2650

SPECIAL TOPIC

Synthesis of Substituted Indenes and cis-Stilbenoid Hydrocarbons via
Palladium-Catalyzed Domino Reactions of Hindered Grignard Reagents

with (E)-1,2-Dibromoethenes
Cheng-Guo Dong, Tao-Ping Liu, Qiao-Sheng Hu*

Department of Chemistry, College of Staten Island and the Graduate Center, City University of New York, Staten Island, NY 10314, USA

Fax +1(718)9823910; E-mail: giaohu@mail.csi.cuny.edu
Received 21 April 2008

Abstract: Palladium-catalyzed domino reactions of (E)-1,2-dibro-
moethenes with hindered Grignard reagents based on carbopallada-
tion, palladium-catalyzed cross-coupling, and C-H activation are
described. These domino reactions could be influenced by the
ligand, reaction temperature, nucleophilicity of Grignard reagents,
and steric hindrance of the substrates. Our study provides an effi-
cient access to some useful polysubstituted indenes and cis-substi-
tuted stilbenes, and may be useful for the development of other
cross-coupling and C-H activation-based tandem/domino reac-
tions.
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Palladium-catalyzed cross-coupling reactions — for exam-
ple, the Suzuki coupling, the Stille coupling, the Sono-
gashira coupling, and the amination of aryl halides with
amines — have become powerful transformations in organ-
ic synthesis over past decades.! Such cross-coupling re-
actions have been established to occur through three key
elementary steps:! oxidative addition of palladium(0) with
an aryl halide to form a palladium(II) complex; transmet-
alation of the palladium(II) complex with an organometal-
lic reagent to form a diorganopalladate complex; and
reductive elimination of the diorganopalladate complex to
form the cross-coupling product and regenerate the palla-
dium(0) catalyst (Figure 1). Based on our understanding
of the generalized mechanism depicted in Figure 1, we
initialized a program to develop new reactions/processes
by attempting to control the individual elementary steps in
the cross-coupling catalytic cycle. We have documented
palladium(0)/tri-tert-butylphosphine-catalyzed  Suzuki
cross-coupling reactions of dihaloarenes with arylboronic
acids, a process that relies on controlling the oxidative
addition step, and palladium-catalyzed reaction of o-diha-
loarenes and 2-haloaryl tosylates with hindered Grignard
reagents to form substituted fluorenes,* cyclization pro-
cesses that combines the control of the transmetalation
step with sp* C-H activation. We have also reported type
I palladacycle-catalyzed addition reactions of arylboronic
acids with carbonyl-containing compounds, reaction pro-
cesses that are believed to rely on controlling the reduc-
tive elimination step.’
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Figure 1 Generalized mechanism for palladium-catalyzed cross-
coupling reactions

Based on our study on palladium-catalyzed tandem reac-
tion of o-dihaloarenes and 2-haloaryl tosylates with hin-
dered Grignard reagents to form substituted fluorenes, in
which palladium-associated arynes were suggested to be
most likely the intermediates,* we have further extended
our study to involve internal alkynes as substrates.® We
demonstrated that by controlling the reaction temperature
and the use of ligands, two palladium-catalyzed domino
reactions,” namely carbopalladation'® followed by cy-
clization via C-H activation'! to form substituted indenes
and carbopalladation followed by cross-coupling to form
cis-stilbenoid hydrocarbons could be realized from the
same set of alkynes and hindered Grignard reagents. Sub-
stituted indenes are structural constituents of metallocene-
based catalysts for olefin polymerizations, of biologically
active compounds and of functional materials.'>!3 cis-
Stilbenoid hydrocarbons are potentially useful in the
fields of molecular sensors and molecular electronics.'*!3

During our study of this type of domino reaction, we be-
came interested in employing (E)-1,2-dibromoethenes,
which are readily available from alkynes, as substrates.
Our mechanistic analysis on palladium-catalyzed tandem
reactions of internal alkynes with hindered Grignard re-
agents suggested that palladium-coordinated alkyne triple
bond complexes A would be the initial intermediates
(Scheme 1). A recent study of the Suzuki reaction of 1,2-
dibromoethenes with arylboronic acids showed that the (-
elimination of 2-bromoalkenyl-Pd(II)X complexes to
form alkynes and palladium(II) complexes could readily
occur,'® suggesting complexes A could be generated from
(E)-1,2-dibromoethenes. Therefore, (E)-1,2-dibromoeth-
enes could be suitable substrates for the preparation of
substituted indenes and cis-stilbenes. In addition, our pre-
liminary study on the reaction of trans-dibromostilbene
with hindered Grignard reagents was, to some extent, in
conflict with the recently reported results,'>® in which 1,2-
dibromoethenes have been reported to react with hindered
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Scheme 1 Domino carbopalladation—cyclization via sp> C-H activation vs domino carbopalladation—cross-coupling reaction with (E)-1,2-

dibromoethenes as substrates

Grignard reagents to form cis-tetrasubstituted stilbenes
with dichlorobis(triphenylphosphine)palladium
[PACL,(PPh,),] as catalyst in excellent yields.® Further-
more, the use of (E)-1,2-dibromoethenes as substrates
could eliminate the use of 1,2-dibromoethane as an addi-
tive for the reaction of internal alkynes with hindered
Grignard reagents and expand the substrate scope. We
have thus investigated the reactions of (E)-1,2-dibromo-
ethenes with hindered Grignard reagents. Herein, our re-
sults are reported.

