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Introduction

The palladium(ii)-catalyzed addition of a heteroatom nucle-
ophile and an alkoxycarbonyl group across the C=C bond of
an unactivated olefin is an effective method for the synthesis
of functionalized heterocycles.[1] As an example, treatment
of g-hydroxy olefin 1 with a catalytic amount of [PdCl2-
(CH3CN)2] (2) and a stoichiometric amount of CuCl2 in
methanol under CO leads to intramolecular alkoxylation/
carboalkoxylation and formation of the substituted tetrahy-
drofuran 3 [Eq. (1)].[2] Similarly, 4-pentenyl carbamates such
as 4 undergo palladium-catalyzed intramolecular amination/
carboalkoxylation to form substituted pyrrolidine deriva-
tives [Eq. (2)].[3] Although the addition of a stabilized carb-
anion and an alkoxycarbonyl group across the C=C bond of

an unactivated olefin has been achieved in the presence of a
stoichiometric amount of palladium [Eq. (3)], this reaction
has not been achieved catalytically due to the incompatibili-
ty of the carbon nucleophile with the stoichiometric oxidant
and/or PdII complex.[4]
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We have developed effective procedures for the palladi-
um-catalyzed hydroalkylation and oxidative alkylation of
unactivated olefins with activated methylene compounds.[5]

For example, treatment of 8-nonene-2,4-dione with a cata-
lytic amount of 2 (5 mol%) and a stoichiometric amount of
CuCl2 (2.5 equiv) at room temperature for 3 h leads to the
isolation of 2-acetyl-3-methyl-2-cyclohexenone in 80% yield
[Eq. (4)]. Unfortunately, our efforts to extend this protocol
to include the palladium-catalyzed alkylation/carboalkoxyla-
tion of alkenyl b-diketones proved unsuccessful. However,
recent reports describing the effective palladium-catalyzed
oxidative cyclization of alkenyl indoles[6,7] prompted us to
explore the palladium-catalyzed cyclization/carboalkoxyla-
tion of alkenyl indoles. Here we provide a full account of
the development, scope, and mechanistic investigation of
the palladium-catalyzed arylation/carboalkoxylation of unac-
tivated olefins with indoles and related nucleophiles.[8]

These transformations represent the first examples of the
catalytic addition of a carbon nucleophile and an alkoxycar-
bonyl group across the C=C bond of an unactivated olefin.

Results and Discussion

Development and scope

Palladium-catalyzed cyclization/carboalkoxylation of alkenyl
indoles : The conditions that proved effective for the addi-
tion of a heteroatom nucleophile and an alkoxycarbonyl
group across the C=C bond of an unactivated olefin also
proved effective for the cyclization/carboalkoxylation of 2-
alkenyl indoles. For example, treatment of 2-alkenyl indole
5 with a catalytic amount of 2 (10 mol%) and a stoichiomet-
ric amount of CuCl2 (3 equiv) in methanol under CO
(1 atm) at room temperature for 30 min gave tetrahydrocar-
bazole 6 in 94% yield by GC analysis (Table 1, entry 1).
Whereas a catalyst loading of 5 mol% led to no significant
decrease in the efficiency of the reaction, a further decrease
to 2 mol% led to a decrease in the yield of 6 (Table 1, en-
tries 2 and 3). The use of [PdCl2(PPh3)2], Pd(OAc)2, [Pd2-
(dba)3] (dba= trans,trans-dibenzylideneacetone), or [PtCl2-
(H2C=CH2)]2 as the catalyst led to diminished yields of 6
and concomitant formation of 3-chloro-1-methyl-2-(4-pente-
nyl)indole (7; (Table 1, entries 4–7, respectively). CuBr2

proved less effective than CuCl2 as a stoichiometric oxidant,
while Cu(OAc)2 or p-benzoquinone led to no detectable for-
mation of either 6 or 7 (Table 1, entries 8–10).

Guided by the experiments outlined in the preceding
paragraph, a preparative-scale reaction of 5 (0.1m) with a
catalytic amount of 2 (5 mol%) and a stoichiometric
amount of CuCl2 (3 equiv) in methanol under CO (1 atm)

led to isolation of 6 in 83% yield (Table 2, entry 1). Palladi-
um-catalyzed cyclization/carboalkoxylation of alkenyl in-
doles displays good generality and good functional-group
tolerance. Thus, unprotected, electron-rich, and electron-
poor 2-(4-pentenyl)indoles undergo palladium-catalyzed
cyclization/carboalkoxylation to form the corresponding tet-
rahydrocarbazoles in good yield (Table 2, entries 2–4). Simi-
larly, the reaction tolerates substitution at the C(1), C(2),
and C(3) carbon atoms of the 4-pentenyl chain and at the
cis-terminal olefinic position (Table 2, entries 5–10); 2-(4-al-
kenyl) indoles substituted at the trans-terminal olefinic posi-
tion do not undergo this reaction efficiently. Palladium-cata-
lyzed cyclization/carboalkoxylation can also be applied to
the synthesis of functionalized tetrahydro-b-carbolinones
(Table 2, entry 7).

2-(3-Alkenyl)- and 2-(5-alkenyl) indoles also undergo effi-
cient palladium-catalyzed cyclization/carboalkoxylation
(Table 2, entries 11–14). For example, the reaction with (E)-
2-(1,1-dimethyl-3-hexenyl)indole [(E)-11] leads to 6-endo
cyclization to give the tetrahydrocarbazole trans-12 as the
only isomer in 84% yield (Table 2, entry 12). The palladi-
um-catalyzed cyclization/carboalkoxylation of 2-(3-alkenyl)
indoles is stereospecific, and cyclization of (Z)-11 gives cis-
12 in 92% yield as the only isomer (Table 2, entry 13). In
comparison, 2-(5-hexenyl)-1-methylindole (13) undergoes
palladium-catalyzed 7-exo-trig cyclization to form 14 in
74% yield (Table 2, entry 14). It is noteworthy that signifi-
cant amounts of a chlorinated intermediate,[9] presumably 3-
chloro-2-(5-hexenyl)-1-methylindole (15), are generated
early in the palladium-catalyzed cyclization of 13 ; com-
pound 15 is then converted slowly into 14. More specifically,
after 15 min at room temperature 63% of 13 had been con-

Table 1. Effect of PdII source and terminal oxidant on the palladium-cat-
alyzed cyclization/carboalkoxylation of 5.

