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A Pd-catalyzed stereoselective synthesis of 3-vinylindoles and 3-vinylbenzofurans has been developed. The reaction merges the alkyne-based
Pd-catalyzed cyclization and Pd carbene migratory insertion in a single catalytic cycle, generating a C—C single bond and a C=C double bond in

one operation.

Indoles and benzofurans represent privileged structure
motifs in many areas, and numerous synthetic methods
have been developed related to those structures.'= In
particular, 3-vinylindoles and 3-vinylbenzofurans are ver-
satile building blocks in organic synthesis.” Moreover, they
have been reported to show interesting biological prop-
erties.* During the past decades, many effective methods
have been developed to construct these structures,
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particularly Pd-catalyzed reactions which have attracted
great attention. As summarized in the retrosynthetic
representation shown in Scheme 1, the most common
approach is the functionalization of a preformed indole
system by Pd-catalyzed Heck coupling reactions using
3-halo or 3-OTf indoles with alkenes (Scheme 1, a). One
of the drawbacks of this approach is that the N-unprotected
3-haloindoles are usually not stable. More recently, direct
alkenylation of indoles with alkenes through C—H bond
functionalization has emerged as an alternative approach
(Scheme 1, a').”° In 2005, Gaunt and co-workers reported a
Pd(IT)-catalyzed solvent-controlled Fujiwara—Moritani—
Heck coupling of free indoles and alkenes using Cu(OAc),
as the oxidant.” The reaction affords 3-vinylindoles when
a DMF-DMSO mixture is used as the solvent. However,
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the direct vinylation of benzofuran by this method is
always at the 2-position, since the electrophilic palladation
of benzofuran is more favored at the 2-position.

Scheme 1. Retrosynthetic Representation of the Pd-Catalyzed

Synthesis of 3-Vinylindoles
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Pd-catalyzed cyclization represents another powerful
approach for the construction of an indole structure,
among which the alkyne-based Pd-catalyzed synthesis
of indoles has been extensively investigated.” In 2000,
Yamamoto and co-workers reported an efficient synthesis
of 3-vinylindoles by Pd-catalyzed intramolecular cycliza-
tion of alkynylimines (Scheme 1, 5).® Since the imine
moiety can be generated in situ from the correspond-
ing amine and aldehyde, this reaction has also been ex-
tended to a three-component coupling for 3-vinylindole
synthesis.

Although significant progress has been made for the
synthesis of 3-vinylindoles, some drawbacks exist for the
existing methods. For example, the alkene substrates used
in the coupling reactions are often limited to those contain-
ing electron-withdrawing substituents, and the 3-vinylin-
dole products obtained are usually limited to those bearing
a disubstituted alkene moiety. Moreover, little attention
has been paid to the synthesis of 3-vinylbenzofurans.
Therefore, it is desirable to further develop novel methods
for the synthesis of 3-vinylindoles and 3-vinylbenzofurans.

In recent years, we and several other groups have
reported a series of Pd-catalyzed C=C bond forming reac-
tions based on a Pd carbene migratory insertion process.’
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We conceived that, in combination with Pd-catalyzed
cyclization of alkynes, such a type of C=C bond forming
reaction may be applied to the synthesis of 3-vinylindoles
and 3-vinylbenzofurans (Scheme 1, ¢ + d).

As demonstrated in Scheme 2, the key step involved in
this approach is the migratory insertion of the Pd carbene
B to form intermediate C, which is followed by S-hydride
elimination. Notably, in this transformation, C—C single
bond formation (the cyclization) and C=C double bond
formation (carbene coupling) are achieved in a single
catalytic cycle.

Scheme 2. Synthesis of 3-Vinylindoles and 3-Vinylbenzofurans
Based on Pd Carbene Reaction
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At the outset of this investigation, we employed the
N-tosylhydrazone 2 as the precursor for in situ generation
of a nonstabilized diazo compound (Bamford—Stevens
reaction).'” We examined the reaction of N-acetyl-N-(3-
phenylprop-2-ynyl)-2-iodoaniline 1a with N-tosylhydrazone
2 in the presence of the Pd(PPhs), catalyst and Cs,CO; in
toluene at 80 °C. The reaction worked well to afford the
desired 3-vinylindole 3a in good yield (eq 1). To further
simplify the reaction, we attempted a one-pot reaction
starting directly from benzadehyde 4a. Thus, the benzade-
hyde 4a was heated with TsSNHNH, at 60 °C in toluene for
10 min, and then N-acetyl-N-(3-phenylprop-2-ynyl)-2-
iodoaniline 1a, Pd(PPhj)4 catalyst, and Cs,CO; were added
and heating was continued for another 3 h. To our delight,
the one-pot reaction afforded the desired 3-vinylindole 3a
in slightly improved yield (eq 2).