As depicted in Scheme 1, the key intermediates for the re-
action with (E)-1,2-dibromoethenes as substrates would
structurally resemble that with internal alkynes as sub-
strates. We thus surmised that the reaction pathways (car-
bopalladation followed by cyclization vs carbopalladation
followed by cross-coupling) would be influenced by the
same factors demonstrated in the reaction with internal
alkynes as substrates, e.g., reaction temperature, ligand ef-
fects. To understand the influence of these factors, we ex-
amined the reactions of trans-dibromostilbene and (E)-
3,4-dibromohex-3-ene with 2,6-dimethylphenylmagne-
sium bromide and pentamethylphenylmagnesium bro-
mide. Our results are listed in Table 1. We found with
trans-dibromostilbene as substrate, the domino carbopal-
ladation—cyclization product 4-methyl-2,3-diphenyl-1H-
indene (1a) was the major product only with palladium(II)
acetate as the catalyst, either at room temperature, 60 °C,
or reflux (Table 1, entries 2—4, 11-13). Increasing the re-
action temperature slightly led to more carbopalladation—
cross-coupling product 2a (Table 1, entries 2—4). The use
of a phosphine ligand also slightly decreased the forma-
tion of the cyclization product 1a (Table 1, entries 5-8).
By using dichlorobis(triphenylphosphine)palladium or
tetrakis(triphenylphosphine)palladium as catalyst and in
refluxing tetrahydrofuran, pentamethylphenylmagnesium
bromide reacted with trans-dibromostilbene to yield the
domino carbopalladation—cross-coupling product 2b as
the major product (Table 1, entries 14, 15). Under the

same conditions, the reaction trans-dibromostilbene with
2,6-dimethylphenylmagnesium bromide yielded carbo-
palladation—cyclization product 4-methyl-2,3-diphenyl-
1H-indene (1a) as the major product (Table 1, entry 9),
suggesting the nucleophilicity of the Grignard reagents
played an important role in this reaction. We have also
tested the reaction of (E)-3,4-dibromohex-3-ene with the
same two Grignard reagents, 2,6-dimethylphenylmagne-
sium bromide and pentamethylphenylmagnesium bro-
mide. Our results, which are also listed in Table 1 (entries
16-22), again show the effect of the reaction temperature,
ligand, and nucleophilicity of Grignard reagents. In addi-
tion, we also observed that its reaction with 2,6-dimeth-
ylphenylmagnesium bromide catalyzed by
dichlorobis(triphenylphosphine)palladium yielded carbo-
palladation—cross-coupling as the major product 2c
(Table 1, entry 21). This result was in contrast with that of
trans-dibromostilbene as substrate, which gave 1a as the
major product (Table 1, entry 9), implying the reaction of
(E)-dibromoalkene with hindered Grignard reagents was
also influenced by the size of the groups attached to the
double bond. Our results thus suggested that pathways for
the reaction of (E)-1,2-dibromoethenes with hindered re-
agents depicted in Scheme 1 could be influenced by
ligand, reaction temperature, nucleophilicity of the Grig-
nard reagents, and structure of the substrate.

With 3 mol% palladium(II) acetate as the catalyst at room
temperature, we examined several (E)-1,2-dibromoeth-
enes and hindered Grignard reagents for the palladium-
catalyzed domino reaction to form substituted indenes 3
and our results are listed in Table 2. We found that with
mesitylmagnesium bromide and 2,6-dimethylphenylmag-
nesium bromide as reagents, 1,2-diaryl-, 1,2-dialkyl- and
1-alkyl-2-aryl-1,2-dibromoethenes were suitable sub-
strates (Table 2, entries 1-7). With unsymmetrical (E)-
1,2-dibromo-1-phenylpropene as the substrate, the domi-
no reaction occurred mainly from the alkyl side of 1,2-di-
bromo-1-phenylpropene, as evidenced by the ratio of two
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Table1 Palladium-Catalyzed Domino Reaction of (E)-1,2-Dibromoethenes with 2,6-Dimethylmagnesium Bromide and Pentamethylmagne-

