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ABSTRACT: The Cz-selective C-H alkoxycarbonylation of indoles with alcohols and CO catalyzed by RhCl,:3H,O is
disclosed that offers convenient access to diverse indole-2-carboxylic esters. The rhodium-based catalysts outperformed
all other precious-metal catalysts investigated. In addition, this protocal was found applicable to the synthesis of pyrrole-
2-carboxylic esters, and allowed the C-H alkoxycarbonylation in an intramolecular fashion. Preliminary mechanistic
studies indicate that C-H cleavage is not likely involved in the rate-determining step, and a five-membered rhodacycle

might be an intermediate involved in the reaction.
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The indole skeleton has been recognized as a privileged
structural motif in natural products, pharmaceuticals,
agrochemicals, and other functional molecules.! In
particular, indole-2-carboxylic esters and derivatives
thereof are ubiquitous structural features in many
biologically active natural alkaloids and pharmaceutical
agents (Scheme 1a).> Consequently, considerable efforts
have been directed toward the synthesis of indole-2-
carboxylic esters and their derivatives.> Traditionally,
these indole scaffolds are constructed by the well-known
cyclization reactions, such as Hemetsberger indole
synthesis,*  Cadogan-Sundberg indole  synthesis,s
intramolecular Ullmann® or Heck coupling reactions?.
Though elegant, these cyclization reactions usually
demand the preparation of specific substrates through
multi-step reactions, which dramatically limit its
application. Therefore, the development of a more
efficient and straightforward route to achieve indole-2-
carboxylic esters is still highly desired.

Recently, transition-metal-catalyzed direct C-H
carbonylation of indole framework itself has emerged as a
new avenue to access carbonyl-functionalized indole
derivatives on account of its atom economy and
simplified procedure.? In this context, because of its low
price and ready availability, the use of carbon monoxide
(CO) in transition-metal-catalyzed intermolecular C-H
carbonylation reactions of indoles with different
nucleophiles is of great interest.>® Compared to the well-
established C3 selective C-H carbonylation of indoles
with CO, direct regioselective C2 carbonylation is less
explored.® To the best of our knowledge, only two
examples towards the synthesis of ketones or amides have

(a) Selected examples of indole-2-carboxylic acid derivatives with biological
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Scheme 1. State-of-the-art on
Carbonylation of Indoles with CO

C2-Selective

been reported so far (Scheme 1b). In 2014, Beller and co-
workers" first reported the ruthenium-catalyzed Ca-
selective carbonylative arylation of iodoarene with CO
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(30 bar) and indoles containing pyridyl or pyrimidyl
directing group (DG) in the presence of base at 120 °C.
Notably, using pivalic acid as the additive and [Mo(CO)]
as the origin of CO and the reductant, the Driver group®
developed an elegant three-component palladium-
catalyzed aminocarbonylation of 2-aryl- or 2-heteroaryl-
pyridines and nitroarenes. In this case, two 2-pyridyl
indoles were reported to deliver the desired amides. In
view of the potential easy transformation of esters, and
the fact that the Cz-selective alkoxycarbonylation of
indoles with CO still remains a formidable challenge, it
would be particularly attractive to realize the synthesis of
indole-2-carboxylic esters via alkoxycarbonylation of
indoles with CO.5 Herein, we report for the first time the
Cz-selective alkoxycarbonylation of indoles with CO
catalyzed by RhCl,;-3H,O (Scheme 1c), which is seldom
used as the catalyst in C-H activation reactions compared
to the typically used expensive [Cp*RhCL,], catalyst.’s

We recently reported an efficient Rh/O, catalytic system
for selective oxidative C2-alkenylation of indoles.** During
this work, we identified that a five-membered
cyclometalated Rh(III) complex, which could undergo
migrative insertion of an alkene and then followed by
reductive elimination to produce the final product, was a
key intermediate involved in the catalytic cycle. We were
curious whether this class of five-membered
cyclometalated Rh(III) complex could enable the
migrative insertion of CO and then accept the
nucleophilic attack of an appropriate nucleophile, thus
giving rise to access molecules with increased complexity.
To this end, we initially synthesized cyclometalated Rh(III)
complex A by treatment of 1-(pyrimidin-2-yl)-1H-indole
(1a) with [RhCp*CL],.7 The stoichiometric reaction of
complex A with 1 atm of CO and n-BuOH (2a, 5 equiv) in
the presence of Cu(OAc), was then conducted (eq 1). To
our delight, the expected ester 3aa could be formed, albeit
in relatively low vyield (19%), supporting that the
alkoxycarbonylation of 1a with CO would be indeed
possible. This promising result led us to focus on
developing this C-H alkoxycarbonylation reaction into a

catalytic process.
" On-Bu
mRﬁp €O (1 atm) E:[M\
~ BUOH ———————
N e BUOR e OAc), (2 equiv) N O M

