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Abstract: We report herein the catalytic asymmetric
cyclization of 1-aryl terpenols to afford enantiomerically
highly enriched Δ9-cis-tetrahydrocannabinoid scaffolds
in a single step. As powerful chiral catalysts strongly
acidic imidodiphosphorimidates (IDPis) have been iden-
tified which furnish the products with good yields and
excellent enantioselectivity. Upon MOM-deprotection
some naturally occurring cannabimimetica such as (� )-
cis-Δ9-tetrahydrocannabinol and (� )-perrottetinene as
well as some unnatural analogues were made accessible
along a merely 3-step biomimetic sequence (MOM=

methoxymethyl).

Tetrahydrocannabinol (THC), an isoprenylated resorcinol
polyketide from hemp species Cannabis sativa, constitutes
the by far most investigated phytocannabinoid owing to its
distinct biological activities that have been utilized by
mankind for millenia.[1] Its ambigious name comprises
actually three naturally occurring isomeric forms: Δ9-trans-
THC, Δ8-trans-THC and Δ9-cis-THC. While scientists have
thoroughly studied the biological activity and developed
total syntheses of the trans-configured analogues,[2] Δ9-cis-
THC as well as its structural analogues received only
minimal attention since its isolation in 1977.[3] It was only in
2014 that the first enantioselective total synthesis of Δ9-cis-
THC was explored by Carreira and co-workers.[4] Their very
elegant strategy was based upon an asymmetric allylic
alkylation (AAA) to establish the absolute configuration
early in the synthesis with the use of two different chiral
catalysts (Scheme 1A). Subsequently a five-step sequence
was required to assemble the target structure. Access to this
natural product has recently allowed studies on the psycho-
tropic properties of hemp samples containing Δ9-cis-THC
(Scheme 1B).[5] (� )-Perrottetinene represents another natu-
rally occurring Δ9-cis-tetrahydrocannabinoid that differs only

in the side chain of the aromatic unit (Scheme 1B).[6] For
this natural product, Kim and co-workers pursued an
approach similar to the AAA strategy just described in a
substrate-controlled total synthesis.[7] An asymmetric syn-
thesis of the marine Δ9-cis-tetrahydrocannabinoid epiconicol
(Scheme 1B),[8] that completely lacks the side chain, has not
been achieved.[9] A simpler route inspired by the cannabi-
noid biological synthesis, that is proposed to proceed
through a parent intermediary cation (Scheme 1C) for all
phytocannbinoid types,[10] was studied by several groups that
employed 1-aryl terpenols as precursors and stoichiometric
amounts of achiral Lewis or Brønsted acids leading inevi-
tably to racemic products (Scheme 1D).[11] These successful
efforts notwithstanding an enantioselective biomimetic ac-
cess to Δ9-cis-tetrahydrocannabinoids has remained elusive
until now.

In recent years we have studied Brønsted acid catalyzed,
enantioselective cycloaddition reactions of ortho-quinone
methides in detail.[12] These transient intermediates are
easily accessible from ortho-hydroxy benzyl alcohols upon
dehydration under chiral Brønsted acid catalysis and readily
participate in ensuing cycloadditions with a variety of
dienophiles and dipolarophiles to afford enantiomerically
highly enriched benzannulated oxygen heterocycles.[13] On
this basis we envisioned a chiral Brønsted acid catalyzed
process starting from 1-aryl terpenols that may contain any
of the most common aromatic side chains prominent among
the phytocannabinoid family (Scheme 1E). This approach
would constitute a highly straightforward as well as
enantioselective strategy requiring merely 3 steps from
readily available substrates.

Initial experiments using BINOL-based chiral
phosphoric acids and N-triflyl phosphoramides met with
failure due to decomposition events (see the Supporting
Information). We then turned our attention to chiral
imidodiphosphorimidates (IDPis) that were recently de-
scribed by List and co-workers[14] as powerful and sterically
confined Brønsted acid catalysts.[15] To our delight, subject-
ing 1-aryl nerol 1a to various IDPi catalysts (1 mol%) in
toluene at low temperature resulted in clean product
formation and typically good isolated yields of Δ9-cis-THC
(2a) (Table 1). For example, 1 mol% of IDPi 3a was
sufficient to transform benzylic alcohol 1a into the desired
product 2a in toluene overnight with 80% yield and a
promising enantiomeric ratio (er) of 12 :88 favoring the
(+)-enantiomer (entry 1). We then set out to optimize the
IDPi catalyst by first modifying the fluorinated residues on
the sulfonimide moiety. Aromatic substituents were detri-
mental to the enantioselectivity of the reaction, displayed by
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catalyst 3b (entry 2) and 3c (entry 3) which resulted in only
marginal enantioselectivity. The elongation of the perfluori-
nated alkyl substituent by one carbon (3d, entry 4) lead to a
slight increase of selectivity. An even longer chain at this
position, that was installed into catalyst 3e, improved the
selective formation of (+)-Δ9-cis-THC 2a with an er of 7 :93
(entry 5). We next considered other 3,3’-substituents in the
IDPi-backbone to further improve the enantioselectivity.
Based on the work of List and co-workers, 3,3’-fluorenyl
substituted catalysts constitute privileged IDPi structures
which have been shown to work admirably in a range of
applications.[16]

