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ABSTRACT

A directing group-free approach for C2-selective carbenoid functionalization of NH-indoles is presented. Using [RuCl2(p-cymene)]2 as catalyst
and r-aryldiazoesters as carbenoid source, 2-alkylated indoles were obtained in up to 96% isolated yield. Similarly, a regioselective carbenoid
functionalization of NH-pyrroles was also achieved.

The use of diazo compounds for C-H bond functionalization
under transition metal catalysis is a powerful approach for
C-C bond formation. While dirhodium (II, II) carboxylates
and derivatives are highly successful for catalytic regio- and
stereoselective carbenoid C-H insertion to a wide range of
hydrocarbons,1 the analogous functionalization of indole
substrates remains relatively unexplored. Synthesis of the
indole nucleus has been attracting widespread interest due
to its prevalence in many naturally occurring alkaloids and
pharmaceutically active compounds;2 transition metal cata-
lyzed heteroannulation strategies have been extensively
exploited for the synthesis of complicated indole struc-

tures.2a,c,3 Yet, direct C-H functionalization of indoles with
C-C bond formation should be an appealing strategy, in
view of its operational simplicity and seemingly higher
overall synthetic efficiency. In 2002, Kerr and co-workers
reported the Rh2(OAc)4-catalyzed reactions of indoles with
methyl diazomalonate, and C3- and/or N-alkylated products
were formed.4a According to this study, N-group protection
is critical for achieving the C3-selective carbenoid function-
alization. Later, Davies and co-workers, however, observed
double cyclopropanation to the aromatic nucleus for the
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Beckwith, R. E. J. Chem. ReV. 2003, 103, 2861.

(2) (a) Poulsen, T. B.; Jørgensen, K. A. Chem. ReV. 2008, 108, 2903.
(b) Humphrey, G. R.; Kuethe, J. T. Chem. ReV. 2006, 106, 2875. (c) Cacchi,
S.; Fabrizi, G. Chem. ReV. 2005, 105, 2873. (d) Bandini, M.; Melloni, A.;
Tommasi, S.; Umani-Ronchi, A. Synlett 2005, 1199. (e) Sundberg, R. J.
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Rh2(DOSP)4-catalyzed reaction of 2- or 3-methyl-N-Boc-
indoles with donor-acceptor carbenoids.5

Since the pioneering works by Nishiyama and co-workers,6

Ru-catalyzed alkene cyclopropanation has been extensively
investigated.7 However, there are limited examples on
ruthenium-catalyzed carbenoid C-H insertion reactions in
the literature. Recently, we showed that [RuCl2(p-cymene)]2

can effect catalytic stereoselective intramolecular carbenoid
C-H insertion reactions, and cis-�-lactams were obtained
in excellent yields.8e As our continuing interest to develop
catalytic C-H bond functionalizations,8 herein we describe
regioselective C2 carbenoid C-H functionalization of NH
free indoles using [RuCl2(p-cymene)]2 as catalyst, and
2-indolyl aryl carboxylic esters were obtained in 80-90%
yields. Indeed, direct C3-selective indole functionalizations
are well established,9 the analogous regioselective C2
functionalization remains challenging.10 A recent work by
Carretero and co-workers showed that regioselective Pd-
catalyzed C2 alkenylation of indoles and pyrroles can be
achieved by employing a N-(2-pyridyl)sulfonyl moiety as a
directing group.10i To date, there are few examples on direct
C2-selective functionalization of NH-free indoles.10d,h,l

Treatment of indole 1a (0.5 mmol) with methyl phenyl-
diazoacetate 2a (0.25 mmol) and [RuCl2(p-cymene)]2 (2 mol
%) in DCM at room temperature for 0.5 h produced 3aa in
96% isolated yield (Table 1, entry 1). The molecular structure
of a chlorinated derivative 3fa has been established by X-ray

crystallography (see the Supporting Information). In this
work, a one-pot protocol was effective for the reactions of
diazoesters with indole; no dimer formation was detected
by GC-MS analysis. Without the Ru catalyst, no 3aa was
formed with full recovery of the starting materials.

For the reaction of 1a with 2a, higher reaction temperature
(40-100 °C) gave poorer results with some dimer formation
(entries 2 and 3). While employing toluene and DCE as
solvent for the indole functionalization would give 3aa in
lower yields (entries 4 and 5), little or no product formation
was observed if CH3CN, THF, MeOH, dioxane, or DMF
was employed as the solvent (entries 6-10). Moreover, use
of exogenous ligands (e.g., pybox, PPh3, and acetate) led to
no product formation based on GC-MS analysis.