N)\rg 22 DMF,90°C, 10h N)\l:l
A ) 19% 3aa \)
Guided by the preliminary investigation above, we
initially focused on the catalytic C-H alkoxycarbonylation
of 1a with 2a (5-u equiv) employing readily available
rhodium catalysts. As shown in Table 1,8 we were
surprised to find that the desired product 3aa was formed
in quantitative yield under the conditions of [Cp*RhCl,],
(2.5 mol%), Cu(OAc), (2 equiv), CO (1 atm), DMF, 1o °C,
14 h (entry 1). Interestingly, switching of the catalyst from
[Cp*RhCL], to [Rh(OAc),], or [Rh(cod)Cl], led to
excellent NMR yield of 3aa (entries 2 and 3), too. Notably,
we were delighted to find that full conversion of 1a to 3aa
was observed when simple inorgnic salt, RhCL;-3H,O or
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Table 1. Optimization of the C2-Selective C-H
Alkoxycarbonylation®

cat. (1-5 mol%)

On-Bu
\ H + n-BuOH M» \ \
N oxidant (2 equiv) N [¢]

DMF, temp., time

1 DG 2a 3 DG
Entry  Cat. (mol%) Oxidant Yield (%)?
1 [Cp*RhCL,], (2.5) Cu(OAc), >99
2 [Rh(OAc).], (2.5) Cu(OAc), 93
3 [Rh(cod)Cl], (2.5)  Cu(OAc), 95
4 RhCl,-3H,0 (5) Cu(OAc), >99
5 Rh(, (5) Cu(OAc), >99
6 Pd(OAc), (5) Cu(OAc), o)

7 RuCl;:3H,0 (5) Cu(OAc), )

8 IrCl;3H,0 (5) Cu(OAc), o

o° RhCl,-3H,0 (5) Cu(OAc), 98(94)¢
10 RhCl,:3H,0 (5) Cu(OAc), >99

1 RhCl,-3H,0 (5) Cu(TFA), o

12 RhCL-3H,0 (5) Cu(OTY), trace
13 RhCl;3H,0 (5) Cu(EtCO,), 97

14 RhCl,-3H,0 (5) Cu(i-PrCQO,), 94

15 RhCl;3H,0 (5) Cu(OPiv), 50

16 RhCl,-3H,0 (5) Cu(1-AdCO,), o

17 RhCl;3H,0 (5) AgOAc trace
184 RhCl;-3H,0 (5) Cu(OAc), >99

194 RhCL3H,0 (2) Cu(OAc), >99(95)¢
204 RhCl,-3H,0 (1) Cu(OAc), 78

214/ RhCL3H,0 (2) Cu(OAc), 75

@Reaction conditions: 1a (0.2 mmol, 1 equiv), 2a (11 equiv), cat.
(1-5 mol%), oxidant (2 equiv), and DMF (2 mL) under 1 atm
of CO in sealed tube at 110 °C for 14 h (entries 1-9) or at 9o °C
for 10 h (entries 10-20). "Yield determined by 'H NMR using
1,3,5-trimethoxybenzene as internal standard. 1-(pyridin-2-yl)-
1H-indole was used as the substrate. 92a (5 equiv). ¢Isolated
yield. /Performed at 85 °C for 10 h.

RhCl,;, was introduced to the reaction (entries 4 and 5).
Other simple and readily available palladium, rhuthenium
and iridium catalysts were also screened. These efforts,
however, did not produce the desired product (entries 6-
8). Various directing groups were then tested.® In
addition to 2-pyimidinyl group, 2-pyridyl group was also
an effective directing group for this reaction (entry 9).
Investigation on solvents showed that toluene or NMP
also gave a good yield of 3aa.®® The reaction temperature
could be lowered to go °C without loss of any reactivity
(entry 10). Among the oxidants tested, only copper-based
oxidants were workable and Cu(OAc), gave the best
results (entries 10-17). Moreover, we observed that the
anion size of the copper carboxylate salts affected the
efficiency of the alkoxycarbonylation reaction (entries 10,
13-16). Of note, the same yield was maintained while
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RZ Rt
RhCI3+3H,0 2 mol% ) g3 OR
CO (1 atm) A\
Cu(OAc); (2 equiv) R4 N E)

