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Abstract

This brief highlight described about our recently reported method of cascade Prins-type cyclization method. Structural
complexity and interesting biological activity made hapalindole alkaloid an attractive choice to the synthetic organic chemist over the

past few decades. Keeping the importance of
hapalindole scaffolds in mind, in this line, we
recently disclosed a redox-neutral, biomimetic
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aldehyde bearing a terminal ene-promoter.

The mild reaction protocol allows e Nine hapalindole alkaloids
« Broad substrate scope

incorporation of several key functionalities in
the products, and products were isolated with
excellent vyields and diastereoselectivities.
Applying this strategy total synthesis of seven
hapalindole alkaloids and formal synthesis of
two more related alkaloids were accomplished
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1. Introduction

Hapalindoles are a unique class of indoleterpenoids with
fascinating structural geometry isolated from prokariyotic
organism cyanobacteria otherwise known as * * blue green
algae *© which generally thrives itself in costal area’s fresh
water. In 1984, Moore and his co-workers isolated its first
congener Hapalindole A and B from
HapalosiphonfontinalisandAnabaena  oscillarioides."Since
then, until now about 81 hapalindole alkaloids have been
isolated from 18 different cyanobacteria strains of the order
Stigonematales. These secondary metabolites are exclusive
to Stigonematalesand have not been found anywhere else.
They display a wide range of bio-activities which might be
interesting in medicinal chemistry.*"'Their structural analysis
shows these are consisting of an indole ring connected to a
densely functionalized cyclohexane ring with up to five
contiguous stereocenters via C2/C3/C4 positions. The
presence of a nitrile or isonitrile group at the C11 position and
a quaternary vinyl group at the C12 position is notable.
Further analysis shows that these natural products are based
on a polycyclic ring system such as tricyclic, tetracyclic or
pentacyclicefc. Based on the carbon skeletal backbone,
hapalindoles can be classified into eight subgroups such as-
fischerindoles, ambiguine, welwitindolinones, etc. (Figure 1).
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Figure1: Hapalindole alkaloids.

The inspiring molecular architectures of the hapalindoles

along with their encouraging biological activities have
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spawned many research programs directed toward the total
syntheses of these molecules and consequently a number of
total synthesis both in racemate'®?' as well as asymmetric®®
% form has been reported. In 1989, Natsume and co-workers
reported total synthesis of hapalindole J, M, H, and U via a
Lewis acid mediated coupling of tertiary benzylic alcohol and
silylenol ether (Scheme 1)."* This tetracyclic intermediate
was later used as a common intermediate for all
hapalindoles. The cis-geometry between C and D ring was
accomplished through LiAIH, mediated alkene reduction.

Me._ OH Me Jy '0'
Me 9 e

\ + 1 SnCly

N 2. BF, EO. BF 3 Et,0

. OTMS

Ts

R =-NC, Hapallndole
=-NCS, Hapalindole M

Scheme 1: Natsume’s synthesis of hapalindoles J and M.

In 2004, Baranet al. first reported protecting group free
synthesis of Hapalindoles and Fischerindole in their
pioneering work (Scheme 2).** The C-C bond formation
between the indole ring and cyclohexane ring was achieved
via Cu(ll)-mediated oxidative enolate coupling of indole with
(-)-carvone in presence of LIHMDS acting as a base for
enolate generation.
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Scheme 2: Baran'’s total synthesis of hapalindole alkaloids.

In 2011, Johnston et al. reported total syntheses of
hapalindole A and K and formal synthesis of hapalindole G."
The core structure was synthesized from indole via EtAICI
mediated acylation/alkylation with a-methyl tiglic acid chloride
(Scheme 3). The generated 3-acylated indole was converted
to 1,3-diene via Pd(PPhs)scatalyzed Heck coupling. Later it
was coupled with (E)-4-chloro-3-methylbut-3-en-2-one via
Diels-Alder reaction to access the core structure needed for
hapalindole A and K.

Me
Y 1. ELAICI (1.5 equiv) Me o

ﬁ CH,Cl,, 0°C, 2 h, 94% M
+ Me _ = W hapalindole A
Me cl 2. AICI;-NaCl hapalindole K
& 120 °C, 3 min, 97% NH

Scheme 3: Johnston’s synthesis of hapalindole alkaloids.
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In 2014, Ang Li and co-workers reported core structure
of hapalindole alkaloids via DDQ promoted Prins cyclization
of 3-alkylated indoles (Scheme 4).2' It requires considerable
efforts for the synthesis of 3-alkylated indole, stoichiometric
usage of oxidants, high temperature and corresponding
indolyl ketone is formed as by-product.

