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ABSTRACT

A set of general methods for the palladium-catalyzed decarboxylative C3-allylation and C3-benzylation of indoles, starting from the corresponding
N-alloc andN-Cbz indoles, respectively, is reported. This chemistry provides ready access to a wide range of functionalized indolenines in good to
excellent yields. A tandem process, wherein the palladium catalyzed allylation chemistry is coupled with a Mizoroki�Heck reaction, offers a
simple route to cinnamylated products.

The selective functionalization of indoles continues to be
the focus of numerous studies, due in no small part to the
prevalence of this fundamental heterocycle in bioactive
natural products and pharmaceutical agents.1,2 The C3
functionalization of 3-substituted indoles, in particular,
presents a significant challenge, as standard alkylation
protocols necessitate the use of strongbases andare further
complicated by the formation of a mixture of C1- and

C3-alkylated products.3 To overcome these limitations, a
number of groups have demonstrated the use of palladium
catalysis for the C3-allylation of C3-unsubstituted
indoles.4,5 The allylation of C3-substituted indoles, while
more challenging, as it also generates a quaternary center,
can also be accomplished through transition metal
catalysis.6,7 The scope of this methodology has recently
been extended to the benzylation of C3-substituted
indoles.8 The reported functionalization methods gener-
ally involve the reaction of the two partners, an indole
substrate having a free NH and an allyl or benzyl carbo-
nate, alcohol or acetate (Scheme 1). Given the ready
availability of N-alloc and N-Cbz indoles,9 we considered
the possibility of using such simple precursors for the direct
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introduction of allyl and benzyl groups on indoles. For
N-alloc indole, for example, treatment with a palladium
catalyst was expected to produce π-allyl palladium and an
indole carboxylate (A), which upon CO2 loss would gen-
erate indoyl-π-allyl palladium (B), the penultimate inter-
mediate in our earlier reported method (Scheme 2).6c We

describe below the realization of this concept of palla-
dium-catalyzed decarboxylative allylation and benzyla-
tion of indoles.
We began these studies by examining a range of con-

ditions for the decarboxylative allylation of N-alloc 2,3-
dimethylindole (1a).10 Among the palladium sources eval-
uated, Pd2(dba)3•CHCl3 was found to give the best yield.
An investigation of mono- and bidentate ligands revealed
that electron-deficient monodentate phosphines gave
superior results, with trifuryl phosphine11 affording the
highest yields. Optimal conditions involved the use of a 1:1
molar ratio of phosphine to palladium. The reaction
conditions determined by this study proved to be applic-
able to a variety of alloc-protected derivatives of

substituted indoles, including tetrahydrocarbazoles and
β-and γ-tetrahydrocarbolines (Table 1).
Alloc derivatives of indole and tetrahydrocarbazole

were successfully converted to the desired allylated pro-
ducts in high yields under low catalyst loadings (2a�b).
Electron-donating and -withdrawing groups at the C5
position were tolerated (2c�d). Both β- and γ-tetrahydro-
carbolines were successfully converted to the allylated
products (2e�h), albeit under slightly higher catalyst load-
ings (2�5%). For reasons that are unclear, the Boc-
protected carboline, 1f, consistently gave lower yields than
did other carbolines. The alloc derivatives of indole and
2-methyl indole produced a mixture of the respective
mono- and bis-allylated compounds (2i�2l). Formation
of the bis-allylated products is noteworthy: it demonstrates
that the decarboxylative allylation does not involve an
intramolecular transfer of the allyl group.12 Finally, more
substituted allylic groups can be incorporated by starting
with the corresponding indole precursor. Thus, the croty-
lated indole substrate afforded the crotylatedproduct (2m)

in 84% yield, completely as the trans-diastereomer.
In order to further expand the scope of the allylation

reaction to give the cinnamylated product, we considered
additional pathways to these compounds. One option was
to start with a cinnamyl carbamate precursor (1n), analo-
gous to the crotyl precursor (1m). Indeed, decarboxylative
rearrangement of 1n under the standard conditions gave
the expected cinnamyl product in 80% yield (Scheme 3, I).
However, as the preparation of the required starting
material for the cinnamyl product was neither as trivial
nor as efficient as for the alloc-protected indole derivatives,
we envisioned a tandem sequence inwhich a decarboxylative