To scrutinize for any N-H/C3 alkylation,11 we undertook
GC-MS analysis of the reaction mixture. To our delight, only
3aa and the unreacted indole were observed, and no N-H
and C3 alkylated products were detected. The outcome of
the Ru-catalyzed indole functionalization is dependent upon
the N-substituents. For example, treatment of N-Boc (Boc
) tert-butoxycarbonyl) or N-phenylindole with 2a under our
experimental conditions failed to afford any desired products
with complete recovery of the indoles and diazo reagents.
Yet, N-methylindole reacted with 2a to give the 3-alkylated
product (52%) exclusively without any 2-alkylated products
being isolated.

Table 2 depicts the results of the Ru-catalyzed indole
functionalization by various aryldiazoesters. The substituted
aryldiazoesters 2b-g (substituent ) Me, F, Cl, Br, CF3, NO2)
can effectively transform 1a to its corresponding 2-alkylated
indoles in 48-92% yields (entries 2-7). With the methoxy-
substituted diazoesters 2h and 2i, the Ru-catalyzed transfor-
mations furnished the desired products in 83% and 84%
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Guantlett, C.; Godfrey, C. R. A.; Gaunt, M. J. Angew. Chem., Int. Ed. 2005,
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Table 1. Reaction Optimizationa

entry solvent temp (°C) time (h) yield (%)b

1 DCM rt 0.5 96c

2d toluene 40 7 60
3d toluene 100 7 18
4 toluene rt 4 70
5 DCE rt 1 52
6 CH3CN rt 18 trace
7 THF rt 18 trace
8 MeOH rt 18 trace
9 dioxane rt 18 -e

10 DMF rt 18 -e

a Reaction conditions: 1a (0.5 mmol), 2a (0.25 mmol), [RuCl2(p-
cymene)]2 (2.5 mol %), solvent (2 mL). b Yields were determined by GC-
FID with tetradecane as internal standard. The percentage yield is based
on the amount of the limiting reagent. c 2 mol % of catalyst was used;
isolated yield. d 1a:2a ) 1:1. e No detectable product formation.
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yields (entries 8 and 9). However, the analogous reaction of
the ortho-substituted 2j was ineffective (entry 10). Perform-
ing the reaction at 70 °C gave several undefined products
according to GC-MS analysis; only the C3-alkylated product
(25%) was successfully isolated. Moreover, no benzofuran
formation was observed in our study.12 Notably, the terminal
CdC bond was tolerated versus C-H insertion, and the
reaction of indole with diazoester 2k furnished the C-H
insertion product 3ak selectively in 50% yield (entry 11).
Indeed, the analogous Rh-catalyzed reactions with allyl
phenyldiazoacetates would proceed preferably via intramo-
lecular cyclopropanation.13

The Ru-catalyzed indole functionalization is sensitive to
the steric properties of the diazoesters. When diazoester 2l
reacted with 1a, 3al was formed in 74% yield (entry 12).
However, with the 1-naphthyl derivative (2m) as the reagent,
only 22% product yield was attained (entry 13). Low product
yield (12%) was also obtained for the reaction with tert-
butyl-substituted 2n (entry 14).

Facile transformations with diazoesters containing hetero-
cyclic moieties were also achieved. By reacting 1a with the

thienyldiazoacetate 2n, its 2-alkylation product was obtained
in 65% yield (entry 15). Likewise, the analogous reactions
of diazoesters with bicyclic heterocycles such as 2o and 2p
also afforded the desired products in 91% and 61% yields
(entries 16 and 17).

Table 3 shows the effect of the indole structure. Treatment
of 3-methylindole 1b with 2a afforded 3ba in 65% yield
(Table 3, entry 1). However, 1c containing a -CH2CO2Me
group at the C3 position failed to undergo significant reaction
over 24 h and the diazo was largely recovered unchanged.
Yet, substituents (e.g., Me) on the 7-position have no effect
on the reaction and 3da was formed in 96% (entry 3).
Furthermore, substituents at the 5-position of indoles were
all tolerated and the desired 2-alkylation products 3ea-3ja
were formed in 61-87% yields (entries 4-9).

The C2 selective pyrrole functionalization has also been
pursued; pyrroles are known to be important building blocks
for many biologically active compounds. Previously, Davies
and co-workers reported the Rh-catalyzed double- and
monocyclopropanations of N-Boc pyrroles with aryldiaz-
oacetates.5 Initially, we treated pyrrole (0.5 mmol) with 2a
(0.25 mmol) and [RuCl2(p-cymene)]2 (2 mol %) in DCM at
room temperature for 1 h, and 2-substituted 4a and 2,5-
disubstituted N-H pyrrole 5a were obtained in 70%
combined yield in a 79:21 ratio (Table 4, entry 1). Notably,
GC-MS analysis did not reveal any 3- and N-alkylated
products. To minimize the degree of double alkylation, 5
equiv of pyrrole was later employed in conjunction with
syringe pump addition of 2a over 10 h, and 4a and 5a were
produced in 74% combined yield in a 95:5 ratio (entry 2).
The reaction of pyrrole and 2 exhibits good tolerance to
substituents on the aryl ring of the diazoesters, and combined
yields of 84% and 77% were obtained with 2e and 2h,
respectively (entries 3 and 4). Similarly, the reactions of
heterocycle-substituted diazoesters 2p and 2q gave the

(12) (a) Reddy, R. P.; Lee, G. H.; Davies, H. M. L. Org. Lett. 2006, 8,
3437. (b) Davies, H. M. L.; Grazini, M. V. A.; Aouad, E. Org. Lett. 2001,
3, 1475.

