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We report a CO-free approach to indole-2-carboxylic esters:
rhodium-catalysed C(2)-alkoxycarbonylation of indoles with 2,4,6-
trimethylbenzoic acid-based carbonate anhydrides. Selective C-O
bond cleavage of the anhydrides facilitates the introduction of
various alkoxycarbonyl groups. Control experiments suggest that
merging a rhodium catalyst and KI promotes the in situ formation
of the Rhl species.

Indole-2-carboxylic acid esters and their derivatives are preva-
lent structural motifs in numerous biologically active com-
pounds and pharmaceuticals and serve as versatile intermedi-
ates in organic synthesis (Scheme 1A)."™* Given their structural
importance, diverse synthetic methods toward indole-2-car-
boxylic acid esters have been developed. For instance, an intra-
molecular or intermolecular cyclisation forming a pyrrole ring
is essential for synthesising these esters.”* However, the
requisite multi-step synthesis to prepare prefunctionalised
starting materials can consume substantial resources and
time, posing significant drawbacks for practical applications.
As an alternative, transition-metal-catalysed C(2)-H carbonyla-
tion of indoles has been explored as an atom- and step-econ-
omical approach for synthesising these molecules."®'® Among
them, carbon monoxide (CO) serves as a cost-effective and
readily available C1 carbonyl source (Scheme 1B).'7'®
However, its toxicity and inflammability restrict its utility,
demanding special handling techniques and equipment.
Moreover, the alkoxycarbonylation using CO requires a stoi-
chiometric amount of an oxidant such as a copper salt, dimin-
ishing the atom economy of the reaction and complicating
reaction operation. Therefore, the development of a comp-
lementary carbonyl source is highly desirable for enhancing
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safety and synthetic efficiency. Additionally, in recent decades,
investigation of CO surrogates has become a crucial point of
focus in C-H carbonylation reactions of arenes.'®?°

Consequently, exploring safe, easy-to-handle and CO-free C(2)-
H alkoxycarbonylations of indoles is warranted.

The investigation on carboxylating reagents has garnered
considerable attention in the past decade for their environ-
mentally benign CO-free process, resulting in various reagents,
chloroformates,
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Scheme 1 Previous C(2)-H alkoxycarbonylations of indoles and this
work.
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dines,* glyoxylates,* a-keto esters,** dicarbonates,>® for-
mates,*® potassium oxalates,’® carbazates,*’™* bromodifluor-
oacetates™ and tetrabromomethanes®™*® (Scheme 1B).
However, these reactions necessitate the use of stoichiometric
amounts of additives, such as oxidants and bases, and alkoxy-
carbonylations without any stoichiometric additives have
rarely been reported.*>*®7® Furthermore, introduced substitu-
ents on alkoxycarbonyl moieties are restricted to simple alkyl
chains such as methyl, ethyl and tert-butyl groups, likely due
to the structural limitations of available -carboxylating
reagents, even though the structure of the ester moiety cru-
cially affects biological activities.>>

Recently, Dong et al reported the palladium-catalysed
Catellani reaction using a novel carbonate anhydride as a car-
boxylating reagent.*>>® Inspired by these reports***® and our
previous studies,** %> we hypothesised that rhodium car-
boxylate species possessing various alkoxycarbonyl groups
could be generated by the selective C-O bond cleavage of a car-
bonate anhydride, thereby promoting C(2)-selective C-H acti-
vation of indoles without any stoichiometric additives. The key
challenges, however, are (1) how to control C-O bond cleavage
due to unsymmetrical anhydrides possessing the two weak C-
O bonds and (2) how to promote selective C-H activation by
rhodium carboxylate species in the absence of an oxidant and
a base. Herein, we report a rhodium-catalysed alkoxycarbonyla-
tion of indoles with mixed carbonate anhydrides without stoi-
chiometric amounts of additives, yielding indole-2-carboxylic
acid esters with various ester substituents (Scheme 1C). The
easily accessible and stable mixed carbonate anhydrides make
alkoxycarbonylation more straightforward and operationally
simple.