sium Bromide®

R! R
R? —
RL _Br R! R2 aR'=Ph, R2=H
E[ . BrMg R2 Pd catalyst - Q m2 b R'=Ph, R2 = Me
1 THF, 20 h 1 2 cR'=EtR2=H
Br” "R R R dR'=Et, R =Me
R2 R2 RZ R2 R? R2 sEyRE
1 2
Entry R! R? Pd catalyst Temp (°C) Ratio® 1/2
1 Ph H none r.t.
2 Ph H 3 mol% Pd(OAc), r.t. 96:4
3 Ph H 3 mol% Pd(OAc), 60 85:15
4 Ph H 3 mol% Pd(OAc), reflux 82:18
5 Ph H 3 mol% Pd(OAc),, 6 mol% Ph;P r.t. 89:11
6 Ph H 3 mol% Pd(OAc),, 6 mol% Ph;P r.t. 94:6
7 Ph H 3 mol% Pd(OAc),, 6 mol% t-Bu;P r.t. 92:8
8 Ph H 0.1 mol% PdCl,(PPh;), r.t. 90:10
9 Ph H 0.1 mol% PdCl,(PPh;), reflux 79:21
10 Ph H 1.5 mol% Pd,(dba), r.t. 95:5
11 Ph Me 3 mol% Pd(OAc), r.t. 97:3
12 Ph Me 3 mol% Pd(OAc), 60 87:13
13 Ph Me 3 mol% Pd(OAc), reflux 88:12
14 Ph Me 0.5 mol% PdCl,(PPh;), reflux <2:>98
15 Ph Me 3 mol% Pd(PPh;), reflux <2:>98
16 Et H 3 mol% Pd(OAc), r.t. >98:<2
17 Et H 3 mol% Pd(OAc),, 6 mol% Ph;P r.t. 98:2
18 Et H 3 mol% Pd(OAc),, 6 mol% Ph;P reflux 16:84
19 Et H 0.1 mol% PdCl,(PPh;), r.t. 93:7
20 Et H 3 mol% PdCL,(PPh;),, 6 mol% Cy;P r.t. 70:30
21 Et H 3 mol% PdCl,(PPh;), reflux 19:81
22 Et Me 1 mol% PdCl,(PPh;), reflux <2:>98

4 (E)-1,2-Dibromoethene (1.0 equiv), Grignard reagent (2.5 equiv), Pd catalyst, THF (2 mL), 20 h.
® No conversion was observed for entry 1, 99% conversion of (E)-dibromoethenes was observed for all other entries.

¢ Based on '"H NMR.

isomeric products (Table 2, entries 4, 7).!” We also found
that with pentamethylphenylmagnesium bromide as the
reagent, low yields of substituted indenes were obtained
(Table 2, entries 8-10), and the major products were
alkynes and 1-bromo-2,3.4,5,6-pentamethylbenzene, the
debrominated products of 1,2-dibromoethenes and the
Grignard reagent.

We also examined the reaction of (E)-1,2-dibromoethenes
with hindered Grignard reagents for the preparation of cis-
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substituted stilbenes containing substituted phenyl groups
by using dichlorobis(triphenylphosphine)palladium as the
catalyst in refluxing tetrahydrofuran. Our results are listed
in Table 3. We found moderate to good yields of cis-sub-
stituted stilbenes 4 could be obtained for alkyl-containing
(E)-1,2-dibromoethenes and hindered Grignard reagents
(Table 3, entries 1-7). With trans-dibromostilbene as the
substrate, we found the yields of cis-substituted stilbenes
4 were highly dependent on the Grignard reagents em-
ployed. A high yield was obtained for pentamethylphenyl-
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Table 2 Palladium(II) Acetate Catalyzed Cyclizations of (E)-1,2-Dibromoethenes with Hindered Grignard Reagents®
RS R3
R1 Br o, R2
: _ : + BrMg R 3% Pd(OAC)2
Br R2 THF, r.t.,20 h . R
R
3
Entry Dibromoalkene ArMgBr Product Yield® (%)
Ph Br Ph
i = Bng@— 3a 81
Br Ph
Ph
Et Br Et
2 S=( Bng%i% 3b 56
Br Et
Et
3 PN o 3 81
< Y °
Br Pr
Pr
Ph Br Ph ,
4 > — < BrMg 3d/3d 85
Br _ * _ (91:9)°
Ph
Ph Br Ph
5 >—< BrMg 3e 80
Br Ph
Ph
Et Br Et
6 >—< BrMg 3f 65
Br Bt _
Et
Ph
Ph Br ,
7 >=< BrMg _‘ . 00105 3g3g 89
Br Ph
Ph
Ph Br
8 y—( Brvig _O 3n 30
B Ph Ph
Pr. Br Pr
9 >:< BrMg - 0
Br Pr Pr
Et
Et Br
10 >— BrMg - 0
Br Et Ef

* (E)-1,2-Dibromoethene (1.0 equiv), Grignard reagent (2.5 equiv), Pd(OAc), (3 mol%), THF (2 mL), r.t., 20 h.

® Isolated yields.
¢ Ratio based on 'H NMR.

magnesium bromide (Table 3, entry 8). However, a low
yield was observed with 2,6-dimethylphenylmagnesium
bromide (Table 3, entry 9), with the major product being
the cyclization product, 4-methyl-2,3-diphenyl-1H-in-

dene. The different results observed for pentamethylmag-
nesium bromide and 2,6-dimethylphenylmagnesium
bromide (Table 3, entries 8, 9) might be because 2,6-di-
methylphenylmagnesium bromide was less nucleophilic
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than pentamethylmagnesium bromide and C—H activation
occurred faster than the transmetalation with 2,6-dimeth-
ylmagnesium bromide as reagent.

