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Abstract: A unified and bioinspired oxidative cyclization
strategy was used in the first total syntheses of naturally
occurring 12-epi-hapalindole Q isonitrile, hapalonamide H,
deschloro 12-epi-fischerindole I nitrile, and deschloro 12-epi-
fischerindole W nitrile, as well as the structural revision of the
latter. Hapalindoles H and Q were also synthesized.

During synthetic studies on indole terpenoids,!'! we noticed
a common structural motif (1, Scheme 1) appearing in 10,23-
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Scheme 1. Some indole terpenoids containing 1-indolyl-2-propenyl-
cyclohexane motif and a hypothesis of the biogenesis of such
structures.
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dihydro-24,25-dehydroaflavinine® (2) and the hapalindole-
type natural products (e.g. 3-7),°7 and were intrigued by its
biogenesis. Moore et al. proposed a biosynthetic route to 12-
epi-hapalindole E (8; Scheme 1).%7 Upon activation by CI(I),
the C3=C4 bond of (-ocimene (9) could be attacked by 3-
vinylindole 10, to generate a benzylic cation 11. Prins-type
cyclization would then proceed to give 8. Inspired by this
proposal, we envisioned a mechanistically similar transfor-
mation as a general access to the 1-type structures; the
benzylic oxidation of a linear indole precursor is more
practical and flexible to generate the cation intermediate
such as 11, from a chemical perspective. Herein, we report the
total synthesis of 3-7 and the revision of the originally
assigned structure of deschloro 12-epi-fischerindole W
nitrile,*! based on the development of such a Prins-type
oxidative cyclization reaction.

We first investigated the cyclization reaction using sub-
strate 12 in combination with oxidants for benzylic oxidation
[Eq. (1)]. SeO, or ceric ammonium nitrate (CAN) resulted in

()

complete decomposition. 2-Iodoxybenzoic acid (IBX) oxida-
tion® gave cyclization product 13 in roughly 10% vyield,
despite incomplete conversion and partial decomposition.
Treatment with 2 equiv of 2,3-dichloro-5,6-dicyano-1,4-ben-
zoquinone (DDQ)P ' in DMF at 80°C improved the yield to
55%. Under these conditions, 13 was obtained as a single,
trans diastereomer. This configuration may be explained by
the reaction proceeding through an all-equatorial chairlike
transition state. The major byproduct was the corresponding
indolyl ketone.

The scope of the oxidative cyclization is summarized in
Scheme 2. Products 14-28 were obtained in moderate to
excellent yields. The structures of 16, 24, and desilyl-28 were
verified by X-ray crystallographic analysis.!"”! In all cases, the
indolyl and alkenyl substituents kept a trans orientation. A
radical-clock experiment gave smooth cyclization to furnish
15.0% No cyclopropane-opening products were detected,
which supports a cationic, rather than radical, pathway.
Compounds 17 and 23 may originate from the intramolecular
Friedel-Crafts and intermolecular DMF-trapping reac-
tions,'"l respectively, which corroborates the proposed cat-
ionic pathway. The nonpolar solvent 1,2-dichloroethane
(DCE) and the relatively low reaction temperature play
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Scheme 2. Scope of the Prins-type oxidative cyclization reaction. General conditions: 2.0 equiv of DDQ, DMF, 80°C. [a] 1.5 equiv of Sc(OTf);.

[b] 1.7 equiv of DDQ, DCE, 50°C. [c] 22°C. [d] 1.1 equiv of DDQ, 22°C.

subtle roles to prevent the proton elimination and promote
the Friedel-Crafts annulation. The configuration at the
homobenzylic position significantly influenced the stereo-
chemical outcome of the cyclization (compounds 16-20 and
24-28), setting the basis of the stereocontrolled synthesis of
hapalindoles (vide infra). The free alcohol (see compound 19)
displayed the opposite stereo-inducing effect as compared to
other substituents, which provides for a stereodivergent
approach to hapalindole-like molecules. Other alkenyl
groups can be used as nucleophiles (see compounds 20 and
21). Five-membered-ring formation proceeded well (see
compounds 22 and 23). Various indole substituents were
tolerated (see compounds 24-28), which makes this reaction
attractive for the preparation of a wide range of hapalindole
analogues. For products 24, 26, and 27, a mixture of

atropisomers was obtained. Product 28 with a reverse-
prenyl group at indole C2 is potentially useful for the
ambiguine synthesis.”’) Notably, Sc(OTf), was found to be
an important additive in some cases (see compound 15),
presumably through imine activation.*!

Having established the method, we directed our attention
to the syntheses of hapalindole Q™ and 12-epi-hapalindole
Q isonitrile (Scheme 3). The synthesis of 4 has not been
reported perhaps because the stereochemical variation
between 3 and 4 at C12 made some of the previous strategies
inapplicable to the synthesis of the latter. The oxidative
cyclization strategy simplified this problem to the preparation
of a pair of diastereomeric linear precursors and enabled
a unified approach to both molecules (Scheme 3). Direct
synthesis of the primary homoallylic amines proved challeng-

Me Me
MMS Y, Me / Me
(HO),B 30 b) Mg, NH,CI, d) Sc(OTh),
+ a) NH; MeOH DDQ, 80 °C
CHO 53 %, 10:1d.r. c) TCDI 5%
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N Me Me
\ / /
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P MeOH EtsN
(HO),B | '
82 % (2 steps) 51% (2 steps) 4 12-epi-hapalindole
34 Me” Me Q isonitrile