Our study commenced by investigating the C(2)-selective
alkoxycarbonylation of 1-(pyrimidin-2-yl)-1H-indole (1a) with
the mixed carbonate anhydride 2 in the presence of [RhCl
(CO),])» (5.0 mol%, 10 mol% Rh) and potassium iodide (KI,
15 mol%) in THF at 80 °C (Table 1). After 18 h, the desired
indole-2-carboxylic acid ester 3a was obtained in 78% yield
from the mixed carbonate anhydride 2a, synthesised from 2,6-
dimethylbenzoic acid and methyl chloroformate in a single
step. However, a small amount of 2-aroylindole 4 was also
formed as a byproduct (entry 1). Encouraged by this result,
other mixed carbonate anhydrides derived from 2,6-di-
substituted benzoic acids were examined. The yield of 3a was
further improved using 2d (entry 4), although other mixed
anhydrides gave lower yields (entries 2 and 3). Employing
methyl chloroformate instead of 2 resulted in no product for-
mation, indicating the importance of the carboxylate moiety
for C-H bond activation (entry 5). Among the iodide sources
examined, KI was found to be optimal, affording 3a in 89%
yield(entries 4 vs. 6-8). Only [RhCI(CO),], exhibited catalytic
activity, and other rhodium() complexes were found to be
ineffective (entries 9-12). Moreover, this alkoxycarbonylation
reaction was not affected by atmospheric air conditions (entry
13). On the other hand, adding a small amount of water
decreased both the yield and the chemoselectivity, probably
due to the decomposition of 2d by water (entry 14). Lowering
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Table 1 Optimisation of reaction conditions?
A\
N o o
+
R SN
— 2a-d
\\) (1.5aequiv)

1a 3a

Rh catalyst
(10 mol% of [Rh])
additive (15 mol%)

THF (0.4 M) N
OMe 80°C, 18 h 2\

mixed anhydrides (Ar =)

Me OMe Cl Me
N\\)
Me OMe Cl  Me Me =
2a 2b 2 2d

c 4
byproduct

Yield
Entry Anhydride Additive Rh catalyst of 3% (%) 3:4
1 2a KI [RhCI(CO),], 78 8.7:1
2 2b KI [RhCI(CO),], 87 12:1
3 2¢ KI [RhCI(CO),], 70 >20:1
4 2d KI [RhCI(CO),], 89 15:1
5¢ — KI [RhCI(CO),], 0 —
6 2d Nal [RhCI(CO),], 81 9.0:1
7 2d Lil [RhCI(CO),], 25 1:2.0
8 2d TBAI [RhCI(CO),], 0 —
9 2d KI [RhCl(cod)], Trace —
10 2d KI [RhCl(nbd)], 0 —
11 2d KI RhCI(PPhs); Trace —
12 2d KI RhCI](CO)(PPh;), Trace —
134 2d KI [RhCI(CO),], 90 13:1
14°  2d KI [RhCI(CO),], 52 7.4:1
155 2d KI [RhCI(CO), ], 91 (87) >20:1
16 2d KI — 0 —
17 2d — [RhCI(CO),], 50 5.0:1

“Reaction conditions: 1a (0.30 mmol), 2 (0.45 mmol), Rh catalyst
(10 mol% of [Rh]) and additive (15 mol%) in THF (0.75 mL) at 80 °C
for 18 h under an Ar atmosphere. ? Yields were determined by '"H NMR
analysis using 1,1,2,2-tetrachloroethane as an internal standard. Value
in parentheses indicates isolated yields. ‘Methyl chloroformate was
used instead of 2. “The reaction was performed under an air atmo-
sphere. ©2.0 equivalents of H,O were added./[RhCI(CO),], (3.0 mol%)
and KI (9.0 mol%) were used. TBAI: tetrabutylammonium iodide; cod:
1,5-cyclooctadiene; and nbd: 2,5-norbornadiene.

the catalyst loading to 3.0 mol% gave a comparable yield of 3a
while suppressing byproduct formation (entry 15). Control
experiments revealed that [RhCI(CO),], is crucial for the reac-
tion to proceed, and the addition of KI significantly improved
the yield and chemoselectivity (entries 16 and 17). Therefore,
the additive is considered to assist the formation of RhI
species by exchanging halogen ions in situ.