A preliminary experiment revealed that catalyst 4a with
a 9,9-dimethyl-9H-fluorenyl motif favored the opposite
enantiomer with an encouraging er of 75 :25 (entry 6). By
attaching a C8F17-group to the sulfonimide (4e) and using
the previously optimized conditions, the enantioselectivity
could be increased to er=85 :15 (entry 7). A similar result
was obtained with catalyst 5a featuring spirocyclic fluorenyl
substituents (entry 8). Combining both of these traits in
catalyst 5e increased the selectivity to er=91.5 :8.5 (entry 9).
The implementation of a 7-tBu group into the spirocyclic
fluorenyl groups (6a) was found to be the best substitution
pattern for the aryl entities of the IDPi catalyst further
boosting the selectivity to er=96 :4 (entry 10). Finally, a
combination of the 7-tBu-substituted fluorenyl substituent
and a C8F17-sulfonimide (6e) provided the optimal result for
the reaction that gave rise to MOM-protected (� )-Δ9-cis-
THC (2a) with 83% yield as a single diastereomer and 98 :2
er (entry 11).

To demonstrate the applicability of this process, a scope
of diversely substituted benzylic alcohols was examined
(Scheme 2). First, our efforts were dedicated to precursors
of naturally occurring Δ9-cis-tetrahydrocannabinoids. In

Scheme 1. Strategies for Δ9-cis-tetrahydrocannabinoid syntheses.

Table 1: Reaction optimization.[a]

entry catalyst T [°C] yield [%] er

1[b] 3a � 78 °C to rt 80 12 :88
2[b] 3b � 78 °C to rt 77 43 :57
3[b] 3c � 78 °C to rt 70 45.5 :54.5
4[b] 3d � 78 °C to rt 67 11 :89
5 3e � 85 °C 78 7 :93
6[b] 4a � 78 °C to rt 80 75 :25
7 4e � 85 °C 83 85 :15
8 5a � 85 °C 80 86 :14
9 5e � 85 °C 83 91.5 :8.5
10 6a � 85 °C 93 96 :4
11 6e � 85 °C 83 98 :2

[a] Reactions were carried out with substrate 1a (0.1 mmol), catalyst
(1 mol%) in toluene (PhMe, 2.0 mL), enantiomeric ratios (er) were
determined by HPLC analysis on chiral stationary phase after MOM-
deprotection. Diastereomeric ratios (dr) were assigned in crude
1H NMR (>20 :1 in all cases). [b] 18 h.
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addition to MOM-protected Δ9-cis-THC (2a), the phenethyl
substituted analogue 2b, that constitutes a precursor for
(� )-perrottetinene was obtained with 85% yield as single
diastereomer and er=96 :4. When the phenol moiety was
shifted from the 1-position to the adjacent 2-position, yield
and selectivity dropped significantly as demonstrated for 2c
(27%, er=89 :11), a precursor for (� )-epiconicol. Next, we
focused on other common 3-substituents found in naturally
occurring cannabinoids. The divarinol-based product 2e was
obtained with similarly excellent results (78% yield, er=

97 :3). In the case of the orcinol-based analogue 2d,
however, an erosion of enantioselectivity was recorded.
Inspired by naturally occuring machaeriol constituents,[17] Δ9-
cis-tetrahydrocannabinoids 2g and 2h were prepared with
very good enantio-, though, somewhat diminished diaster-
eoselectivity (dr=12 :1 and 16 :1, respectively). In an

attempt to diversify the terpenol unit of our target
molecules, the synthesis of farnesol-based products was
studied, and 2f and 2 i were obtained again with excellent
enantioselectivity (er=96 :4) and very good diastereoselec-
tivity for the ring-fusion and an all-cis-configuration for the
major isomer. Several other non-natural Δ9-cis-tetrahydro-
benzochromenes 2j–2o were easily prepared by introducing
any other alkyl chain at the 3-position without significant
loss of yield or selectivity. For example, a branched alkyl
substituent in the nabilone-inspired[18] Δ9-cis-tetrahydroben-
zochromene 2k was readily tolerated and afforded the
product with 91% yield and er=97 :3. A phenyl substituent
was also accomodated well, whereas a MOM-ether at this
position lead to both diminished yield and enantioselectivity.
A shift of the substituent from the 3- to the 2-position, as
exemplified by Δ9-cis-tetrahydrobenzochromene 2o, gave
rise to an excellent yield, though at the cost of enantiose-
lectivity.