The one-pot reaction was then applied to a series of aro-
matic aldehydes/ketones 4a—k and 2-iodoanilines 1la—e
(Scheme 3). The reaction is not markedly affected by the
substituents on the aromatic aldehydes. The aromatic
aldehydes including those bearing an electron-donating
group (4b,c) and electron-withdrawing group (4d—f),
as well as those sterically hindered aldehydes (4h) and
heteroaromatic aldehyde (4i), all gave the corresponding
3-vinylindoles in moderate to good yields. However,
ketones (4j, k) gave relatively lower yields, which may be
attributed to the lower reactivity of the corresponding
N-tosylhydrazones than these derived from the corre-
sponding aldehydes. The other reaction component, the
2-iodoanilines 1a—e, were then examined. It turned out
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that a terminal alkyne (R* = H) was not a suitable sub-
strate for the reaction, affording the product in low yield
(31). This is attributed to the side reactions of the terminal
alkyne under the reaction conditions. In contrast, substitu-
tion on the aromatic ring does not markedly affect the
reaction (3m—o).
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Interestingly, this reaction shows excellent stereoselec-
tivity. All the 3-vinylindole products were formed as a
single isomer judged by 'H and '*C NMR spectra. For one
of the products (3e), the E configuration was unambigu-
ously confirmed by X-ray diffraction (Figure 1). We
assume that all the products have the same E configuration
based on the comparison of their NMR spectra.

Figure 1. X-ray structure of 3e and 6g.

Furthermore, we applied this methodology to the synth-
esis of 3-vinylbenzofurans. To our delight, the reactions
occurred smoothly under the similar reaction conditions,
affording the corresponding 3-vinylbenzofurans 6a—p in
moderate to good yields (Scheme 4). The substrate scope
is similar to the synthesis of 3-vinylindoles shown in
Scheme 3.'"' Notably, 3-vinylfuro[3,2-b]pyridine (6p)
could also be obtained in 74% yield. Again, in all the
reactions the 3-vinylbenzofuran products were formed
asa single isomer as indicated by their '"H and ?*C NMR
spectra. For one of the products (6g), the £ configuration
was unambiguously confirmed by X-ray diffraction
(Figure 1).

Based on our knowledge of Pd-catalyzed cyclization and
Pd carbene reactions, we proposed a reaction mechanism

(11) Aliphatic aldehydes do not work under the current conditions.
Substrates bearing a substituent on the propargylic position lead to a
mixture of E/Z isomers.
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Scheme 3. Pd-Catalyzed Synthesis of 3-Vinylindoles”
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“The reaction was carried out in 0.25 mmol scale; the yields refer to
the products after isolation by silica gel column. ® For the second step,
the reaction needed another 2 h at 110 °C after heating 3h at 80 °C. “ The
reaction was carried out by isolating the tosylhydrazone and then
submitting it to the second step.

for this 3-vinylindole/3-vinylbenzofuran synthesis (Scheme 5).
First, 1a undergoes oxidative addition to Pd(0) to form
Pd(II) species A, from which 5-exo-dig cyclization occurs
to afford Pd(II) intermediate B.” Then A decomposes the in
situ formed diazo compound to give Pd carbene C, which is
followed by migratory insertion to produce intermediate
D. As there is no 5-H for palladium in D, the palladium
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Scheme 4. Pd-Catalyzed Synthesis of 3-Vinylbenzofurans”
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“The reaction was carried out in 0.25 mmol scale, and isolated yields
are given. b The reaction was carried out by isolating the tosylhydrazone
and then submitting it to the second step. The reaction temperature
was 100 °C.

undergoes a 1,3-migration to form intermediate E through
allylpalladium #'—#* interconversion.'> From E, p-H
elimination occurs to afford the final product 3a.

The excellent stereoselectivity observed for the C=C
double bond formation in this reaction may be interpreted
by the equilibrium shown in Scheme 6. In the allylpalla-
dium 5'—7* interconversion, G is favored over F due
to the A (1,3) interaction in the latter case.'*® G rearranges
to n'-allylpalladium complex E, which undergoes f-H
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Scheme 5. Proposed Reaction Mechanism
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elimination to afford the final product 3a with E config-
uration in the formed C=C double bond.

In conclusion, we have developed a Pd-catalyzed synth-
esis of 3-vinylindoles and 3-vinylbenzofurans. This method
combines alkyne-based Pd-catalyzed cyclization and Pd
carbene chemistry and generates a C—C single bond and
a C=C double bond in a single catalytic cycle.'"* This
transformation further demonstrates the generality of the
incorporation of Pd carbene migratory insertion in various
Pd-catalyzed reactions. From the viewpoint of practical
applications, the reaction uses easily available start-
ing materials and tolerates various functional groups.
Moreover, the reaction shows excellent stereoselectivity.
With these features, we expect that this reaction will
find applications in the synthesis of 3-vinylindoles and
3-vinylbenzofurans.
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