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ABSTRACT: A two-step synthesis of para (—)-A®-THC-OTf that can be used as building block for late-stage introduction of
side chains to the tetrahydrodibenzopyran core of THC by cross-coupling chemistry is presented. No protecting groups are
needed, and (—)-A®-THC-OTS can be cross-coupled to access derivatives bearing pharmacologically interesting side chains
such as benzoyl units, sterically demanding groups, aromatic chains, and alkenyl groups. This approach allowed an efficient four-

step synthesis of (—)-A5-THC from commercial materials.

Cannabis sativa L. contains more than 70 cannabinoids' of
which the main psychoactive compound (—)-A°-THC was
identified in 1964 by Gaoni and Mechoulam,” and more than
20 years later the cannabinoid receptors CB; and CB, were
discovered.” Since CBs are involved in many different
physiological processes,* understanding the structure—activity
relationship of THC plays an important role in drug
development. Under acidic conditions, (—)-A’-THC isomer-
izes to its thermodynamically more stable double bond isomer

(—=)-A%-THC (Figure 1). Although the A® isomer is less

(-)-A.-THC

(9)-A%-THC

Figure 1. Structures of natural products (—)-A%-THC and (-)-A%
THC.

abundant in natural cannabis, both isomers are almost
equipotent in terms of cannabinoid receptor interaction.’
The structure of THC comprises a tetrahydrodibenzopyran
core connected to a pentyl side chain. In medicinal chemistry,
the influence of structural modifications of THC on the
affinity, selectivity, and potencies for the cannabinoid receptors
has been investigated. In the course of this, various studies
have focused on substituting the pentyl side chain since this
alkyl group has been recognized as a critical pharmocophoric
moiety.””’

Various elegant syntheses towards (—)-A’-THC and
(=)-AS-THC have been published;® some of them are based
on the acid-catalyzed condensation of resorcinols with natural
terpenoids.” In the first published THC synthesis, Mechoulam,
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Braun, and Gaoni synthesized THC by an acid-catalyzed
Friedel—Crafts alkylation and subsequent O-cyclization of (S)-
cis-verbenol and olivetol (Scheme 1, A).”® The cascade likely
proceeds via regioselective Friedel—Crafts alkylation to give
intermediate A. Protonation of A and subsequent cleavage of
the strained four-membered ring in B leads to the tertiary
cation C, which finally cyclizes via C—O bond formation with
the phenolic OH group to give (—)-A%-THC.

We successfully used the same strategy in our previous work
to construct the hexahydrodibenzopyran core of (—)-machaer-
iols B and D from verbenol and a resorcinol derivative
(Scheme 1, B)."” In both cases, Friedel—Crafts alkylation takes
place at the carbon atom between the two phenolic OH groups
of the resorcinol, probably steered by the bulky pentyl and
benzofuryl substituents. Applying the same strategy, we
attempted to synthesize a bromo-substituted THC that can
be later used as a building block for late-stage diversification
applying cross-coupling chemistry. This strategy should offer
the possibility of readily accessing various THC analogues
from a single starting compound. Along these lines, Trauner
and Carreira recently presented a six-step synthesis of (—)-A®-
Br-THC that was used for further diversification by attaching
different side chains using cross-coupling chemistry."'

Unexpectedly, the reaction of verbenol with bromoresorci-
nol did not give the targeted para Br-THC. We isolated the
other regioisomer, with the bromo substituent positioned ortho
to the Jpyran ring (Scheme 1, B). Unfortunately, in our initial
paper'® the structure, based on a literature report’™ was not
correctly assigned. Such ortho THC regioisomers have
occasionally been mentioned as side products in reactions of
resorcinols with terpene derivatives, especially when rather
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Scheme 1. (A) Friedel—Crafts Alkylation and Subsequent
Cyclization of (S)-cis-Verbenol and Olivetol to (—)-A®-
THC.”® (B) Previous Synthesis of Machaeriols and (—)-A®-
Br-THC.'® (C) Novel Approach to Para (—)-AS-THC
Triflate as a General Building Block for Late-Stage
Diversification by Cross-Coupling
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small meta substituents are attached to the resorcinol
component, and the corresponding regioisomeric products
were categorized as “abnormal” THCs."””"* For example,
Antoniotti et al. used this “reversed” selectivity to prepare
several ortho-THCs in flow."> To circumvent this regioselec-
tivity problem and to access a general THC building block for
late-stage diversification of the para position, we envisioned
using the symmetric phloroglucinol as the resorcinol reaction
component in such a cascade. Friedel—Crafts alkylation and O-
cyclization should lead to the tetrahydrodibenzopyran product
1. Since phloroglucinol is symmetric, the aromatic C—H sites
do not have to be differentiated. In an additional synthetic
step, the sterically less hindered phenolic OH-group in the
para position should then be activated by selective triflation for
the envisioned cross-coupling chemistry (Scheme 1, C).'

