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ABSTRACT: We report herein the first total synthesis of
(—)-incarviatone A (1) in 14 steps starting from
commercially available inexpensive phenylacetic acid (9).
Our early stage synthesis relies on the scalable and
sequential C—H functionalization to rapidly assemble the
indanyl dialdehyde framework. Further biomimetic cascade
strategy allows us to obtain the natural product in a one-
pot operation. We also conduct detailed mechanistic
studies and disclose all the possible intermediates and
isomers formed during the biomimetic cascade process.

(—)-Incarviatone A was first isolated as a unique natural product
hybrid by Zhang group in 2012 (Figure 1)." Preliminary

(-)-Incarviatone A (1)

Figure 1. Naturally occurring hybrid (—)-incarviatone A (1).

biological tests disclosed that 1 showed notable potential as a
novel monoamine oxidase (MAO) inhibitor (ICs, 29 nM against
monoamine oxidase A), which represented a great potential for
the treatment of depression, Alzheimer’s disease, and other
neurological disorders.” However, the poor accessibility (4.1 mg
out of 17 kg dried plants) prevents its continued biological
studies. From a synthetic point of view, (—)-incarviatone A (1) is
also exceedingly attractive due to the unprecedented polycyclic
framework with eight contiguous stereogenic centers. We report
herein our synthetic endeavors, which ultimately accumulate into
the total synthesis of (—)-1 in 14 steps.

As hypothesized by Zhang and co-workers, (—)-1 is
biogenetically derived from a dehyroiridodial dimer and
benzofuranone analogue (Scheme 1). In detail, Diels—Alder
cycloaddition of two dehydroiridodial molecules followed by
functional group interconversions provides dialdehyde 2, which
undergoes double aldol reactions with ent-cleroindicin F to
furnish 3 as the key biosynthetic intermediate. Subsequent oxa-
Michael addition through 158-hydroxyl group attack provides

(=)-1.
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Scheme 1. Synthetic Analysis of (—)-1
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It is widely recognized that nature in many cases rapldly
assembles polycyclic molecules (i.e., triterpenes and steroids)”
with the desired architectural complexxty and diversity using
cascade stereoselective reactions.” Not surprlsmgly, this
biomimetic cascade strategy has continuously inspired synthetlc
chemists to invent many landmark syntheses for decades.” In
our synthetic plan, we envisaged that (—)-1 could be syntheti-
cally derived from the advanced precursors 4 or § by utilizing the
biomimetic cascade strategy. While 4 could be installed by Suzuki
coupling of $ with vinyl boronic ester 6. Phenolic aldol
condensation was considered for the assembly of 5 by coupling
of phenol 7 with indanyl dialdehyde 8.”* Finally, sequential C—H
functionalization has emer%ed as an ideal tool for complex total
synthesis in recent years. Successful examples have been
reported with indole, 1 pylrrole,12 and dihydrobenzofuran
frameworks."® In our case, four sequential and different C—H
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Scheme 2. Fourteen-Step Total Synthesis of (—)-1
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functionalization including a scalable and diastereoselective
intramolecular C—H insertion step would be responsible for
the rapid assembly of the highly functionalized indane skeleton of
precursor 8, starting from inexpensive phenylacetic acid 9.

Our synthesis commenced with ortho-C—H alkylation of 9a
using Yu’s protocol (Scheme 2)."* The desired ortho-propyl
phenyl acetic acid 11 was obtained in 30% yield (brsm 39%) on a
gram scale, along with di-ortho-propyl product in 10% yield. An
alternative Negishi coupling was also proceeded well from
bromo-methyl ester 9b and provided 11 in 62% yield after in situ
hydrolysis. The subsequent catalytic enantioselective synthesis of
indane carboxylic acid via intramolecular C—H insertion in the
presence of chiral rhodium catalysts proved to be crucial for our
synthetic sequence. Although a series of intramolecular C—H
insertions have been reported by Hashimoto and Davies for the
enantioselective synthesis of dihydrobenzofurans,'® previous
attempts to access indanes have met with only limited success to
date."®"” Indeed, we also observed nonsuperior results with a a-
diazo methyl ester substrate.'® Chiral auxiliaries turned out to be
the next reasonable move.'*”'® After extensive screening of
different chiral auxiliaries, we were delighted to observe that the
desired trans-indane acid 14 could be obtained in 93% ee (up to
99% ee after one recrystallization) after a 3-step sequence using
inexpensive (—)-borneol 12 as a chiral auxiliary. The highly
diastereoselective C—H insertion of 13 was performed on 28 g
scale in 70% yield, which lays a firm basis for catalytic asymmetric
synthesis of indane via intramolecular C—H insertion for the first
time. Yu’s Pd(II)-catalyzed ortho-C—H iodination of 14 with a

