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We have developed a Au-promoted Pd-catalyzed cyclization/cross-coupling of N,N-dimethyl-o-alkyny-
laniline with aryl iododes to synthesize 2,3-diarylindoles under mild and base-free conditions. A related
vinyl-Au species has been isolated through Au-promoted cyclization of N,N-dimethyl-o-alkynylaniline
and structurally characterized. Further study on its reactivity suggests the vinyl-Au species might be
out of catalytic cycle, and PhPd(OTf)(PPhs), is probably the reaction intermediate.
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Introduction

Transition metal-catalyzed cross-coupling reactions have been
well-established as powerful tools for the formation of C — C bonds
in modern synthetic chemistry. [1] Tremendous efforts have been
made to develop methods for the access to 2,3-disubstituted
indoles, due to the increasing interests in successful biomedical
applications of substituted indoles. [2]| 2-Substituted 3-arylindoles
could be synthesized by Pd-catalyzed cyclization/cross-coupling of
either N,N-dimethyl-o-alkynylaniline [3a] or o-alkynyltrifluoro-
acetanilides [3b] with aryliodides (Scheme 1a). In both cases, stoi-
chiometric quantities of base are required, and in the former case, a
high temperature of 150 °C is also needed. In such process, Pd cat-
alytic cycle starts with oxidative addition of Arl into PdL, species to
form ArPdXL, intermediate, which is supposed to promote the
intramolecular nucleophilic cyclization of alkynes. [4] Because Ag
(I) salts are often used as halide abstractor in Pd catalysis, [5] we
envision the introduction of Ag(l) salts might accelerate the reac-
tion rate in such transformation. On the other hand, bimetallic
catalysis has recently emerged as a promising approach in C — C
coupling reactions and provides complementary applications, due
to its unique reactivity and selectivity. [6] Among them, Pd/Au
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Scheme 1. Pd-catalyzed arylative cyclization of o0-alkynylaniline, and Au-promoted
Pd-catalyzed arylative cyclization of o-alkynylaniline for the synthesis of 2-
substituted 3-arylindoles.

bimetallic catalysis is of particular interest and has found to be
an efficient catalytic system in several C — C coupling reactions,
such as Sonogashira reaction, [7] Stille reaction, [8] and other cou-
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pling reactions. [9] One of the most successful examples of Pd/Au
bimetallic catalysis is Au/Pd co-catalyzed cyclization/cross-cou-
pling reaction, which combines the well-established ability of gold
to activate C — C multiple bonds for cyclization and the efficient
redox turnover of palladium. The process involves a key transmet-
alation of vinylgold, with RPd* intermediate and subsequent reduc-
tive elimination at Pd center. [10] Therefore, we speculated Pd
catalyst in combination with coinage salt, such as Ag(I) or Au(l)
salts, would be an ideal system for the catalytic cyclization/cross-
coupling of o-alkynylaniline. Herein, we develop a Au-promoted
Pd-catalyzed cyclization/cross-coupling of N,N-dimethyl-o-alkyny-
laniline with aryl iodides to efficiently synthesize 2,3-diarylindoles
under mild and base-free conditions (Scheme 1b). A related vinyl-
Au species A has been isolated through the Au-promoted cycliza-
tion of N,N-dimethyl-o-alkynylaniline, which was structurally
characterized by single crystal X-ray diffraction. The study on its
reactivity towards aryl iodide under Pd catalysis suggests that
the vinyl Au species A might be out of catalytic cycle, and PhPd
(OTf)(PPhs), is probably the reaction intermediate.