While our results supported the mechanism of carbopalla-
dation of A followed by either cyclization or cross-cou-
pling (Scheme 1), they did not provide much information

about how A could be formed from (E)-1,2-dibromoeth-

Table 3 Palladium(II) Acetate Catalyzed Cyclizations of (E)-1,2-Dibromoethenes with Hindered Grignard Reagents®

R1 R2
1 3 —
R B = PACIo(PPhg)s (1 mol%) X N
o e T B g
R THF, reflux, 20 h 4 =
4
Entry Dibromoalkene ArMgBr Product Yield® (%)
Et Et
Et Br —
1 >:< Brig 4a 48
Br Et
Pr Pr
Pr. Br —
2 — BrMg 4b 61
7 T
Et Et
Et Br -
3 >—< BrMg 4c 53
Br Et
Pr, Pr
Pr. Br -
4 >—< BrMg 4d 51
Br Pr
Ph
Ph Br —
5 — BrMg 4e 69
' 928
Et Et
Et Br —
6 — 4f 70
BrMg
a 28
Ph
Ph Br -
7 — BrMg 4g 67
b 5
Ph Ph
Ph Br -
8 >—< BrMg 4h 82
Br Ph
Ph Ph
Ph Br — i ©
9 — Bng@ 4i <20
o 2

 (E)-1,2-Dibromoethene (1.0 equiv), Grignard reagent (2.5 equiv), PdC1,(PPh;), (1 mol%), THF (2 mL), refluxing, 20 h.

b Isolated yields.

¢ Yield based on '"H NMR, 4-methyl-2,3-diphenyl-1H-indene was isolated in 60% yield.
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enes. Scheme 2 depicts three possible pathways for the
formation of A from (E)-1,2-dibromoethenes. (E)-1,2-Di-
bromoethenes could react with Grignard reagents to form
alkynes and bromobenzenes (path a). It could also under-
go oxidative addition with palladium(0) catalyst to form
oxidative addition product C that could then react with
Grignard reagents to form alkynes along with bromoben-
zenes and palladium(0), which could be associated with the
alkynes (path b).!® Product C could also undergo B-elimi-
nation to form alkynes without the help of Grignard re-
agents (path c). Paths a and b require an oxidative addition
of palladium(0), which could be ether associated or not as-
sociated with an alkyne, with bromoarenes to form A.
Path ¢ does not involve oxidative addition of palladium(0)
with bromobenzenes after the formation of the alkynes,
rather, it involves a transmetalation step for the formation
of A. To differentiate these pathways, we have carried out
the reaction of trans-dibromostilbene with a stoichiomet-
ric amount of tetrakis(triphenylphosphine)palladium or
bis(dibenzylideneacetone)palladium (r.t., 2 h). We found
less than 10% conversion with debrominated diphenyl-
acetylene as the product (Scheme 3). We have also carried
out the reactions of 2,6-dimethylphenylmagnesium bro-
mide with frans-dibromostilbene in the presence or ab-
sence of palladium(II) acetate. We found in the absence of
palladium(I) acetate, trans-dibromostilbene underwent
debromination to give 2-bromo-1,3-dimethylbenzene and
diphenylacetylene as the products in 20% conversion. In
the presence of palladium(II) acetate, the reaction of
trans-dibromostilbene with 2,6-dimethylphenylmagne-
sium bromide occurred much faster (100% conversion) to
give substituted indene, 2-bromo-1,3-dimethylbenzene,

and diphenylacetylene as the products (Scheme 3). The
lower conversion observed for trans-dibromostilbene in
the absence of palladium(II) acetate relative to the excel-
lent conversion observed in the presence of palladium(II)
acetate (20% vs 100%) suggested that the oxidative addi-
tion of palladium(0) to frans-dibromostilbene occurred
much faster than the direct debromination of trans-dibro-
mostilbene with 2,6-dimethylphenylmagnesium bromide
The low conversion of trans-dibromostilbene with stoi-
chiometric amount of tetrakis(triphenylphosphine)palla-
dium or bis(dibenzylideneacetone)palladium suggested
that the formation of alkynes should be facilitated with the
help of Grignard reagent and it was unlikely that path c
was the route for the formation of A. The observation of
2-bromo-1,3-dimethylbenzene in the palladium(II) ace-
tate catalyzed reaction of trans-dibromostilbene with 2,6-
dimethylphenylmagnesium bromide suggested that the
oxidative addition of palladium(0), either associated or
not associated with an alkyne, with 2-bromo-1,3-dimeth-
ylbenzene should be the rate-determining step for the re-
action of trans-dibromostilbene with hindered Grignard
reagents. The fact that pentamethylphenylmagnesium
bromide was a poorer reagent than mesitylmagnesium
bromide and 2,6-dimethylphenylmagnesium bromide
supported this thinking as 1-bromo-2,3,4,5,6-pentameth-
ylbenzene is more electron-rich and would be more reluc-
tant to undergo oxidative addition with palladium(0) than
2-bromo-1,3-dimethylbenzene. Although our results can-
not exclude path a for the formation of A, since it also in-
volves the oxidative addition step, our study suggested
that path b should be the major pathway, if not the only
one, for the formation of A from 1,2-dibromoethenes.