Entry Catalyst Cat. load-
ing

[O] Yield of
6

Yield of
7

[%] [%][a] [%][a]

1 2 10 CuCl2 94 <2
2 2 5 CuCl2 92 <2
3 2 2 CuCl2 63 6
4 [PdCl2(PPh3)2] 10 CuCl2 15 34
5 Pd(OAc)2 10 CuCl2 18[b] 9
6 [Pd2(dba)3] 5 CuCl2 68 10
7 [PtCl2(CH2=CH2)]2 10 CuCl2 <2[c] 33
8 2 10 CuBr2 60[d] –[e]

9 2 10 Cu(OAc)2 <2[f] <2
10 2 10 p-benzo-

quinone
<2[c] <2

[a] GC yield with respect to internal standard. [b] 32% conversion after
5 min. [c] An unidentified by-product was obtained. [d] Yield after 24 h.
[e] 3-Bromo-2-(4-pentenyl)indole was formed in 6% yield. [f] Compound
5 was recovered.
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sumed to form a 9:1 mixture of
15 and 14, which together ac-
count for 82% of the reaction
products.[10] After 8 h at room
temperature 92% of 13 had
been consumed to form a 1:7
mixture of 15 and 14, which to-
gether account for more than
95% of the reaction products.

Although indoles tend to
react with electrophiles at the
C(3) carbon atom, the indole
C(2) carbon atom is also nucle-
ophilic and, for this reason, we
explored the palladium-cata-
lyzed cyclization/carboalkoxy-
lation of 3-alkenyl indoles.[11]

Thus, 3-(4-pentenyl)indole (16)
undergoes palladium-catalyzed
6-exo cyclization to form tetra-
hydrocarbazole 17, which was
isolated in 85% yield (Table 2,
entry 15). Similarly, 1-methyl-
3-(3-butenyl)indole (18) under-
goes palladium-catalyzed 6-
endo cyclization at room tem-
perature over 42 h to form 19,
which was similarly isolated in
58% yield (Table 2, entry 16).

Cyclization/carboalkoxylation
of alkenyl indoles in THF : The
effective palladium-catalyzed
cyclization/carboalkoxylation
of alkenyl indoles does not re-
quire methanol as solvent. For
example, treatment of 2-(4-
pentenyl)indole (8) with a cat-
alytic amount of 2 (5 mol%)
and a stoichiometric amount of
CuCl2 (3 equiv) in THF con-
taining methanol (10 equiv)
gives tetrahydrocarbazole 9 in
83% yield (Table 3, entry 1).
This yield is comparable to
that obtained when employing
methanol as solvent (Table 2,
entry 2). A number of other
primary and secondary alco-
hols, including ethanol, n-octa-
nol, isopropanol, and cyclohex-
anol, were also successfully
employed in the palladium-cat-
alyzed cyclization/carboalkoxy-
lation of 8 to form tetrahydro-
carbazoles 20–24 in good yield
(Table 3, entries 2–5). Howev-

Table 2. Cyclization/carboalkoxylation of alkenyl indoles catalyzed by [PdCl2(CH3CN)2] (2) (5 mol%) in the
presence of CuCl2 (3 equiv) in methanol at room temperature.

Entry Alkenyl indole Product Time [h] Yield [%][a]

1 R1=H, R2=Me (5) 6 0.5 83
2 R1=H, R2=H (8) 9 0.5 83
3 R1=OMe, R2=Me 0.5 86
4 R1=F, R2=H 0.5 74

5 X=CMe2, Y=CH2 0.5 84
6 X=CH2, Y=C(CO2Me)2 0.5 87
7 X=CO, Y=NMe 12 91

8 2.5 87

9 3.5 62 (�50:1)

10 24 45 (�50:1)[b]

11 0.5 76

12 3 84 (�50:1)

13 3 92 (�50:1)
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er, tertiary alcohols are not effective reagents for the palla-
dium-catalyzed cyclization/carboalkoxylation of alkenyl in-
doles in THF.

The use of fewer than ten equivalents of alcohol in the
palladium-catalyzed cyclization/carboalkoxylation of alkenyl
indoles in THF led to formation of both the desired ester
and the corresponding 4-chlorobutyl ester, presumably
formed by ring-opening and incorporation of THF. For ex-
ample, treatment of 5 with a catalytic amount of 2
(5 mol%) and a stoichiometric amount of CuCl2 (3 equiv) in
THF containing only two equivalents of methanol gave an
approximately 9:1 mixture of 6 and the 4-chlorobutyl ester
24 in 74% combined yield (Scheme 1). Compound 24 was
independently synthesized in 65% yield by the palladium-
catalyzed reaction of 5 and 4-chloro-1-butanol (10 equiv) in
THF (Table 3, entry 6).

Cyclization/carboalkoxylation of 1-(4-pentenyl)pyrroles : We
also explored the use of pyrroles as nucleophiles in the pal-

ladium-catalyzed arylation/car-
boalkoxylation of unactivated
olefins. Because the C(2)
carbon of a pyrrole is more nu-
cleophilic than the C(3) carbon
atom,[12] we targeted N-alkenyl
pyrroles as substrates for palla-
dium-catalyzed cyclization/car-
boalkoxylation. Treatment of
N-(4-pentenyl)pyrrole (25)
under the conditions optimized
for the cyclization/carboalkox-
ylation of alkenyl indoles led
to complete consumption of 25
and isolation of tetrahydroin-
dolizine 26 in 14% yield as the
only product detected upon
GC analysis of the crude reac-
tion mixture (Table 4, entry 1).
Because HCl is formed as a

Table 2. (Continued)

Entry Alkenyl indole Product Time [h] Yield [%][a]

14 24 74

15 3 85

16 42 58

[a] Material isolated with greater than 95% purity. [b] 10 mol% of 2 employed.

