard addition, demethylation, and pyran
ring formation, while access to Δ9-trans-THC 2 has been
achieved with the same sequence, through the prior conversion
of the endo-adduct 7dx into the epimer exo-adduct 8dx in
methanolic sodium methoxide. Finally, easy and efficient resolu-
tion of cycloadduct 8dx by the SAMP-hydrazone method
provided the rapid synthesis of Δ9-trans-THC 2 in both en-
antiomeric pure forms.

’EXPERIMENTAL SECTION

GeneralMethods.NMR spectra were recorded at 400 or 200MHz
for proton and 100.6 or 50.3 MHz for carbon nuclei. GC�MS analyses
were carried out by using a 70 eV electron energy EI. GC analyses were
performed with an SPB-5 fused silica capillary column (30 m, 0.25 mm
diameter) on an “on column” injector system and FID detector with
hydrogen as the carrier gas. IR spectra were recorded with a FT-IR
instrument, using CHCl3 as solvent. Melting points are uncorrected.

Hyperbaric experiments were conducted on a Unipress LV30/16
apparatus. The aryl buta-1,3-dienes 5a,16 5c,16c and 5d8a,16c are known
in the literature. The synthesis of aryl buta-1,3-dienes 5a�d was carried
out according a previous procedre11 by Wittig reaction of the corre-
sponding (E)-benzylideneacetones 10 (Scheme 2). Benzylideneace-
tones 10 were prepared by aldol condensation of benzaldehydes 9 and
acetone, as previously reported by us.1e Dienophiles 2 were purchased
and used without further purification. The products were purified by
column chromatography carried out on silica gel (230�400 mesh),
using petroleum ether/ethyl acetate or petroleum ether/diethyl ether
mixtures as eluent

The complete NMR structure assignments for all the new com-
pounds were based on the relevant JH,H coupling constant values and on
COSY, NOESY, and HETCOR experiments.
20,40-Dimethoxy-1-((E)-3-methylbuta-1,3-dienyl)benzene

(5b). Oil; IR (CHCl3) 3026, 3013, 2945, 2843, 1606, 1505 cm�1; 1H
NMR (400 MHz; C6D6) δ 2.03 (s, 3H, CH3), 3.36 (s, 3H, OCH3),
3.45 (s, 3H, OCH3), 5.09 (s, 1H, H-4), 5.21 (s, 1H, H-4), 6.47 (s, 1H,
H-30), 6.48 (d, 1H, J = 8.7 Hz, H-50), 7.08 (d, 1H, J = 16.3 Hz, H-1), 7.29
(d, 1H, J = 16.3 Hz, H-2), 7.53 (d, 1H, J = 8.7 Hz, H-60); 13C NMR (400
MHz; CDCl3) δ 18.7, 55.3, 55.4, 98.4, 104.9, 115.7, 119.5, 123.0, 127.0,
130.1, 142.8, 157.8, 160.3;MSm/e (rel intensity) 77 (21), 101 (21), 115
(36), 128 (29), 129 (26), 158 (81), 159 (27), 172 (23), 173 (53), 174
(54), 18 (45), 189 (100), 190 (27), 204 (Mþ, 100). Anal. Calcd for
C13H16O2: C, 76.44; H, 7.90. Found: C, 76.34; H, 7.84.
20,60-Dimethoxy-1-((E)-3-methylbuta-1,3-dienyl)benzene

(5c)16c. White solid, mp 38�39 �C (n-hexane); IR (CHCl3) 3013,
2954, 2840, 1584, 1473 cm�1; 1H NMR (400 MHz; CDCl3) δ 1.89 (s,
3H, CH3), 3.73 (s, 6H, OCH3, OCH3), 4.92 (s, 1H, H-4), 4.97 (s,
1H, H-4), 6.44 (d, 2H, J = 8.3 Hz, H-30, H-50), 6.76 (d, 1H, J = 16.5 Hz,
H-1), 7.01 (t, 1H, J = 8.3 Hz, H-40), 7.22 (d, 1H, J = 16.5 Hz, H-2); 13C
NMR (400 MHz; CDCl3) δ 18.3, 55.6 (2C), 103.9 (2C), 114.7, 116.2,
119.7, 127.8, 135.4, 143.6, 158.4 (2C); MS m/e (rel intensity) 77 (11),
91 (19), 115 (21), 128 (16), 129 (13), 141 (15), 158 (100), 159 (20),
173 (100), 174 (30), 189 (28), 204 (Mþ, 100). Anal. Calcd for
C13H16O2: C, 76.44; H, 7.90. Found: C, 76.56; H, 7.83.
20,6-Dimethoxy-1-((E)-3-methylbuta-1,3-dienyl)-40-pentyl-

benzene (5d)8a,16c. Oil; IR (CHCl3) 2988, 2935, 2859, 1569,
1458 cm�1; 1H NMR (400 MHz; CDCl3) δ 0.95 (t, 3H, J = 6.8 Hz,
CH3), 1.29�1.42 (m, 4H, CH2CH2), 1.62�1.70 (m, 2H, CH2), 2.04
(s, 3H, CH3), 2.60 (t, 2H, J = 7.8 Hz, CH2), 3.85 (s, 6H, OCH3), 5.04 (s,

Scheme 4. Resolution of Racemic 8dx via SAMP-Derivatization and Synthesis of (R,R)-(�)- and (S,S)-(þ)-Δ9-THCs 2
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1H, H-4), 5.10 (s, 1H, H-4), 6.41 (s, 2H, H-30, H-50), 6.91 (d, 1H, J =
16.5 Hz, H-1), 7.36 (d, 1H, J = 16.5 Hz, H-2); 13C NMR (400 MHz;
CDCl3) δ 13.9, 18.2, 22.3, 30.1, 30.9, 36.5, 55.4 (2C), 104.0 (2C), 111.5,
115.1, 119.9, 128.1, 134.0, 143.5, 143.6, 158.3; MSm/e (rel intensity) 43
(13), 158 (26), 171 (11), 172 (11), 173 (66), 174 (12), 243 (49), 259
(12), 274 (Mþ, 100). Anal. Calcd for C18H26O2: C, 78.79; H, 9.55.
Found: C, 78.71; H, 9.48.
General Procedure for the Diels�Alder Reaction of 1-Ar-

ylbuta-1,3-dienes (5a�d) with Methyl Vinyl Ketone (6x) and
Methyl Acrylate (6y). The cycloaddition reactions of 1-arylbuta-
dienes 5 with dienophiles 6 were accomplished (A) at normal pressure-
(10�3 kbar) and (B) under 9 kbar pressure conditions. The details are
given in Tables 1 and 2.
Condition (A). Dienophile 6 (3 mmol) and a few crystals of