(13) Doyle, M. P.; Hu, W.; Weathers, T. M., Jr. Chirality 2003, 15,
369.

Table 2. Ru-Catalyzed C2-Selective Functionalization of
NH-Indole 1a with Aryldiazoacetatesa

a Reaction conditions: 1a (0.5 mmol), 2 (0.25 mmol), [RuCl2(p-
cymene)]2 (2 mol %), CH2Cl2 (2 mL) at room temperature. Consumption
of 2 was monitored by TLC. b Isolated yield. c Detected by GC-MS, diazo
reagent remained after 18 h.

Table 3. Effect of Indole Structuresa

entry R1 R2 product time (h) yield (%)b

1 CH3 H (1b) 3ba 0.5 65
2 CH2CO2Me H (1c) 3ca 24 -c

3 H 7-CH3 (1d) 3da 0.5 96
4 H 5-F (1e) 3ea 1 72
5 H 5-Cl (1f) 3fa 1 69
6 H 5-Br (1g) 3ga 1 69
7 H 5-I (1h) 3ha 1 61
8 H 5-OMe (1i) 3ia 1 75
9 H 5-OCH2Ph (ij) 3ja 1 87

a Reaction conditions: 1 (0.5 mmol), 2a (0.25 mmol), [RuCl2(p-
cymene)]2 (2 mol %), CH2Cl2 (2 mL) at room temperature. Consumption
of 2a was monitored by TLC. b Isolated yield. c No detectable product
formation.
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desired products in 79% and 89% yields (entries 5 and 6).
For the reaction involving diazoesters 2k and 2p, selective
mono versus double alkylation (9:1) was observed even with
a single-batch addition protocol being employed.

Mechanistically, we propose that the indole functional-
ization should involve reactive ruthenium-carbene inter-
mediates derived from the diazoesters (Scheme 1).6,8e,14 To
probe the nature of the functionalization, we performed a
kinetic isotope effect (KIE ) kH/kD) study with deuterium-
labeled indoles by competitive experiments. While KIE
values >2 were seen in some Rh-catalyzed carbenoid C-H
insertions,15 KIE values of 1.04 (C2) and 1.02 (C3) were
observed for this Ru-catalyzed reaction. The small KIE is
not compatible with the direct C-H insertion mechanism.

On the basis of the KIE results, the Ru-catalyzed indole
C-H functionalization may occur via a cyclopropylindoline
intermediate (I), its subsequent ring-opening at the C3
position would afford the observed C2-alkylated product
(Scheme 1). Cyclopropane intermediates have been isolated
in some Rh-catalyzed intramolecular diazo functionalization
of indoles.16 Yet, the factors that favor the C3-selective

cyclopropane ring-opening remain uncertain.17 A transition
state model (Scheme 1) anagolous to cyclopropanation may
account for the poor reactivity of indoles bearing the N- and
C3-substituents due to steric hindrance. Apparently, the
diazoesters with bulky ester groups such as CO2

tBu should
also exhibit poor reactivity due to steric hindrance (Table 2,
entry 14).

In conclusion, we have developed a highly regioselective
approach for C2 alkylation of NH-indoles using R-aryldia-
zoesters as reagent and [RuCl2(p-cymene)]2 as catalyst;
directing groups are not needed for this transformation.
Because of easy operation, we anticipate that this Ru-
catalyzed reaction would complement other functionalization
approaches for selective indole synthesis.
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Table 4. Ru-Catalyzed C2-Selective Functionalization of
NH-Pyrrolea

entry diazo product 4:5 combined yield [%]b

1 2a 4a/5a 79:21 70
2c 2a 4a/5a 95:5 74
3c 2e 4e/5e 93:7 84
4 2h 4h/5h 91:9 77
5c 2p 4p/5p 91:9 79
6 2q 4q/5q 94:<6d 89
a Reaction conditions: pyrrole (0.5 mmol), 2 (0.25 mmol), [RuCl2(p-

cymene)]2 (2 mol %), CH2Cl2 (2 mL) at room temperature. Consumption
of 2 was monitored by TLC. b Isolated yields. c 5 equiv of pyrrole and
slow addition of 2 over 10 h were employed. d Determined by 1H NMR.

Scheme 1. Proposed Mechanism and Transition State Model
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