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(—)-Cannabidiol [(—)-CBD] has recently gained prominence as a treatment for neuro-inflammation and
other neurodegenerative disorders; interest is also developing in its synthetic enantiomer, (+)-CBD,
which has a higher affinity to CB1/CB2 receptors than the natural stereoisomer. We have developed an
inexpensive, stereoselective route to access ent-CBD derivatives using (+)-carvone as a starting material.
In addition to (+)-CBD, we report the first syntheses of (+)-cannabidivarin, (+)-cannabidiphorol as well as

© 2021 Elsevier Ltd. All rights reserved.

Introduction

Nature remains inspiring in its ability to manufacture a diverse
array of chiral secondary metabolites from relatively simple start-
ing compounds. Perhaps even more remarkable is the fact that
many of these building blocks exist as achiral, sparsely functional-
ized materials that are transformed in vivo into highly decorated
molecules that exist as single stereoisomers. Import-antly, while
epimeric/diastereomeric metabolites are oftentimes isolated [1],
with very few exceptions [eg., (+)- and (—)-carvone], natural pro-
duct enantiomers are rarely found in Nature [2], but rather are
almost exclusively manufactured in the laboratory. More often
than not, this occurs serendipitously, en route to the total synthesis
of a compound with unknown, undefined, or otherwise ambiguous
absolute stereochemical assignments [3]. If the molecule is suffi-
ciently small in size, a stereoselective synthesis may also be per-
formed to probe the potentially unique activity of the non-
natural ent-derivative, as there exists a prodigious amount of data
that demonstrates the difference of one enantiomer versus the
other in a biological context [4]. Additionally, there has been at
several studies that have documented the increased activity of a
natural product diastereomer relative to the natural stereoisomer
itself [5]. Therefore, the targeted study of ent-natural products,
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and related stereoisomers, is a viable and valuable approach to
the discovery of potential new leads for drug discovery.

Recently, terpene derived (—)-Cannabidiol [(-)-2, (—)-CBD,
Fig. 1], the major non-psychoactive constituent found in hemp,
has gained popularity amongst the synthetic community [6], as
cannabinoids, in general, have been increasingly shown to possess
potent anti-inflammatory activity [7], especially against a number
of neurological ailments including, but not limited to Alzheimer’s
[8a] and Parkinson’s disease [8b]. Additionally, many naturally
occurring cannabinoids have been studied in animal/clinical trials
for a number of other uses, exploiting their antiepileptic,[8b]
anxiolytic [8c], antiarthritic [8d], and antiemetic [8e] properties.
There is also emerging evidence that (—)-CBD can interact with
endocannabinoid receptors in the brain and protect against
oxidative stress in neural cells [8f]. This in turn helps to reduce
inflammation, the effects of which can cause the buildup of
neurotoxic substances over time and lead to neuro-degeneration
[8b]. In recent years, neuroinflammation has been identified as
contributing more to the pathogenesis of Alzheimer’s than even
senile plaques and neurofibrillary tangles [9].

Both natural and synthetic cannabinoids have been involved in
numerous clinical trials with several approved in multiple coun-
tries for their beneficial and quantifiable medicinal applications.
While most of these treatments are CBD/THC mixtures, for exam-
ple, Epidiolex [8b], Cannador [8b], and Sativex [10] (Nabiximol),
some are pure THC-derived drugs, such as Nabilone [8b]
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Fig. 1. Cannabidiol and related analogs.

[(+)-Cesamet] and Dronabinol [8b]. Also of significance, the
cannabinoid drug Dexanabinol (HU-211, Fig. 1), based on the (+)-
ent-cannabinoid skeletal structure, surprisingly has no affinity for
CB; or CB, receptors, yet has significant non-competitive
antagonist effects on N-methyl-p-aspartic acid [11]. This is notable
since it is based on HU-219, which is a synthetic and more potent
derivative of (—)-CBD [11].

