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ABSTRACT: The palladium-catalyzed reaction of N-protected 2-
indolylmethyl acetates with soft carbon pronucleophiles is described.
Besides the formation of the expected coupling reaction at the C1′
position, unprecedented attack at the C3 position of the plausible η3-
indolyl-palladium intermediate has been observed, and the selectivity
control C1′/C3 seems to depend on the nature of the protecting group
and ligand. The reactivity of 3-indolylmethyl acetates has also been also
investigated. Quantum chemical calculations support the experimental
results.

■ INTRODUCTION
The wide spectrum of applications in medicinal chemistry, dye
industry, material science, and agriculture of indoles continues
to render the development of diversity-oriented synthesis of
these scaffolds a very active research area.1 In particular, the
functionalization of the preformed indole ring with groups prone
to undergo easy further elaboration represents a powerful tool to
approach a variety of synthetic targets of great relevance in drug
discovery.2 Significantly, the use of indole-2-carbinols and
indole-3-carbinols3 and derivatives4 as starting building blocks
found wide applications for the preparation of chiral indole-
based heterocycles.5 In this context, we described the
functionalization of benzofurans through Tsuji−Trost-type
reactions involving a palladium-catalyzed benzylic-like nucleo-
philic substitution exclusively at the exomethyl position
(Scheme 1a).6 The palladium-catalyzed reaction of indolyl-
methyl or benzofuranylmethyl acetates with boronic acids
accomplished an easy approach to indole/benzofuran-contain-
ing diarylmethanes (Scheme 1b).7

Functionalization of the (1H-indol-2-yl)methyl acetates with
N, O, and S soft nucleophiles and (1H-indol-3-yl)methyl
acetates with secondary amines under metal-free conditions
could also occur. Very likely, activated carbinols should be
respectively precursors of transient indole methides I and II that
could be trapped by different nucleophiles. ESI-MS and IR
multiple-photon dissociation (IRMPD) spectroscopy analysis
provided evidence about a conjugate addition of the nucleophile
to 2-alkylideneindolenines I and 3-alkylideneindoleninium II
(Scheme 2).8

Furthermore, as part of our ongoing interest in the synthesis of
nitrogen-containing polycyclic scaffolds, we explored the
sequential reactions of 1 with α-amino acids to afford 3-
substituted 2,3-dihydropyrazino[1,2-a]indol-4(1H)-ones 2
(Scheme 3a).9 Analogously, the domino palladium-catalyzed
reaction of indol-2-ylmethyl acetates with 1,3-dicarbonyls
achieved the synthesis of 1,2-dihydro-3H-pyrrolo[1,2-a]indol-
3-ones 3 (Scheme 3b).10

We envisaged that the reaction of suitableN-substituted-(1H-
indolyl)methyl acetates 4 and 8 with carbon soft pronucleo-
philes can achieve the diversity-oriented synthesis of the
corresponding indole derivatives (Scheme 4).
Although it is well-known that these types of substrates could

generate the η3-indolyl-palladium intermediate or alkylidenein-
dolenines, to the best of our knowledge the functionalization
with β-ketoesters, 1,3-dicarbonyl compounds, malonates, and
Meldrum’s acids has not been examined in detail.11

We supposed that computational studies could have
accomplished insights into the different reaction pathways,
helping to address the product selectivity control and high-
lighting the key role of the palladium catalysis for the reaction
outcome.
Herein we report the results of our investigation.
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Scheme 1. (a) Benzofuran Functionalization through Palladium-Catalyzed Tsuji−Trost-Type Reactions; (B) Palladium-
Catalyzed Reaction of Indolylmethyl or Benzofuranylmethyl Acetates with Boronic Acids

Scheme 2. Conjugate Addition-Type Reactions of Nucleophiles to the in Situ Generated Alkylideneindolenines I and
Alkylideneindolinium Ions II

Scheme 3. Base-Promoted (a) and Palladium-Catalyzed (b) Domino Reactions of 2-Indolylmethyl Acetates 1 with α-Amino
Acids and 1,3-Dicarbonyls, Respectively

Scheme 4. Present Work
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Scheme 5. C1′ vs C3 Nucleophilic Attack

Table 1. Optimization Studies for the Reaction of 4aa with Ethyl 2-Methyl-3-oxobutenoate 5aa

Entryb Ligand Solvent Base t (h) 6aaa (%) 6aaa′ (%) 7aaa (%) 7aaa′ (%) 7aaa″ (%) Overall yield (%) C1′/C3