RS
—\ R% Pd(0)
X
. 7 -
H1

— R3
—\ _R* 3
N R
B 2 ~
N\ / A | —LR4,
I’I =
iji—Pd
) Br
R1
RS
— R4n
BrMg \ //

R3
— /R“n R2
BrMg \ /\
BrIRZ
R! Br (path a)
2
Pd(0) R3 R
—\_R* |_‘_|__
BrMg $ //\ n l" Pd(0)
Br. R? R!
I and/or
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Scheme 2 Possible pathways for the formation of A
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Pd(PPh3), or
Pd(dba), (1.05 equiv)

THF, rt.,2h
< 7% conversion

BrMg
Ph Br

Br Ph THF, r.t., 2 h

20% conversion

BrMg
Ph

Pd(OAc), (3 mol%)
THF, rt,2h
100% conversion

Ph

Ph

_‘ + Br + Ph—=——pn

Scheme 3 Reactions of trans-dibromostilbene with 2,6-dimethylphenylmagnesium bromide

In summary, we demonstrated that palladium-catalyzed
domino reactions of (E)-1,2-dibromoethenes with hin-
dered Grignard reagents could be influenced by ligand, re-
action temperature, nucleophilicity of Grignard reagents,
and steric hindrance of the substrates. By using palladi-
um(II) acetate as the catalyst, substituted indenes could be
obtained in good to high yields. With dichlorobis(triphe-
nylphosphine)palladium as the catalyst in refluxing tet-
rahydrofuran, cis-stilbene products could be obtained in
moderate to good yields with more nucleophilic Grignard
reagents and less sterically hindered (E)-1,2-dibromo-
ethenes. Our preliminary mechanistic study suggested
that the reaction likely began with debromination of (E)-
1,2-dibromoethenes to form alkynes and bromoarenes fol-
lowed by oxidative addition of palladium(0) with bro-
moarenes. As (E)-1,2-dibromoethenes and hindered
Grignard reagents are readily available, our study provid-
ed an efficient access to some useful polysubstituted in-
denes and cis-substituted stilbenes. The factors that could
influence the domino reaction pathways identified in this
study may also be useful for development of other cross-
coupling and C-H activation-based tandem/domino reac-
tions. Work toward this direction is underway.

NMR spectra were recorded on Varian 300 MHz or 600 MHz spec-
trometers. '"H NMR data are reported using TMS as internal stan-
dard and '3C NMR using CHCI,. All yields reported refer to isolated
yields (average of two runs) unless otherwise indicated, and the
product purity was estimated to be greater than 95% as determined
by 'H NMR. THF and toluene were distilled from Na/benzophe-
none ketyl. Cy;P, +-BusP, o-Tol;P, and PdCl,(PPh;), were pur-
chased from Strem Chemicals Inc. and used without further
purification. Ph;P was purchased from Acros Organics and grinded
before use. Pd(OAc), and Pd(PPh;), were gifts from Frontier Scien-
tific. Other chemicals were purchased from Alfa Aesar and used di-
rectly.

Synthesis 2008, No. 16, 2650-2658 © Thieme Stuttgart - New York

Palladium(II) Acetate Catalyzed Cyclization Reactions of (E)-
1,2-Dibromoethenes with Hindered Grignard Reagents; Gener-
al Procedure

In a glove box with an N, atmosphere, Pd(OAc), (3.4 mg, 0.015
mmol), (E)-1,2-dibromoethene (0.5 mmol), and THF (1 mL) were
added to a Schlenk flask. The mixture was stirred for 2 min and then
the Grignard reagent in THF soln (1.25 mmol) was added. The mix-
ture was stirred at r.t. for 20 h. The reaction was quenched with H,O
and extracted with EtOAc (2 x 20 mL). The organic layer was
washed with brine, dried (Na,SO,), and concentrated under vacu-
um. The crude mixtures were analyzed by "H NMR, from which the
ratio of cyclization product to cross-coupling product were deter-
mined. Flash chromatography (silica gel, hexane-EtOAc, 100:0 to
90:10) gave the cyclization product.

4,6-Dimethyl-2,3-diphenyl-1H-indene (3a)°

'H NMR (600 MHz, CDCl,): § = 7.40-7.35 (m, 3 H), 7.31 (d,
J=17.2 Hz, 2 H), 7.21 (s, 1 H), 7.18 (d, /= 8.4 Hz, 2 H), 7.14 (t,
J=72Hz,2H),7.10 (t, J=7.2 Hz, 1 H), 6.82 (s, 1 H), 3.86 (s, 2
H), 2.37 (s, 3 H), 1.81 (s, 3 H).

BC NMR (150 MHz, CDCl,): § = 143.1, 141.6, 141.4, 140.1, 139.3,
136.8, 134.8,131.8, 130.4, 129.6, 128.6, 128.0, 127.9, 127.2, 126.5,
122.2, 40.6, 21.2, 19.8.