With the optimised reaction conditions in hand, we exam-
ined the generality of the alkoxycarbonylation (Scheme 2).
Initially, we tested the model reaction on a large scale.

Subjecting 2 mmol of 2a to the optimised reaction con-
ditions gave indole 3a in 81% yield. A pyridyl directing group
could function in this reaction, affording 3b in 84% yield.
Introducing a substituent at the 3-position of indoles resulted
in a slight decline in the reactivity; however, products 3c-e
were still obtained in 40-66% yields. Notably, a 3-chloroindole,
which did not provide any product in previous CO-mediated
alkoxycarbonylations,'” furnished the corresponding ester 3e
in 40% yield. A methyl group on the benzenoid moiety did not

This journal is © The Royal Society of Chemistry 2024
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Scheme 2 Substrate scope. Reaction conditions: 1 (0.30 mmol), 2 (0.45 mmol), [RhCI(CO),l, (3.0 mol%), and Kl (9.0 mol%) in THF (0.75 mL) at
80 °C for 18 h under an Ar atmosphere. ? [RhC(CO),l, (5.0 mol%) and Kl (15 mol%) were used. © 4.0 equivalents of 2 were used. € 2.0 equivalents of 2

were used. ¢ The reaction was conducted with 1.2 equivalents of 2 at 100

affect the yield, affording the desired esters 3f-i in 83-92%
yields. An electron-rich indole bearing a methoxy group at the
5-position was well tolerated (3j). In contrast, indoles attached
with a weak electron-withdrawing group slightly decreased the
yields but still yielded 3k-n in 65-71% yields; thus, the yield of
a nitro-substituted indole 30 was insufficient. The results indi-
cated that this alkoxycarbonylation was likely to be sensitive to
the electronic properties of indoles. Pyrrole substrates were
also good coupling partners, affording products 3p-r in
51-92% yields.

We then tested the effect of a substituent on the ester
group. Linear alkyl groups, such as ethyl, propyl, benzyl, cyclo-
propylmethyl, 2-chloroethyl and isobutyl groups, gave the
esters 3s-x without compromising on reactivity and selectivity.
Moreover, a mixed carbonate anhydride possessing an
a-branched alkyl group such as isopropyl and cyclohexyl
groups also produced 3y and 3z in 74 and 60% yields, respect-
ively. A more sterically hindered tert-butyl group diminished
the yield of 3aa to 45% due to the formation of a significant
amount of the undesired product 4. To demonstrate the broad

This journal is © The Royal Society of Chemistry 2024

°C.

applicability of this reaction, mixed carbonate anhydrides pos-
sessing a natural product moiety, geraniol, menthol and chole-
sterol, were tested, and fortunately, all reacted smoothly to
afford products 3ab-ad in 58-73% yields. Thus, these results
indicate that this alkoxycarbonylation demonstrates good func-
tional group tolerance and potential for late-stage
functionalisation.

Taking into account the importance of indole-7-carboxylic
acid esters and their derivatives in pharmaceutical science,>®™>
we next investigated the C(7)-alkoxycarbonylation of indole
derivatives (Scheme 3). Unfortunately, applying the standard
reaction conditions to 2-substituted indole 5 did not afford the
desired alkoxycarbonylated indole 6. Interestingly, omitting KI
from the conditions enhanced the reactivity, furnishing product
6 in 59% yield (Scheme 3A). Encouraged by this result, alkoxy-
carbonylations of indoline 7 and carbazole 9 were tested, and
both reactions afforded the corresponding products (Scheme 3B
and C). Thus, our protocol was extended to functionalise benze-
noid moieties, proving the versatility of this methodology for a
site-selective alkoxycarbonylation of indoles.

Org. Biomol. Chem., 2024, 22, 3209-3214 | 321
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Scheme 3 C(7)-alkoxycarbonylations of indoles and their derivatives.

