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Condensed heterocyclic compounds are playing increasingly im-
portant roles as synthetic building blocks, pharmacophores, and
electroluminescence materials.1 Representative examples are mitomy-
cins,2 one of the most effective antitumor agents, and fluorazene
derivatives,3 intramolecular charge transfer species possessing dual
fluorescence mechanisms. Although several efficient synthetic routes
to the condensed pyrroloindole skeleton are available,4 metal-mediated
catalytic procedures have appeared only recently.5 One important
example came from Knochel and co-workers who demonstrated that
the Pd-catalyzed chemoselective intramolecular sp3 C-H activation
of the methyl group in 2-bromo-N-(2-methylaryl)-pyrroles can afford
9H-pyrrolo[1,2-a]indoles.6 Described herein are recent developments
in establishing a practical route to pyrroloindoles relying on the Pd-
catalyzed cyclization of N-(2-halobenzyl)pyrroles.7

We employed pyrrole derivatives substituted with N-2-benzyl
(pseudo)halides as model substrates for the optimization (Table 1).8

This substrate type is especially interesting since transformations
utilizing benzylic halides are much less developed,9 whereas Pd-
catalyzed reactions with aryl, vinyl, or allylic halides have been
extensively investigated.10 While no product was obtained using N-(2-
chlorobenzyl)pyrrole in the absence of additives (entry 1), addition of
certain phosphine ligands dramatically changed the reaction progress.
For example, while PPh3 or PCy3 exhibited limited success (entries
2-3),11 significant improvement was achieved by employing phos-
phines derived from biphenyl or ferrocene in benzene. In particular,
2-(di-tert-butylphosphino)biphenyl (3) turned out to be most effective
for the synthesis of fluorazene (entry 6).

Other palladium species including PdCl2, Pd(TFA)2, Pd(PPh3)4, or
Pd2(dba)3 displayed decreased activity.8 The reaction efficiency was
sensitive to the type of (pseudo)halides employed. For example, while
substrates with mesylate-, tosylate-, or bromo groups underwent the
cyclization with satisfactory yields (entries 7-9), that with an iodo
group largely failed to cyclize only leading to reductive dehalogenation
(entry 10).

To gain insight into the reaction mechanism, we performed
kinetic isotope effect (KIE) studies (eqs 1 and 2). Experiments
revealed that this cyclization exhibits kinetic isotope effects kH/kD

(intramolecular) ) 1.4 and kH/kD (intermolecular) ) 1.7 without
d-incorporation onto the bridge methylene group.12

Additional mechanistic information was obtained from the com-
parison experiments of initial rates of substrates bearing formyl, acetyl,

and methyl substituents on the pyrrole ring (Scheme 1). It was observed
that electron-deficient substrates underwent the cyclization with faster
rates compared to those bearing electron-donating groups.13

We tentatively propose the following mechanistic description
outlines in Scheme 2. Initial oxidative addition of benzyl halide to
Pd(0) takes place leading to a Pd(II) species A.9,11 At this stage, the
most plausible palladacycle B for the final reductive elimination is
proposed to form via either C-H activation or electrophilic aromatic
substitution.14 However, a third possibility involving the Heck-like
carbopalladation appears to be less likely judging from the lack of
isotope scrambling in the KIE studies.15

Table 1. Reaction Optimization for the Cyclization Reactiona

entry X ligand yield (%)b

1 Cl none <2
2 Cl PCy3 4
3 Cl PPh3 18
4 Cl 1 45
5 Cl 2 64
6 Cl 3 97
7 OMs 3 81
8 OTs 3 82
9 Br 3 73
10 I 3 3

a Conditions: Substrate (0.2 mmol), Pd(OAc)2 (5 mol %), ligand (10
mol %), Et3N (2.0 equiv) in benzene (0.3 mL). b Isolated yield.

Scheme 1. Comparison of the Relative Initial Rates

Scheme 2. Proposed Mechanistic Pathways
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At present, we argue that since the reaction is facilitated by electron-
withdrawing substituents, the plausible Friedel-Crafts path is not
operative although the measured low KIE values do not clearly endorse
a ruling out of this route.13e This reasoning, and in light of the recent
similar observations by others,16 led us to propose that the ring closure
proceeds via a base-assisted deprotonative metalation pathway with
the dependence on acidity of the C-H bond being cleaved.17

The Pd-catalyzed cyclization protocol was successfully applied to
a broad range of N-(2-chlorobenzyl)pyrroles to furnish pyrroloindoles
(Table 2). The substrates were readily prepared either by N-arylation
of aryl halides with pyrroles or by the Paal-Knorr reaction of anilines
with 2,5-dimethoxytetrahydrofuran.8 In general, the Pd-catalyzed
cyclization reactions proceeded with excellent efficiency irrespective
of substrate types, although sterically congested substrates demanded
higher temperatures with larger catalyst loadings (entries 2 and 4).

A labile chloro group on substrates was well-tolerated under the
conditions giving chloropyrroloindoles in excellent yields which
could be further manipulated by arylation under the subsequent
Suzuki reaction conditions in one-pot (entries 5-6).8 Cyclization
of N-(2-chloromethyl)naphthyl pyrrole and a derivative of 4H-
indole-4-one provided tetracyclic compounds with high efficiency
(entries 7-8). Interestingly, the reaction of substrates bearing
electron-deficient groups on the pyrrole was also highly efficient
to give products which are difficult to obtain using the conventional
Friedel-Crafts approach (entries 9-10).4

The cyclization protocol was briefly examined to extend for the
synthesis of 9H-fluorene by employing 2-phenylbenzyl bromide (eq
3).18 The desired condensed carbocycle was obtained albeit with
modest yield under unoptimized conditions.

In summary, we have developed a highly efficient Pd-catalyzed
cyclization of N-(2-halobenzyl)-substituted pyrroles or phenyl variants
to afford condensed hetero- or carbocycles, respectively, via tandem
activation of benzyl halide and aromatic C-H bond. Further investiga-
tions are in progress to elucidate mechanistic details.
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Table 2. Pd-Catalyzed Synthesis of Condensed Pyrroloindolesa

a Conditions: substrate (0.2 mmol), Pd(OAc)2 (5 mol %), ligand 3 (10
mol %), Et3N (2 equiv) in benzene (0.3 mL) at 100 °C for indicated time.
b Isolated yield. c Pd(OAc)2 (10 mol %) and 3 (20 mol %) at 120 °C.
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