2,3-Diethyl-4,6-dimethyl-1H-indene (3b)*
'H NMR (600 MHz, CDCl,): § = 7.06 (s, 1 H), 6.83 (s, 1 H), 3.22
(s,2H),2.64(q,J=7.6 Hz,2 H), 2.54 (s,3 H), 2.44 (q, /= 7.6 Hz,
2 H),2.32(s,3H), 1.13 (t, J=7.6 Hz, 6 H).

BCNMR (150 MHz, CDCl,): § = 143.9, 143.2, 141.3, 139.2, 132.9,
130.0, 129.1, 122.1, 39.4, 21.3, 20.9, 19.9, 19.6, 15.3, 14.6.

4,6-Dimethyl-2,3-dipropyl-1H-indene (3c)

'H NMR (300 MHz, CDCl,): § = 7.04 (s, 1 H), 6.82 (s, 1 H), 3.20
(s, 2 H),2.57 (t, J = 7.8 Hz, 2 H), 2.52 (s, 3 H), 2.39 (1, J = 7.8 Hz,
2 H), 2.32 (s, 3 H), 1.53 (m, 4 H), 0.99 (t, J = 7.2 Hz, 3 H), 0.94 (t,
J=172Hz, 3 H).

BCNMR (150 MHz, CDCl,): § = 143.9, 142.2, 141.5, 138.3, 132.9,
130.0, 129.2, 122.1, 39.8, 30.6, 29.1, 23.9, 23.1, 20.9, 19.6, 14.2,
14.15.

Downloaded by: University of Queensland. Copyrighted material.



SPECIAL TOPIC

Synthesis of Substituted Indenes and cis-Stilbenoid Hydrocarbons 2657

3,4,6-Trimethyl-2-phenyl-1H-indene (3d)*
'H NMR showed a 91:9 ratio. Analytic sample of 3,4,6-trimethyl-2-
phenyl-1H-indene (3d) was obtained by recrystallization of the
mixture of 3,4,6-trimethyl-2-phenyl-1H-indene (3d) and 2.4,6-tri-
methyl-3-phenyl-1H-indene (3d’) in hexanes.

'HNMR (600 MHz, CDCL,): § = 7.39 (m, 4 H), 7.27 (m, 1 H), 7.13
(s, 1 H), 6.88 (s, 1 H), 3.64 (s, 2 H), 2.62 (s, 3 H), 2.42 (s, 3 H), 2.36
(s, 3 H).

3CNMR (150 MHz, CDCl,): § = 143.6, 142.1, 140.2, 138.0, 136.0,
134.3, 130.9, 130.2, 128.6, 128.2, 126.4, 122.2, 41.2, 21.1, 20.3,
15.6.

The structure of 3,4,6-trimethyl-2-phenyl-1H-indene (3d) was es-
tablished by comparison with reported data.®

4-Methyl-2,3-diphenyl-1H-indene (3e)®

'H NMR (600 MHz, CDCl,): 6 =7.41-7.37 (m, 4 H), 7.33 (m, 2 H),
719 (d,J=7.8 Hz, 2 H), 7.15 (d, J = 7.8 Hz, 2 H), 7.13 (t, J = 7.8
Hz, 2 H), 6.99 (d, J = 7.8 Hz, 1 H), 3.90 (s, 2 H), 1.85 (s, 3 H).

BBC NMR (150 MHz, CDCl,): § = 144.1, 142.7, 141.5, 141.2, 139.2,
136.6,131.9,129.7, 129.6, 128.6, 128.0, 128.0, 127.2, 126.6, 124.9,
121.3, 40.9, 20.0.

2,3-Diethyl-4-methyl-1H-indene (3f)°

"H NMR (300 MHz, CDCl,): § =7.29 (m, 1 H), 7.06 (m, 2 H), 3.31
(s,2H),2.73(q,J=7.5Hz,2H),2.65 (s, 3 H), 2.52 (q, J=7.5 Hz,
2 H), 1.21 (t, J =7.5 Hz, 6 H).

BCNMR (150 MHz, CDCl): § = 144.7, 144.3, 143.8, 139.8, 129.9,
129.5,123.8, 121.5, 39.9, 21.6, 20.3, 20.1, 15.6, 14.9.

3,4-Dimethyl-2-phenyl-1H-indene (3g)°

'H NMR showed a 90:10 ratio. Analytic sample of 3,4-dimethyl-2-
phenyl-1H-indene (3g) was obtained by recrystallization of the
mixture of 3,4-dimethyl-2-phenyl-1H-indene (3g) and 2,4-dimeth-
yl-3-phenyl-1H-indene (3g") in hexanes. White solid; mp 75-77 °C.

'HNMR (600 MHz, CDCL,): § = 7.40 (m, 4 H), 7.30 (m, 2 H), 7.09
(t,J=7.2Hz, 1 H),7.05(d,J=7.2 Hz, 1 H), 3.67 (s, 2 H), 2.66 (s,
3 H), 2.44 (s, 3 H).

BCNMR (150 MHz, CDCl,): § = 144.6, 143.3, 141.3, 137.9, 136.2,
131.3,129.4, 128.6, 128.3, 126.6, 124.6, 121.4, 41.4, 20.4, 15.6.