1 dppf DMSO Li2CO3 24 0 5 0 1 6 83/17
2 dppf DMSO Cs2CO3 5 27 19 21 8 75 60/40
3 dppf DMSO K2CO3 24 19 21 19 8 67 60/40
4 dppf THF NaH 5.5 13 2 3 1 19 74/26
5 dppf THF K2CO3/NaH 24 0 37 0 12 49 75/25
6 dppf DMF NaH 24 29 3 33 1 traces 66 49/51
7 dppf DMF K2CO3/NaH 24 32 8 36 5 traces 81 49/51
8 dppf DMSO K2CO3/NaH 24 31 14 34 6 13 98 46/54
9 dppm DMSO K2CO3/NaH 24
10 dppe DMSO K2CO3/NaH 24 34 6 16 3 6 65 67/33
11 dppp DMSO K2CO3/NaH 4 54 6 30 10 100 60/40
12 XantPhos DMSO K2CO3/NaH 3.5 16 5 56 7 16 100 21/79
13 DavePhos DMSO K2CO3/NaH 3 16 8 53 5 17 99 24/76
14 XPhos DMSO K2CO3/NaH 64 6 28 8 42 14/86
15c DavePhos DMSO K2CO3/NaH 2 10 1 41 6 6 67 30/70
16c,d DavePhos DMSO K2CO3/NaH 26 5 6 15 7 33 33/67
17 RuPhos DMSO K2CO3/NaH 3 12 5 43 9 12 81 27/73
18 SPhos DMSO K2CO3/NaH 3 11 55 8 17 92 12/88
19 MePhos DMSO K2CO3/NaH 24 12 8 20 74/26
20 JohnPhos DMSO K2CO3/NaH 24 2 9 8 7 26 59/41
21 (o-furyl)3P DMSO K2CO3/NaH 24
22 TTTP DMSO K2CO3/NaH 3.5 31 3 39 3 24 100 34/66
23 (t-Bu)3PHBF4 DMSO K2CO3/NaH 24 4 11 15 100/0
24 t-BuXPhos DMSO K2CO3/NaH 24 3 3 6 87/13
25 t-BuXantPhos DMSO K2CO3/NaH 24 8 2 10 93/7

aUnless otherwise stated, reactions were carried out on a 0.30 mmol scale under an argon atmosphere using 0.02 equiv of Pd2dba3, 0.08 equiv of
monodentate ligand or 0.04 of bidentate ligand, 1.5 equiv of 5a, 1.5 equiv of M2CO3 and 1.7 equiv of NaH when present in 2.5 mL of anhydrous
solvent at 100 °C. bYields are given for isolated products. cReaction was carried out with [Pd(C3H5)Cl]2.

dReaction was carried out with preformed
sodium salt of 5a.
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■ RESULTS AND DISCUSSION
To prevent the formation of 1,2-dihydro-3H-pyrrolo[1,2-
a]indol-3-ones 3 previously reported by us (Scheme 3b),10 we
started our investigation by exploring the palladium-catalyzed
reaction of N-protected (1H-indol-2-yl)methyl acetate 4 with
ethyl 2-methyl-3-oxobutenoate 5a. Surprisingly, with (1-tosyl-
1H-indol-2-yl)methyl acetate 4aa we observed that, besides the
formation of the expected coupling reaction at the C1′ position,
an unprecedented attack at the C3 position of the plausible η3-
indolyl-palladium intermediate can occur (Scheme 5).
With the aim to achieve product selectivity control, we tested

the reaction using a variety of ligands, bases, and solvents (Table
1). Ligands showed significant influence on the reactivity and
selectivity. The bidentate bisphosphine ligand dppf was effective
in allowing the conversion of the starting 4aa up to 98% with the
formation of the substitution products in C1′/C3 ratio 46/54
when the reaction was carried out in DMSO at 100 °C in the
presence of a mixture of K2CO3/NaH (Table 1, entry 8). Poorer
conversion was observed when Cs2CO3 or K2CO3 was used as a
base under the same reaction conditions (Table 1, entries 2 and
3) while Li2CO3 was found to be ineffective (Table 1, entry 1).
Comparable results were observed when DMF was used instead
of DMSO (Table 1, entries 6 and 7), but THF was unsuitable,
although it achieved a better C1′ selectivity (Table 1, entries 4
and 5). The use also of only NaH in DMF gave poorer
conversion compared to the use of the mixture of K2CO3/NaH
under the same conditions (Table 1, entry 6 vs entry 7). Up to
quantitative conversion of the starting 4aa was observed when
the reaction with ethyl 2-methyl-3-oxobutenoate 5a (1.5 equiv)
was carried out in DMSO at 100 °C in the presence of K2CO3
(1.5 equiv), NaH (1.7 equiv), Pd2(dba)3 (0.08 equiv), and the
bidentate ligand dppp (0.04 equiv) (Table 1, entry 11). While
dpmm was ineffective (Table 1, entry 9), the comparison with
the results observed with the use of dppe instead of dppp (Table
1, entries 10 and 11) highlighted the importance of a wide bite
angle of the ligand on the reactivity and regioselectivity. Indeed,

