Propargylic Alcohols as Three-Carbon Synthons in a Rhodium-Catalyzed Het-

eroannulation via a Merged C—H Functionalization and Cascade Cyclization

Process

Prajyot Jayadev Nagtilak and Manmohan Kapur*

Department of Chemistry, Indian Institute of Science Education and Research Bhopal, Bhopal Bypass Road, Bhauri, Bhopal

462066, Madhya Pradesh, India

H

N
,

N B S —

/

ABSTRACT:

rifl A =
g // r
Z N
2 —_ z “R2
R —~ X

OH

HN
R N "
N\
=N
A

&
Isocryptolepine core

2

Y

RZ
L O l\i Ar
Ar; HO R1+ ¥z Q
N
A \
OH

We report herein, an unprecedented reactivity of propargyl alcohols as a “Three-Carbon Synthon” in the synthesis of core structures
of isocryptolepine, y—carbolines, dihydrochromeno[2,3-b]indoles and diindolylmethane's (DIM) derivatives. The transformation
involves a rhodium(l11)-catalyzed C-H functionalization, heteroannulation of indoles followed by cascade cyclization with external
as well as internal nucleophiles to afford diverse products. The reaction features highly effective transformations involving two
C-C, two C—N and two C-O bonds, leading to the formation of a variety of molecular frameworks that are a part of several biolog-

ically active natural products.

The potential of a cascade process lies in making complex mo-
lecular frameworks via several transformations in one stroke,
starting with a simple substrate with predetermined functional-
ity. The development and execution of new cascade processes
is a challenging aspect in organic chemistry. It brings with it,
novelty along with improved practical efficiency, and an aes-
thetic appeal to synthetic planning.! This is because cascade
methodologies are atom- and step-economical, in the same
sense being economical in terms of time, labor, and generation
of waste materials too. Therefore, these cascade methodologies
have captivated the attention of organic chemists, resulting in
them being utilized in the synthesis of several biologically rel-
evant heterocycles.?

Tricyclic scaffolds incorporating the indole framework find
widespread application in bioscience, medicine, and organic
chemistry. Isocryptolepine (Figure 1), possesses the g-carboline
core, which is present in many natural products, was isolated
from the roots of the West African plant Cryptolepis sanguino-
lena. It shows diverse biological activities, comprising anti-in-
flammatory, anti-malarial, anti-plasmodial, antitumor and neu-
ropharmacological properties. Along with g-carbolines,
chromeno[2,3-b] indoles and diindolylmethanes show potent

applications in the medical domain (Figure 1).2 The intriguing
pharmaceutical potential of this molecular framework prompted
us to design a new synthetic route by merging C—H activation
and a cascade cyclization.
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Figure 1. Selected examples of molecular frameworks pos-
sessing fused indole skeletons.

In the recent years, propargyl alcohols have emerged as unique
coupling partners in C—H functionalization reactions to achieve
the rapid construction of complex molecular frameworks.* Co-
ordination of the hydroxy group of the propargyl alcohol with



the transition metal catalyst in the metallacycle leads to varied
reactivity, chemo- and regioselectivity of the functionalization.®
Thus, propargyl alcohols can switch reactivities between being
two-carbon synthons and very rarely as one-carbon synthons.
(Scheme (1a)).5” Upon C—H functionalization, depending upon
the reaction pathway that is then followed, the process leads to
diverse products.® We report herein an unprecedented C—H
functionalization of propargyl alcohols as a three-carbon
synthon with the anilide as a weakly-coordinating directing

group (Scheme 1(c)).
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Literature survey discloses that the design of heteroannulation
of indoles with propargylic alcohols via merging C—H activa-
tion and cascade cyclization sequences, has been limited and
rather challenging, probably due to the problems associated
with the self-cyclization and rearrangement reactions of propar-
gyl alcohols. We have successfully designed an efficient
method that provides highly diversified scaffolds in minimum
numbers of steps, a new system in which we are able to switch
the reactivities between these substrates to lead to important
classes of tricyclic natural product scaffolds. Another highlight
of the present work is the ability of the transformation to show
unique selectivity with primary as well as secondary

propargylic alcohols. This selectivity is rather rare and has been
mostly demonstrated with tertiary propargylic alcohols only.