Phloroglucinol has already been used by other groups for the
synthesis of THC derivatives.'”'” However, to construct the
tetrahydrodibenzopyran core structure in high yields, several
synthetic steps were needed due to a complex protecting group
strategy caused by the low solubility of phloroglucinol in the
utilized organic solvents and due to separation issues of
unreacted phloroglucinol. Moreover, the subsequent cross-
coupling of the respective triflate required protection of the
phenolic alcohol, which renders the overall synthesis of THC
derivatives by such a sequence laborious.

We therefore commenced our studies by first investigating
the solubility of phloroglucinol as this seemed to us to be the

key to a short and efficient synthesis of (—)-A%-THC triflate.
Extensive experimentation revealed that the Friedel—Crafts
alkylation works best in a mixture of dichloromethane and
ethanol (3/1; Scheme 2, method A). Double alkylation of

Scheme 2. (—)-A%-THC Triflate Can Be Synthesized in
High Purity in Three Steps (Method A, 47% Yield) or
Directly over Two Steps (Method B, 57%)

Method A
OH HBF 4 OEt,
+ (0.5 equiv)
., CH,CI,/EtOH = 3/1
OH HO OH ¢, 35 min
1.0 equiv 5.0 equiv
Method B | TMSOTf
(1.0 equiv)
MeNO,/THF = 4/1
0 °C, 30 min
3% byproduct 2 (75%)
TMSOTf
(0.5 equiv)
MeNO,
0°C,1h

1% byproduct

no purification

LiHMDS (1.0 equiv)
PhNTf, (1.0 equiv)
THF, 0°C, 1.5 h

Method A: 47%
over three steps
Method B: 57%
over two steps

(-)-A8-THC-OTf

phloroglucinol was prevented by using a large excess of cheap
phloroglucinol (5.0 equiv), which can easily be removed after
the reaction by simple water extraction.

HPLC analysis showed that the isolated material contained
several isomeric compounds with the same mass. Likely,
different isomers are formed in the cascade under the applied
conditions considering stereochemistry (cis/trans), double-
bond position (A%/A®), and cyclized/noncyclized isomers. We
did not succeed in isolating and characterizing all compounds
by preparative HPLC. Since these impurities were also not
separable at a later stage of the synthesis, we had to further
optimize the protocol toward selective formation of
intermediate 2. Along with the solvent dependence, the
cascade was sensitive to the reaction time. We found that by
using HBF,-OEt, (0.5 equiv) in CH,CL/EtOH (3/1) at 0 °C
the reaction can be stopped after 35 min at the stage of the
bicylic product 2 (Scheme 2, method A), which was isolated in
very good 75% yield by column chromatography containing
traces (around 1%) of 1 as the only inseparable impurity (as
checked by HPLC; see the SI). Selective ring closure to the
tricyclic tetrahydrodibenzopyran was accomplished with
TMSOTS as Lewis acid in MeNO,'® (TMSOTf 0.5 equiv,
MeNO,, 0 °C, 1 h), delivering 1 with high purity containing
only around 1% of an inseparable isomer.

Since both steps toward 1 are acid catalyzed, we supposed
that 1 may be accessible directly from verbenol and
phloroglucinol (Scheme 2, method B) in a single operation.
After renewed careful optimization of the amount of acid,
solvent mixture, and reaction time (TMSOTf (1.0 equiv),
MeNO,/THF = 4/1, 0 °C, 30 min), 1 was directly obtained in
high yield containing only 3% of an inseparable isomer (as
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analyzed by HPLC, see the SI). Because the isolation of 1
turned out to be difficult at this stage of the synthesis, the
crude product obtained via either method A or method B was
directly used for the next step without any further purification.
Triflate activation of the phenolic alcohol was studied next.
To avoid double triflation of both phenolic OH groups, 1
equiv of the sterically demanding reagent PhNTf, was used in
combination with LiHMDS as the base (1 equiv). Double
triflation could be suppressed, and (—)-A%-THC-OTf was
isolated in 47% over three steps using method A (1% isomer)
and 57% over two steps applying method B (3% isomer).
The THC triflate building block was then applied to late-
stage diversification by using the Suzuki—Miyaura reaction
(Scheme 3)."” Importantly, the cross-coupling proceeds

Figure 2. X-ray structure of compound 3g.