the use of bulkier Xantphos achieved, besides the quantitative
conversion of 4aa, the reversion of the regioselectivity toward
the prevalent formation of theC3-substituted products (Table 1,
entry 12). Similar switching of the regioselectivity toward the
C3-substituted products resulted when the reaction occurred in
the presence of monophosphine ligands bearing a dialkyl biaryl
framework (Table 1, entries 13−18) in contrast with those
obtained in the presence of MePhos and JohnPhos (Table 1,
entries 19 and 20). The employment of [Pd(η3-C3H3)Cl]2 with
DavePhos instead of Pd2dba3 was also attempted (Table 1,
entries 15 and 16). However, both steric and electronic
properties of the ligands determined the reactivity and the
regioselective outcome (Table 1, entries 21−25).12 The
formation of the products 6aaa′ and 7aaa′ should derive from
a retro Claisen reaction under the reaction conditions.13

Subsequently, we used N-benzyl derivative 4ba to explore the
effect of a different N-protective group on the control of the
regioselective outcome. In all cases examined, we observed high
regioselective formation of products functionalized at the C1′
position in high overall yield (Table 2).
When the optimized reaction conditions [Pd2dba3, SPhos or

dppf, K2CO3, and NaH in anhydrous DMSO] were extended to
a variety of functionalized (N-substituted-1H-indol-2-yl)methyl
acetate 4, comparative experiments demonstrated the influence
of the N-benzyl group on directing the regioselective outcome
regardless of the feature of the substituent on the aryl ring of the
starting acetate (Table 3).
The study of the influence of the feature of the carbon soft

pronucleophile on the reaction outcome showed that the
reaction of the N-benzyl derivative 4ba with the 2-
methylethylmalonate 5b afforded only the C1′-substituted
products in moderate yield under the standardized reaction
conditions [Pd2dba3, SPhos or dppf, K2CO3, and NaH in
anhydrous DMSO] while the regioselectivity control failed to
occur with the more reactive N-tosyl derivative 4aa (Table 4).
By contrast, both compounds 6bac (Table 5, entry 2) and

6aac (Table 5, entry 6) were isolated in satisfactory yield

Table 2. Reaction of 4ba with Ethyl 2-Methyl-3-oxobutenoate 5aa

Entryb Ligand T (°C) t (h) 6baa (%) 6baa′ (%) 7baa (%) 7baa′ (%) Overall yield (%) C1′/C3

1 dppp 120 24 31 51 2 84 97/3
2 dppp 100 24 44 49 3 96 97/3
3 dppf 100 2 53 42 3 98 97/3
4 DavePhos 120 24 2 53 3 57 96/4
5c SPhos 100 3 47 36 5 88 96/4

aUnless otherwise stated, reactions were carried out on a 0.30 mmol scale under an argon atmosphere using 0.02 equiv of Pd2dba3, 0.08 equiv of
monodentate ligand or 0.04 of bidentate ligand, 1.5 equiv of 5a, 1.5 equiv of K2CO3, and 1.7 equiv of NaH in 2.5 mL of anhydrous DMSO. bYields
are given for isolated products. c4ba was recovered in 12% yield.
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through the palladium-catalyzed reaction of the indolylmethyl
acetates 4aa−4ba with the methyl Meldrum’s acid 5c via
sequential attack of the corresponding enolate at the C1′
position/elimination of acetone and CO2 (Table 5).