R! DRZ Me #
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DDQ, [O] T ‘NC
Prins cyclization i
Me HN

O NH
Scheme 4: Ang Li’'s synthesis of hapalindole and fischerindoles.

Hapalindole H

2. Retrosynthesis and Work Plan

Despite numerous reports on the total synthesis of
hapalindole alkaloids, direct access to these scaffolds from
commercially available starting material is elusive and still a
challenging task. There also remained few drawbacks for the
existing methods. For example, Cu(ll)-mediated oxidative
coupling employs stoichiometric amount of indole, base, and
oxidant. DDQ promoted benzylic oxidation as documented by
Ang Li and co-workers requires tedious pre-functionalization
of indoles (up to 7 steps to get the product), stoichiometric
use of expensive Sc(lll)-triflate Lewis acid an oxidizing agent,
in addition, corresponding indolyl ketone is formed as a side
product. Considering its synthetic and biological importance
as discussed above it would be an efficient protocol if this
scaffold can be synthesized in a single step. The proposed
idea was based on a one-pot tandem reaction pathway
(Scheme 5). First, in situ generated indolyl alcohol 3, formed
by reaction of indole1 and aldehyde 2 in the presence of
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Scheme 5: Working hypothesis.
Brgnsted acid should undergo a rapid water elimination to
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generate vinylogousiminium intermediate 4 which would
undergo intramolecularPrins-type cyclization to provide the
trans-1-indolyl-2-isopropenylcyclohexane scaffold 5 via an
all-equatorial chair like TS.*"*® The success of this strategy
exclusively depends on the selectivity at which two
competing reactions namely, (a) the generation of 3, and (b)
the intramolecularene reaction of 2 (a decomposition
pathway) takes place.

Since, the hapalindole alkaloids are differentiated within
themselves at the relative geometrical position, we applied
the strategy towards total synthesis of these alkaloids. We
hypothesized that C11-C12 geometry can be fixed with a
diastereoselectiveallylationwhere as C10-C15 stereocenters
can be achieved through the Prins-type cyclization.

3. Result and discussion:

At the outset of this investigation, a brief optimization
study shows that diphenyl phosphate is an excellent catalyst
for these type of reactions in dichloromethane solvent. As
depicted in Scheme 6, several indoles and aldehydes
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excellent diastereoselectiviies and good to excellent
yields.Forindole having no C2-substitution, cyclohexane was
found to be the solvent of choice. In the presence of BINOL-
derived phosphoric acid catalyst B (5 mol%), we pleasingly
found that fully cyclized product 50 was the major product
(56% yield) along with 5k as the minor (11%).24*°

Towards synthesis of hapalindoles total synthesis, at
first, Zn-mediated allylation of ethyl glyoxalate with geranyl
bromide failed to provide desired homoallylic alcohol in any
diastereoselectivity(Scheme 7). Next, we move towards more
Lewis acidic geranylboronic acid, and to our joy it furnished
the homoallylic alcohol 6 in >20:1 dr and 90% yield.**3* Next,
we protected the hydroxyl; group with several protecting
groups such as p-methoxybenzyl, MOM, and silyl ethers
(TBDPS); and converted the ester group to aldehydes (7a-
7c) via reduction-oxidation sequence. However, under the
standard reaction conditions, none of the aldehyde furnished
any cyclized products after extensive optimization. In every
case, we only observed the decomposition of aldehyde. We
hypothesized that, this might be due to the steric bulk
adjacent to the aldehyde, which is retarding the initial attack

participated in the reaction. Products were isolated in of indole. As a result, decomposition pathway
r3 R
5 diphenyl phosphate (cat. A) : R2
R (10-20 mol%) ,
/7 or cat. B (5 mol%) _RN / and/ or
~ P
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R = Me, 5b, 93%

y /"Me
e
5f, 89% 5g, 66%, (dr=9:1)
Me Me
R

Me Me

/_\Me
e

M
R =-Br, Sm, 67%
=-NO,, 5n, 55%

51, 92%3

cat. A = 34% (41% 5k)
cat. B = 56% (11% 5k)

P

Me Me

=H, 5¢, 40%

Me, 5d, 64% (dr=5.8:1)

R

Ts

5§, 63%

Ar
OO o Db

P
IO ca

catB
Ar
Ar = 3,5-(F3C),-CgH4

/
H me Me

Scheme 6: Scope of the Aldehydes and Indoles. “Batchwise addition of aldehyde at 60 °C.dr = diastereomeric ratio.
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(intramolecularene reaction) is operative rather than
nucleophilic addition of indole nucleus to the aldehyde. To
overcome this, we introduced the indole-nucleophile while
erasing the possibility of ene reaction by introducing a
Grignard reagent. We have chosen MOM-protected aldehyde
7c¢ as our optimal aldehyde due to its moderate steric bulk as
well as its ability to get deprotectedunder acidic conditions.*