Table 3. Cyclization/carboalkoxylation of alkenyl indoles catalyzed by
[PdCl2(CH3CN)2] (2 ; 5 mol%) in the presence of CuCl2 (3 equiv) in THF
at room temperature.

Entry R R’ Product Yield [%][a]

1 H Me 9 83
2 H Et 20 73
3 H n-octyl 21 73
4 H iPr 22 82
5 H Cy 23 74
6 Me (CH2)4Cl 24 65

[a] Material isolated with greater than 95% purity.
Scheme 1.

Table 4. Palladium-catalyzed intramolecular cyclization/carboalkoxyla-
tion of 1-(4-pentenyl)pyrroles.

Entry R Additives[a] Time Conv. Yield
[min] [%] [%][b]

1 H none 60 – (14)
2 H 4-K MS 30 71 66

60 86 56
3 H 4-K MS, DTBP (2 equiv) 15 4 2
4 H 4-K MS, DTBP (2 equiv)[c] 60 98 84(70)
5 Et 4-K MS, DTBP (2 equiv)[c] 60 – (56)

[a] DTBP=2,6-di-tert-butylpyridine. [b] GC yield with respect to internal
standard; isolated yields in parentheses. [c] DTBP added over 30 min.
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by-product of cyclization/carboalkoxylation, and because
pyrroles polymerize rapidly under acidic conditions,[11] we
reasoned that the low yield of 26 is due to competitive poly-
merization of 25 and/or 26 during the course of the reaction.
In agreement with this hypothesis, addition of 4-K molecu-
lar sieves to the reaction mixture increased the yield of 26
to 66% (by GC) after 30 min. However, longer reaction
times led to diminished yields of 26, pointing to the ineffi-
cient removal of HCl from the reaction mixture (Table 4,
entry 2).[13]

Although addition of a Brønsted base to the palladium-
catalyzed cyclization/carboalkoxylation of 25 would certain-
ly consume the HCl formed in the conversion of 25 to 26,
PdII complexes are reduced to Pd0 in the presence of metha-
nol and base. It was therefore not surprising that addition of
2,6-di-tert-butylpyridine (DTBP, 2 equiv) to the palladium-
catalyzed reaction of 25 led to a significant decrease in both
conversion and product yield (Table 4, entry 3). We there-
fore considered that slow addition of the base to the reac-
tion mixture might sequester the HCl without leading to the
reduction of 2. In an optimized procedure, slow addition of
DTBP (2 equiv) over 30 min to a mixture of 25, 2
(10 mol%), CuCl2 (3 equiv), and 4-K molecular sieves in
methanol/THF (4:1) under CO (1 atm) gave 26, which was
isolated in 70% yield (84% by GC; Table 4, entry 4). This
protocol was also applied to the cyclization/carboalkoxyla-
tion of 2-ethyl-1-(4-pentenyl)pyrrole (27) to form tetrahy-
droindolizine 28 in moderate yield (Table 4, entry 5).

Intermolecular arylation/carboalkoxylation of vinyl arenes
with indoles : The palladium-catalyzed cyclization/carboal-
koxylation of alkenyl indoles was extended to include the
intermolecular arylation/carboalkoxylation of vinyl arenes
with indoles. In an initial experiment, treatment of a mixture
of 1,2-dimethylindole (1 equiv) and styrene (3 equiv, 0.60m)
with a catalytic amount of 2 (10 mol%) and a stoichiometric
amount of CuCl2 (2.5 equiv) in methanol/THF under CO
(1 atm) at room temperature for 2 h led to formation of a
2:1 mixture of 1,2-dimethyl-3-(1-phenyl-2-carbomethoxy-
ethyl)indole (29) and 3-chloro-1,2-dimethylindole (30) in
90% combined yield (by GC; Table 5, entry 1). Work-up
and chromatography led to isolation of 29 and 30 in 55%
and 20% yield, respectively.

A number of experiments were performed to improve the
selectivity for 29 in the reaction of 1,2-dimethylindole with
styrene. Increasing the amount of styrene to six equivalents
did little to improve the production of 29 (Table 5, entry 2).
Employment of Cu(OAc)2 or p-benzoquinone as the stoi-
chiometric oxidant led to no formation of 29, while decreas-
ing the amount of CuCl2 by employing a mixture of CuCl2
(1 equiv) and O2 (1 atm) as the oxidant mixture prevented
formation of 30 but also diminished the yield of 29 (Table 5,
entries 3–5). Although FeCl3 alone was not effective as a
stoichiometric oxidant (Table 5, entry 6), the use of mixtures
of FeCl3 and CuCl2 led to increased formation of 29 with
significantly diminished formation of 30. For example, reac-
tion of 1,2-dimethylindole with styrene in the presence of a

catalytic amount of 2 and a stoichiometric mixture of CuCl2
(2.5 equiv) and FeCl3 (1 equiv) led to formation of a 36:1
mixture of 29 and 30 in 74% combined yield (GC), from
which 29 was isolated in 64% yield (Table 5, entry 7).