Scheme 3. Total syntheses of hapalindole Q and 12-epi-hapalindole Q isonitrile. TCDI=1,1"-thiocarbonyldiimidazole.
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ing: Kobayashi’s protocol™ failed to give the desired amines
due to the low reactivity of the allylic boronic esters used. We
made recourse to the free boronic acids."! Treatment of
known aldehyde 29" with cis boronic acid 30"'% in liquid
NH,™! provided amine 31 (53% yield, ca. 10:1 d.r.), which
underwent desulfonation and thioisocyanate formation to
afford compound 32 (88 % overall yield). Exposure of 32 to
DDQ and Sc(OTf); at 80°C furnished racemic hapalindole Q
(3) in 48% yield. Similarly, amine 33, which was obtained
from 29 and trans boronic acid 34, was further converted to
formamide 35. The oxidative cyclization followed by dehy-
dration proceeded smoothly to give racemic 12-epi-hapalin-
dole Q isonitrile (4) in 51 % yield (2 steps). These syntheses
took advantage of the flexible access to the substrates and the
functional group tolerance of the cyclization.

We applied the above strategy and method to the
synthesis of racemic hapalindole H® and hapalonamide H
(Scheme 4). Compound 36 was constructed from 30 and 4-Br-

0O
(2 stops) | HCOaNa 80°C

66 % a) Herrmann cat.,
b) triphosgene, Et;N

ORTEP of 5

7 “NC  c)Rose Bengal,
air, visible light
-—

87 %

NHCHO
6: hapalonamide H

5: hapalindole H

Scheme 4. Total syntheses of hapalindole H and hapalonamide H.

29017181 (399% yield) in a similar fashion to that described
above. The cyclization afforded compound 37 (58 % yield),
which was subjected to Baran’s conditions for reductive Heck
annulation.”” Dehydration of the resultant formamide pro-
vided hapalindole H (5, 66 % yield, 2 steps); its structure was
confirmed by X-ray crystallographic analysis."* In this syn-
thesis, the stereocenters at C11 and C12 were pre-installed on
the linear precursor, and those at C10 and C15 were secured
by the oxidative cyclization. Thus, no additional redox process
was required for the stereochemical adjustment.”® Photo-
sensitized oxidation of 5 (air, Rose Bengal, visible light) gave
hapalonamide H (6) in 87 % yield"! presumably through an
'0, cleavage mechanism, which represents the first synthesis
of this natural product.

The first synthesis of deschloro 12-epi-fischerindole I
nitrile (7) possessing a tetracyclic framework was accom-
plished (SchemeS5), based on the cyclization cascade
observed leading to compound 17 (Scheme 2). Distinct from
many other members of the hapalindole family, 7 contains
a nitrile rather than an isonitrile or thioisocyanate function.
Condensation of acid 38 with nerol ((Z)-3,7-dimethyl-2,6-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 5. Total synthesis of deschloro 12-epi-fischerindole | nitrile.
EDC = N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide, TMP=2,2,6,6-
tetramethylpiperidine, TMS =trimethylsilyl, HOBt = 1-hydroxybenzotri-
azole.

octadien-1-ol) afforded ester 39, which underwent an Ireland-
Claisen rearrangement (LiTMP, TMSCI) to give acid 40 as
amajor diastereomer. This compound was converted to nitrile
41 (66 % overall yield) as the cyclization substrate. The C11
stereocenter was used transiently for directing the stereo-
chemical outcome at C15 of the product and then vanished.
Treatment of 41 with DDQ (3 equiv) in DCE at 50°C
furnished racemic deschloro 12-epi-fischerindole I nitrile (7)
in 43% yield in a one-pot reaction, presumably via inter-
mediate 42 (see compound 17 in Scheme 2). The structure of 7
was verified by X-ray crystallographic analysis.!"”!

The structure of deschloro 12-epi-fischerindole W
nitrile*? (43, Scheme 6) seemed at odds with the presumed
biosynthetic pathway, in which it would arise from an
isopropenyl-containing precursor. On this basis, we proposed
an alternative structure (44), in which the aryl methyl is
moved to C16.2" Our total synthesis (Scheme 6) confirmed
this to be the correct structure. CrCl,-mediated allylation! of
unprotected aldehyde 45 furnished the cyclization substrate
46 (62% yield), which was subjected to the oxidative
cyclization conditions to give 19 (53 % yield, see Scheme 2).
Exposure of 19 to Pd(OAc), and p-benzoquinone at 80°C
provided carbazole 47 in 51 % yield through an oxidative
Heck annulation:? the structure of 47 was confirmed by X-
ray crystallographic analysis.'”) Treatment of 47 with
BF;-OEt,/TMSCN gave the corresponding benzylnitrile (ca.
3:1 mixture of C11 diastereomers). The spectra of the major
isomer 44 (44 % yield after purification) are identical to those
reported for the natural sample. Thus, we revised the
structure of the natural product from 43 to 44.
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Scheme 6. Total synthesis of revised deschloro 12-epi-fischerindole W
nitrile. p-BQ=1,4-benzoquinone.

In summary, we developed a Prins-type oxidative cycliza-

tion reaction and accomplished the total syntheses of
a number of structurally diverse natural products of the
hapalindole family. This strategically novel and flexible
approach may facilitate biological studies of these natural
products and their analogues.
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