14

Interestingly, the heptanoic acid derivatives 13a,b were
effectively obtained under optimized reaction conditions
(Table 6, entries 2 and 4) through the sequential C1′
regioselective substitution/retro-Dieckmann reactions of ace-
tates 4 with 2-methylcyclohexane-1,3-dione 5d.15 Only traces of
2-methyl-2-((1-tosyl-1H-indol-2-yl)methyl)cyclohaxane-1,3-
dione 6aad were detected (Table 6, entry 5).
The potential of the strategy aimed at the diversity-oriented

synthesis of indole derivatives is further highlighted by the
investigation of the palladium-catalyzed regioselective function-
alization of (1-substituted-1H-indol-3-yl)methyl acetates 8a
with a variety of carbon pronucleophiles. Indeed, ethyl 2-methyl-
3-oxo-2-((1-tosyl-1H-indol-3-yl)methyl)butanoate 9aa was iso-
lated in 98% yield by reacting acetate 8a in MeCN in the
presence of Pd2dba3/dppf as the catalytic system (Table 7, entry
5) or by carrying out the reaction using [Pd(η3-C3H5)Cl]/
XPhos and 3 equiv of 5a at 120 °C in a mixture 4:1 of MeCN/

THF solvents (Table 7, entry 4). The formation of the product
by a base-promoted reaction can be ruled out by recovering the
starting acetate under metal-free conditions (Table 7, entry 1).
The choice of the suitable reaction medium also achieved the
suppression of the retro Claisen reaction, leading to the
conversion of 9aa to ethyl 2-methyl-3-(1-tosyl-1H-indol-3-
yl)propanoate 9aa′ which prevailed as the main product in a 4:1
DMSO/THF mixture of solvent (Table 7, entry 3).
Furthermore, after a brief screening with 8a and ethyl 2-

methylmalonate 5b, we found that the best conditions were the
same as used with 5a [Pd2dba3, XPhos, and K2CO3 in MeCN/
THF] (Table 8, entry 6). After prolonged reaction times, the
hydrolysis of the tosyl group can also be observed to some extent
(Table 8, entries 3−5).
Then, the substituted N-Ts-indol-3-ylmethyl acetates 8

reacted under the standardized reaction conditions with the β-
ketoesters and malonates 5a−g to afford the corresponding
products 9 in moderate to high yield (Table 9).
A brief exploration of the palladium-catalyzed reaction of N-

Ts-indol-3-ylmethyl acetates showed that the reaction of 8 with
diketones 5d and 5h gave the corresponding 2-methyl-2-(1-

Table 3. Reaction of Functionalized Derivatives 4 with Ethyl 2-Methyl-3-oxobutenoate 5aa

Entryb R1 R2 4 Ligand t (h) 6 (%) 6′ (%) 7 (%) 7′ (%) 7″ (%) Overall yield (%) C1′/C3

1 Bn Cl 4bb dppf 1 6bba (79) 6bba′ (9) 7bba (/) 7bba′ (/) 7bba″ (/) 88 100/0
2 Ts OMe 4ab dppf 2 6aba (44) 6aba′ (4) 7aba (26) 7aba′ (3) 7aba″ (8) 85 57/43
3c Ts OMe 4ab SPhos 24 6aba (10) 6aba′ (9) 7aba (18) 7aba′ (13) 7aba″ (3) 53 38/62
4 Bn OMe 4bc dppf 2 6bca (46) 6bca′ (15) 7bca (/) 7bca′ (/) 7bca″ (/) 71 100/0
5 Ts Me 4ac dppf 20 6aca (36) 6aca′ (17) 7aca (36) 7aca′ (4) 7aca″ (8) 100 53/47
6 Ts Me 4ac Sphos 20 6aca (14) 6aca′ (10) 7aca (46) 7aca′ (20) 7aca″ (7) 98 25/75
7d Bn Me 4bd dppf 1 6bda (40) 6bda′ (21) 7bda (/) 7bda′ (/) 7bda″ (/) 61 100/0
8 Ts Ph 4ad dppf 6 6ada (24) 6ada′ (3) 7ada (38) 7ada′ (4) 7ada″ (7) 76 35/65
9 Bn Ph 4be dppf 3 6bea (86) 6bea′ (13) 7bea (/) 7bea′ (/) 7bea″ (/) 99 100/0

aUnless otherwise stated, reactions were carried out on a 0.30 mmol scale under an argon atmosphere using 0.02 equiv of Pd2dba3, 0.08 equiv of
SPhos or 0.04 of dppf, 1.5 equiv of 5a, 1.5 equiv of K2CO3, and 1.7 equiv of NaH in 2.5 mL of anhydrous DMSO. bYields are given for isolated
products. c4ab was recovered in 5% yield. d(1-Benzyl-1H-indol-2-yl)methanol 11ba was isolated in 5% yield.
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tosyl-1H-indol-3-yl)methyl)cyclohexane-1,3-dione 9ad and 3-
methyl-3-(1-tosyl-1H-indol-3-yl)methyl)pentane-2,4-dione
9ah in 91% and 80% yields, respectively (Table 10, entries 1 and
2). The presence of chlorine on the benzene ring as substituent
is well tolerated, while the methoxy group determined an
increase in the amount of the retro Claisen derivative 9′ (Table
10, entries 3 and 4).