The palladium-catalyzed intermolecular arylation/carboal-
koxylation of vinyl arenes with 1,2-dimethylindole tolerates
substitution at the ortho, meta, and para positions of the
vinyl arene (Table 6, entries 1–3). Similarly, electron-rich
and electron-poor vinyl arenes and 2-vinylnaphthalene un-
dergo palladium-catalyzed arylation/carboalkoxylation with
1,2-dimethylindole to afford the corresponding products in
modest yield as single regioisomers (Table 6, entries 4–6).
Unprotected 2-methylindole, 5-chloro-2-methylindole, and
5-methoxy-2-methylindole also undergo palladium-catalyzed
arylation/carboalkoxylation with 4-methylstyrene to give the
products in >60% yield. Likewise, indoles that possess
either a phenyl group or a 2,2-dicarbomethoxyethyl group at
the 2-position of the indole undergo palladium-catalyzed ar-
ylation/carboalkoxylation with 4-methylstyrene in good
yield (Table 6, entries 7–11). Indoles that do not possess sub-
stitution at the C(2) position of the indole failed to undergo
efficient arylation/carboalkoxylation.

Mechanism

Stereochemistry and mechanism of C�C bond formation :
The stereospecific conversion of (E)- and (Z)-11 into trans-
and cis-12, respectively (Table 2, entries 12 and 13), con-
firmed the anti addition of the indole and the carbomethoxy
group across the C=C bond of the pendant olefin. Because
a-migratory insertion of CO into an M�C bond occurs with
retention of stereochemistry at the metal-bound carbon

Table 5. Effect of reaction conditions on the palladium-catalyzed inter-
molecular arylation/carboalkoxylation of styrene with 1,2-dimethylindole.

Entry Equiv [O] (equiv) Yield of 29 Yield of 30
styrene [%][a] [%][a]

1 3 CuCl2 (3) 60(55) 30(20)
2 6 CuCl2 (3) 61 27
3 3 Cu(OAc)2 (3) <1[b] <1
4 3 p-benzoquinone (3) <1[c] <1
5 3 CuCl2 (1)/O2

[b] 43 <1
6 3 FeCl3 (3) 12 <1
7 3 CuCl2 (2.5)/FeCl3 (1) 72(64) 2

[a] GC yield with isolated yield in parentheses. [b] 1,2-Dimethylindole
was recovered unchanged. [c] The predominant species formed was a 1:1
adduct of 1,2-dimethylindole and p-benzoquinone (GC/MS analysis).
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atom,[14] this stereochemical outcome is in agreement with a
mechanism for the palladium-catalyzed cyclization/carboal-
koxylation of (Z)-11 that involves outer-sphere attack of the
indole on the palladium–olefin complex I, which, coupled
with loss of HCl, would form the alkylpalladium intermedi-
ate II (Scheme 2). a-Migratory insertion of CO into the Pd�
C bond of II with retention of stereochemistry would form
the acyl palladium complex IIIa, which could undergo meth-
anolysis to release cis-12 and form a palladium(0) complex.
Oxidation of this Pd0 complex with CuII would then regener-
ate the active PdII catalyst (Scheme 2).

It is noteworthy that the Pd-
(OAc)2-catalyzed oxidative
cyclization of 3-alkenyl indoles
has been shown to occur with
net syn addition of the indole
and palladium across the C�C
bond of the olefin.[6] This ste-
reochemical outcome is consis-
tent with a mechanism involv-
ing activation of the C(2)�H
bond of the indole followed by
b-migratory insertion of the
olefin into the resulting Pd�C
bond.[6] In contrast, the 6-endo
regioselectivity observed for
the conversion of 3-(3-buteny-
l)indole 18 into 19 in the pres-
ence of a catalytic amount of 2
points to an outer-sphere
mechanism for C�C bond for-
mation. In an effort to confirm
this hypothesis, we investigated
the stereochemistry of the pal-
ladium-catalyzed cyclization/
carboalkoxylation of stereo-
chemically pure 3-(4-deuterio-
3-butenyl)indoles. In one ex-
periment, treatment of (Z)-3-
(4-deuterio-3-butenyl)indole
[(Z)-31] with a catalytic
amount of 2 in the presence of
CuCl2 gave cis-32, which was
isolated in 37% yield, as a
single diastereoisomer [Eq. (5)].
The palladium-catalyzed cycli-
zation/carboalkoxylation of 31
is stereospecific, and palladi-
um-catalyzed cyclization/car-
boalkoxylation of (E)-31 gives
trans-32, which was isolated in
34% yield, also as a single dia-
stereoisomer [Eq. (6)].

Table 6. Intermolecular arylation/carboalkoxylation of vinyl arenes with indoles catalyzed by [PdCl2(CH3CN)2]
(2) (10 mol%) in the presence of CuCl2 (2.5 equiv) and FeCl3 (1 equiv) in MeOH at room temperature.

Entry Indole Vinyl arene Time [h] Yield [%][a]

1 1 78

2 1 76

3 1 44

4 1 40

5 3 50

6 1 58

7 3 71

8 1 63

9 3 65

10 3.5 77

11 23 63

[a] Material isolated with greater than 95% purity.
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The stereospecific conversion of (E)- and (Z)-31 into
trans- and cis-32, respectively [Eqs. (5) and (6)], confirmed
the anti addition of the indole and the carbomethoxy group
across the C=C bond of the olefin and supports a mecha-
nism involving outer-sphere nucleophilic attack of the C(2)
position of the indole on a palladium-complexed olefin
(Scheme 3). The anti stereochemistry of the carbopallada-
tion of an olefin with a p-nucleophile has previously been
observed in the PdII-catalyzed addition of allenes to 1,3-
dienes.[15]

The C(3) position of an indole is more nucleophilic than
the C(2) position. For this reason, we also considered a
mechanism for the stereospecific cyclization of (E)- and
(Z)-31 involving outer-sphere attack of the C(3) carbon
atom of the indole on a Pd-complexed olefin to form the
spirocyclic iminium ion intermediate IVa, followed by ste-
reospecific 1,2-migration of the primary alkyl group to the
C(2) carbon atom of the indole (Scheme 3).[16] Attack of the
C(3) position of an indole on a pendant electrophile to form
a 3,3-spirocyclic iminium ion intermediate, followed by alkyl
migration, has been observed for the cyclization of 3-(4-to-

sylbutyl)indole,[17] for the
Pictet–Spengler cyclization of
N-benzylidenetryptamines,[18]

and for the BF3-catalyzed cycli-
zation of 4-(3-indolyl)buta-
nol.[19]