Ethyl glyoxalate
Me Me (1.0 equiv) \ Me
/K/\)\/\ Zn (5.0 equiv EtO. C
S 2 Zn(50equiv) _ EtO, =
Me Br THF, rt, Ar Me

OH
6, 82%, dr1.2:1

JLV wd
KWOEI Etozc\)\/\/\M

CHClj, rt, Ar H
OH

6, 80%, dr>20:1

Me \\ Me @nsted
1 / -‘ C'd No reaction
N + 0 decompaosition pathway

N R cond:rmns takes precedence
R =-OTBDPDS, 7a
=-OPMB, 7b
=-OMOM, 7¢c

e

Scheme 7: Initial approaches to hapalindole alkaloids

3.1 Total Synthesis of Deschloro 12-epi Fischerindole W
Nitrile and Hapalindole Q

In order to get all the isomeric hapalindoles from the
same common intermediate using a stereodivergent strategy
we synthesized these four diastereomeric alcohols by
coupling MOM protected aldehyde 7c¢ and 7d was reacted
with Grignard generated from 8 and 9 using iodine-
magnesium exchange carbazole alcohol 16 in 35% yield.?"*
Total synthesis of deschloro 12-epi-fischerindole W nitrile 17
was accomplished in 38% overall yield as major
diastereomer (dr. 2.5:1) by treatment of 16 with TMSCN in
the presence of BFsEt,0.2' To synthesize hapalindole Q,

/ Me Me
OHC =

OMOM

8 50,Ph \ \
SOsPh 10, 75% SO,Ph 11, 50%

AMOoM
$0:Ph 12 40% SOPh 13, 63%

9 50,Ph

Cram's Chelate Model:
M92+

\’°W¢r<

nucleaphlmc:
atfack

Scheme 8: Synthesis of diastereomeric alcohols via
Grignard addition
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15was oxidized to the corresponding ketone 18 using Dess-
Martin-Periodinane oxidant. The resulting ketone was then
converted to amine 19 in 48% yield (85% brsm) through
reductive amination using NH;OAc and NaBH;CN.?® Removal
of the protecting group followed by isothiocyanate formation
using CS(Imid), gave hapalindole Q 20 in 55% yield over two
steps.*®

3.2 Total Synthesis of 12-epi-Hapalindole Q Isonitrile,
Hapalindole C, and Hapalindole D:

In a similar fashion, other diastereomericalcohol 11,
obtained from nerylboronic acid, was treatedwith PTSA-H,O
and it proceeded as anticipated, providing 21 in 50% yield
over two steps (Scheme 10). Alcohol functionality was
converted to ketone using IBX oxidation and the resulting
ketone was then subjected to reductive amination. Unlike
previous case, it gives two isomeric cis- and trans- amines 22
and 23 in 16% and 55% yields, respectively.?’Desulfonylation
of 23 followed by isocyanide formation gave 12-
epihapalindole-Q-isonitrile26 in 54% vyield over three steps
using Baran' s protocol.”® Similarly, desulfonylation of
another isomeric amine 22 followed by isothiocyanate
formation using CS(Imid), gave 25hapalindole D. The same
amine was subjected to isocyanate formation according to
Baran s protocol which provided hapalindole C 24 in 56%
yield over three steps.*

e e,
PTSAH,0 L, 1-2(NaqNaOH )
(2.0 equiv) MeQH, 80 °C, 80%
10 “EtOAc, 69% over 2. Pd(OAC), (0.25 equiv)
two steps 1,4-BQ (2.54 equiv) N Me
toluene/AcOH (4:1) 16

gram scale
80°C, 1.5 h, 35%

Me, \\
BF3-Et;0 (3.5 equiv) DMP
TMSCN (5.3 equiv) 5 — =
—— CHCly, 1t

CH,Cl,, 0°C, 2h

38% (dr 2.5:1) Me

17: deschloro 12-epi
fischerindole W nitrile

Me, \\

1. 3 (N) ag. NaOH

NH4OA¢ (20.0 equiv) MeOH, 80 “C
NaBH;CN (5.0 equiv) 2 CS(Im\d) (2 0 equlv)
CH,ClI
MeQH/THF, rt, 7 d, 48% 212,
(85% brsm = based on H /\Me 55% cvertwo steps
recovered starting PhO.S 19 20: hapalindole G

material)