11947

modification using Pd(dppf)Cl, as an optimal catalyst afforded
iodo-acid 15 in a scalable manner.'”*" The absolute config-
urations of the two vicinal stereogenic centers were also assigned
at this stage by single crystal X-ray diffraction analysis."®
Sequential carbonylation, carbonyl reduction, and alcohol
MOM (methoxymethyl) protection of iodide 15 yielded 16 in
70% overall yield. The one-pot procedure for Hartwig’s meta-
borylation, bromination, and MOM deprotection proceeded
efficiently with substrate 16 to furnish diol 17 in 56% yieldon 3 g
scale.”' ™** Subsequent Swern oxidation delivered the enantio-
pure indanyl dialdehyde 8.

As shown in Scheme 2, dialdehyde 8 was found to undergo
phenolic aldol condensation with magnesium phenolate 18
under the optimized microwave conditions to provide 19 as an
inseparable diastereomeric mixture (15-OH,/; = 1.7:1).”'°
Subsequent dearomatization of the phenol afforded dienone $§
as inseparable diastereoisomers in 40% yield,”* along with the
undesired C19-epimer 20 in 37% yield, which could be reduced
to starting material 19 in the presence of zinc and then re-engage
into the previous dearomatization. Compound § was finally
obtained in 51% yield after two cycles. Suzuki coupling of § with
vinyl boronic ester (R)-6 yielded another precursor 4.”>>°

With precursors § and 4 in hand, we started our investigation
into the biomimetic cascade process. After careful examination,
we found that starting from the inseparable diastereoisomers 5,
the desired diol 22 could be obtained in 59% yield along with
another isomer 21 in 14% yield under the optimal conditions.
Both structures were initially determined by 2D-NMR spectros-
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Scheme 3. Late-Stage Biomimetic Cascade of 4

A)
15a-isomer
—
Me  oH Q
a) TBAF ) c
THF,0°C Deprotection ~ Ci5
OH — ] /oxa-Michael epimerization
/Aldol (reversible)
OH:
OTBS
Me! 1
15/3-isomer
—_—
o Me . @ ) 2% aq, NaOH
EtOH, 23 °C
H = 9-10)
d) DMP, CH,Cl, (p ) s
3 ————————> 3
e) NaBH4, MeOH OHC B retro
— HO oxa-Michael

(reversible)

Me! i
26, 699 oxa-Michael
, 69% over 2 steps quant. (155-OH)
[
D) One-pot biomimetic cascade
2 eq. 2% aq. NaOH
g) TBAF EtOH, 0 °C
4 - - [4)] ——— [
THF,0°C
15-OHgp = 1.8:1 monitored monitored
by TLC by TLC

2% aq. NaOH

_——
JEtOH (1:1), -20 °C
19% 23, 46% 1

B) Me
b) 2 eq. 2% aq. NaOH
EtOH, 0 °C
24 OH
oxa-Michael ('H
(150-OH) OHC___ OH O—H
c) 2% aq. NaOH Me' 25,72%
JEtOH (1:1), 20 °C
27% 23,37% 1
¢) 2% aq. NaOH retro
JEtOH (1:1), -20 °C || oxa-Michael
18% 23, 53% 1 (reversible)
18% 23
-
oxa-Michael
(17-OH)
. 15a-alkoxide
Cis
epimerization
(reversible)
53%1
[15p-alkoxide]
oxa-Michael
(15-OH)

copy and later confirmed by single crystal X-ray diffraction
analysis.'® The end-game Suzuki coupling of 22 with (R)-6
provided natural product (—)-1 smoothly in 70% yield.”” Finally,
applying the inseparable diastereoisomers 4 pregenerated from
Suzuki coupling of § with (R)-6 into the same one-pot conditions
resulted in the one-step facile formation of (—)-1 in 46% yield
along with the minor isomer 23 in 19% yield. The spectroscopic
data of synthetic (—)-1 fully matched with the natural isolate.
Thus, we achieved the total synthesis of (—)-1 in 14 steps and
established the absolute configuration of (—)-1.