hydroquinone were added to a solution of arylbutadiene 5 (1.5 mmol)
in 15 mL of the solvent and the resulting mixture was poured into an oil
bath under magnetic stirring at the indicated reaction temperature and
for the indicated reaction time. The cooledmixture was then poured into
saturated brine (15 mL) and extracted twice with diethyl ether. The
dried extract (Na2SO4) was evaporated under vacuum and chromato-
graphed over silica gel. Elution with 10% to 25% mixtures of diethyl
ether/petroleum ether gave the pure cycloadducts 7.
Condition (B). A solution of arylbutadiene 5 (1.5 mmol) in 10 mL

of solvent was placed in a 15 mL Teflon vial. Dienophile 6 (3 mmol) and
a few crystals of hydroquinone were then added, and the vial was filled
with the solvent. The vial was closed and kept at 9 kbar at the indicated
temperature for the appropriate time. After depressurizing, the mixture
was worked up and purified as above, giving the pure cycloadducts 7.
rel-1-((1S,2R)-2-(20-Methoxyphenyl)-4-methylcyclohex-3-

enyl)ethanone (7ax). White solid, mp 72�73 �C (n-hexane); IR
(CHCl3) 1705 (CdO) cm�1; 1H NMR (400 MHz; CDCl3) δ 1.42
(ddd, 1H, J = 13.6, 6.4, 2.7 Hz, H-6β), 1.63 (s, 3H, CH3), 1.66 (m, 1H,
J = 13.4, 11.9 Hz, H-6R), 1.85�1.92 (m, 1H, H-5β), 1.97 (dd, 1H, J =
17.5, 6.4 Hz, H-5R), 1.88 (s, 3H, CH3CdO), 2.82 (ddd, 1H, J = 11.9,
5.4, 2.7 Hz, H-1), 3.58 (s, 3H, OCH3), 4.16 (s broad,1H, H-2), 5.26 (d
broad, 1H, H-3), 6.62 (d, 1H, J = 8.0 Hz, H-30), 6.74 (t, 1H, J = 7.5 Hz,
H-50), 7.01 (m, 2H, H-40, H-60); 13C NMR (400 MHz; CDCl3) δ 14.0,
19.8, 23.4, 29.5, 29.7, 34.8, 51.3, 54.5, 109.6, 119.9, 122.8, 127.7, 128.6,
130.7, 134.9,156.7, 210.7; MS m/e (rel intensity) 43 (57), 77 (26), 91
(36), 95 (34), 107 (100), 115 (22), 137 (78), 145 (37), 147 (67), 201
(46), 211 (99), 226 (35), 244 (Mþ, 70). Anal. Calcd for C16H20O2: C,
78.65; H, 8.25. Found: C, 78.56; H, 8.23.
rel-(1S,2R)-Methyl 2-(20-Methoxyphenyl)-4-methylcyclo-

hex-3-enecarboxylate (7ay). White solid, mp 51�52 �C (n-
hexane); IR (CHCl3) 1731 (CdO) cm�1; 1H NMR (400 MHz;
CDCl3) δ 1.57 (ddd, 1H, J = 15.1, 6.5, 3.1 Hz, H-6β), 1.62 (s, 3H,
CH3), 1.75 (ddd, 1H, J = 13.5, 11.0, 6.0Hz, H-6R), 1.90 (m, 1H, J= 16.7,
8.4 Hz, H-5β), 2.01 (dt broad, 1H, J = 17.0 Hz H-5R), 2.78 (m, 1H, J =
11.0, 5.8, 3.1 Hz, H-1), 3.26 (s, 3H, CH3OCdO), 3.63 (s, 3H, OCH3),
4.10 (s, 1H, H-2), 5.23 (s broad, 1H, H-3), 6.64 (d, 1H, J = 8.1 Hz, H-30),
6.73 (t, 1H, J = 7.5 Hz, H-50), 6.98�7.05 (m, 2H, H-40, H-60); 13C NMR
(400 MHz; CDCl3) δ 21.3, 23.6, 28.9, 35.0, 43.5, 50.8, 55.2, 109.6,
119.8, 122.6, 127.6, 129.4, 130.4, 134.8, 157.2, 174.8; MS m/e (rel
intensity) 91 (25), 93 (17), 115 (18), 121 (34), 128 (17), 143 (20), 144
(20), 152 (33), 159 (75), 169 (13), 173 (20), 174 (21), 185 (34), 200
(100), 201 (32), 260 (Mþ, 27). Anal. Calcd for C16H20O3: C, 73.82; H,
7.74. Found: C, 73.65; H, 7.80.
rel-1-((1S,2R)-2-(20,40-Dimethoxyphenyl)-4-methylcyclo-

hex-3-enyl)ethanone (7bx). Oil; IR (CHCl3) 1705 (CdO) cm�1;
1H NMR (400 MHz; CDCl3) δ 1.47 (m, 1H, J = 13.7, 6.4, 3.2 Hz,
H-6β), 1.67 (s, 3H, CH3), 1.68 (ddd, 1H, J = 10.8, 6.4, 2.7 Hz, H-6R),
1.88�2.00 (d broad, 1H, H-5β), 1.94 (s, 3H, CH3CdO), 2.02 (dd
broad 1H, J = 16.4, 6.4 Hz, H-5R), 2.83 (ddd, 1H, J = 12.3, 5.4, 2.6 Hz,
H-1), 3.62 (s, 3H, OCH3), 3.67 (s, 3H, OCH3), 4.12 (s broad, 1H,

H-2), 5.29 (s broad, 1H, H-3), 6.27 (s, 1H, H-30), 6.32 (d, 1H, J = 8.4Hz,
H-50), 6.93 (d, 1H, J = 8.4 Hz, H-60); 13C NMR (400 MHz; CDCl3) δ
19.7, 23.5, 29.6, 29.8, 34.5, 51.6, 54.6, 55.2, 97.8, 103.5, 121.0, 123.1,
131.2, 134.7, 157.6, 159.5, 211.0; MS m/e (rel intensity) 43 (27), 77
(15), 91 (16), 115 (16), 121 (20), 138 (68), 151 (96), 158 (21), 173
(33), 174 (19), 189 (100), 190 (25), 203 (100), 204 (79), 231 (58), 274
(Mþ, 49). Anal. Calcd for C17H22O3: C, 74.42; H, 8.08. Found: C,
74.50; H, 8.10.
rel-(1S,2R)-Methyl 2-(20,40-Dimethoxyphenyl)-4-methyl-