Table 4. Reaction of Functionalized Derivatives 4 with 2-Methylethyl Malonate 5ba

Entryb R 4 Ligand t (h) 6 (%) 6′ (%) 7 (%) 7′ (%) Overall yield (%) C1′/C3

1c,d Bn 4ba dppf 24 6bab (39) 6baa′ (7) 7bab (/) 7baa′ (/) 46 100/0
2e Bn 4ba SPhos 24 6bab (27) 6baa′ (26) 7bab (/) 7baa′ (/) 53 100/0
3f,g,h Ts 4aa dppf 24 6aab (29) 6aaa′ (3) 7aab (35) 7aaa′ (/) 84 58/42
4h,i,j Ts 4ba SPhos 5 6aab (18) 6aaa′ (/) 7aab (43) 7aaa′ (/) 88 51/49

aUnless otherwise stated, reactions were carried out on a 0.30 mmol scale under an argon atmosphere using 0.02 equiv of Pd2dba3, 0.08 equiv of
ligand, 1.5 equiv of 5b, 1.5 equiv of K2CO3, and 1.7 equiv of NaH in 2.5 mL of anhydrous DMSO. bYields are given for isolated products. c(1-
Benzyl-1H-indol-2-yl)methanol 11ba was isolated in 17% yield. d4ba was recovered in 12% yield. e(1-benzyl-1H-indol-2-yl)methanol 11ba was
isolated in 11% yield. f3 was isolated in 12% yield. g12 was isolated in 5% yield. hOverall yield and C1′/C3 ratio were calculated including 3 and 12.
i3 was isolated in 16% yield. j12 was isolated in 11% yield.

Table 5. Reaction of Functionalized Derivatives 4 with
Methyl Meldrum’s Acid 5ca

Entryb R 4 Ligand T °(C) t (h) 6 (%)

1c Bn 4ba dppf 100 24 6bac (/)
2d Bn 4ba dppf 120 9 6bac (60)
3e,f Ts 4aa 100 24 6aac (/)
4e,g,h Ts 4aa 120 24 6aac (/)
5i,j Ts 4aa dppf 100 72 6aac (/)
6 Ts 4aa dppf 120 2 6aac (62)
7k Ts 4aa dppf 120 24 6aac (20)
8 Ts 4aa XantPhos 120 24 6aac (31)
9l,m Ts 4aa SPhos 120 42 6aac (18)

aUnless otherwise stated, reactions were carried out on a 0.30 mmol
scale under an argon atmosphere using 0.02 equiv of Pd2dba3, 0.08
equiv of ligand, 1.5 equiv of 5c, and 1.5 equiv of K2CO3 in 2.5 mL of
anhydrous DMSO. bYields are given for isolated products. c4ba was
recovered in 77% yield. d4ba was recovered in 5% yield. eThe reaction
was carried out without Pd2dba3.

f4aa was recovered in 80% yield.
g4aa was recovered in 37% yield. h1-Tosyl-1H-indol-2-yl)methanol
11aa was isolated in 6% yield. i4aa was recovered in 77% yield. j3 was
isolated in 8% yield. kReaction was carried out in the presence of
Cs2CO3.

l4aa was recovered in 16% yield. m3 was isolated in 18%
yield.

Table 6. Reaction of Functionalized Derivatives 4 with 2-
Methylcyclohexane-1,3-dione 5da

Entryb R 4 Ligand T °(C) t (h) 13 (%)