Results and discussion

First, we test the Pd(PPhs)s-catalyzed cyclization/cross-cou-
pling of N,N-dimethyl-o-alkynylaniline 1a with iodobenzene 2a.
(Scheme 2). The reaction proceeded sluggishly in CH3CN at 50 °C,
as only a low yield of product 3a (36%, NMR yield) was detected

Pd(PPh3), (10 mol%)

= MOTf (10 mol%) Ph
(w/o) A
+ Phl > Ph
N,Me CH3CN, 50 °C, time N
\
Me 2a Me  3a
1a (5 equiv)

Without MOTF: 36 %? (4 h), 99 % (12 h)
With PPhyAuOT: 99 %2 (4 h)

With AgOTF: 47 %2 (4 h)

2 NMR yield

Scheme 2. Pd-catalyzed arylative cyclization of N,N-dimethyl-o-alkynylaniline 1a
with PhL

Table 1
Optimization of Reaction Conditions*
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after 4 h, and it took 12 h to achieve a 99% (NMR yield) yield of
3a. Given these results, we decided to introduce a second metal
such as Au complex, which is expected to be highly efficient in
the intramolecular cyclization reaction of alkynes. [11] Delight-
fully, the addition of 10 mol% of PPh3AuOTf increased considerably
the reaction rate. With the assistance of Au(l) it only required 4 h
to obtain 99% NMR yield. Using AgOTf as an additive only improved
slightly the reaction yield.

Optimization of various palladium catalysts in different sol-
vents (entries 1 ~ 8, Table 1) was studied. The best result was
achieved for 3a (99% yield; entry 4, Table 1), when using Pd
(PPhs)4 as catalyst in MeCN. Decreasing the amount of substrate
2a to 1.5 equivalent didn’t result in yield loss (entries 9 and 10,
Table 1).

We further tested the transformation of 1a with different aryl
iodides (2) under the standard reaction conditions (Scheme 3).
All of the reactions worked well, giving the desired products
3a~3gin 90 ~99% yields. When using different para-halogenated
and para-methyl phenyl iodides, a long reaction time are required
to achieve high yields (89 ~ 94% for 3 h ~ 3j). For 2-iodonaph-
thalene, longer reaction time is also required (3 k). The reaction
was also tolerated with heteroaryl halide (2-iodothiophene), giving
the corresponding indole 3 1in 88% yield. The reactions with differ-
ent N,N-dimethyl-o-alkynylanilines were also examined. The
desired products 3 m ~ 3q, and 3 s ~ 3 t were obtained in
80 ~ 93% yields. It should be noted that for the reactions which fur-
nish the 2,3-diarylindole products bearing an orth- groups (methyl
or methoxyl) either at 2-aryl or at 3-aryl group, longer reaction
time are required (3 m, 3n, and 3r). When using 2-iodoanisole, a
poor yield of 57% was observed for 3r.

Considering the unique ability of gold to activate alkynes
towards nucleophilic attack, we assume that a vinyl gold interme-
diate might be involved in the catalytic cycle. We have recently
reported the isolation of several vinyl Au intermediates through
intramolecular nucleophilic attack on Au-activated alkynes. [12]
To our delight, the treatment of 1a with one equivalent of PPhs-
AuOTf resulted in the formation of a vinyl gold complex 4 with a
high yield (94%) in 5 min (Eqn 1, Scheme 4). The structure of 4
was determined by single crystal X-ray diffraction, which exhibits
the expected linear coordination geometry (Fig. 1). The Au-C bond
distances [Au-C7, 2.046(3A] in 4 is similar with that of a C(sp?)-Au

Z [Pd] (10 mol%) Ph
PPh3AuOTf (10 mol%) N\
Me + PRl —————— mph
N solvent, 50 °C N
Me 2a Me
1a (x equiv) 3a

entry” Pd 2a (x equiv) sovent yield®(%)
1 Pd(PPhs)Cl, 5 CH5CN trace
2 Pd(OAc), 5 CH3CN 14
3 PdCl, 5 CH3CN 11
4 Pd(PPhs), 5 CH3CN 929
5 Pd(PPhs), 5 CH3;0H 96
6 Pd(PPhs), 5 DMF 25
7 Pd(PPhs)s 5 toluene 7
8 Pd(PPhs), 5 THF trace
9 Pd(PPhs), 3 CH3CN 99
10 Pd(PPhs3), 1.5 CH5;CN 99