cyclohex-3-enecarboxylate (7by). White solid, mp 107�108 �C
(n-hexane); IR (CHCl3) 1731 (CdO) cm�1; 1H NMR (400 MHz;
CDCl3) δ 1.61 (m, 1H, J = 13.6, 6.2, 3.2 Hz, H-6β), 1.68 (s, 3H, CH3),
1.78 (m, 1H, H-6R), 1.95 (m, 1H, H-5β), 2.05 (dd broad, 1H, J = 17.5
Hz H-5R), 2.79 (ddd, 1H, J = 11.3, 5.7, 3.0 Hz, H-1), 3.36 (s, 3H,
CH3OCdO), 3.66 (s, 3H, OCH3), 3.69 (s, 3H, OCH3), 4.08 (s broad,
1H, H-2), 5.27 (s broad, 1H,H-3), 6.29 (s, 1H,H-30), 6.33 (d, 1H, J = 8.4
Hz, H-50), 6.95 (d, 1H, J = 8.4 Hz, H-60); 13C NMR (400MHz; CDCl3)
δ 21.0, 23.6, 29.0, 34.5, 43.6, 50.9, 55.1, 55.2, 97.8, 103.3, 121.6, 122.9,
130.9, 134.5, 158.1, 159.4, 174.9; MS m/e (rel intensity) 115 (11), 138
(62), 151 (14), 158 (11), 165 (18), 173 (19), 189 (100), 190 (13), 203
(65), 204 (47), 215 (15), 230 (43), 290 (Mþ, 32). Anal. Calcd for
C17H22O4: C, 70.32; H, 7.64. Found: C, 70.40; H, 7.69.
rel-1-((1S,2R)-2-(20,60-Dimethoxyphenyl)-4-methylcyclo-

hex-3-enyl)ethanone (7cx). Oil; IR (CHCl3) 1702 (CdO) cm�1;
1H NMR (400 MHz; CDCl3) δ 1.54 (s, 3H, CH3), 1.56 (m, 1H, J = 6.8,
3.6 Hz, H-6β), 1.70 (s, 3H, CH3CdO), 1.84 (m, 1H, H-5R), 1.98 (dd
broad, 1H, H-5β), 2.09 (m, 1H, J = 11.7, 5.9, 3.3 Hz, H-6R), 2.78 (ddd,
1H, J = 11.3, 7.7, 3.6 Hz, H-1), 3.56 (s, 6H, OCH3, OCH3), 4.39 (d
broad, 1H, H-2), 5.14 (s, 1H, H-3), 6.33 (d, 2H, J = 8.3 Hz, H-30, H-50),
6.95 (t, 1H, J = 8.3 Hz, H-40); 13C NMR (400 MHz; CDCl3) δ 21.8 (C-
6), 23.8 (4-CH3), 29.0 (C-5), 29.1 (CH3CdO), 32.0 (C-2), 51.4 (C-1),
55.5 (20-OCH3, 60-OCH3), 104.5 (C-30, C-50), 118.3 (C-10), 122.5 (C-
3), 127.9 (C-40), 132.4 (C-4), 158.8 (C-20, C-60), 211.0 (CdO);MSm/
e (rel intensity) 43 (19), 91 (25), 138 (100), 139 (20), 151 (100), 152
(20), 158 (28), 173 (82), 204 (27), 231 (35), 274 (Mþ, 10). Anal. Calcd
for C17H22O3: C, 74.42; H, 8.08. Found: C, 74.35; H, 8.12.
rel-(1S,2R)-Methyl 2-(20,60-Dimethoxyphenyl)-4-methyl-

cyclohex-3-enecarboxylate (7cy). Oil; IR (CHCl3) 1727
(CdO) cm�1; 1H NMR (400 MHz; CDCl3) δ 1.62 (s, 3H, CH3),
1.73 (m, 1H, J = 10.4, 7.9, 4.1 Hz, H-6β), 1.91 (m, 1H, H-5R),
2.12�2.22 (m, 2H, H-6R, H-5β), 2.80 (m, 1H, J = 11.4, 7.5, 3.6 Hz,
H-1), 3.23 (s, 3H, CH3OCdO), 3.64 (s, 6H, OCH3, OCH3), 4.35 (s
broad, 1H, H-2), 5.24 (s broad, 1H, H-3), 6.41 (d, 2H, J = 8.2 Hz, H-30,
H-50), 7.03 (t, 1H, J = 8.3 Hz, H-40); 13C NMR (400 MHz; CDCl3) δ
23.0, 23.8, 28.4, 32.7, 42.8, 50.6, 55.7 (2C), 104.3 (2C), 118.8, 122.6,
127.6, 131.6, 159.0 (2C), 175.0; MS m/e (rel intensity) 91 (19), 115
(13), 138 (100), 139 (20), 151 (28), 158 (20), 165 (16), 173 (56), 204
(17), 215 (16), 230 (39), 290 (Mþ, 2). Anal. Calcd for C17H22O4: C,
70.32; H, 7.64. Found: C, 70.25; H, 7.71.
rel-1-((1S,2R)-2-(20,60-Dimethoxy-40-pentylphenyl)-4-methyl-

cyclohex-3-enyl)ethanone (7dx). Oil; IR (CHCl3) 1702 (CdO)
cm�1; 1H NMR (400 MHz; CDCl3) δ 0.80 (t, 3H, J = 6.9 Hz, CH3),
1.14�1.28 (m, 4H, CH2CH2), 1.45�1.53 (m, 2H, CH2), 1.60 (m, 1H,
J = 6.5, 3.3 Hz, H-6β), 1.61 (s, 3H, CH3), 1.77 (s, 3H, CH3CdO), 1.94
(m, 1H, H-5R), 2.03 (dd broad, 1H, H-5β), 2.17 (ddd, 1H, J = 10.2, 5.9,
2.6 Hz, H-6R), 2.42 (t, 2H, J = 7.9Hz, CH2), 2.82 (ddd, 1H, J = 10.9, 7.6,
3.5 Hz, H-1), 3.62 (s, 6H, OCH3, OCH3), 4.42 (s broad, 1H, H-2), 5.21
(s, 1H, H-3), 6.22 (s, 2H, H-30, H-50); 13C NMR (400 MHz; CDCl3) δ
14.0 (C-500), 21.7 (C-40 0), 22.5 (C-6), 23.8 (4-CH3), 29.0 (CH3CdO),
29.1 (C-5), 30.9 (C-20 0), 31.6 (C-30 0), 31.9 (C-2), 36.4 (C-10 0), 51.5 (C-
1), 55.5 (20-OCH3, 60-OCH3), 104.7 (C-30, C-50), 115.4 (C-10), 122.8
(C-3), 132.2 (C-40), 143.0 (C-4), 158.5 (C-20, C-60), 211.1 (CdO);MS
m/e (rel intensity) 43 (15), 152 (35), 173 (25), 208 (100), 209 (19), 221
(95), 222(15), 243 (41), 274 (54), 301 (28), 313 (15), 344 (Mþ, 5).
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Anal. Calcd for C22H32O3: C, 76.70; H, 9.36. Found: C, 76.55; H,
9.45.
rel-(1S,2R)-Methyl 2-(20,60-Dimethoxy-40-pentylphenyl)-