DMF, 90 °C, 10-14 h

primary alcohols

OR
©[\>_(\
N (o)

3aa: R = n-Bu, 95%
3ab: R = Me, 95%
3ac: R=Et, 97%
3ad: R = n-Pr, 89%

A. Variation of alcohols

OCH,R'
©[\>_(\
N ©

3ae: R = n-pentyl, 93% N N
3af: R = n-octyl, 73%
3ag: R = n-dodecyl, 67%

3ai: R' = cyclopropyl, 89%

IR NPhth
3aj: R' = CH,0OMe, 67% pa N\ \O(%
3ak: R' = (CH,),0TBS, 62% | N9

3ah: R = (CH,),Ph, 81%

N \ )
\§) ; &\/ >\N 3az 61%
3at: R = i-Pr, 93% N\\) i
R ° X-ray of 3ax = -
3au: R = cyclobutyl, 86% yorsae .~ (¢}-Menthol
3av: R = cyclopentyl, 81% ' )
3aw: R = cyclohexyl, 62% . . ftertiary alcohols
3ax: R = cyclopent-3-enyl, 89% 9
3ay: R = benzhydryl, 74% T '
0 ' OR
g 3 @[M\
; N o
O 7N
i N \
D \ ! —
N o '
2N 3aa’ 50% |
N\\) from ! 3ab"R=tBu81%
= Diosgenin ' 3ac": R = t-pentyl 80%

N O @[H
N

3al; R' = (CH,),0H, 83% L

3am: R' = Ph, 67% i f ol el N)/\r\\l

3an: R' = 2-furanyl, 68% Mg TE s \Q)

3ao: R’ = 2-thiophenyl, 66% I

3ap: R = (CH,),NMe,, 0% Xf—r;y' 3aq 75%
of sal

3as 56%
from
(%)-Citronellol

3ar 65%

NPhth R2
MeO,C R On-Bu
. \ N o
N On-Bu N o )\
\ )\ 7N
N [o} 7N N™
> ) =
NG = 3ja: R®= Me 91%

L

3ka: R® = OMe 95%
3la: R®=ClI 59%

3ma: R® = Br 58%
3na: R® = CO,Me 62%"

3ga: R? = Me 94%
3ha: R?=F 58%
3ia: R2=Cl 48%

3fa 91%

B. Variation of indoles

R OTBS

Cf\g_(? n-Bu On-Bu
(. \

3ba: R' = Me 94%

3ca:R'=Cl 0% 3da 79% 3ea 98%
On-Bu On-Bu On-Bu
I~ PR
IS SN s
7N RS N N
) ) 8

30a: R* = Me 92%
3pa:R*=F 61%
3ga: R* = CI 58%

3ra:R°=F 93%
3sa: R%=Me 77%

3ta 80%

4 (0.2-1 mmol, 1 equiv), 2a (5 equiv), RhCl;:3H,0 (2 mol%), Cu(OAc), (2 equiv), DMF (2 mL/o.2 mmol 1), CO (1 atm), 9o °C, 10-14
h. b1n (0.2 mmol), 2a (11 equiv), RhCL-3H,0 (5 mol%), Cu(OAc), (2 equiv), DMF (2 mL), CO (1 atm), 1o °C, 14 h. Phth=phthaloyl,

TBS=tert-butyldimethylsilyl.

Scheme 2. Scope and Limitations of Alkoxycarbonylation of Indoles and Alcohols®

lowering both the catalyt loading (to 2 mol%, entry 19)
and the amount of 2a (to 5 equiv, entry 18). Further
lowering the catalyst loading and reaction temperature
resulted in decreased yield of 3aa (entries 20 and 21).
Control experiments indicated that no reaction was
detected in the absence of CO or rhodium catalyst.®

Having etablished optimal reaction conditions, we next
investigate the scope and limitations of the reaction.
Initially, we checked the generality of the alcohol
coupling partner. As shown in Scheme 2, the
carbonylative functionalization occurred smoothly at the
C-2 position of N-pyrimidine indole 1a with a variety of
alcohols, giving rise to the corresponding indole-2-
carboxylates in good to excellent yields. Numerous

primary alcohols bearing various functional groups were
reacted. Simple aliphatic alcohols with different chain
lengths were all suitable nucleophiles and these reactions
gave the desired products (3aa-3ag) in high vyields.
Different functional groups such as aryl (3ah),
cyclopropyl (3ai, with crystal structure)’, methoxy (3aj),
and tert-butyldimethylsilyl ether (3ak) were well-
tolerated. Interestingly, the direct conversion of 1,3-
propanediol (2l) into its corresponding monoester with a
free hydroxy group (3al) was observed.®®* Benzylic (3am)
or heterobenzylic (3an and 3a0) alcohols also proved to
be efficient coupling partners. Not surprisingly, although
3-(dimethylamino)propan-1-ol  (2p) was completely
unreactive, N-protected amino alcohol 2q was