Considerable literature is available with activated propargylic
alcohols, we instead sought to utilize unactivated alcohols for
our coupling reaction. Upon extensive optimization (see the
Supporting Information for details), the desired transformation
was found to work best with the following conditions: [Cp*
RhCI;]; (2 mol%), AgSbFs (6 mol%), AgOAc (2.0 equiv.) in
‘BUOH as the solvent. AgOAc was more effective than
Cu(OAc), and others. '‘BuOH was found to be the best solvent
for this reaction when compared to other polar and non-polar
solvents. Other catalytic systems using (Pd, Ru, Ir, Co and Mn)
did not yield the desired transformation as effectively as the Rh-
catalyst. With the optimized condition in our hand, we sought
to explore the versatility of the transformation (Table 1).

Table 1. Substrate Scope for Indoles with Anilides and Propar-

gyl Alcohols.
| _Rz [CP*RNCl,], (2 mol%) A
Z AgSbFs (B molh) i D N
+ HO. T AQOAG (2.0 sauiv) . L 4/ \
gOAc (2.0 equiv.) = R2
‘BuOH, 1 h, 65 °C
1 (1.0 equiv.) 2 (2.0 equiv.)

Substrate scope with primary and secondary propargylic alcohols:

A fe
] A N 1 A N
130 124
R P // \ R'T = // \
3a R*-p Cl, RZ%=p-OMe, (72%)

3k R’ —pOMe R2—p Me, (96%)
3bR'=p-Me, R?=p-Me, (64%) 31 R'=m-Me, R?=p-Me, (96%)
3¢ R' = p-OMe, R? = p-Me, (62%) 3mR"'=p-Br, RZ=H, (72%)
3d R' = p-OMe, R2 = p-F, (60%) 3n R'=H, RZ=H, (70%)
3e R'=m-Me, R2=H, (55%) 30 R'=m-OMe, R?=H, (69%)

3f R'=p-F,  R%=p-Me, (55%) 3p R'=m-Me, R%=H, (67%)
3g R" = p-OMe, R? = p-CO,Et, (40%) 3q R'=p-Cl, RZ%=p-OMe, (65%)
3h R" = p-OMe, R? = p-NO,, (40%) 3r R'=p-Me, RZ?=H, (65%)
3i R'=H, R?=H, (40%) 3s R'=0-Me, RZ?=H, (55%)
Ac Ac 3t R'=p-F, R%?=H, (35%)
MeO. N N ,\jAC
Ph Ph A =
J . Y RW—: / \ 4 OO PH
P 1\R2 /
OMe ~—OH AcN Et
HO OH o
3j (3:1 regioisomeric ratio) PH
(54%) (18%)  3uR'=m-Ac, R? = p-Me, (40%) 3z (40%)

Substrate scope with tertiary propargylic alcohols:

Ac 3v R' = m-OMe, R? = m-OMe, (40%)
N N = 3wR'=p-Cl, R?=m-OMe, (35%) :
RUAZ N\ fre 3x R = H, R2 = H, (30%)
12 2 _ o
3y RY=m-OMe, R* = H, (30%) X-ray structure for 3r
HO i CCDC No. 2036753
with propargylic alcohol cyclohexadienones: :
. Ineffective DG's:

3aa (55%) S 3ab (0%) 3ac (0%)

Most of the anilides and propargyl alcohols worked well with
high chemo- and regioselectivity, with good functional group
tolerance and the site selectivity remained intact in all the sub-
strates scanned. The reaction worked very well with primary
and secondary propargylic alcohols. The reaction with tertiary
propargylic alcohols was only moderately successful and this
could most probably be attributed to steric effects. Electronic
factors were well-tolerated in this transformation although slug-
gish rates were observed for electron-withdrawing substituents



Table 2. Substrate Scope with external nucleophiles.

H OR
N
R*—' N \ﬂ/ + R3 Q
P o z ‘ + H—{C/ O/ N]
H Y
RZ
1 (1.0 equiv.) 2 (2.0 equiv.) 3 (2.0 equiv.)
Oxygen Nucleophiles:
R=H
ﬁc
XN — 2
=R
R1_: Y) Nu =
C[C@ 4a'0Bu, R'=H, R?=H, R®=Ph, (67%)
R3 4b OAc, R'=H,R%=H, R®=Ph, (62%)
Nu 4c 'OBu, R'=H,R?=H, R®=H, (63%)
4d OMe, R'=H, R2=H, R®=H, (62%)

4e OCD3, R'=H, R? = p-Me, R®=H, (60%)
4f OBn, R'=p-Me, R% = p-OMe, R®=H, (90%)