4-methylcyclohex-3-enecarboxylate (7dy). White solid, mp
29�30 �C (n-hexane); IR (CHCl3) 1728 (CdO) cm�1; 1H NMR
(400 MHz; CDCl3) δ 0.80 (t, 3H, J = 7.0 Hz, CH3), 1.19�1.27 (m, 4H,
CH2CH2), 1.46�1.56 (m, 2H, CH2), 1.57 (m, 1H, H-6β), 1.61 (s, 3H,
CH3), 1.71 (m, 1H, H-5R), 1.89 (m, 1H, H-5β), 2.17 (m, 1H, H-6R),
2.44 (t, 2H, J = 7.8 Hz, CH2), 2.78 (ddd, 1H, J = 11.0, 7.5, 3.6 Hz, H-1),
3.23 (s, 3H, CH3OCdO), 3.63 (s, 6H, OCH3, OCH3), 4.30 (s broad,
1H, H-2), 5.23 (s, 1H, H-3), 6.23 (s, 2H, H-30, H-50); 13C NMR (400
MHz; CDCl3) δ 14.1, 22.5, 22.9, 23.8, 28.4, 31.0, 31.6, 32.6, 36.4, 42.9,
50.6, 55.7 (2C), 104.5 (2C), 115.8, 131.5, 142.7, 158.7, 175.1; MS m/e
(rel intensity) 152 (36), 173 (23), 208 (100), 209 (23), 221 (18), 235
(16), 243 (40), 274 (46), 300 (79), 301 (18), 360 (Mþ, 4). Anal. Calcd
for C22H32O4: C, 73.30; H, 8.95. Found: C, 73.35; H, 8.89.
Epimerization of endo-Adducts 7 to exo-Adducts 8. A

solution of 0.56 mmol of endo-adduct 7 in absolute methanol (1 mL)
was added to a 1 M freshly prepared solution (2 mL) of sodium
methoxide in dry methanol under nitrogen. The mixture was stirred at
the indicated temperature for the time needed to establish equilibrium
(as monitored byGC analysis) (Table 3). Next, the reactionmixture was
quenched with dilute HCl, taken up in 25 mL of ether, and washed with
saturated aqueous NaCl. The dried extract (Na2SO4) was concentrated
under vacuum and chromatographed over silica gel. Elution with 10% to
20% diethyl ether/petroleum ether gave cycloadducts 8.
rel-1-((1R,2R)-2-(20-Methoxyphenyl)-4-methylcyclohex-3-

enyl)ethanone (8ax). Light yellow oil; IR (CHCl3) 1703 (CdO)
cm�1; 1H NMR (400 MHz; CDCl3) δ 1.57 (s, 3H, CH3), 1.62 (m, 1H,
J = 9.6, 6.0, 3.6 Hz H-6β), 1.71 (ddd, 1H, J = 13.2, 6.5, 2.0 Hz, H-6R),
1.86�1.91 (m, 2H, H-5R, H-5β), 1.91 (s, 3H, CH3CdO), 2.51 (ddd,
1H, J = 9.7, 6.7, 3.6 Hz, H-1), 3.64 (s, 3H, OCH3), 3.97 (s broad, 1H,
H-2), 5.14 (s broad, 1H, H-3), 6.68 (d, 1H, J = 8.2 Hz, H-30), 6.75 (t, 1H,
J = 7.5 Hz, H-50), 6.98�7.03 (m, 2H, H-40, H-60); 13CNMR (400MHz;
CDCl3) δ 23.4, 23.6, 28.2, 28.3, 36.1, 53.1, 55.3, 110.3, 120.4, 123.0,
127.4, 128.8, 132.7, 134.4, 156.8, 211.5; MS m/e (rel intensity) 67 (41),
77 (17), 82 (100), 91 (19), 115 (16), 118 (51), 146 (68), 147 (90), 185
(16), 228 (80), 229 (23), 244 (Mþ, 3). Anal. Calcd for C16H20O2: C,
78.65; H, 8.25. Found: C, 78.48; H, 8.19.
rel-(1R,2R)-Methyl 2-(20-Methoxyphenyl)-4-methylcyclo-

hex-3-enecarboxylate (8ay). Oil; IR (CHCl3) 1727 (CdO) cm�1;
1H NMR (400 MHz; CDCl3) δ 1.57 (s, 3H, CH3), 1.66�1.81 (m, 2H,
H-6R, H-6β), 1.83�1.94 (m, 2H, H-5R, H-5β), 2.51 (ddd, 1H, J = 10.7, 7.1,
3.6 Hz, H-1), 3.43 (s, 3H, CH3OCdO), 3.65 (s, 3H, OCH3), 4.00 (s broad,
1H,H-2), 5.13 (s broad, 1H,H-3), 6.68 (d, 1H, J=8.1Hz,H-30), 6.74 (t, 1H,
J = 7.5 Hz, H-50), 6.97�7.05 (m, 2H, H-40, H-60); 13C NMR (400 MHz;
CDCl3) δ 23.6, 24.2, 28.4, 36.9, 45.0, 51.4, 55.4, 110.4, 120.3, 123.2, 127.4,
128.8, 132.5, 134.0, 157.1, 175.8; MS m/e (rel intensity) 91 (18), 121 (22),
159 (32), 185 (31), 200 (100), 201 (23), 260 (Mþ, 14). Anal. Calcd for
C16H20O3: C, 73.82; H, 7.74. Found: C, 73.92; H, 7.69.
rel-1-((1R,2R)-2-(20,40-Dimethoxyphenyl)-4-methylcyclo-

hex-3-enyl)ethanone (8bx). Oil; IR (CHCl3) 1704 (CdO) cm�1;
1H NMR (400 MHz; CDCl3) δ 1.63 (s, 3H, CH3), 1.65�1.71 (m, 1H,
H-6β), 1.73�1.82 (m, 1H, H-6R), 1.89 (m, 2H, H-5R, H5β), 1.97 (s,
3H, CH3CdO), 2.53 (ddd broad, 1H, J = 10.4, 6.9, 3.6 Hz, H-1), 3.68 (s,
3H, OCH3), 3.69 (s, 3H, OCH3), 3.92 (s broad, 1H, H-2), 5.18 (s broad,
1H, H-3), 6.34 (s, 1H, H-30), 6.35 (d, 1H, J = 7.5 Hz, H-50), 6.94 (d, 1H,
J = 7.2 Hz, H-60); 13C NMR (400 MHz; CDCl3) δ 23.5, 23.6, 28.3, 28.4,
53.4, 55.3 (2C), 98.4, 104.0, 123.4, 125.1, 129.2, 134.1, 157.7, 159.3, 211.7;
MS m/e (rel intensity) 43 (19), 121 (20), 138 (48), 151 (72), 173 (20),
189 (100), 190 (17), 203 (63), 204 (61), 231 (68), 243 (15), 274 (Mþ,
88). Anal. Calcd forC17H22O3:C, 74.42;H, 8.08. Found: C, 74.35;H, 8.02.
rel-(1R,2R)-Methyl 2-(20,40-Dimethoxyphenyl)-4-methylcy-