1c Bn 4ba dppf 120 3 13b (68)
2d Ts 4aa dppf 120 72 13a (27)
3e Ts 4aa dppf 100 72 13a (20)
4c Ts 4aa dppf 100 24 13a (64)
5c,f Ts 4aa dppf 120 2 13a (19)
6c,g Ts 4aa SPhos 100 18 13a (/)

aUnless otherwise stated, reactions were carried out on a 0.30 mmol
scale under an argon atmosphere using 0.02 equiv of Pd2dba3, 0.08
equiv of SPhos or 0.04 equiv of dppf, 1.5 equiv of 5d, and 1.5 equiv of
K2CO3 in 2.5 mL of anhydrous DMSO. bYields are given for isolated
products. cThe reaction was carried out with potassium salt of 5d.
d4aa was recovered in 40% yield. e4aa was recovered in 40% yield.
f6aad was detected in traces. g4aa was recovered in 54% yield.
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Finally, the study of the palladium-catalyzed reaction ofN-Ts-
indol-3-ylmethyl acetates with Meldrum’s acid derivatives 5c
demonstrated the general effectiveness of the regioselective
diversity orientated synthesis of indoles of the procedure (Table
11).
Intrigued by the experimental results of the N-free and N-

protected indolylmethyl acetates with soft carbon pronucleo-
philes, we performed quantum-chemical calculations as reported
in the Computational Details, aimed to provide insight into the
reaction pathways enabling us to achieve the product selectivity
control and to clarify the differences between the palladium-
catalyzed vs the metal-free processes previously reported by us
(Schemes 2 and 3).6−10

All the calculations were performed in the framework of the
Density Functional Theory using the wB97XD functional,
corresponding to a range-separated version of Becke’s 97
functional with additional dispersion correction,16 with different
basis sets: geometry optimizations were carried out with the 6-

31G* for the atoms of the first, second, and third row elements,
the Los Alamos Effective Core Potential with a double-z basis set
(LANL2DZ) was used for palladium.17 Energies were then
refined through single point calculations, adding a diffusion
function (6-31+G*) to the second and third row elements. All
the structures were optimized in the gas phase and characterized,
through the calculation of the mass-weighted Hessian matrix, as
minima (all positive eigenvalues of the Hessian matrix) or
transition structures (1 negative eigenvalue of the Hessian
matrix). The Gibbs molar free energy (GX,gas) was then
calculated, using the previous geometries and harmonic
frequencies, for each species in the gas phase at 100 °C and at
the concentration of 1.0 mol/L (standard state) using the
standard statistical-mechanical relations. Finally the solvation in
DMSO, i.e., excess molar free energy (GX,solv), was calculated
within the mean-field approximation in DCE using the
Polarizable Continuum Model (PCM).18 Within this approx-
imation, the molar free energy (GX) for the generic X species in

Table 7. Optimization Studies for the Reaction of 11a with Ethyl 2-Methylacetoacetae 5aa

Entryb Pd cat. Ligand Solvent t (h) 9aa (%) 9aa′ (%)

1c DMSO 5 9
2 Pd2(dba)3 dppf DMSO 2 75 9
3 Pd2(dba)3 SPhos DMSO/THF 4:1 24 20 49
4 [Pd(C3H5)Cl]2 XPhos MeCN/THF 4:1 24 98
5 Pd2(dba)3 dppf MeCN 8 98

aUnless otherwise stated, reactions were carried out on a 0.29 mmol scale under an argon atmosphere using 0.04 equiv of Pd, 0.04 equiv of ligand, 3
equiv of 5a, and 2 equiv of K2CO3 in 2.5 mL of anhydrous solvent at 120 °C. bYields are given for isolated products. c8a was recovered in 53%

Table 8. Optimization Studies for the Reaction of 8a with Ethyl 2-Methylmalonate 5ba

Entryb Pd cat Ligand Solvent t (h) 9ab (%) 9aa′ (%) 9ab″ (%)

1 Pd2(dba)3 dppf DMSO 4 55 6
2c Pd2(dba)3 dppf MeCN 2 84 9
3d Pd2(dba)3 dppf 1,4-dioxane 29 41 49 4
4 [Pd(C3H5)Cl]2 SPhos DMSO/THF 4:1 29 45 14 11
5e [Pd(C3H5)Cl]2 SPhos MeCN/THF 4:1 8 69 11
6 [Pd(C3H5)Cl]2 XPhos MeCN/THF 4:1 2.5 81

aUnless otherwise stated, reactions were carried out on a 0.29 mmol scale under an argon atmosphere using 0.04 equiv of Pd, 0.04 equiv of ligand, 2
equiv of 5b, and 2 equiv of K2CO3 in 2.5 mL of anhydrous solvent. bYields are given for isolated products. c14 was isolated in 7%. d14 was isolated
in 15% yield. e14 was isolated in 8% yield.
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solution was simply evaluated through the usual equation GX =
GX,gas + GX,solv + RT ln [X]. Of course, in the standard state
reported in all the figures, [X] = 1.0 M for all the species in
solution. All the quantum-chemical calculations were carried out
with the Gaussian09 package.19 All the Cartesian coordinates of
the optimized geometries are collected in the Supporting
Information.19 First of all we have modeled the initial stage of