Ac
i
[RhCp*Cl,]s (2 mol%), AgSbFg (6 mol%) riL XN - )
AgOAc (2 equiv.), DCE, 90 °C, 1 h LAY N\ _Fge
RB
Nu 4
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(from L-menthol)
4g R'=p-Me, R?=H, R®=H, (55%)
4h R' = p-Me, R? = p-Me, R®=H, (60%)

(from cholesterol)
4i R' = p-Me, R? = p-Me, R®=H, (63%)

Carbon Nucleophiles:

DIM

4kR'=H,
41 R" = m-Me, R? = p-Me, (65%)

R2? = p-Me, (70%)

X-ray structure

for 41
CCDC No. 1987269
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(39, 3h, 3t, 3u, Table 1). In the case of m-methoxy acetanilide,
a mixture of regioisomeric products was expectedly obtained
(3j, Table 1). The regioselectivity of the indole product was
confirmed by X-ray crystallography of 3r. Other directing
groups like the pivaloylanilide and trifluoroacetanilide failed to
yield the desired transformation which could be attributed to the
steric effects of pivaloylanilide (3ab) and poor coordination
ability of the trifluoroacetanilide (3ac, Table 1).

An interesting observation resulted when the reaction was pro-
longed beyond the completion of the annulation. The —OH
group in 3 was displaced by —O'Bu group (4a, Table 2). This
prompted us to check if the reaction could be generalized with
a variety of nucleophiles in DCE (Table 2). By changing the
solvent system to a non-nucleophilic solvent like DCE, the ac-
etate substituted product was observed (4b, Table 2). A variety
of O-nucleophiles were screened (4c-4f, Table 2) resulting in
products in good to moderate yields. Furthermore, the versatil-
ity of established one-pot, three component protocol was suc-
cessfully demonstrated by its application in the late-stage func-
tionalization. L-menthol (4g-h, Table 2) and cholesterol (4i, Ta-
ble 2) were found as potent O-nucleophiles to generate desired
products with acceptable yield. Unfortunately for us, N-nucleo-
philes had very limited success and in only one case, the product
was isolable (4j, Table 2). We then tested the versatility of the
reaction with carbon nucleophiles using activated propargy! al-
cohols. To our delight, indoles, pyrroles and 1,3,5 trimethox-
ybenzene all resulted in products in good to moderate yields
(4k-4n, Table 2), although in the case of 4n, the acetate com-
peted with trimethoxybenzene to afford a mixture of products.
The potency of the nucleophile plays a key role in the formation
of the desired product. Thus, O-nucleophiles (4a-f, Table 2)
worked well with unactivated propargyl alcohols whereas soft
nucleophiles (4k-n, Table 2) needed activated propargyl

alcohols. For reasons not clear, the reaction did not work when
furans, thiophenes and cyclic amines were employed as nucle-
ophiles, in these cases the displacement of the -OH or the ace-
tate from the indole was not observed.

After this interesting outcome resulting from external nucleo-
philes, we sought to explore the heteroannulation with internal
nucleophiles. We thus designed propargylic alcohols bearing
potentially reactive internal nucleophiles at the various posi-
tions. To initiate our study, we incorporated an N-acetyl group
(2, Table 3) on the phenyl ring for an internal cyclization. This
was truly challenging, since these types of alkyne coupling part-
ners tend to undergo self-cyclizations as well as rearrangements
in the presence of transition metals or Brgnsted acids.

After an extensive screening of various catalyst systems, we
found that the Rh-catalyst (4 mol%) in DCE, at 90 °C, was the
best combination for obtaining the desired product. Under these
conditions, only a trace amount of the Meyers-Schuster rear-
ranged product was observed. Electron-donating and withdraw-
ing substituents on both the aryl rings resulted in moderate
yields (5a-e, Table 3). The regioselectivity was confirmed by
X-ray crystal structure of compound 5a (Table 3). We thus es-
tablished an unprecedented domino-approach in achieving in-
dolo[3,2-c]quinolines (5, Table 3) in a one-pot fashion where
the C—H activation predominates over the rearrangement or
self-cyclization.

To further explore this chemistry, we designed hydroxyphenyl
propargyl alcohols (2, Table 4) to achieve an internal cycliza-
tion. Normally, propargyl alcohols of this type are benzofuryl
carbene precursors, arising from the dual catalysis of the acid
and the transition metal.®*° To our delight, instead of this reac-
tivity, we obtained the desired product via a 6-exo-trig cycliza-
tion, with the generation of quaternary centers. We did not ob-
serve any self-cyclization or by-products arising from



rearrangements. The regioselectivity was confirmed by the X-
ray crystal structure of compound 6a (Table 4). This is a novel
approach towards the synthesis of dihydrochromenoindoles in
a single step, where the initial C-H activation is followed by a
cascade heteroannulation.