ACS Paragon Plus Environment
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successfully converted to 3aq in 75% yield. In addition, we
found that alkenyl functional group (3ar and 3as) was
also tolerated and in particular, citronellol (2s) was
successfully acylated to furnish 3as in decent yield. To
explore the applicability of alcohols, various secondary
alcohols were then examined. Reactions of simple both
linear and cyclic alcohols, such as isopropanol,
cyclobutanol, cyclopentanol, and cyclohexanol, proceeded
well to afford the corresponding esters in excellent yields
(3at-3aw). Again, we were pleased to find that the cyclic
alcohol 2x bearing one alkenyl double bond could
undergo direct carbonylation to give 3ax (with crystal
structure®). Gratifyingly, diphenylmethanol 2y was found
to be compatible. Importantly, some structurally complex
secondary alcohols such as diosgenin and (+)-menthol
reacted smoothly with 1a to provide 3aa’ and a racemic
product 3az®, respectively, hence indicating a proof of
concept of our methodology for further late-stage
functionalization. It is especially noteworthy that tertiary
alcohols, such as tert-pentyl alcohol and tert-amyl alcohol,
could be used as the nucleophile in this reaction (3ab’ and
3ac’), thus indicating the unique feature of this RhCl,-
based system in C-H carbonylation in contrast with
previously reported results.

Afterward, we explored the scope of the reaction with
respect to different indole derivatives. A series of indole
derivatives with various substituents were subjected to
the alkoxycarbonylation of n-BuOH and CO (Scheme 2).
Generally, the use of electron-rich indoles possessing
methyl (1b, 1g, 1j, 10 and 1s) and methoxy (1k)
substituents at various positions delivered corresponding
products (3ba, 3ga, 3ja, 30a, 3sa and 3ka) in good to
excellent yields, while indoles with electron-withdrawing
groups, such as fluoro, chloro, and bromo, provided the
corresponding products in moderate to good yields (3ha,
3ia, 3la, 3ma, 3pa, 3qa, and 3ra). For 3-substituted
indoles, the reaction was sensitive to the electronic nature
of the substituents (3ba vs 3ca). It is worth noting that
substituents at the 7-position caused an interesting
electronic/steric  synergistic effect (3ra vs 3sa).
Interestingly, electron deficient indole 1n with an ester
group reacted well to give 3na in good yield. More
importantly, pharmaceutically useful compounds, such as
tryptophol, tryptamine and tryptophan derivatives, also
reacted smoothly to provide 3da, 3ea and 3fa in 79-98%
yields. In addition, the C-H carbonylation proceeded
without racemization of the stereogenic center in 2f.8
Finally, reacting 1-(pyrimidin-2-yl)-1H-benzo[g] indole 1t
and 2a under standard conditions led to 3ta in 80% yield.

OH  RNCl3+3H,0 (2 mol% ) O
N—h CO (1 atm) N>—
N Cu(OAc), (2 equiv) N O

)\N DMF, 110 °C )\N
4N 85% sN_ Y
777777777777777 e
N
OH ! [/ F ;
N \T/\ /"—/\f_
N ; &
‘ N 1 -_(\/__,\\/ \—-c/,\
! R=H(6)orMe (7) : -~
P "'.\

i unreacted substrates !

Scheme 3. Intramolecular C-H Alkoxycarbonylation

We next sought to apply this protocal to intramolecular
C-H carbonylation (Scheme 3). To our delight, the
reaction of 4 with CO gave the desired product 5 (with
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crystal structure') in 72% yield under standard conditions.

A high isolated yield (85%) of 5 was obtained just by
increasing the temperature from go °C to mo °C.
Interestingly, when we exposed 6 and 7 to the standard
conditions, we didn’t observe any carbonylative product,
thereby highlighting the directing role of pyrimidyl group
in 4.2> The present method offers a new complementary
route to synthesize indole §-lactone motif.>

Of note, the Cg7-selective C-H carbonylation of 3aa
proceeded smoothly in the presence of RhCl,/Cu(OAc), in
n-BuOH, giving rise to 8 in 60% yield, which marks the
first example of rhodium-catalyzed C-H carbonylation of
indole with CO at the Cy-position (eq 2).>4 The structure
of 8 was confirmed by single-crystal X-ray diffraction.?