Scheme 3. Cross-Coupling Products of THC Triflate with
Boronic Acids®

Pd(OAc), (5.0 mol %)
PCyj; (0.1 equiv)
RB(OH), (1.6 equiv)
Cs,C03 (3.0 equiv)
THF/H,0 = 10/1

80°C,12h
\a \/\@ N~
3a (99%) 3b (97%) 3c (74%)? 3d (87%)
e (89%) f (76%) 3g (81%)

“With the potassium trifluoroborate salt instead of the boronic acid.

without protection of the phenolic alcohol group. Different
pharmacologically interesting side chains were successfully
coupled in good to high yields to the para position of the
tetrahydrodibenzopyran core including bulky groups like
dibenzofuranyl (3b), the naphthyl group leading to a highly
active analogue (3a),”* electron-rich and -poor aromatic
groups (3e—g), and side chains containing double bonds
(3c,d), which are known to improve receptor binding
properties due to their conformational restriction.”” The
structures were confirmed by 2D NMR analysis (see SI) and
for compound 3g unambiguously by single-crystal X-ray
analysis (Figure 2).

Focusing on the parent THC, the direct introduction of the
pentyl side chain to the THC triflate building block to access
(—)-A%-THC via sp>—sp® coupling turned out to be difficult.
We tried various known protocols using Fe or Pd catalysis and
obtained a disappointing 15% yield as the best result when the
Stille coupling was applied. Since we obtained high yields for
sp>—sp” cross-couplings (see above), we decided to first install
a pentenyl chain (3d, 87% yield). In a second step, the
activated double bond next to the aromatic system was
selectively hydrogenated in the presence of the second, higher
substituted double bond within the tetrahydrodibenzopyran
core using Pd/C (Scheme 4). Pleasingly, a good regioselec-
tivity was achieved upon running the hydrogenation at —15
°C. If the cross-coupling product was directly used without
further purification in the subsequent hydrogenation step,

Scheme 4. Synthesis of (—)-A%-THC Using the Readily
Prepared THC Triflate Building Block

(-)-AB-THC-OTf cross H, balloon
+ coupling Pd/C (5.0 mol %)
(HO)B A~ _ EtOH, -15°C

CsH1y

(-)-A8-THC
65% over two steps

3d, no purification

(—=)-A%-THC could be obtained in 65% over two steps and
37% total yield over four steps. In contrast to many terpenoid-
based syntheses,” the herein presented protecting-group-free
total synthesis of THC does not require the use of expensive
olivetol to install the pentyl chain but utilizes cheap
phloroglucinol and pentenyl boronic acid instead.

THC analogues bearing a benzoyl m01et are known to
selectively interact with the CB, receptor.'® Moreover, this
group is capable of covalently labeling the receptor upon
photoactivation, and THC molecules containing a carbonyl
spacer also offer the opportunity for further modification into
the corresponding 1,3-dithians, which are potent THC
analogues, as shown by Makriyannis et al.”’ Along these
lines, the THC triflate building block was successfully also used
in a carbonylative Stille coupling to provide the benzoyl-
substituted THC 4 in 54% yield without protection of the
phenolic alcohol (Scheme S). The overall yield to 4 from
commercially available starting materials was 31% over three
steps and competes well with the six-step synthesis of Moore.”’

Scheme 5. Carbonylative Stille Coupling Delivers Benzoyl-
Substituted THC

PdCl,dppf-CH,Cl, (5.0 mol%)
SnBusPh (1.2 equiv)
LiCl (3.0 equiv)
4A molecular sieve
OTf CO balloon

DMF, 110 °C, 12 h
(-)-A8-THC-OTf 4 (54%)

In summary, we synthesized para (—)-A%-THC triflate as a
general building block for late-stage introduction of THC side
chains in two steps from commercially available starting
materials in 57% vyield. This building block was used in
Suzuki—Miyaura cross-coupling reactions to access in high
yields THC analogues bearing bulky side chains like naphthyl
or dibenzofuranyl, aromatic moieties, or side chains containing
double bonds. Furthermore, (—)-AS-THC was synthesized
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from this building block in two steps and a total yield of 37%
without the use of expensive olivetol. (—)-A%-THC triflate can
also be used in carbonylative Stille reactions to access benzoyl-
substituted THC analogues. Importantly, no protecting groups
are needed for the synthesis of our building block and for all
investigated follow-up reactions.
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