the C1′ vs C3 nucleophilic attack on the indolyl-palladium
intermediate (see Scheme 5). For this purpose, we have utilized
2-methylmalonaldehyde 5l as nucleophile, two PH3 groups as
simplified palladium ligands, and three different N-substituents
(R = H, Ts, and Bn). The results are reported in Figures 1 (R =
H), 2 and 3 (R = Ts), and 4 (R = Bn). In all the cases, we have
observed that the channel leading to the C1′-substituted

Table 9. Reaction of N-Ts-indol-3-ylmethyl Acetates 8 with β-Ketoester and Malonates 5a

aUnless otherwise stated, reactions were carried out on a 0.29 mmol scale under an argon atmosphere at 100 °C using 2.0 equiv of 5, 0.025 equiv of
[Pd(C3H5Cl)]2, 0.05 equiv of XPhos, and 2 equiv of K2CO3 in 2.5 mL of MeCN/THF mixture (4:1) [Condition A] or 0.025 equiv of
[Pd(C3H5Cl)]2 and 0.025 equiv of dppf in MeCN [Condition B]. bYields are given for isolated products. c8c was recovered in 10% yield. d8c was
recovered in 56% yield. e8d was recovered in 24% yield. f8d was recovered in 9% yield. g15 was isolated in 12% yield.
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Table 10. Reaction of N-Ts-indol-3-ylmethyl Acetates 8 with 1,3-Diketones 5d,ha

aUnless otherwise stated, reactions were carried out on a 0.29 mmol scale under an argon atmosphere using 0.04 equiv of Pd, 0.04 equiv of ligand, 3
equiv of 5, and 2 equiv of K2CO3 in 2.5 mL of anhydrous solvent. bYields are given for isolated products.

Table 11. Reaction of N-Ts-indol-3-ylmethyl Acetates 8 with Meldrum’s Acid Derivatives 5a

Entryb R1 8 R2 t (h) 9 (%)

1 H 8a Me 8 9ac (98)
2 H 8a CH2(4-OMeC6H4) 0.5 9ai (98)
3 H 8a CH2(4-SMeC6H4) 7 9aj (80)
4 H 8a CH2(2-furyl) 1 9ak (99)
5 5-NO2 8b Me 1.5 9bc (88)
6 5-OMe 8c Me 0.5 9cc (95)
7 5-OMe 8c CH2(4-OMeC6H4) 0.5 9ci (95)
8 5-OMe 8c CH2(4-SMeC6H4) 6 9cj (83)
9 5-OMe 8c CH2(2-furyl) 1.5 9ck (91)
10 6-Cl 8d CH2(4-OMeC6H4) 25 9di (70)
11 6-Cl 8d CH2(4-SMeC6H4) 6.5 9dj (75)
12 6-Cl 8d CH2(2-furyl) 24 9dk (89)

aUnless otherwise stated, reactions were carried out on a 0.29 mmol scale under an argon atmosphere at 120 °C using 1.5 equiv of 5, 0.025 equiv of
[Pd(C3H5Cl)]2 and 0.05 equiv of XPhos, and 2 equiv of K2CO3 in 2.5 mL of MeCN/THF mixture (4:1). bYields are given for isolated products.

Figure 1. Standard free energy diagram (at 100 °C in DMSO) in kJ/mol.
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product is the dominant one. As a matter of fact, irrespective of
the height of the initial free energy barrier, the C1′ attack always
leads to an intermediate more stable than the intermediate
expected upon C3 attack and the barrier for the 1−3 H-shift is
always found to be particularly high. In particular, when R = H
the formation of the thermodynamically unstable intermediate
V is a reversible process, which might explain the absence of
product substituted at the C3 position. When R = Ts (Figures 2
and 3) we observe that the two intermediatesVII and VIII show
rather similar barrier heights; on the other hand, when R = Bn
(Figure 4) the formation of intermediateXI is characterized by a
very high barrier, hence not in disagreement with the
experimental data.
Subsequently, we repeated the same calculations for the 3-

indolylmethyl-palladium intermediates. Also in this case from
the results, depicted in Figures 5 (R =H), 6 (R = Ts), and 7 (R =

Bn), we can expect a very high regioselectivity of the
nucleophilic attack. As a matter of fact, we observe that (i) a
relatively low barrier is found only for the C′1 attack, (ii) the
attack at the C2 position does not show any transition structure,
(iii) all the reaction intermediates show a similar thermody-
namic stability, and (iv) all three reactions are characterized by
rather similar barrier heights, slightly higher when R = Ts. All of
the results are in agreement with the experimental observations.
We also addressed the question of what could be the actual

role of the Pd. In Figure 8 we report the free energy diagram

Figure 2. Standard free energy diagram (at 100 °C in DMSO) in kJ/
mol.