. 0,
S—comy_RICHIEO ol Yocomas
>\N Cu(OAc), (2 equiv) )\
7 n-BUOH,90°C, 10h  , g,0” Von” N\
3aa = 60% 8 \§)

Moreover, this methodology could be used to prepare
ester-functionalized pyrrole derivatives. As shown in
Scheme 4, not unexpectedly, double alkoxycarbonylation
product 10aa was produced in 9o% yield when 2-(1H-
pyrrol-1-yl)pyrimidine 9a was used as the substrate. In
contrast, under the optimal reaction conditions, C2-
substituted pyrrole derivatives gb and gc afforded the
corresponding pyrrole-2-carboxylate products 1oba and
10ca in 65% and 83% yield, respectively.

4 RhCl3*3H,0 (2 or 5 mol%) R-#

€ ) ’ CCZ) __Coatm) " %O” Bu
N° + p-BuOH
)\ 2a C u(OAc), (2-4 equiv)

N

DMF, 90 °C

n- Buov/&(On Bu /D\(on -Bu On-Bu

A\
N
/
K/ v N\\)
10aa 90%? 10ba 65%" 10ca 83%”

“ga (0.2 mmol, 1 equiv), 2a (20 equiv), RhCl;:3H,O (5 mol%),
Cu(OAc), (4 equiv), DMF (2 mL), 90 °C, 24 h. b9 (0.2 mmol, 1
equiv), 2a (5 equiv), RhCl;:3H,O (2 mol%), Cu(OAc), (2
equiv), DMF (2 mL), CO (1 atm), 90 °C, 10 h.

Scheme 4. Alkoxycarbonylation of Pyrroles with CO

(a) N\
)
RhCl3*3H,0 (2 mol% ) 87% mcoza
1a + 2a —€O(Qatm) _ .. _ | H 11a
Cu(OAc); (2 equiv) 86% ®)
DMF,90°C,24h  (128q) L& . mCOzH
84% N
H 11b

Reaction conditions: (a) LiOEt (3 equiv, 1 M in EtOH), DMSO,

90 °C, 3 h. (b) NaOEt (3 equiv, 8% in EtOH), DMSO, 100 °C,
1 h.

Scheme 5. Gram-scale Synthesis and Synthetic Utility
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Considering the synthetic potential of this C-H
alkoxycarbonylation method, the gram-scale experiment
was then performed by utilizing 1a and 2a (10 equiv) on a
25-fold (5 mmol) scale (Scheme s5). Still, very high
efficiency was observed, with an excellent yield of 3aa
obtained. Furthermore, we have tried the removal of
pyrimidyl group from 3aa, as the free N-H estered indole
could bring more synthetic values. The choice of the base
is crucial for the success of this reaction. After several
trials,”® we were happy to find that the pyrimidinyl group
could be removed efficiently under different conditions to
afford the unprotected transesterification indole 11a or
indole-2-carboxylic acid b in 87% and 84% yield,
respectively.

(a) H/D scrambling experiments

+ CD30D N

RhCl3+3H,0 (2 mol%) m“m

1a
Cu(OAc), (2 equiv) )\ 10%
DMF, 90 °C, 10 h \\)
+ CD;0D [Dl-1a  95%
OCD
1a RhCl3+3H,0 (2 mol%) A WD N\ 3
CO (1 atm) N \ N
Cu(OAc), (2 equiv) )\ 20% D )\
DMF, 90 °C, 2 h \\) \\)
[Dl-1a 60% 36%
(b) kinetic isotope effect (parallel experiments)
+ 2a
On-Bu
mo RhCl3+3H,0 (2 mol%) N\
1a or '}\ CO (1 atm) N)\
7N Ccu(OAck 2 e N
N7\ u(( quiv) %
) DMF, 90°C N\\)
-DI- knlkp = 1.51
[2-D}-1a ko 3aa
(c) stoichiometric and catalytic reactions of rhodacycle A
A (2 mol%) HOACc (30 mol%)
1a + 2a aa A + 2a
CO (1 atm) CO (1 atm)
Cu(OAc), (2 equiv) Cu(OAc), (2 equiv)
DMF, 90 °C, 10 h DMF, 90 °C, 10 h
90% 60%
(d) intermolecular competition experiments
On-Bu
m RhCl3+3H,0 (2 mol%) NS
CliMe N +2a————> N o
N €O (1 atm) R ju
N \\) Cu(OAc), (2 equiv) NN
= DMF, 90 °C, 6 h \§)