Table 3. Substrate Scope with internal N-nucleophiles

H OH /Ac
N 5 [RhCP*Cly], (4 mol%) N® )
R1@L \n/+ R N N — AgSbFg (10 mol%) O =R
Z H o | SR2  AgOAc (2 equiv.) \ Y
AcHN” NF DCE, 100 °C, 1 h RNy
1(1.0 equiv.) 2 (1.5 equiv.) Internal Nucleophiles Ac
Usual reactivity Unprecedented reactivity
>‘< via |6-endo-trig
OH Ac
Rh] [Rh] i
Ph \ﬂg ig HO, N g2 N N =X\R?
N 5-endo-dig 74 \ —R R A\
~1R2"cyclization N % 7
Ph .
HN Ac R
Ac 5 Ac
Substrate scope for indoloquinolines
Ac
N N 5aR"=p-OMe, R?=H, R®=H,F-Ph, (55%)
R T\ SbR'=m-Me, R®=H,R°=H,(52%)
A\ 7°R? 5¢ R' = m-OMe, R2=H, R®=H (48%)
PN 5d R' = p-OMe, R?=H, R®=H (42%)
R®  Ac 5eR'=H, RZ=H, R®=H (35%)

X-ray structure for 5a
CCDC 2050871

To further highlight the synthetic application of this methodol-
ogy, the indoloquinolines that were synthesized (5, Table 3),
were aromatized with DDQ to yield y—carbolines (7, Table 5)
which on N-deacylation and subsequent N-methylation®! led to
isocryptolepine derivatives (9, Table 5), in acceptable yields.
We were thus able to develop a new approach to achieve
isocryptolepine derivatives in a minimum number of steps.*

Table 4. Substrate Scope with internal O-nucleophiles

[RhCp*Cl,], (4 mol%)
AgSbFg (10 mol%)

% H [0} AgOAc (2 equiv.)
OH DCE,90°C,1h .
1 (1.0 equiv.) 2 (1.0 equiv.) Internal Nucleophiles

Unprecedented reactivity
vzal 6-exo-trig

%
6
Substrate scope for dihydrochromenoindoles’

N Ph MeO. N Ph N Ph
’;C. tt.

a (40%) 6b (42%) 6c (25%)

Usual reactivity

H R
HQO \ >z

Benzofuryl carbene

X-ray structure for 6a
CCDC 1987690

To achieve mechanistic insights into the transformation, various
control experiments were carried out (Scheme 2). To check for
the reversibility of the C—H bond activation, the reaction was
performed with added DO, resulting in significant amount of
deuteration at the ortho positions of the recovered anilide
(Scheme 2A). This indicated that the C-H activation was a re-
versible process. This was also confirmed by the D—H exchange
experiment (Scheme 2c) in which a significant loss of the deu-
terated label was observed when the reaction was carried out in
'BUOH. Subsequently, to investigate whether the C—H metalla-
tion step was rate-limiting, studies were conducted to check for
a kinetic isotope effect. Parallel reactions indicated that the

C—H bond cleavage was the rate-limiting step (kn/kp = 2.13),
however competition reactions indicated otherwise (kn/kp =
1.10) (Scheme 2B). However, due to the reversibility in the pro-
tic solvent, the KIE studies via the parallel reaction seem more
reliable.

Table 5. Synthesis of Isocryptolepine Derivatives

R A R?  LioH
{ %4 d|oxane % / THF: H,0 (9:1)
100°C, 2 h =\ rt

y—carbolines

5b R'= m-Me, R2=H,R3=Ph 7aR'=m-Me, R%?=H,R®=Ph, (70%)
5a R'= p-OMe, R?= H, R® = 4-F-Ph 7b R'= p-OMe, R2= H, R®= 4-F-Ph, (30%)
XN 2
R'¢ \ XR™_ Me toluene
A \ \ / 130 °C, sealed tube R ) \
Isocryptolepine then NH,OH _N
derivatives R3 Me
9aR'=mMe, RZ=H,R'=Ph (80%)  8aR'=mMe, R’=H R3‘ Ph, (88%)

9b R' = p-OMe, R?=H, R®= 4-F-Ph, (85%) 8b R'=p-OMe, R?=H, R®= 4-F-Ph, (90%)

A control experiment was carried out to check for the role of
the -OH functionality, by employing the acetylene lacking the
propargylic -OH and by using a propargyl ether (Scheme 2C).
The fact that the same regioselectivity was obtained for the al-
kyne indicated that the regioselectivity in migratory insertion
was catalyst driven and the -OH group in all probability may
not have a role to play in the selectivity process.