The structure of 3,4-dimethyl-2-phenyl-1H-indene (3g) was estab-
lished by comparison with reported data.®

4,5,6,7-Tetramethyl-2,3-diphenyl-1H-indene (3h)®

'H NMR (600 MHz, CDCl,): 6 = 7.38 (t, J = 7.2 Hz, 2 H), 7.34 (t,
J=72Hz,1H),7.29(d,J=72Hz,2H),7.16(d,J =7.8 Hz, 2 H),
7.13(t,J=7.8Hz,2H),7.09 (t,J =7.8 Hz, 1 H), 3.79 (s, 2 H), 2.38
(s, 3H),2.30 (s, 3 H), 2.19 (s, 3 H), 1.80 (s, 3 H).

BC NMR (150 MHz, CDCly): § = 142.16, 141.42, 140.5, 139.9,
139.1,137.1,134.6, 132.1, 129.7, 128.6, 128.2, 128.0, 127.9, 127.0,
126.3, 40.6, 16.4, 16.24, 16.21, 16.1.

Dichlorobis(triphenylphosphine)palladium-Catalyzed Cross-
Coupling Reactions of (E)-1,2-Dibromoethenes with Hindered
Grignard Reagents; General Procedure

In a glove box with an N, atmosphere, PdCIL,(PPh;), (0.015 mmol),
(E)-1,2-dibromoethene (0.5 mmol), and THF (1 mL) were added to
a Schlenk flask. The mixture was stirred for 2 min and then the
Grignard reagent in THF soln (1.25 mmol) was added. The mixture
was stirred under reflux for 20 h. The reaction was quenched with
H,0 and extracted with EtOAc (2 x 20 mL). The organic layer was
washed with brine, dried (Na,SO,), and concentrated under vacu-
um. The crude mixtures were analyzed by 'H NMR, from which the
ratio of cyclization product to cross-coupling product were deter-
mined. Flash chromatography (silica gel, hexane-EtOAc, 100:0 to

90:10) gave the cross-coupling product. The Z configuration of alk-
ene products was established by comparison with reported data.>

(Z)-3,4-Bis(pentamethylphenyl)hex-3-ene (4a)%'>
'H NMR (600 MHz, CDCl,): & =2.50 (q, J = 7.8 Hz, 4 H), 2.10 (s,
6 H), 2.02 (s, 12 H), 2.00 (s, 12 H), 1.06 (t, J = 7.8 Hz, 6 H).

BCNMR (150 MHz, CDCl,): § = 139.5, 139.3, 132.0, 131.6, 131.1,
29.3,19.6, 16.5, 16.4, 13.3.

(Z)-3,5-Bis(pentamethylphenyl)oct-4-ene (4b)'5?
'H NMR (600 MHz, CDCl,): 8 = 2.40 (m, 4 H), 2.11 (s, 6 H), 2.02
(s, 12 H), 2.00 (s, 12 H), 1.52 (m, 4 H), 0.93 (t, J = 7.2 Hz, 6 H).

3CNMR (150 MHz, CDCl,): § = 139.6, 138.7, 131.9, 131.6, 131.1,
39.2,22.2,19.7,16.6, 16.4, 15.0.

(2)-3,4-Bis(2,4,6-trimethylphenyl)hex-3-ene (4¢)%!5?
'H NMR (600 MHz, CDCl,): & = 6.63 (s, 4 H), 2.47 (q, J = 7.8 Hz,
4H),2.15 (s, 6 H), 2.06 (s, 12 H), 1.02 (t, J = 7.8 Hz, 6 H).

3CNMR (150 MHz, CDCl,): § = 138.6, 138.5, 135.7, 134.9, 128.1,
28.2,20.9, 20.8, 13.4.

(2)-4,5-Bis(2,4,6-trimethylphenyl)oct-4-ene (4d)
'H NMR (600 MHz, CDCL,): § = 6.62 (s, 4 H), 2.37 (m, 4 H), 2.15
(s, 6 H), 2.05 (s, 12 H), 1.45 (m, 4 H), 0.93 (t, / = 7.2 Hz, 6 H).

3CNMR (150 MHz, CDCl,): § = 138.7, 137.8, 135.6, 134.8, 128.1,
38.1,22.4,21.0,20.8, 14.9.

(Z2)-1-Phenyl-1,2-bis(2,4,6-trimethylphenyl)prop-1-ene (4¢)®

"H NMR (600 MHz, CDCl,): § = 7.27 (m, 4 H), 7.16 (m, 1 H), 6.68
(s,2H), 6.59 (s,2H), 2.173 (s, 3H), 2.165 (s, 3 H), 2.16 (br s, 6 H),
2.13 (s, 3 H), 2.04 (s, 6 H).

BC NMR (150 MHz, CDCl,): § = 142.5, 139.3, 138.3, 137.9, 136 4,
135.7, 135.5, 135.3, 135.1, 130.1, 128.3, 127.3, 125.8, 23.0, 21.7,
21.0,20.83, 20.81.