While data suggests that (—)-CBD exhibits a low affinity for CB;
(found mainly in the brain) and CB; (in peripheral cells), its non-
natural synthetic enantiomer ent-CBD [(+)-2] and related deriva-
tives are known to have a higher affinity for these same membrane
receptors [12]. We believe ent-CBD derivatives will continue to
prove valuable as novel derivatives of (—)-CBD continue to be
explored as potential new therapeutics. To help support this
statement, Table 1 shows the nM binding affinities of select
cannabinoids towards the CB; and CB, receptors, demonstrating
that (+)-ent-2 has increased binding when compared to its natural
stereoisomer [8c|. Interestingly, another trend that warrants
attention is the increased binding affinity of A%-(—)-THC
derivatives as their alkyl tails increase in length [13]; (—)-THCP,
which has a seven carbon tail, binds an order of magnitude tighter
to CB; and CB, than A%-(—)-THC (Table 1).

In 2018, the Maio laboratory reported a new synthetic method
that allowed for the expedient construction of non-natural CBD
derivatives via the Lewis Acid mediated union of (—)-carvone, a
readily available and inexpensive starting material, with resorcinol
derivatives [14]. Importantly, by using (+)-carvone, this protocol
also allowed access to enantiomers of the CBD scaffold in only
three synthetic operations, two of which are general and can be
carried out on gram scale, yielding a relatively stable epoxy-car-
vone silyl ether. However, difficulty in A% to A®-alkene transposi-
tion forced us to explore an alternative route for converting our
scaffold into (+)-ent-CBD itself, as well as its C-3 and C-7 alkyl
chain isomers, (+)-ent-cannabidivarin [(+)-1, ent-CBDV] and (+)-
ent-cannabidiphorol [(+)-3, ent-CBDP], respect-ively, neither of
which have been previously prepared in their non-natural, enan-
tiomeric form. Our interest in these latter two derivatives stems
from structure activity relationship data that demonstrate the
importance of the alkyl chain length and how these derivatives
may bind to CB; and CB, receptors (Table 1) [15]. Also of note, nat-

Table 1

Previously reported binding affinities of select cannabinoids [8c-e,12].
Cannabinoid CB; Ki (nM) CB, Ki (nM)
(—)-CBDV >10,000 >10,000
(—)-CBD >10,000 >10,000
(+)-CBD 842 203
(=)-THCV 22-75 62-105
(—)-THC 18-40 36-42
(—)-THCP 1.2 6.2
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ural (—)-CBDV is in early clinical development for the treatment of
autism spectrum disorders [16] and recently, (—)-CBDP has
emerged as a more potent cannabinoid than (—)-CBD itself, making
it an alternative to THC therapy without the signature psychoactiv-
ity of the latter [17].

At the onset of our synthetic campaign, we evaluated the cur-
rently known syntheses of (—)- and (+)-CBD, many of which
involve the acid-catalyzed union of a terpene derivative with olive-
tol, several of which are noteworthy here. The report by Petrzilka
utilized limonene-derived 5 as one of the coupling partners
(Scheme 1), uniting this compound with olivetol (10) under mildly
acidic conditions [18]. While this processes does permit access to
(—)-CBD, its key step suffers from a long reaction time (days), mod-
est yield, and the overall number of steps in which 5 was derived
from (+)-4 [19]. A separate approach, first pioneered by Cardillo
[8g] and later employed by Mechoulam [8c], utilized
isopiperitenone [(—)-6] as a starting material. From this terpene,
(+)-CBD could be accessed in two steps involving (1) LiAlH,4
reduction, and (2) treatment of the resultant alcohol mix-ture (8
and 9) with 10 in the presence of BF;eOEt,. Unfortun-ately, the
relatively high cost of isopiperitenone (in either enantio form, ~
$1000/g) challenged us to think of potential ways to synthesize
enantiopure 8 from more readily available starting compounds
(Scheme 1) [20]. Recognizing the structural similarity between
the southern hemisphere of 8 and (+)-carvone, we began to
envision strategies to convert this inexpensive ($0.15/g),
caraway-derived terpene into the requisite chiral, non-racemic
isopiperitenol.Scheme 2