Although we cannot rule out
spirocycle IVa as an intermedi-
ate in the conversion of 31 into
32, this mechanism appears un-
likely because cyclization/car-
boalkoxylation of 18 forms tet-
rahydrocarbazole 19 (Table 2,
entry 16) without formation of
the corresponding regioisomer
10 (Table 2, entry 11). Selective
conversion of 18 into 19 via
spirocyclic intermediate IVb
would require selective 1,2-mi-
gration of carbon Ca instead of
migration of Cb (Scheme 4). In

contrast to the alkyl groups bound to the C(3) indole posi-
tion of spirocyclic intermediate IVa [C(CO2Me)2 and CH2],
the alkyl groups bound to the C(3) indole position of spiro-
cyclic intermediate IVb (Ca and Cb) do not appear to be suf-
ficiently different, either electronically or sterically, to ac-
count for the selective migration of Ca rather than Cb

(Scheme 4).

The role of 3-chloroindoles in arylation/carboalkoxylation :
Because electron-rich indoles undergo chlorination at the
C(3) position in the presence of CuCl2,

[20] it is not surprising
that 3-chloroindoles are formed as by-products in the palla-
dium-catalyzed, copper-mediated arylation/carboalkoxyla-
tion of olefins with indoles. Unexpected, however, was the
formation and consumption of chlorinated indole 15 in the
palladium-catalyzed conversion of 13 into 14. This observa-
tion suggests that 15 might be an intermediate in this con-
version and, likewise, that 7 might be an intermediate in the
conversion of 5 into 6. To better understand the role of 3-
chloroindoles in the palladium-catalyzed cyclization/carboal-
koxylation of alkenyl indoles, several additional experiments

were performed. In one experi-
ment, treatment of 5 with
CuCl2 (3 equiv) in methanol
under CO for 25 min in the ab-
sence of 2 led to complete con-
sumption of 5 to form 7 as the
exclusive product, as deter-
mined by GC analysis; 7 was
isolated in 77% yield from a
subsequent preparative-scale
reaction (Scheme 5). However,
when a suspension of 5 and
CuCl2 (3 equiv) containing a
catalytic amount of 2
(5 mol%) was monitored peri-

Scheme 2.

Scheme 3.
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odically by GC analysis, no significant amount of 7 (�2%)
was observed throughout complete conversion of 5 to 6.
Failure to observe 7 under conditions suggests either that 7
is not formed or that it is formed and consumed rapidly
under these reaction conditions. The latter possibility was
firmly discounted on account of the slow consumption of 7
under the same conditions. For example, treatment of 7 with
a catalytic amount of 2 (5 mol%) and a stoichiometric
amount of CuCl2 (3 equiv) under CO (1 atm) at room tem-
perature in methanol for 4 h gave 6 in 80% yield (GC) as
the only product (Scheme 5).

The pathway by which 3-chloroindoles 7 and 15 are con-
verted into tricyclic indoles 6 and 14, respectively, is unclear.
Given the proposed mechanism of palladium-catalyzed cyc-
lization/carboalkoxylation (see above), it appears unlikely
that a 3-chloroindole would be sufficiently nucleophilic to
undergo outer-sphere attack on a palladium-complexed
olefin. An alternative mechanism involving oxidative addi-
tion of the C�Cl bond followed by olefin b-migratory inser-
tion also appears unlikely given the strongly oxidizing envi-
ronment that would render the available concentration of
Pd0 exceedingly low. Furthermore, all our observations re-
garding the stereochemistry of Pd-catalyzed indole arylation
argue against an inner-sphere mechanism for C�C bond for-

mation. For these reasons, it appears most likely that con-
version of chlorinated indoles 7 and 15 into 6 and 14, respec-
tively, occurs by reversion of the 3-chloroindole to the
parent 3H-indole followed by cyclization/carboalkoxylation.
Unfortunately, we have been unable to obtain experimental
evidence to support this proposal.

The mechanism of formation of 4-chlorobutyl ester 24 : The
use of fewer than ten equivalents of alcohol in the palladi-
um-catalyzed cyclization/carboalkoxylation of 5 in THF
leads to formation of the 4-chlorobutyl ester 24 as a by-
product, presumably by ring-opening and incorporation of
THF (Scheme 1). The PdII-catalyzed ring-opening of THF
has been observed previously. For example, refluxing a THF
solution of acetyl chloride in the presence of a catalytic mix-
ture of [(PPh3)2Pd(Bn)Cl] and tributylchlorostannane gives
4-chlorobutyl acetate in 95% yield [Eq. (7)].[21] This trans-
formation was proposed to occur by initial reduction of PdII

to Pd0 followed by oxidative addition of the acid chloride to
form an acyl palladium(ii) complex. Nucleophilic attack of
THF on this acyl palladium complex, followed by ring-open-
ing and C�Cl reductive elimination, would then release the
4-chlorobutyl ester.[21] In a similar manner, 24 is presumably
formed by attack of THF on the acyl palladium intermediate
IIIb to form the palladium chloride intermediate V
(Scheme 6); C�Cl reductive elimination would then form
24. However, given that reaction of 5 with 4-chlorobutanol
also leads to the formation of 24, we cannot rule out a
mechanism involving copper- or palladium-catalyzed ring-

Scheme 4.

Scheme 5.

Scheme 6.
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opening of THF followed by attack of 4-chlorobutanol on
IIIb.

The effect of CuCl2 on arylation/carboalkoxylation : We
noted with interest that CuCl2 is significantly more effective
as a stoichiometric oxidant for the palladium-catalyzed ary-
lation/carboalkoxylation of unactivated olefins with indoles
than other oxidants (Tables 1 and 5). For this reason, we
considered that CuCl2 might play an active role in this reac-
tion in addition to serving as the stoichiometric oxidant. An
analysis of the effect of CuCl2 on the rate of reaction of 5
with 2 strongly supported this contention. Reaction of 5
(50 mm) with a catalytic amount of 2 (5 mol%, 2.5 mm) in
the presence of CuCl2 (3 equiv) at room temperature for
5 min led to 62% consumption of 5 to form 6 in 58% yield
(GC analysis versus internal standard; Table 7, entry 1).