To demonstrate the utility of this alkoxycarbonylation,
further transformation of the products was examined
(Scheme 4). Subjecting indole-2-carboxylic acid ester 3s to the
basic reaction conditions enabled the smooth deprotection of
the pyrimidyl directing group, providing the unprotected
product 11 in 79% yield (Scheme 4A). Similarly, the
N-pyrimidyl pyrrole 3r underwent deprotection to afford the
free NH-pyrrole 12 in 62% yield (Scheme 4B). These transform-
ations indicate the possibility of further application of this
methodology to the synthesis of biologically active molecules.

To elucidate the reaction mechanism, several control experi-
ments were conducted (Scheme 5). Initially, H/D scrambling
experiments were performed by adding 5.0 equivalents of D,O
to the reaction of 1a; over 80% deuterium incorporation at the
C(2) and C(3) positions occurred, indicating the reversibility of
the C-H activation step (Scheme 5A, right). Interestingly,
removing KI from the reaction conditions promoted C(7)-H
activation, which was not observed in a [RhCI(CO),], and KI
system (Scheme 5A, left). This reactivity difference might
explain the result of the C(7)-alkoxycarbonylation of an indole
and its derivatives. Deuterium incorporation of 1a was also
observed even when 2a was employed with EtOD (Scheme 5B).
Next, a competition experiment was conducted by reacting
electron-rich and -deficient indoles with mixed anhydride 2a

0
@f\>_‘/< o
N omt LiOEt (3.0 equiv) @\/\>_<
N

A s oa
X‘:) 11, 79% yield
3s
o
o o
[ LIOEt (3.0 equiv) o)
N om DMSO/EtOH B @
a 80°C, 18h N o
xz) 12, 62% yield
3r

Scheme 4 Deprotection of the pyrimidyl directing group.
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Scheme 5 Mechanistic investigations.

in the same vessel (Scheme 5C). A larger amount of 3j was
formed than 3m, implying that the C-H activation step could
proceed via an electrophilic mechanism. In addition, kinetic
isotope effect experiments were conducted (Scheme 5D).
Parallel experiments showed a KIE of 0.9, indicating that the
rate-determining step is not involved in the C-H activation
step. Finally, we synthesised [RhI(CO),], to confirm the active
catalyst species.>® When [RhI(CO),], was employed in the reac-
tion of indole 1a with anhydride 2d, 3a was formed in a yield
comparable to that obtained under the optimised reaction
conditions (Scheme 5E). Therefore, we assume the active
species of this transformation is [RhI(CO),],.

Based on the mechanistic investigations and previous
reports on rhodium-catalysed C-H functionalisation with
anhydrides,*®3%°>> we propose the reaction mechanism for
the C(2)-alkoxycarbonylation of indoles, as depicted in Fig. 1.
First, an anion exchange between [RhCI(CO),], and KI yields
the catalytically active [RhI(CO),],. Then, selective C-O bond

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Plausible reaction mechanism.

cleavage of mixed carbonate anhydride 2a, controlled by the
steric hindrance of a mesityl group, generates the rhodium car-
boxylate B. A subsequent pyrimidyl-directed C-H bond acti-
vation, which might proceed by an electrophilic mechanism,
gives the five-membered rhodacycle intermediate C. Finally,
reductive elimination of C leads to the formation of the indole-
2-carboxylic acid ester 3a and the regeneration of the RhI
species A.

Conclusions

In conclusion, we have developed a concise synthesis of
indole-2-carboxylic acid esters using 2,4,6-trimethylbenzoic
acid-based carbonate anhydrides as carboxylating reagents.
Preliminary mechanistic investigations revealed that [RhI
(CO),] generated from [RhCI(CO),] and KI accelerates the C(2)-
H bond cleavage of an indole while suppressing the undesired
C(7)-H bond cleavage. The C(2)-alkoxycarbonylation of indoles
proceeds selectively to afford the indole-2-carboxylic acid
esters in up to 92% isolated yield. Removing KI from the stan-
dard reaction conditions enables the C(7)-alkoxycarbonylation
of 2-substituted indole derivatives, indoline and carbazole, by
facilitating C(7)-H bond cleavage. We anticipate that this novel
alkoxycarbonylation using mixed anhydrides will open a new
avenue for C-H alkoxycarbonylation with CO surrogates and
expand the scope of this field.
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