clohex-3-enecarboxylate (8by). Oil; IR (CHCl3) 1727 (CdO)

cm�1; 1HNMR (400MHz; CDCl3) δ 1.56 (s, 3H, CH3), 1.66�1.78 (m,
2H, H-6R, H-6β), 1.78�1.96 (m, 2H, H-5R, H-5β), 2.46 (m, 1H, H-1),
3.43 (s, 3H, CH3OCdO), 3.62 (s, 3H,OCH3), 3.63 (s, 3H, OCH3), 3.90
(s broad, 1H,H-2), 5.12 (s, 1H, H-3), 6.27 (s broad, 2H, H-30, H-50), 6.87
(d, 1H, J= 8.9Hz,H-60); 13CNMR(400MHz;CDCl3) δ 23.6, 24.2, 28.4,
36.5, 45.2, 51.4, 55.2, 55.4, 98.4, 103.8, 115.7, 123.5, 124.9, 129.1, 133.8,
157.9, 159.3, 175.8; MS m/e (rel intensity) 77 (13), 91 (14), 115 (18),
128 (14), 138 (41), 139 (10), 151 (26), 158 (14), 165 (20), 173 (21), 174
(12), 189 (100), 190 (14), 203 (62), 204 (48), 215 (37), 230 (87), 231
(19), 290 (Mþ, 61). Anal. Calcd for C17H22O4: C, 70.32; H, 7.64. Found:
C, 70.25; H, 7.70.
rel-1-((1R,2R)-2-(20,60-Dimethoxyphenyl)-4-methylcyclo-

hex-3-enyl)ethanone (8cx). Light yellow oil; IR (CHCl3) 1702
(CdO) cm�1; 1H NMR (400 MHz; CDCl3) δ 1.51 (s, 3H, CH3), 1.65
(dd, 1H, J = 12.5, 11.0, 5.0 Hz, H-6β), 1.73 (s, 3H, CH3CdO),
1.73�1.78 (m, 1H, H-6R), 1.85 (dd broad, 1H, J = 16.9, 5.0 Hz,
H-5β), 1.95�2.03 (m, 1H, H-5R), 3.14 (ddd, 1H, J = 10.6, 9.6, 3.5 Hz,
H-1), 3.60 (s, 6H, OCH3, OCH3), 4.06 (d broad, 1H, J = 9.4 Hz, H-2),
4.99 (s, 1H, H-3), 6.36 (d, 2H, J = 8.3 Hz, H-30, H-50), 6.96 (t, 1H, J = 8.3
Hz, H-40); 13C NMR (400 MHz; CDCl3) δ 23.3 (4-CH3), 26.5 (C-6),
28.6 (CH3CdO), 29.5 (C-5), 34.7 (C-2), 50.9 (C-1), 55.9 (20-OCH3,
60-OCH3), 104.7 (C-30, C-50), 120.0 (C-10), 124.5 (C-3), 127.6 (C-40),
131.2 (C-4), 158.7 (C-20, C-60), 213.3 (CdO); MS m/e (rel intensity)
43(22), 91 (28), 121 (21), 138 (100), 151 (100), 173 (50), 231 (43),
243 (33), 274 (Mþ, 31). Anal. Calcd for C17H22O3: C, 74.42; H, 8.08.
Found: C, 74.58; H, 8.15.
rel-(1R,2R)-Methyl 2-(20,60-Dimethoxyphenyl)-4-methyl-

cyclohex-3-enecarboxylate (8cy). Oil; IR (CHCl3) 1727
(CdO) cm�1; 1H NMR (400 MHz; CDCl3) δ 1.57 (s, 3H, CH3),
1.80 (ddd, 1H, J = 12.5, 10.2, 5.2 Hz, H-6β), 1.85�1.98 (m, 1H, H-6R),
2.05�2.20 (m, 2H, H-5R, H-5β), 3.1 (ddd, 1H, J = 10.2, 9.6, 3.5 Hz,
H-1), 3.37 (s, 3H, CH3OCdO), 3.67 (s, 6H, OCH3, OCH3), 4.20
(d broad, 1H, J = 9.1 Hz, H-2), 5.06 (s, 1H, H-3), 6.43 (d, 2H, J = 8.3 Hz,
H-30, H-50), 7.03 (t, 1H, J = 8.3 Hz, H-40); 13C NMR (400 MHz;
CDCl3) δ 23.3, 27.1, 29.4, 34.9, 43.2, 51.1, 56.0 (2C), 104.7 (2C), 120.3,
124.3, 127.4, 131.1, 158.9 (2C), 176.6; MS m/e (rel intensity) 91 (15),
138 (41), 151 (33), 165 (15), 173 (33), 215 (28), 230 (100), 231 (18),
290 (Mþ, 13). Anal. Calcd for C17H22O4: C, 70.32; H, 7.64. Found: C,
70.43; H, 7.58.
rel-1-((1R,2R)-2-(20,60-Dimethoxy-40-pentylphenyl)-4-methyl-

cyclohex-3-enyl)ethanone (8dx). Oil; IR (CHCl3) 1702 (CdO)
cm�1; 1H NMR (400 MHz; CDCl3) δ 0.80 (t, 3H, J = 7.0 Hz, CH3-),
1.14�1.29 (m, 4H, CH2CH2), 1.46�1.58 (m, 2H, CH2), 1.57 (s, 3H,
CH3), 1.64�1.77 (m, 1H, H-6β), 1.77�1.85 (m, 1H, H-6R), 1.80 (s, 3H,
CH3CdO), 1.89 (dd broad, 1H, H-5β), 2.00�2.08 (m, 1H,H-5R), 2.43
(t, 2H, J = 7.7 Hz, CH2), 3.18 (ddd broad, 1H, J = 11.2, 9.7, 3.0 Hz,
H-1), 3.65 (s, 6H, OCH3, OCH3), 4.07 (d broad, 1H, H-2), 5.06 (s,
1H, H-3), 6.25 (s, 2H, H-30, H-50); 13CNMR (400MHz; CDCl3) δ 14.0
(C-50 0), 22.5 (C-400), 23.3 (4-CH3), 26.5 (C-6), 28.6 (CH3CdO), 29.5
(C-5), 31.0 (C-20 0), 31.6 (C-30 0), 34.6 (C-2), 36.4 (C-100), 51.1 (C-1),
55.9 (20-OCH3, 60-OCH3), 104.9 (C-30, C-50), 117.2 (C-10), 124.8
(C-3), 131.0 (C-40), 142.8 (C-4), 158.4 (C-20, C-60), 213.6 (CdO);
MS m/e (rel intensity) 43 (17), 152 (36), 166 (11), 173 (26), 208
(100), 209 (19), 221 (97), 222 (16), 243 (42), 274 (56), 301 (29),
344 (Mþ, 5). Anal. Calcd for C22H32O3: C, 76.70; H, 9.36. Found: C,
76.61; H, 9.30.
rel-(1R,2R)-Methyl 2-(20,60-Dimethoxy-40-pentylphenyl)-