With the precursors of the natural products in hand, the
final MOM-deprotection was studied to complete the
syntheses. For this purpose, we treated 2a–2c with an excess
of AcCl in MeOH/CH2Cl2 which gave rise to (� )-Δ9-cis-
THC (7a), (� )-perrottetinene (7b), and (� )-epiconicol (7c)
with good yields (Scheme 3) and retained enantiomeric
excesses. MOM-deprotected tetrahydrobenzochromenes 7d
and 7e were also obtained with comparable yields with the

Scheme 2. Reaction scope.

Scheme 3. Access to naturally abundant and synthetically relevant Δ9-
cis-THCs.
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described protocol and represent precious chiral building
blocks in the synthesis of bisabosqual scaffolds.[11b,c] Notably,
this reaction had to be carried out in degassed solvents
under the exclusion of light and at temperatures not exceed-
ing 20 °C to prevent oxidative decomposition of the products
formed.

The complete sequence for the synthesis of enantiomeri-
cally highly enriched Δ9-cis-tetrahydrocannabinoids com-
prises merely 3 steps from commercially available material.
The overall yield for (� )-Δ9-cis-THC (7a) accounts to 71%
from literature known precursor 1a (Scheme 3 bottom).

To demonstrate the applicability of this method on the
gram-scale, we subjected 1.68 g (4.00 mmol) of 1-aryl nerol
1a to only half of the standard catalyst loading (0.5 mol%)
of IDPi 6e which delivered product 2a with an enhanced
yield of 1.50 g (96%) and almost the same enantioselectivity
(er=97 :3) as in the small-scale experiment (Scheme 4A). In
addition, the catalyst could be recovered with >95% yield
by simple column chromatography.

To elucidate the mechanism of the reaction in more
detail, some control experiments were conducted. In the
course of the gram-scale experiment, a side product was
isolated that was identified as the methoxymethyl ether of
cinnamyl alcohol 1a’ (MOM-1a’, Scheme 4A). Cinnamyl
alcohol 1a’ is the allylic transposition product of starting
material 1a that may form in acidic media.[19]

Subjecting this side product MOM-1a’ to our established
reaction conditions gave rise to Δ9-cis-THC 2a with identical
yield and selectivity as 1a. This was a clear indication that
the reaction proceeded through a doubly resonance-stabi-
lized cation and that either isomer of alcohol 1 may operate
as substrate and MOM-group scavenger. Furthermore, when
benzyl alcohol 8 that lacked the common terpenoid allylic
double bond was employed under identical reaction con-

ditions, a very sluggish reaction occured and furnished
product 9 as a single trans-configured stereoisomer with
diminished yield and very low enantioselectivity (Sche-
me 4B). The less well stabilized cation derived from benzyl
alcohol 8 possibly takes a different reaction pathway via a
concerted oxa-Diels–Alder-mechanism.[20] Finally, in the
reaction leading to MOM-protected epiconicol (2c) a by-
product could be identified as the elimination product 10 in
which the new C� C-bond has already been formed albeit
without C� O-bond formation (Scheme 4C). Taken together
these findings support a stepwise mechanism as follows
(Scheme 4D). Under the influence of the chiral Brønsted
acid the starting 1-aryl nerol 1 may isomerize to the
corresponding cinnamyl alcohol 1’.

Both isomers 1 and 1’ upon protonation by the catalyst
are then dehydrated to furnish the same doubly resonance-
stabilized cation which undergoes a Prins-type or tail-to-
head cyclization. We assume a similar transition state that
was calculated by Jacobsen and co-workers for an enantiose-
lective tail-to-head cyclization of neryl chlorides,[21] in which
the double bond arranges itself stacked to the allylic cation
that forms an ion pair with the anion of the IDPi
(intermediate I). To account for the observed cis-selectivity,
we assume that the intermediary allylic cation forms a
sickle-shape. Upon C� C-bond formation cationic intermedi-
ate II is formed. Subsequently, the neighboring MOM-ether
adds to this cation and closes the pyran ring (intermediate
III). Intermediates II and III are presumably in equilibrium
until oxonium ion III undergoes a transacetalization with
the starting 1-aryl nerol 1 or its isomer 1’ to release the final
product 2, the chiral catalyst and the MOM-ether of 1 or 1’
which will be the substrate of the next catalytic cycle.

In conclusion, we have developed a catalytic asymmetric
cyclization of readily accessible 1-aryl nerols toward the

Scheme 4. Control experiments and proposed mechanism.
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synthesis of diversely substituted Δ9-cis-tetrahydrocannabi-
noids. This process features the most direct access to this
product class which is made possible through superacidic
IDPis that allow for excellent selectivity with catalyst
loadings of a slow as 0.5 mol%. We propose that the
reactions proceed through a tail-to-head cyclization that
establishes up to three stereocenters, one of which is fully
substituted, in a single process. Every most common side
chain found in phytocannabinoids can be easily incorpo-
rated. Naturally abundant Δ9-cis-THCs were synthesized in
only 3 steps from readily available precursors in a highly
straightforward fashion which constitutes the shortest enan-
tioselective total synthesis of this product class until now.[22]
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