Scheme 1. Decarboxylative Allylation of Indole

Scheme 2. Catalytic Cycle for Decarboxylative Allylation
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allylation process would be followed by aMizoroki�Heck
reaction.13 The plan was to use the N-alloc precursor and
carry out the palladium catalyzed allylation in the presence

of an aryl halide (Scheme 3, II). Since the decarboxylative
allylation takes place at room temperature, this step was
expected to take place prior to the Mizoroki�Heck reac-
tion, which typically requires a higher temperature. In the
event, heating indole 1a, iodobenzene, and K2CO3 in
acetonitrile under the allylation conditions afforded the
cinnamylated product in 98% yield.14,15

Given the effectiveness of the above sequence, we also
examined the possibility of adapting the tandemconcept to
our prior work on palladium catalyzed intermolecular
allylation, thereby providing a three-component coupling
route to the cinnamylated products. Under optimized
conditions, the reaction of tetrahydrocarbazole 3, allyl
methyl carbonate, and iodobenzene in the presence of
Pd2(dba)3•CHCl3 (5 mol %) and P(2-furyl)3 (10 mol %)
afforded the desired cinnamylated product in quantitative
yield (Scheme 4).15

The success of the decarboxylative allylation process
encouraged us to apply this strategy to the more challeng-
ing C3-benzylation of C3-substituted indoles. Initial stud-
ies showed the decarboxylative benzylation reaction
to require more forcing conditions than the allylation.

Table 1. Substrate Scope for Decarboxylative Allylationa

aReactions performed on 0.5 mmol of substrate at 0.25 M, Pd/
P(2-furyl)3= 1:1, 4 h. bReaction performed on 1.0 mmol of substrate at
3.5 M.

Scheme 3. Formation of Cinnamyl Producta

aPlease see Supporting Information for detailed procedures.

Scheme 4. Three-Component Cinnamylation Reaction

(14) An examination of the reaction mixture by NMR during the
course of the reaction showed rapid conversion to an allylated inter-
mediate followed by its gradual transformation to the cinnamylated
product.

(15) See the Supporting Information for a table of conditions for the
optimization of this reaction.
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Optimal reaction conditions called for both higher tem-
peratures (75�80 �C) and longer reaction times.15 Of the
different palladium sources examined, [Pd(C3H5)cod]BF4

and Pd(C3H5)Cp were found to be the most efficient at
catalyzing the reaction. Due to the ease of its preparation
and storage requirements [Pd(C3H5)cod]BF4 was chosen

as the palladium source. Among the phosphine ligands
screened, the bidentate ligand DPEphos gave the best
yields. Finally, as noted in our earlier work,8 the addition
of boron Lewis acids,16 namely triethylborane, accelerated
the benzylation reaction. The optimized protocol for the
decarboxylative benzylation process was utilized with
several substrates, and the results are summarized in
Scheme 5.
The N-Cbz derivatives of 2,3-dimethylindole, tetrahy-

drocarbazole and 6-chloro-tetrahydrocarbazole (4a�c),
all gave the corresponding C3-benzylated products
(5a�c) in nearly quantitative yields. The C3-unsubstituted
precursors, N-Cbz-indole (4d) and N-Cbz-2-methyindole
(4f), produced a mixture of the corresponding mono- and
dibenzylated products.
To conclude, we have developed a set of protocols for

the palladium catalyzed decarboxylative C3 allylation and
benzylation of indoles, carbazoles, and carbolines, starting
from the respective N-alloc and N-Cbz protected precur-
sors. This chemistry iswell suited for sequencingwithother
transitionmetal mediated processes, as illustrated through
the decarboxylative allylation/Mizoroki�Heck reaction
tandem sequence.
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Scheme 5. Substrate Scope of Benzylation Reactiona

aReactions performed on substrate (0.5 mmol), BEt3 (0.55 mmol), in
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