4-methylcyclohex-3-enecarboxylate (8dy)7m. White solid, mp
89�90 �C (n-hexane); IR (CHCl3) 1736 (CdO) cm�1; 1H NMR (400
MHz; CDCl3) δ 0.90 (t, 3H, J = 7.0 Hz, CH3-), 1.26�1.39 (m, 4H,
CH2CH2), 1.52�1.64 (m, 2H, CH2), 1.63�1.73 (m, 1H, H-6 β), 1.64
(s, 3H, CH3), 1.84�1.96 (m, 2H, H-6R, H-5β), 2.05�2.13 (m, 1H,
H-5R), 2.50 (t, 2H, J = 7.9 Hz, CH2), 3.04 (ddd, 1H, J = 11.7, 10.7, 2.4
Hz, H-1), 3.22 (s, 3H, CH3OCdO), 3.60 (s, 6H, OCH3, OCH3), 4.06
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(d broad, 1H, J = 9.7 Hz, H-2), 5.08 (s, 1H, H-3), 6.30 (s, 2H, H-30,
H-50); 13C NMR (400 MHz; CDCl3) δ 14.1, 22.6, 23.4, 27.8, 29.8, 31.0,
31.8, 34.9, 36.4, 44.4, 50.6, 56.6, 106.1, 119.0, 124.9, 130.9, 142.2, 158.7,
182.4; MS m/e (rel intensity) 43 (19), 57 (19), 71 (15), 149 (83), 152
(27), 167 (37), 208 (42), 221 (49), 243 (22), 285 (27), 300 (100), 301
(35), 360 (Mþ, 41). Anal. Calcd for C22H32O4: C, 73.30; H, 8.95.
Found: C, 73.40; H, 8.81.
Procedure for Preparing Δ9-cis-THC 1. According to the

procedure described previously for the synthesis of Δ8-trans-THC,1e

to a solution of ketone 7dx (0.20 g, 0.58 mmol) in toluene (40 mL) was
slowly added a 3.0 M solution of CH3MgBr in ether (1.9 mL, 5.8 mmol)
at room temperature. Themixture was heated at 60 �C for 1.5 h and then
cooled to room temperature. The reaction was quenched with saturated
NH4Cl solution, poured into brine, and extracted with ether. The dried
extract (Na2SO4) was concentrated under vacuum and purified by flash
silica gel column chromatography (petroleum ether/diethyl ether, 4:1)
to give the alcohol 11 (0.198 g, 0.55 mmol, 95%).

Next, a mixture of alcohol 11 (0.145 g, 0.4 mmol) and NaSMe
(1.2 mmol) dissolved in DMF (4 mL) was stirred at 140 �C for 3 h. This
was then cooled to room temperature, poured into saturated aqueous
NaHCO3 and extracted twice with diethyl ether. The dried extract
(Na2SO4) was concentrated under vacuum and purified by silica gel
column chromatography (20% ethyl acetate/petroleum ether) to yield
0.118 g (85%) of pure 12. Then, a solution of 12 (0.107 g, 0.31mmol) in
benzene (30 mL) with a few crystals of TsOH (0.003 mmol, 1 mg) was
stirred at 75 �C for 0.5 h.15 After cooling to room temperature, the
mixture was poured into saturated aqueous NaHCO3 and extracted with
ethyl acetate (2 � 10 mL). The dried extract (Na2SO4) was concen-
trated under vacuum and purified by chromatography over neutral
aluminum oxide, eluting with 3% ethyl acetate/petroleum ether to give
the cyclyzed ether 13 (0.064 g, 0.195 mmol, 65%). Finally, a solution of
ether 13 (0.059 g, 0.18mmol) andNaSMe (1.8 mmol) in DMF (14mL)
was stirred at 140 �C for 14 h.1e,7m After cooling to room temperature,
the reaction mixture was quenched with saturated aqueous NaHCO3

(20 mL) and extracted with diethyl ether (2 � 20 mL). The combined
organic layers were washed with saturated aqueous NaCl, dried
(Na2SO4), and concentrated under vacuum. The residue was purified
by chromatography over silica gel, eluting with 5% ethyl acetate/
petroleum ether to yield the desidered racemic Δ9-cis-THC (1)7a,d,g

(0.039 g, 0.126 mmol, 70%).
rel-2-((1S,2R)-2-(20,60-Dimethoxy-40-pentylphenyl)-4-methyl-

cyclohex-3-enyl)propan-2-ol (11). Pale yellow oil, IR (CHCl3)
3506 (OH) cm�1; 1H NMR (400 MHz; CDCl3) δ 0.64 (s, 3H,
CH3COH), 0.89 (t, 3H, J = 6.9 Hz, CH3), 1.15 (s, 3H, CH3COH),
1.25�1.42 (m, 4H, CH2CH2), 1.52�1.66 (m, 2H, CH2), 1.68 (s, 3H,
CH3), 1.90�2.01 (m, 2H, H-6R, H-5R), 2.01�2.15 (m, 2H, H-6β,
H-5β), 2.55 (t, 2H, J = 7.8 Hz, CH2), 3.67 (s, 3H, OCH3), 3.77 (s broad,
1H, H-1), 3.86 (s, 3H, OCH3), 4.14 (s broad, 1H, H-2), 5.24 (s broad,
1H, H-3), 6.37 (s, 2H, H-30, H-50); 13C NMR (400 MHz; CDCl3) δ
14.0, 22.5, 23.6, 24.5, 26.4, 30.2, 30.9, 31.4, 31.4, 31.5, 36.2, 50.7, 56.0,
56.0, 73.1, 104.5, 107.1, 117.4, 123.2, 132.6, 143.1, 156.6, 160.0; MSm/e
(rel intensity) 43 (51), 59 (72), 71 (26), 173 (28), 221 (29), 243 (39),
274 (100), 275 (20) 311 (19), 342 (26), 360 (Mþ, 1). Anal. Calcd for
C23H36O3: C, 76.62; H, 10.06. Found: C, 76.68; H, 9.98.
rel-2-((1S,2R)-2-(20-Hydroxy-60-methoxy-40-pentylphenyl)-