Figure 3. Standard free energy diagram (at 100 °C in DMSO) in kJ/
mol.

Figure 4. Standard free energy diagram (at 100 °C in DMSO) in kJ/
mol.

Figure 5. Standard free energy diagram (at 100 °C in DMSO) in kJ/
mol.

Figure 6. Standard free energy diagram (at 100 °C in DMSO) in kJ/
mol.

Figure 7. Standard free energy diagram (at 100 °C in DMSO) in kJ/
mol.
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(maintaining the same temperature and solvent conditions) for
the Pd-free reaction with R =H. The result clearly indicates that,
at least according to our model, the absence of Pd increases the
initial free energy barrier of only 9 kJ/mol, hence suggesting the
possible occurrence also of a SN2 reaction essentially leading to
the same product.
Finally, we carried out DFT calculations, in the same

temperature and solvent conditions, to provide thermodynamic
information concerning additional aspects that could help in
rationalizing the possibility of alternative Pd-free reaction
pathways involving indolylmethyl cations XVIII andXIX. As
reported in Figure 9, the calculated relative stability, and hence
the possible presence at equilibrium, of the indolylmethyl
cations indicate that these species under the experimental
conditions modeled by our calculations show molar ratios of 4.5
× 10−5 and 3.0 × 10−3, respectively. The same conclusions could

be reached for the possible formation of intermediate I by
deprotonation with a Bronsted base.

■ CONCLUSIONS
The palladium-catalyzed reaction of N-protected indolylmethyl
acetates with different classes of soft carbon pronucleophiles has
been investigated. The role of protecting groups, nucleophiles,
and ligands in the selective attack on the plausible η3-indolyl-
palladium intermediate has been deeply studied. Generally,
while with 3-indolylmethyl acetates the nucleophilic substitu-
tions occur exclusively at the exomethyl position, with 2-
indolylmethyl acetates the regiochemical outcome could be
influenced by the choice of the ligand and protecting group.
Quantum-chemical calculations have been performed to

provide insight into the reaction pathways confirming the key
role of the palladium catalysis and highlighting the differences
between the catalyzed and uncatalyzed processes.

■ EXPERIMENTAL SECTION
General information, experimental procedures, spectral data of
starting materials, final compounds, and spectra copies of
synthesized compounds are reported in the Supporting
Information.
General Experimental Procedure for the Reaction of

N-Protected Indolylmethyl Acetates 4 or 11 with
Carbonucleophiles 5. In a 50 mL Carousel Tube Reactor
(Radely Discovery Technology) containing a magnetic stirring
bar, Pd source (0.006 mmol, 0.02 equiv) and ligand (0.012
mmol, 0.04 equiv) were dissolved in anhydrous solvent (1 mL)
and stirred at room temperature for 15 min under argon. Then,
N-protected indolylmethyl acetate 4 or 11 (0.300 mmol, 1.00
equiv), carbonucleophile 5 (0.450 mmol, 1.50 equiv), and
K2CO3 (0.450mmol, 1.50 equiv) were added to the mixture and
the reaction was stirred at 100 °C. After completion of the

Figure 8. Standard free energy diagram (at 100 °C in DMSO) in kJ/
mol.

Figure 9. Standard free energy diagram (at 100 °C in DMSO) in kJ/mol.
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reaction (monitored by TLC), the mixture was diluted with
Et2O and washed with a KHSO4 solution (10% w/w) and brine
(2×). The organic layer was dried over anhydrous Na2SO4,
filtered, and concentrated under reduced pressure. The crude
product was purified by flash chromatography (silica gel, n-
hexane/AcOEt) to obtain the final products.
WithN-protected 2-indolylmethyl acetates, depending on the

nature of the carbonucleophile, the procedure is slightly
modified (generation of carbanion with NaH for β-ketoesters,
employment of potassium salt with β-diketones). For more
details, see the Supporting Information.
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