Scheme 2. Control Experiments and Kinetic Isotope Effect

A] Reversibility Studies :
5% D
[RhCp*Cly], (2 mol%)
“Ac AgSbFg (6 mol%)
AgOAc (2 equiv.)
'BUOH, 65 °C, 21 min  M©
D,0, 14%
[RhCp*Cly], (2 mol%) 5% D
AgSbFg (6 mol%)
AgOAc (2 equiv.)
Me' BUOH, 65 °C, 1 h "

1a 2a D20, 14% 1b

(@) N

Me

H.

H

N
“Ac

[}

/D

- 43%D
© 95% D 2 H [RhCp*Clyl, (2 mol%) ’

SAc AgSbFg (6 mol%)
AgOAc (2 equiv.) O
Me D ‘BUOH, 65 °C, 1 h, 90% Me’

D 91%
(d) [RhCp*Cl,], (2 mol%)
/\/ AgSbFg (6 mol%)
Me AgOAc (2 equiv.)
1b 'BuOH, 65 °C, 21 min ~ M®
H
/K/ AgSbFg (6 mol%) “Ac
Me D/H AgOAc (2 equiv.) H/D
‘BuOH, 65 °C, 21 min

14%
B] Studies to determine Kinetic Isotope Effect :
1b recovered SM
(10% consumption of SM) 1b'

D/H _’95%
[RhCp*Cl,l, (2 mol%)

Z

kn/kp = 2.13 (via parallel experiment)
kn/kp = 1.10 (via competitive experiment)
C] Role of -OH group :

[RhCp*Cl,], (2 mol%)

H
N\
Ac " AgSbF, (6 mol%)
* // T AgOAc (2equiv)
Me Ph gOAc (2 equiv.)
BUOH, 65 °C, 1 h
2a

1
3ad, R= OMe (90%)
3ae, R=H, (45%)



Based on the mechanistic investigations and previous literature
reports,'? we propose the plausible catalytic cycle for the trans-
formation (Scheme 3). The first step is the formation of active
catalyst species through ligand exchange with AgOAc. Next,
the directed ortho C-H activation, assisted by the weakly coor-
dinating anilide 1 results in the rhodacycle intermediate A. Co-
ordination and regioselective migratory insertion (carborhoda-
tion) of the propargyl alcohol leads to the eight-membered
rhodacycle intermediate C. Reductive elimination from the in-
termediate D gives rise to the product 3. Intermediate A and C
(Scheme 3) were detected in ESI-HRMS (see the Sl for details).

Scheme 3. Proposed Mechanism:
Ar——
. H \( Coordination
Directed N 2 OH
C-H activation C[ m/ & H
)y
A

N~ 1 o
@E T/ o IFh
y© C Detected by ESI-HRMS H‘O: 3 A

Reversible ~ Found [M]*= 372.0824 Z
metallation ~ Caled [M]'= 372.0829

R

1/2 [Cp*RhCl,],
AgSbFg
AgOAc

AgCl
9% (o RnM0A)®

AgOAc
‘/Dctcctcd by ESI-HRMS
[Rh] Found [M]*= 532.1736
HO Calcd [M]*=532.1717
(Ar = Ph, R= Et)
\\FO Y
N N®
) —Ar _AcOH N—Ar
_—
-H,0 \ - >
3 R R? further transformations
HO E

To conclude, in this work, we have presented the utilization of
propargyl alcohols as three-carbon synthons wherein we have
developed an unprecedented heteroannulation of indoles by
merging C—H activation and a concomitant cascade cyclization.
This methodology leads to the synthesis of diverse heterocycles
in a one-pot fashion. The transformation proceeds smoothly
with a broad range of C-, N-, and O- based external nucleo-
philes. By choosing appropriate coupling partners, we can
switch the reactivities in these substrates achieve the synthesis
of y—carbolines and dihydrochromenoindoles. The cascade pro-
cess opens a synthetically novel route for the construction of the
isocryptolepine derivatives, y—carbolines and drug molecules
based on these molecular frameworks. The application of this
methodology in the synthesis of several indole-based alkaloids
is currently in progress in our laboratory.
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