10/1q/2a (0.1 mmol, each) 3o0a: R = Me, 9% (by NMR)

3qa: R = Cl, 6% (by NMR)

2a . o
1a  + and RhCl3+3H,0 (2 mol%) 3aa
2b' CO (1 atm) 8%
. 58%
Cu(OAc), (2 equiv) (by NMR)

DMF,90°C,5h

1a/2a/2b' (0.2 mmol, each) sole product

Scheme 6. Preliminary Mechanistic Studies

Several experiments were next conducted in order to gain
some insights into the mechanism of this process
(Scheme 6). First, deuterium labeling experiments were
conducted with 1a. H/D scrambling experiments in the
absence and in the presence of CO were suggestive of a
reversible C-H rhodation and highlighted an
organometallic C-H activation mechanism, albeit this
process is low (Scheme 6a). Second, an intermolecular

kinetic isotope effect (KIE) study from two parallel kinetic
experiments on 1a or [2-D]-1a (94% D) with n-BuOH
revealed a low ky/kp value of 1.51 (average of two runs),®
which indicated that the C-H cleavage is not likely to be
the rate-limiting step (Scheme 6b). In addition, when
complex A was used as the catalyst, a high yield of 3aa
(90%) was obtained (Scheme 6c, left). In contrast to the
stoichiometric reaction in the absence of acidic additive
(eqg. 1), the reaction of A and 2a in the presence of HOAc
gave 3aa in 60% yield (Scheme 6¢, right). These results
support that a rhodacycle species might be most likely as
a reaction intermediate involved in this reaction and the
proton released from the C-H metalation was essential
for catalytic turnover. Moreover, intermolecular
competition experiments between differently substituted
indoles with 2a indicated that while a more electron-rich
indole (10) reacts to a greater extent than an electron-
deficient one (1q), the difference is not substantial, which
is consistent with the proposal of indole C-H activation
not being turnover-limiting. Reactions of 1a with 2a and
2b’ were suggestive of less sterically hindered alcohols are
more reactive in this transformation (Scheme 6d).

3aa " 1a
Rh'L,
Cug H*
C-H
activation
cu"
N R N™ “gpiiL
N | / -2
m )} onBu \ o N)\N/ "
L N / J
= w | R
@/ On-Bu
NS .
. migratory
ligand insertion
exchange
HOAc co
L =0Ac

<

N Rh”'an
Scheme 7. Possible Catalytic Cycle for RhCL-
Catalyzed Alkoxycarbonylation

2a

Given the results obtained above and previous
reports,3*#25 a plausible mechanistic pathway is
postulated (Scheme 7). Initially, coordination of the
nitrogen directing group in 1a to Rh(III) catalyst precedes
the C-H activation event, which gives five-membered
rhodacycle species 1. Next, one molecule of CO binds to
the putative rhodacycle, followed by 1,1-migratory
insertion of CO into the Rh-C bond to generate
intermediate II?°. Subsequently, alcohol 2a coordinates to
I via ligand exchange with a loss of one molecule of
HOAc, leading to intermediate III. At this point,
reductive elimination can occur to afford the desired
product 3aa and a rhodium(I) species, which requires an
oxidation to re-enter the catalytic cycle. However, a
mechanism involving coordination of CO and 2a to
rhodium via ligand exchange to form intermediate IV and
sequential migratory insertion of CO to afford III could
not be ruled out at this stage.
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In summary, we have developed a RhCl;-3H,0O-catalyzed
C-H carbonylation of indoles with alcohols and CO. The
reaction generates a diverse range of indole-2-carboxylic
esters. It is noteworthy that the same rhodium-based
catalytic system could be applied to synthesize pyrrole-2-
carboxylic esters and indole d&-lactone moity, and the
latter ~was produced via intramolecular C-H
alkoxycarbonylation. This process represents the first
example of transition-metal-catalyzed C2-selective C-H
alkoxycarbonylation of indoles with CO and the first
successful example of RhCl;-3H,O-catalyzed direct
carbonylation of aromatic C-H bonds with CO.>” We
believe that this RhCl;-3H,0-based system might show
broad applicability to different types of including but not
limited to C-H carbonylation reactions. Efforts towards
this direction are currently underway in our laboratory.
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