4-methylcyclohex-3-enyl)propan-2-ol (12). Oil; IR (CHCl3)
3503 (OH) cm�1; 1H NMR (400 MHz; CDCl3) δ 0.56 (s, 3H,
CH3COH), 0.87 (t, 3H, J = 7.0 Hz, CH3), 1.19 (s, 3H, CH3COH),
1.24�1.35 (m, 4H, CH2CH2), 1.54�1.62 (m, 2H, CH2), 1.66�1.80
(m, 2H, H-6R, H-5R), 1. 79 (s, 3H, CH3), 1.92�2.00 (m, 1H, H-1),
2.20�2.26 (m, 2H, H-6β, H-5β), 2.50 (t, 2H, J = 7.8 Hz, CH2), 3.84 (s,
3H, OCH3), 4.16 (s broad, 1H, H-2), 5.71 (s broad, 1H, H-3), 6.31 (s,
1H, H-30), 6.35 (s, 1H, H-50); 13C NMR (400 MHz; CDCl3) δ 14.0,
22.5, 22�8, 23.4, 23.6, 30.5, 30.7, 31.5, 32.0, 33.0, 35.7, 51.7, 56.0, 72.3,

103.6, 111.2, 111.8, 125.4, 139.0, 144.0, 156.2, 157.7; MS m/e (rel
intensity) MS m/e (rel intensity) 43 (50), 59 (84), 71 (24), 207 (13),
245 (100), 246 (19), 260 (15), 285 (15), 347 (Mþ, 2). Anal. Calcd for
C22H34O3: C, 76.26; H, 9.89. Found: C, 76.38; H, 9.94.
rel-(6aS,10aR)-6a,7,8,10a-Tetrahydro-1-methoxy-6,6,9-tri-

methyl-3-pentyl-6H-benzo[c]chromene (13). Oil; IR (CHCl3)
1615, 1575 cm�1; 1H NMR (400MHz; CDCl3) δ 0.90 (t, 3H, J = 7.0 Hz,
CH3), 1.28 (s, 3H, CH3), 1.29�1.37 (m, 4H, CH2CH2), 1.39 (s, 3H,
CH3), 1,59 (m, 2H, CH2), 1.67 (s, 3H, CH3), 1.77�2.22 (m, 5H, H-7R,
H-7β, H-8R, H-8β), 2.48�2.55 (m, 3H, H-6a, CH2), 3.53(br s, 1H,
H-10a), 3.80 (s, 3H, OCH3), 5.35 (s, 1H, H-10), 6.25 (d, 1H, J = 1.2 Hz,
H-4), 6.30 (s, 1H, H-2); 13C NMR (400 MHz; CDCl3) δ 14.0, 22.6,
22.9, 23.5, 25.3, 27.8, 29.6, 30.1, 30.9, 31.7, 36.1, 37.5, 40.1, 55.3, 78.0,
107.7, 109.7, 110.1, 118.7, 122.8, 133.0, 142.3, 153.3, 158.8; MSm/e (rel
intensity) 43 (21), 67 (21), 68 (37), 174 (5), 188 (7), 245 (100), 246
(19), 260 (6), 328(Mþ, 10). Anal. Calcd for C22H32O2: C, 80.44; H,
9.82. Found: C, 80.55; H, 9.78.
rel-(6aS,10aR)-6a,7,8,10a-Tetrahydro-6,6,9-trimethyl-3-

pentyl-6H-benzo[c]chromen-1-ol (1)7a,d,g. Colorless oil; IR
(CHCl3) 3007, 1623, 1580 cm�1; 1H NMR (400 MHz; CDCl3) δ
0.88 (t, 3H, J = 6.9Hz, CH3), 1.25�1.33 (m, 4H, CH2CH2), 1.27 (s, 3H,
CH3), 1.38�1.41 (m, 2H, CH2), 1.39 (s, 3H, CH3), 1.54 (s, 3H, CH3),
1.93�2.26 (m, 5H, H-7R, H-7β, H-8R, H-8β, H-6a), 2.45 (m, 2H,
CH2), 3.58(s broad, 1H, H-10a), 5.36 (s, 1H, OH), 6.12 (d, J = 1.2 Hz,
H-4), 6.21 (d broad, 1H, J = 5.2 Hz, H-10), 6.26 (d, 1H, J = 1.2Hz, H-2);
13C NMR (400 MHz; CDCl3) δ 14.0, 23.2, 23.6, 25.2, 25.4, 27.9, 30.7,
31.6, 33.1, 35.5, 37.6, 40.1, 78.0, 106.8, 109.8, 112.0, 118.9, 132.6, 135.0,
142.6, 154.1; MS m/e (rel intensity) 43 (20), 174 (26), 193 (11), 231
(100), 232 (44), 243 (21), 246 (18), 258 (17), 271 (34), 299 (52), 300
(11), 314 (Mþ, 82). Anal. Calcd for C21H30O2: C, 80.21; H, 9.62.
Found: C, 80.25; H, 9.69.
Procedure for Preparing Δ9-trans-THC 2. According to the

procedure described above, a solution of ketone 8dx (0.10 g, 0.29mmol)
in toluene (10 mL) and 1 mL of a 3.0 M solution of CH3MgBr in ether
(3 mmol) was heated at 60 �C for 1.5 h. After the usual workup, the
resulting crude product and NaSMe (0.9 mmol) in DMF (3 mL) was
heated at 140 �C for 3 h. After cooling and the usual workup, the
resulting oil was purified by column chromatography on silica gel
(elution with 10% ethyl acetate/petroleum ether) to yield the known
diol 147j,m,8d (0.075 g, 0.22 mmol,75%). The subsequent conversion of
14 into 2 has been reported in literature.7j,m