Scheme 9.Total synthesis of Deschloro 12-epi Fischerindole
W Nitrile and hapalindole Q.
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3.3 Total Synthesis of Hapalindole H, Hapalonamide H,
Hapalindole U and Ambiguine H:

Having achieved tricyclic hapalindoles, we next
concentrated our attention toward tetracyclic sub-class
havingtrans-fuseddecalin ring system with a quaternary vinyl
group at the C12-position and isonitrile group at the C11-
position (Scheme 11). To achieve this, we took 4-bromo-N-
benzenesulfonyl-3-iodoindole 9 as an indole coupling partner.
On the reaction of aldehyde 7c, provided the secondary
alcohol 12 as a single diastereomer in 72% yield. Treatment
of 12 with 2.0 equiv of PTSA-H,O at a lower temperature
(~20 °C) proceeded as hypothesized to give 27 in 40%
overall yield over two steps. It is important to maintain the
temperature at around 20 °C for optimal yield. Dess Martin
Periodinane (DMP) oxidation of alcohol 27 gave the ketone
28. Similar reductive amination as mentioned before
proceeded smoothly to give amine 29 as a mixture of
inseparable diastereomers (dr: 4:1) in 53% combined yield. In
the next step, amine functionality was converted to the
formamide functionality and the benzenesulfonyl group was
deprotected. During this, major diastereomer30 was
separated and obtained in 67% yield. Formamide30 was
subjected to reductive Heck annulation and successive
dehydration using triphosgene gave hapalindole H 31 in 46%
yield over two steps. Hapalindole H has been used as an
advanced intermediate for the synthesis of hapalonamide H
32 by Ang Li et al®' Thus, the formal synthesis of
hapalonamide H 32 was also achieved.The other isomeric
alcohol 13, was similarly treated with PTSA-H,O to obtain
33in 35% yield. Desulfonylation followed by DMP oxidation
gave ketone 34 which has been used as synthetic
intermediate for the synthesis of hapalindole U and
ambiguine H 36, thus completing their formal synthesis.?>%

PTSA-H,O 1. IBX (1.5 equiv)
" (2.0 equiv) CH4CN, 80 °C, 80%
it LI _reemm ey
E‘?AC- nt 2. NH,0Ac, NaBH,CN
50% over N Z“Me MeOHITHF it 7d N Me
two steps  pho,g - PhO,S

22, 16% yield

Me 1.3 (N) aq NaOH Me
MeOH, 85 °C :

2. HCO,H, CDMT, DMAP
NMM, CH,Cly, rt

PhO. st /\Me 3. triphosgene, EtzN H e
? i CH,Cl,, 0 °C, 54% . .
25, 55% yielo 26: 12-epi-hapalindole-
1.3 (N) aq NaOH Q-isonitrile
MeOH, 85 °C 7 e
Me 1.3 (N) ag NaoH 2. HCO,H, CDMT, DMAP
MeGH, 85 °C NMM. GH,Cl, 1t
) 22
- 2. CS(Imid}, 3. triphosgene, Et;N S /_
: CH,Cl, 1t CH,Cl,, 0°C, 56% Mo
N ZMe  70% over CNGa o

A over three steps 24: hapalindole C
25: hapalindole D~ WO steps

Scheme 10:Total Synthesis of 12-epi-hapalindole Q isonitrile,
hapalindole C and hapalindole D.
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53% over two steps B
dr: 4:1 N7 EN

1. Herrmann cat. v
TBAB, Et;N, DMF, 80 °C Me

2. triphosgene, EtsN
CH,Cl,, 0 °C, 46% over

two steps 31: hapalindole H

PTSA-H,O MeOH
(2.0 equiv) 85 °C, 86%
13 -
EtOAc, 20 ° A i
¢, 20°C W) A 2 DMP (15 equiv)
35% over two steps | Me  CH,Cly, 1t, 66%
PhO,S 33

Me
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ref 25 I\_ﬂe . one step
e | Me we Y
two steps
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oo

35: hapalindole U

36: ambiguine H

Scheme 11: Total Synthesis of hapalindole H, hapalonamide H,
hapalindole U and ambiguine H.

4. Conclusions

In conclusion, we have highlighted the work published
recently on the synthesis of diversely functionalized trans-1-
indolyl-2-isopropenylcyclohexane scaffolds via Brgnsted acid
catalyzed one-pot cascade protocol.*® Simplicity and mild
conditions significantly enhance the appeal of this method
toward other systems. To show the applicability,
hapalindoles-type nine alkaloids were synthesized in a
stereodivergent manner. Out of four contiguous
stereocenters, diastereoselective allylation using allylboronic
acids fixed two adjacent stereocenters, whereas PTSA
mediated deprotection-cyclization cascade sealed the other
two.
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