Results and discussion

In terms of retrosynthesis, based on literature precedent, we
believed it would be possible to access 8 from tosylhydrazone 12
by exploiting the McIntosh reduction/rearrangement chemistry,
which would effectively transpose the alkene from the A% to the
A® location (note: cannabinoid notation) [21]. Hydrazone 12, in
turn, could be easily derived from hydroxycarvone 11, which is

OH
4 steps 10, H®
_ > —— > (-)-CBD
' non-stereo- Petrzilka [)-2]
H selective H
P P
(+)-4 5
OH
non-stereoselective
Cardill
(e ardailio HO f
AN 10
(-)-6
10,
0 stereo-
selective BF3-OEt,
this work basi (+)-CBD
is wor asic
OH " lumina  [(+)-2]
X X
+)-7 (-)-8, trans
(+) (-)-9, cis

Scheme 1. Previous syntheses in the context of this work.
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Scheme 2. Synthesis of (1S, 6R)-isopiperitenol and (1R, 6R)-isopiperitenol.

already known to be the major product formed upon the Rubottom
oxidation of (+)-carvone [22].

In the forward direction, treatment of (+)-carvone (7) with LDA,
followed by the addition of TMSCI to the in situ-generated enolate
allowed access to the corresponding silyl enol ether, which was
directly treated with m-CPBA to afford a mixture of a-hydroxycar-
vone isomers trans-(+)-11 (major) and cis-(+)-13 (minor), respec-
tively. Although the diastereomer ratio and yield oftentimes
varied, it consistently provided trans-hydroxy-carvone (+)-11 as
the major product. Pleasingly, this result was in good agreement
with literature precedent for this reaction [22b]| and these C(6)-
epimers could be easily separated by flash column
chromatography. Next, each of these compounds was separately
treated with tosylhydrazide and the corresponding hydrazones
[(=)-12 and (+)-14] were successfully subjected to a one-pot
reduction/rearrangement [21] sequence to afford the desired prod-
ucts, (1S, 6R)-isopiperitenol (—)-8 and (1R, 6R)-isopiperitenol (—)-9
in excellent overall yield (87% and 65%). Notably, the catechol-bor-
ane used for this step can be formed in situ for a fraction of the cost
[23]. Also of note, while previously demonstrated on related sys-
tems [21b], this alkene transposition reaction has yet to be
reported for o-hydroxycarvone. Importantly, this operationally
simple and robust 4-step sequence can be carried out on gram
scale, representing the first asymmetric total syntheses of (—)-8
and (—-)-9 from (+)-carvone, circumventing the need to source
these same alcohol products from costly (—)-isoperitenone (6).

Once synthetic (+)-isopiperitenol was in hand, we chose to
repeat the Mechoulam buffered Lewis Acid protocol [8c] for the
synthesis of (+)-ent-CBD [(+)-2] before exploiting this same
method for the synthesis of novel cannabinoids (+)-ent-CBDV
[(+)-1] and (+)-ent-CBDP [(+)-3] (Scheme 3). Pleasingly, when a
solution of (—)-8 and olivetol (10) or, separately, (—)-9 and 10
was added to a solution of BF;e0Et, and basic alumina at reflux,
(+)-ent-CBD [(+)-2] was produced as the major product, along
with its abnormal regioisomer (+)-abn-CBD [(+)-15] in only 10 s
and in yields consistent with literature values [8c]. Also
observed, as documented by Crombie [24], was the formation of
bis-(+)-16 as a minor by-product. Importantly, these three reaction
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Scheme 3. Confirmation of the Mechoulam (+)-ent-CBD synthesis.

products have substantially different Rf values, making their sepa-
ration by flash column chromatography an efficient way in which
to separate them (see ESI for a photo of a representative TLC plate).
Also, as an interesting side note, when Baek [25] repeated this
reaction protocol in the absence of basic alumina, union of (—)-8
and 10 was followed by rapid cyclization to form (+)-ent-THC.
We found similar results were obtained when the basic alumina
was flame-dried prior to use.