After 25 min, 98% of 5 had been consumed to form 6 in
95% yield (GC). Conversely, reaction of equimolar amounts
of 5 (50 mm) and 2 in the absence of CuCl2 at room temper-
ature for 4 h led to only 72%
consumption of 5 to form 6 in
53% yield (Table 7, entry 2).
In a third experiment, reaction
of 5 with a stoichiometric
amount of both 2 (1 equiv,
50 mm) and CuCl2 (1.5 equiv)
at room temperature for 5 min
led to 98% consumption of 5
with formation of 6 in 37%
yield as the sole product de-

tected by GC analysis; after 180 min, 6 accounted for 97%
of the reaction mixture (by GC analysis; Table 7, entry 3).

The nature of the palladium catalyst : The experiments de-
scribed in the preceding paragraph established that CuCl2
significantly increases the rate of reaction of 5 with 2. Also
noteworthy is the large discrepancy between the amount of
5 consumed and the amount of 6 formed in the initial stages
of the stoichiometric reaction of 5 with 2 and CuCl2
(Table 7, entry 3). In an effort to gain insight into the
manner in which CuCl2 affects the reactivity of 2 toward 5,
several additional experiments were performed. In one ex-
periment, treatment of a solution of 2 in [D4]methanol with
CO (1 atm) for 5 min led to complete displacement of aceto-
nitrile and formation of the known chloride-bridged carbon-
ylpalladium dimer [Pd(CO)(Cl)(m-Cl)]2 (33), which was
characterized by IR spectroscopy [nCO=2166 cm�1 (CHCl3)]
and by 13C NMR analysis of the corresponding 13C isotopo-
mer [Pd(13CO)(Cl)(m-Cl)]2 [33-(13CO)2; d=165.5 ppm].[22]

Addition of CuCl2 to a suspension of 33-(13CO)2 in
[D4]methanol led to rapid (<1 min) formation of a green so-
lution that displays an approximate 4:1 ratio of resonances
at d=165.5 and 173.8 ppm in the 13C NMR spectrum.[23] The
IR spectrum of the green solution generated from reaction
of 33 and CuCl2 in chloroform [nCO=2168 cm�1 (CHCl3)]
does not differ significantly from that of 33.

The presence of a peak at d=173.8 ppm in the 13C NMR
spectrum of a solution of 33-(13CO)2 and CuCl2 points to the
equilibrium formation of a new complex, which we suggest
is a chloride-bridged, heterobimetallic Cu/Pd carbonyl com-
plex.[24] Activation of a PdII catalyst by CuII through the for-
mation of a heterobimetallic palladium/copper complex has
been proposed in a number of catalytic transformations. In
one case, Fenton and Steinwand proposed that an unspeci-
fied palladium/copper bimetallic complex functions as the
active catalyst in the PdII/CuII-catalyzed oxidative carbonyla-
tion of ethanol to form diethyl oxalate.[25] Hosokawa and co-
workers have also proposed a bimetallic palladium/copper
complex that contains bridging acetate and peroxo ligands
as the active catalyst in the PdII-catalyzed oxidative cycliza-
tion of 2-allylphenols in the presence of Cu(OAc)2 and
oxygen,[26] and Alper and Zargarian have suggested palladi-
um/copper bimetallic complexes A and B as possible struc-
tures for the active catalyst in the palladium(ii)-catalyzed di-
carbonylation of terminal alkynes (Scheme 7).[27] In support
of this contention, the stoichiometric reaction of PdCl2,

Table 7. Effect of 2 and CuCl2 on the cyclization/carboalkoxylation of 5
in MeOH/THF at room temperature.

Entry 2 (equiv) CuCl2 Time Conv. Yield of 6
(equiv) [min] [%] (by GC, %)[a]

1 0.05 3.0 5 62 58
25 98 95

2 1.0 0 240 72 53
3 1.0 1.5 5 98 37

180 98 97

[a] No significant (ca. 2%) amounts of 7 were observed in these transfor-
mations.

Scheme 7.
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CuCl2, and CO led to formation of a catalytically active, un-
stable, yellow complex that displays an IR stretch at
1985 cm�1 (nujol). Given the close similarity between our
system and AlperNs, it appears likely that a similar palladi-
um/copper species (A, B, or C) is the active catalyst in both
cases (Scheme 7)

We considered that a bimetallic Pd/Cu complex such as B
or C might derive its high activity for the cyclization/car-
boalkoxylation of alkenyl indoles by generating an equilibri-
um concentration of a highly activated cationic carbonylpal-
ladium complex such as D (Scheme 7). However, treatment
of 5 with a stoichiometric 1:1 mixture of 2 and AgOTf in
methanol under CO (1 atm) at room temperature for 48 h
led to only 50% conversion of 5 into 6. This observation
argues against a cationic palladium complex such as D as
the active catalyst in the palladium-catalyzed, copper-medi-
ated cyclization/carboalkoxylation of alkenyl indoles.

Because no by-products or intermediates were observed
by GC analysis during the conversion of 5 into 6 in the pres-
ence of a stoichiometric mixture of 2 and CuCl2 (Table 7,
entry 3), the large discrepancy between the amount of 5 con-
sumed and the amount of 6 formed early in the reaction
points to the rapid conversion of 5 into a GC-silent inter-
mediate that is slowly converted into 6. The presence of
such an intermediate in the conversion of 5 and 2 into 6 was
more firmly established in the following experiment. When
a 1:1:1 mixture of 5, 2, and CuCl2 was stirred in THF under
CO at room temperature for 5 min in the absence of metha-
nol, 5 was completely consumed to form the 4-chlorobutyl
ester 24 in about 25% yield as the only product observed by
GC analysis (Scheme 8). However, subsequent silica gel

chromatography of the reaction mixture led to isolation of
carboxylic acid 34 in 20% yield.[28] Because 24 is stable to
chromatography (see above), we conclude that 34 is formed
by hydrolysis of an unobserved intermediate.