“Unless otherwise stated, reactions were performed with 0.45 mmol of 1a, 10 mol% palladium catalyst and 10 mol% PPhsAuOTf in 4 mL of solvent under a nitrogen

atmosphere for 4 h. "NMR yields.
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Scheme 3. Scope of cyclization reactions.*” ¢ Unless otherwise stated, reactions
were performed with 0.45 mmol of 1, 1.5 equiv 2 and 10 mmol% Pd(PPhs),,
10 mmol% PPh3AuOTf in 5 mL of CH3CN at 50 °C under a nitrogen atmosphere for
4 h. "Isolated yields. 8 h. 924 h.

single bond (e.g., 2.045(6) A). [13] Under catalysis of Pd(PPhs)a,
vinyl gold 4 could react with excess Phl in MeCN at 50 °C to
give arylation product 3a in 85% yield (Eqn 2, Scheme 4). How-
ever, the transformation is sluggish, requiring 12 h to obtain
complete conversion, while in catalytic reaction, it only takes
4 h to give desired product 3a in 99%. Interestingly, when treat-
ment of vinyl gold 4 in the presence of Pd(PPhs), and Phl at the
room temperature, 1a, ring-opening product of 4 was observed
after 2 h, and arylation product 3a was finally obtained in
99% yield. This finding suggests the formation of the vinyl gold
4 is reversible.

Next, we examined the reaction between PPh;AuOTf and trans-
[PAPhI(PPh3),] (5) formed by oxidative addition of Pd(PPhs), with
Phl. A new major species appearing at 21.54 ppm was observed
by 3'P NMR (Scheme 5). We assigned it as PhPd(OTf)(PPhs), (6)
by comparison with the 3'P NMR data of an authentic complex,
CgFsPd(OTf)(PPhs), which appears at 23.50 ppm [14]. The observa-
tion suggests Au salt (PPhsAuOTf) probably acts as an iodide
abstractor, and PhPd(OTf)(PPhs), might be the reaction
intermediate.
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Fig. 1. Molecular structure of 4. The counter anion and hydrogen atoms have been
omitted for clarity. Selected bond distances (A) and angles (deg): Au(1)-C(7) 2.046
(3), Au(1)-P(1) 2.2920(7), C(6)-C(7) 1.469(4), C(7)-C(8) 1.331(4), C(1)-C(6) 1.385(4),
N(1)-C(1) 1.481(4), N(1)-C(8) 1.523(3), C(7)-Au(1)-P(1) 172.01(8), C(8)-C(7)-Au(1)
122.6(2), C(6)-C(7)-Au(1) 129.8(2), C(8)-C(7)-C(6) 107.4(2).
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Scheme 4. Isolation of key Au species 4 and its reactivity with Phl under catalysis of
Pd.

Based on the observations, we propose a plausible mechanism
(Scheme 6). Oxidative addition of Pd(PPhs), with Arl forms PdArl
(PPhs),, which reacts with PPh;AuOTf to form ArPd(OTf)(PPhs),
(I). Pd species I promotes the cyclization of 1 to form vinyl Pd(II)
complex IL Pd(II) complex II further undergoes reductive elimina-
tion to give the indolium intermediate III, and release Pd°. I fur-
ther undergoes the anion exchange with Ar(PPhs),PdI or (PPh3)Aul
to give IIl’, which undergoes elimination of Mel to give the final
product 3.
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Conclusion

To summarize, we present a Au-promoted Pd-catalyzed cycliza-
tion/cross-coupling of N,N-dimethyl-o-alkynylanilines with aryl
iodides to prepare 2-substituted 3-arylindoles. A related vinyl-Au
intermediate has been isolated through PPh;AuOTf-promoted
cyclization of N,N-dimethyl-o-alkynylaniline. Reactivity of the
vinyl-Au species with aryl iodide in the presence of Pd catalyst
has been investigated, suggesting that the Au intermediate might
be out of catalytic cycle, and PhPd(OTf)(PPhs), is probably the reac-
tion intermediate.
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