Based on a thorough and stepwise exploration, we were able to
identify the relevant intermediates and isomers formed during
this striking biomimetic cascade process, which allowed us to
illuminate the mechanisms involved (Scheme 3). Specifically,
both diastereoisomers of 4 were initially converted into
intermediate 24 upon treatment with tetrabutylammonium
fluoride (TBAF) in THF at 0 °C: the product 24 was isolated
in 78% yield after quenching with 0.5 N hydrochloric acid at 0 °C
(Scheme 3A). Although, both 15 and 156-4 presumably
undergo the TBAF-mediated TBS deprotection, oxa-Michael
addition, and intramolecular aldol reaction cascade in parallel to
afford 24 and 3, respectively. However, 3 could not be detected
due to the facile epimerization of C;s via retro-aldol/aldol
condensation to furnish 24 (Scheme 3A). The intermediate 24
could be easily transformed into the first regioisomer 25 with 2%
NaOH (2 equiv) in EtOH at 0 °C via oxa-Michael addition
through 1Sa-hydroxyl group attack (Scheme 3B). Upon the
treatment of 25 with 2% NaOH in EtOH (v/v = 1:1) at =20 °C,
the natural product (—)-1 was isolated in 53% yield as well as
another C17-regioisomer 23 in 18% yield.

During this reaction, (—)-1 was formed preferentially,
presumably because the initial retro-oxa-Michael addition of 25
generates the sodium 1Sa-alkoxide active species, which
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kinetically favors sequential, reversible C,5 epimerization and
15p-oxa-Michael addition processes to furnish (—)-1 at —20 °C
rather than direct oxa-Michael addition through the 17-hydroxyl
group attack to afford 23. This hypothesis was later supported by
the inferior results (37% (—)-1 and 27% 23) obtained upon the
treatment of 24 under the same reaction conditions (Scheme
3B). Compound 23 failed to be converted directly into (—)-1 by
any means (Scheme 3C); a two-step oxidation/reduction
sequence was performed to furnish isomer 26, the C15 epimer
of 23. Upon treatment with 2% NaOH in EtOH (pH = 9—10) at
ambient temperature, 26 could be exclusively transformed into
(=)-1 presumably via sequential, reversible retro-oxa-Michael
addition and oxa-Michael addition through 154-hydroxyl group
attack. Finally, we maneuvered to operate a one-step biomimetic
cascade of 4 in a one-pot fashion (Scheme 3D), starting from 4
and through in situ sequential formations of 24 and 28§, the
desired product (—)-1 and isomer 23 were isolated in 46% and
19% vyields, respectively. Further studies of the inseparable
diastereoisomers $ showed that it behaved similarly in all cases.
All the structures of the intermediates and isomers described
above were determined based on 2D-NMR spectroscopy.®

Inspired by the initial biogenetic hypothesis, we also
conducted extensive biomimetic studies in our laboratory using
dialdehyde 8 and ent-cleroindicin F. Unfortunately, all attempts
led to either racemization of ent-cleroindicin F (E1CB and 1,4-
addition)*® or decomposition of 8 under various basic
conditions. However, under acidic conditions we merely isolated
side product.'®

To conclude, we have accomplished the first total synthesis of
(—)-incarviatone A (1) in 14 steps starting from inexpensive
phenylacetic acid. In the course of our synthetic studies, we have
developed a scalable and sequential C—H functionalization
process for the rapid assembly of the highly functionalized indane
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skeleton. More interestingly, we have also identified a striking
biomimetic cascade reaction to furnish the desired natural
product in one step. In addition, the route is flexible and should
be amenable to the synthesis of natural product analogues or
derivatives to facilitate the follow-up chemical biology studies,
which are currently underway and will be reported in due course.
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