We considered that the GC-silent intermediate formed in
the stoichiometric reaction of 5, 2, and CuCl2 could be
either the acid chloride E or the acyl palladium complex

IIIb, both of which would be expected to undergo hydrolysis
to form 34. However, an NMR experiment strongly suggest-
ed that this GC-silent intermediate is the acyl palladium
complex IIIb. Thus, when alkenyl indole 5 was added to a

green solution of 2 and CuCl2 in THF/[D4]methanol (1:1)
under 13CO and analyzed after 2.5 min by 13C NMR spec-
troscopy, in addition to the resonances at d=173.8 and
165.5 ppm, a resonance was observed at d=210.4 ppm that
is approximately half the intensity of the d=165 ppm reso-
nance. The resonance at d=210.4 ppm, which is consistent
with the carbonyl carbon of an acyl palladium complex,[29]

was observed throughout the conversion of 5 into 6 and dis-
appeared only upon complete formation of 6 (ca.
20 min).[30,31] These results are in agreement with the rapid
formation of an acyl palladium complex IIIb followed by its
slow conversion into 6.

Catalyst resting state : Although acyl palladium complex
IIIb is formed more rapidly than it is consumed in the stoi-
chiometric reaction of 5, 2, and CuCl2, it does not appear
that conversion of IIIb into 6 is the turnover-limiting step
under catalytic conditions. When the reaction of 5 with a
catalytic amount of 2 and a stoichiometric amount of CuCl2
in [D4]methanol under 13CO was monitored periodically by
13C NMR spectroscopy, resonances at d=173.5 and
164.5 ppm were observed during the entire reaction, with no
detection of a resonance at d=210.4 ppm. This observation
suggests that cyclization of 5 into IIIb rather than conver-
sion of IIIb into 6 is the turnover-limiting step in the palladi-
um-catalyzed, copper-mediated conversion of 5 into 6. The
rapid formation of IIIb under stoichiometric, but not cata-
lytic, conditions can be attributed to the significantly lower
concentration of 2 present under catalytic conditions.

Conclusion

We have developed a mild and effective palladium(ii)-cata-
lyzed, copper(ii)-mediated protocol for the arylation/car-
boalkoxylation of unactivated olefins with indoles. Both 2-
and 3-alkenyl indoles undergo this palladium-catalyzed cyc-
lization/carboalkoxylation in the presence of a stoichiomet-
ric amount of CuCl2 to form polycyclic indoles in good yield
with excellent regio- and diastereoselectivity. 1-(4-Pentenyl)-
pyrroles also undergo palladium-catalyzed cyclization/car-
boalkoxylation although the efficiency of these reactions is
compromised by competitive polymerization of the pyrrole.
Vinyl arenes undergo palladium-catalyzed intermolecular ar-

Scheme 8.
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ylation/carboalkoxylation with indoles in the presence of a
stoichiometric mixture of CuCl2 and FeCl3 to form the cor-
responding 3-(1-aryl-2-carbomethoxyethyl) indoles in mod-
erate to good yield with high regioselectivity. Stereochemi-
cal analysis of the palladium-catalyzed cyclization/carboal-
koxylation of both 2-(3-alkenyl)- and 3-(3-alkenyl) indoles
has established the anti addition of the indole and carbome-
thoxy group across the C=C bond of the pendant olefin.
This stereochemical outcome is in agreement with a mecha-
nism involving outer-sphere attack of the indole moiety on a
palladium-complexed olefin followed by CO insertion and
methanolysis of the resulting acyl palladium intermediate.
Kinetic experiments have revealed that CuCl2 significantly
increases the rate at which alkenyl indole 5 reacts with 2 to
form acyl palladium complex IIIb, and NMR experiments
have suggested that the increased rate of reaction of 5 with
2 in the presence of CuCl2 is due to formation of a highly
active Pd/Cu heterobimetallic carbonyl complex.

Experimental Section

Methyl (9-methyl-2,3,4,9-tetrahydro-4-carbazolyl)acetate (6): Methanol
(4 mL) and a solution of 5 (99 mg, 0.50 mmol) in methanol (1.0 mL) were
added sequentially to a flask containing [PdCl2(CH3CN)2] (2 ; 6.5 mg,
2.5O10�2 mmol) and CuCl2 (200 mg, 1.5 mmol) that had been twice evac-
uated (12 mmHg) and refilled with CO (1 atm). The resulting suspension
was stirred for 30 min and concentrated under vacuum. Column chroma-
tography of the residue (SiO2; hexanes/EtOAc, 5:1) gave 6 (106 mg,
83%) as a pale-yellow oil. TLC (hexanes/EtOAc, 5:1): Rf=0.27.
1H NMR (400 MHz, CDCl3, 25 8C): d=7.57 (d, 3JH,H=8.4 Hz, 1H; CH),
7.29 (d, 3JH,H=8.2 Hz, 1H; CH), 7.20 (t, 3JH,H=7.6 Hz, 1H; CH), 7.11 (t,
3JH,H=7.6 Hz, 1H; CH), 3.76 (s, 3H; CH3), 3.63 (s, 3H; CH3), 3.63–3.58
(m, 1H; CH), 3.04 (dd, 3JH,H=4.0, 2JH,H=15.2 Hz, 1H; CH2), 2.79–2.64
(m, 2H), 2.47 (dd, 3JH,H=10.4, 2JH,H=14.8 Hz, 1H; CH2), 2.02–1.92 (m,
3H), 1.87–1.79 ppm (m, 1H); 13C{1H} NMR (100 MHz, CDCl3, 25 8C):
d=173.9, 137.2, 136.4, 126.5, 120.9, 119.1, 118.3, 111.5, 109.0, 51.9, 40.2,
29.4, 29.0, 28.6, 22.4, 19.5 ppm; IR (neat): ñ=2934, 1731, 1470, 1434,
1416, 1379, 1281, 1166, 1080, 1014, 739 cm�1; elemental analysis calcd
(%) for C16H19NO2: C 74.68, H 7.44; found: C 74.95, H 7.47.