Encouraged by the successful repetition of the Mechoulam (+)-
ent-CBD synthesis, our attention turned to the construction of the
C-3 and C-7 alkyl chain isomers, (+)-ent-cannabidivarin [(+)-1] and
(+)-ent-cannabidiphorol [(+)-3], the natural stereoisomers of which
are both known compounds [24]. It was during this time that we
also began exploring the literature and discovered that the analo-
gous C-6 isomer [(+)-17, CBD-Hex| was only reported in the patent

19a-d, oH
BF3OFEt,
‘1, —_— Ty,
“OH basic
AN alumina \ HO R
(-)-8 (+)-ent-CBD derivative

a. Synthesized Natural Product Enantiomers

95 P5S

)-ent-CBDV [(+
37% (using 19a)

)-ent-CBDP [(+
22% (using 19c)

b. Synthesized Non-Natural ent-CBD Derivatives

08 08

)-ent-CBDP-Oct [(+)-18]
28% (using 19d)

)-ent-CBD-Hex [(+)-17]
35% (using 19b)

Scheme 4. First asymmetric synthesis of (+)-ent-CBDV, CBDP, and related C-6 and
C-8 alkyl chain derivatives.
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literature [26], with no synthesis shown, and the C-8 isomer [(+)-
18, CBD-Oct] had yet to be proposed. We believed this latter CBD
derivative would be of value since a A8-(—)-THC-Oct derivative
has been previously reported and showed optimal binding to the
CB; and CB; receptor when compared to its heptyl, pentyl, butyl,
and propyl derivatives [27]. Clearly, the targeted synthesis of this
congener in enantiomeric form, should prove valuable for future
study.

In order to target these four derivatives, it was first necessary to
synthesize their corresponding resorcinol fragments. In each case,
this was easily accomplished in three steps involving, (1) olefina-
tion using 3,5-dimethoxybenzaldehyde and the appropriately
sized ylide partner (see ESI for details), (2) hydrogenation of the
resultant E/Z-alkene mixture, and (3) acid-catalyzed ether cleav-
age. It should be noted that all three of these operations are rela-
tively high yielding and can be performed without intermediate
purification, in a single 8 h period.

Once in hand, each of these C(6)-substituted resorcinol
derivatives (19a-d) was separately united with (+)-isopiperitenol
[(—)-8] using alumina buffered BFs-OEt, to afford the correspond-
ing ent-CBD derivative, along with the concomitant formation of
their ent-abn-CBD and ent-bis-CBD congeners (Scheme 4, see ESI
for full details). Importantly, this represents the first asymmetric
total syntheses of (+)-CBDV [(+)-1] and (+)-CBDP [(+)-3], and the
first targeted syntheses of the related congeners (+)-CBD-Hex
[(+)-17] and CBD-Oct [(+)-18].

Conclusion

In summary, we report here the first asymmetric synthesis of
both (1S, 6R)-isopiperitenol (37% overall) and (1R, 6R)-isopiperite-
nol (5% overall) in four synthetic steps from (+)-carvone as a start-
ing material. Of note, this was made possible by exploiting the
McIntosh alkene trans-position reaction as a key step. We then
demonstrated the utility of this protocol by synthesizing (in one
additional step for each) the enantiomer of cannabidiol, (+)-CBD
(22%), and the related congeners (+)-CBDV (37%), (+)-CBDP (22%),
(+)-CBD-Hex (35%), and (+)-CBD-Oct (28%). Also of note, this manu-
script reports the first documentation and characterization of
nearly all of their associ-ated abnormal and bis-addition byprod-
ucts. We believe these enantiomer CBD derivatives will be of great
interest and may lead to the discovery of even more active CBD-
analogs. We are currently investigating the biological potency of
these new ent-CBD derivatives and our findings will be reported
in due course.
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