SAMP-Hydrazones (S,R,R)-(þ)-16 and (S,S,S)-(þ)-16. Ac-
cording to the procedure we described previously1e for the resolution
of Δ8-THC, a solution of rac-8dx (0.290 g, 0.84 mmol), SAMP [S-(�)-
15] (0.24 mL, 0.172 mmol), and a few crystals of p-TsOH in 1.8 mL of
heptane was heated at 100 �C for 47 h. After cooling at room
temperature, the reaction was diluted with Et2O, washed with saturated
aqueous NaHCO3, and dried (Na2SO4). Evaporation of the solvent
under vacuum gave a 1:1 mixture of two diastereoisomeric hydrazones
16, which was chromatographed on silica gel (elution, 9:1 petroleum
ether/diethyl ether) to give diastereomerically pure SAMP-hydrazones
(S,R,R)-(þ)-16 (0.142 g, 0.31mmol, 37%) and (S,S,S)-(þ)-16 (0.153 g,
0.34 mmol, 40%).
(200S)-N-{(1E)-1-[(1R,2R)-2-(20,60-Dimethoxy-40-pentyl-

phenyl)-4-methylcyclohex-3-en-1-yl]ethylidene}-200-(methoxy-
methyl)pyrrolidin-100-amine (S,R,R)-(þ)-16. Pale yellow oil; [R]D =
þ54 (c 1.99, CHCl3); IR (CHCl3) 1608 (CdN) cm�1; 1H NMR (400
MHz; CDCl3) δ 0.89 (t, 3H, J = 6.4 Hz, CH3), 1.30�1.34 (m, 4H,
CH2CH2), 1.473�1.61 (m, 3H, CH2, H-30 0), 1.66 (s, 3H, 4-CH3), 1.75
(s, 3H, CH3, CdN), 1.70�1.91 (m, 4H, H-5, H-6, H-30 0, H40 0), 1.97 (d
broad, 1H, J = 15.3 Hz, H-5), 2.13�2.31 (m, 2H, H-6, H-50 0), 2.50 (t,
2H, J = 8.0 Hz, CH2), 2.72 (dd, 1H, J = 9.2, 7.2 Hz, OCH2), 2.83 (dd,
1H, J = 9.5, 3.2 Hz, OCH2), 2.87 (d broad, 1H, J = 7.2 Hz, H-200),
2.94�2.99 (m, 1H, H-500), 3.10 (ddd, 1H, J = 11.2, 11.2, 5.2 Hz, H-1),
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3.14 (s, 3H, OCH3), 3.71 (s, 6H, 20-OCH3, 60-OCH3), 4.09 (d broad,
1H, J = 10.9 Hz, H-2), 5.21 (s broad, 1H, H-3), 6.31 (s, 2H, H-30, H-50);
13C NMR (400 MHz, CDCl3) δ 13.9,14.0, 21.8, 22.0, 23.4, 26.2, 27.9,
29.9, 31.2, 31.7, 35.1, 36.5, 45.3, 53.7, 55.7, 58.9, 58.9, 65.9, 74.5, 104.9,
117.5, 125.3, 130.9, 142.1, 159.2, 160.5, 170.4; MSm/e (rel.int.) 43 (22),
45 (43), 55 (14), 68 (30), 70 (41), 137 (100), 173 (9), 221 (22), 300 (7),
411 (44), 456 (Mþ, 8). Anal. Calcd for C28H44N2O3: C, 73.64; H, 9.71;
N, 6.13. Found: C, 73.71; H, 9.75; N, 6.07.
(200S)-N-{1-[(1S,2S)-2-(20,60-Dimethoxy-40-pentylphenyl)-

4-methylcyclohex-3-en-1-yl]ethylidene}-200-(methoxymethyl)-
pyrrolidin-100-amine (S,S,S)-(þ)-16. Pale yellow oil; [R]D =þ156
(c 1.25, CHCl3); IR (CHCl3) 1608 (CdN) cm�1; 1HNMR (400MHz;
CDCl3) δ 0.89 (t, 3H, J = 6.9 Hz, CH3), 1.28�1.33 (m, 5H, H-40 0,
CH2CH2), 1.49�1.63 (m, 4H, CH2, H-50 0, H-300), 1.66 (s, 5H, H-6,
H-40 0, 4-CH3), 1.75 (s, 3H, CH3, CdN), 1.80�1.84 (m, 2H, H-6,
H-30 0), 1.98 (d broad, 2H, J = 16.4 Hz, H-500, H-5), 2.20 (s broad, 1H,
H-5”), 2.50 (t, 2H, J = 8.0 Hz, CH2), 2.68 (s broad, 1H, H-5), 3.04�3.15
(m, 3H, H-1, H-20 0,OCH2), 3.27 (s, 3H, OCH3), 3.28 (m, 1H, OCH2),
3.72 (s, 6H, 20-OCH3, 60-OCH3), 4.10 (d broad, 1H, H-2), 5.22 (s
broad, 1H, H-3), 6.29 (s, 2H, H-30, H-50); 13CNMR (400MHz, CDCl3)
δ 14.0, 21.9, 22.5, 23.4, 26.7, 27.9, 30.1, 31.2, 31.5, 35.4, 36.4, 46.0, 53.6,
55.8, 55.9, 59.0, 65.8, 75.4, 104.9, 117.6, 125.4, 131.1, 142.2, 153.5, 155.2,
169.4; MSm/e (rel.int.) 43 (23), 45 (44), 68 (23), 70 (43), 71 (15), 137
(100), 173 (10), 221 (18), 300 (6), 411 (25), 456 (Mþ, 7). Anal. Calcd
for C28H44N2O3: C, 73.64; H, 9.71; N, 6.13. Found: C, 73.85; H, 9.68;
N, 6.07.
Hydrolysis of the SAMP-Hydrazones (S,R,R)-(þ)-16 and (S,

S,S)-(þ)-16 and Synthesis of (R,R)-(�)- and (S,S)-(þ)-Δ9-THCs
(2). An aqueous saturated solution of oxalic acid (0.6 mL) was added to a
solution of (S,R,R)-(þ)-16 (0.142 g, 0.31mmol) in diethyl ether (4mL).1e

The resulting mixture was vigorously stirred for 4 days at room tempera-
ture. Then, the reaction mixture was diluted with Et2O, washed with
saturated aq NaHCO3, and dried (Na2SO4). Evaporation of the solvent
under vacuum gave a residue that was purified by column chromatography
over silica gel. Elution with 95:5 petroleum ether/diethyl ether afforded 80
mg (75%) of pure (R,R)-(�)-8dx [R]D = �98 (c 2.28, CHCl3).

Similarly, hydrolysis of (S,S,S)-(þ)-16 (0.153 g, 0.34 mmol) gave 76
mg (65%) of pure (S,S)-(þ)-8dx [R]D = þ101 (c 1.68, CHCl3).

The procedure described for the synthesis of racemicΔ9-THC 2 (see
above) was repeated with enantiomerical pure cyloadducts (R,R)-(�)-
8dx and (S,S)-(þ)-8dx to provide (R,R)-(�)-2 [R]D = �148 (c 0.35,
CHCl3) (lit.

7m [R]D =�152 (c 0.46, CHCl3)) and (S,S)-(þ)-Δ9-THC
2 [R]D = þ143 (c 0.39, CHCl3) (lit.

8c [R]D = þ141 (c 0.55, CHCl3)),
respectively, through the key intermediate diols (R,R)-(�)-14 [R]D =
�48 (c 1.45, CHCl3) (lit7m [R]D = �52 (c 0.79, CHCl3)) and (S,
S)-(þ)-14 ([R]D = þ46 (c 0.92, CHCl3)).
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