All remaining polycyclic indoles in Table 2 were isolated from the corre-
sponding alkenyl indoles by following a procedure similar to that de-
scribed above unless noted otherwise.

Cyclization of 8 in THF : THF (4 mL), methanol (180 mL, 5.0 mmol), and
a solution of 8 (99 mg, 0.50 mmol) in THF (1.0 mL) were added sequen-
tially to a flask containing 2 (6.5 mg, 2.5O10�2 mmol) and CuCl2 (200 mg,
1.5 mmol) under CO (1 atm). The resulting suspension was stirred for
30 min and then concentrated under vacuum. Column chromatography of
the residue (SiO2; hexanes/EtOAc, 5:1) gave 9 (106 mg, 83%) as a pale
yellow oil.

All remaining tricyclic indole derivatives depicted in Table 3 were synthe-
sized following a similar procedure.

Methyl 2-(5,6,7,8-tetrahydroindolizin-8-yl)acetate (26):[32] Methanol
(1.0 mL) was added to a flask containing 2 (13.0 mg, 0.050 mmol), CuCl2
(200 mg, 1.5 mmol), and 4-K molecular sieves (200 mg) under CO
(1 atm) and the resulting mixture was stirred at room temperature for
10 min. A solution of 25 (67 mg, 0.50 mmol) in methanol (0.5 mL) was
added to the resulting mixture in one portion and a solution of 2,6-di-
tert-butylpyridine (191 mg, 1.0 mmol) in methanol/THF (1:1, 1 mL) was
then added with a syringe pump over 30 min. The resulting mixture was
stirred for an additional 30 min and concentrated under vacuum. Column
chromatography of the residue (SiO2; hexanes/EtOAc, 5:1) gave 26
(67 mg, 70%) as a colorless oil. 1H NMR (400 MHz, CDCl3, 25 8C): d=

6.53 (s, 1H; CH), 6.13 (d, 3JH,H=3.2 Hz, 1H; CH), 5.88 (d, 3JH,H=3.2 Hz,
1H; CH), 4.02–3.96 (m, 1H; CH), 3.91–3.84 (m, 1H; CH), 3.72 (s, 3H;
CH3), 3.35–3.29 (m, 1H; CH), 2.85 (dd, 3JH,H=5.2, 2JH,H=15.6 Hz, 1H;
CH2), 2.47 (dd, 3JH,H=9.0, 2JH,H=15.6 Hz, 1H; CH2), 2.12–1.91 (m, 3H),
1.47 ppm (q, 3JH,H=10.8 Hz, 1H); 13C{1H} NMR (100 MHz, CDCl3,
25 8C): d=173.1, 132.0, 119.4, 107.9, 103.8, 51.8, 45.5, 40.5, 31.5, 27.9,
22.7 ppm.

Compound 28 was synthesized employing a procedure similar to that de-
scribed for the synthesis of 26.

Methyl 3-(1,2-dimethyl-3-indolyl)-3-phenylpropanate (29): A suspension
of 1,2-dimethylindole (0.14 g, 1.0 mmol), styrene (0.31 g, 3.0 mmol), 2
(26 mg, 0.10 mmol), CuCl2 (0.33 g, 2.5 mmol), and FeCl3 (0.16 g,
1.0 mmol) in methanol/THF (1:1, 5 mL) under CO (1 atm) was stirred at
room temperature for 1 h and concentrated under vacuum. Column chro-
matography of the residue (SiO2; hexanes/EtOAc, 10:1!5:1) gave 29
(0.20 g, 64%) as a white solid. TLC (hexanes/EtOAc, 5:1): Rf = 0.35.
M.p. 115–117 8C. 1H NMR (400 MHz, CDCl3, 25 8C): d=7.48 (br. d,
3JH,H=8.0 Hz, 1H; CH), 7.35 (br. d, 3JH,H=8.0 Hz, 2H; 2CH), 7.26 (t,
3JH,H=7.8 Hz, 2H; 2CH), 7.24 (d, 3JH,H=8.0 Hz, 1H; CH), 7.18–7.11 (m,
2H), 7.01 (dd, 3JH,H=7.0, 8.0 Hz, 1H; CH), 4.91 (t, 3JH,H=7.6 Hz, 1H;
CH), 3.63 (s, 3H; CH3), 3.58 (s, 3H; CH3), 3.37 (dd, 3JH,H=7.2, 2JH,H=

15.6 Hz, 1H; CH2), 3.23 (dd, 3JH,H=8.6, 2JH,H=15.8 Hz, 1H; CH2),
2.43 ppm (s, 3H; CH3);

13C{1H} NMR (100 MHz, CDCl3, 25 8C): d=

173.3, 144.2, 137.1, 133.8, 128.6, 127.6, 126.7, 126.3, 120.6, 119.4, 119.1,
112.8, 109.0, 51.8, 39.7, 38.4, 29.8, 10.9 ppm; IR (neat): ñ=2953, 1731,
1470, 1254, 1161, 701 cm�1; elemental analysis calcd (%) for C20H21NO2:
C 78.15, H 6.89; found: C 78.23, H 6.87. The regiochemistry of 29 was es-
tablished by combined COSY, HMQC, and HMBC spectroscopy (see
Supporting Information).

All remaining 3-(1-aryl-2-carbomethoxyethyl)indoles depicted in Table 6
were synthesized employing a similar procedure to that used to synthe-
size 29.
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