(Z)-3,4-Bis(2,6-dimethylphenyl)hex-3-ene (4f)'5

'H NMR (600 MHz, CDCl,): § = 6.90 (d, J = 7.2 Hz, 2 H), 6.80 (d,
J=72Hz,4H),252(d,J=72Hz 4 H), 2.11 (s, 12 H), 1.40 (t,
J=17.2Hz, 6 H).

3CNMR (150 MHz, CDCl): § = 141.1, 138.7, 137.8, 136.9, 127.2,
125.8,27.9,21.0, 13.3.

(2)-1,2-Bis(2,6-dimethylphenyl)-1-phenylprop-1-ene (4g)°

"H NMR (600 MHz, CDCl5): & = 7.29 (m, 4 H), 7.19 (m, 1 H), 6.92
(t,J=72Hz,1H),6.89 (t,/J=7.2Hz, 1 H),6.85(d,J=7.2Hz,2
H), 6.77 (d, J=7.8 Hz, 2 H), 2.22 (s, 3 H), 2.20 (s, 6 H), 2.08 (s, 6
H).

3CNMR (150 MHz, CDCl,): § = 142.0, 140.9, 137.9, 136.6, 135.8,
135.3,130.1, 127.4, 126.3, 126.1, 126.0, 22.8, 21.8, 21.1.

(Z)-1,2-Bis(pentamethylphenyl)-1,2-diphenylethene (4h)®!5
'H NMR (600 MHz, CDCl,): & = 7.05-7.03 (m, 6 H), 7.00-6.98 (m,
4H), 2.11 (s, 18 H), 2.01 (s, 12 H).

3CNMR (150 MHz, CDCl,): § = 143.3, 141.5, 139.0, 132.8, 131.8,
131.7,130.9, 127.2, 125.6, 20.0, 16.6, 16.4.

Acknowledgment

We gratefully thank the NIH (GM69704) and NSF(CHE079311)
for funding. Partial support from the Petroleum Research Fund, ad-
ministered by the American Chemical Society (44428-AC1) and
PSC-CUNY Research Award Programs, is also gratefully acknowl-
edged. We also thank Frontier Scientific, Inc. for its generous gifts
of Pd(OAc), and Pd(PPh,),.

Synthesis 2008, No. 16, 2650-2658 © Thieme Stuttgart - New York

Downloaded by: University of Queensland. Copyrighted material.



2658

C.-G. Dong et al.

SPECIAL TOPIC

References

&)

)]

3
)

S)

(6)
O]

®

&)

(a) Transition Metal-Catalyzed Cross-Coupling Reactions;
Diederich, F.; Stang, P. J., Eds.; Wiley-VCH: New York,
1998. (b) Beller, M.; Bolm, C. Transition Metals for
Organic Synthesis; Wiley-VCH: Weinheim, 1998.

(c) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G.
Principles and Applications of Organotransition Metal
Chemistry; University Science Books: Mill Valley CA,
1987.

(a) Nicolaou, K. C.; Bulger, P. G.; Sarlah, D. Angew. Chem.
Int. Ed. 2005, 44, 4442. (b) Hu, Q.-S. In Synthetic Methods
for Step-Growth Polymers; Rogers, M.; Long, T., Eds.;
Wiley: New York, 2003, 467-526.

Dong, C.-G.; Hu, Q.-S. J. Am. Chem. Soc. 2005, 127, 10006.

(a) Dong, C.-G.; Hu, Q.-S. Tetrahedron 2008, 64, 2537.
(b) Hu, Q.-S. Synlett 2007, 1131. (c) Dong, C.-G.; Hu, Q.-S.
Angew. Chem. Int. Ed. 2006, 45, 2289. (d) Dong, C.-G.; Hu,
Q.-S. Org. Lett. 2006, 8, 5057.

(a)He, P.; Lu, Y.; Dong, C.-G.; Hu, Q.-S. Org. Lett. 2007, 9,
343. (b) He, P.; Lu, Y.; Hu, Q.-S. Tetrahedron Lett. 2007,
48, 5283.

Dong, C. G.; Yeung, P.; Hu, Q.-S. Org. Lett. 2007, 9, 363.
(a) Wasilke, J.-C.; Obrey, S. J.; Baker, R. T.; Bazan, G. C.
Chem. Rev. 2005, 105, 1001. (b) Tietze, L. F.; Rackelmann,
N. Pure Appl. Chem. 2004, 76, 1967. (c) Nicolaou, K. C.;
Montagnon, T.; Snyder, S. A. Chem. Commun. 2003, 551.
(d) Parsons, P. J.; Penkett, C. S.; Shell, A. J. Chem. Rev.
1996, 96, 195. (e) Tietze, L. F. Chem. Rev. 1996, 96, 115;
and references cited therein.

(a) de Meijere, A.; von Zezschwitz, P.; Brise, S. Acc. Chem.
Res. 2005, 38, 413. (b) Ritleng, V.; Sirlin, C.; Pfeffer, M.
Chem. Rev. 2002, 102, 1731. (c) Ikeda, S.-i. Acc. Chem.
Res. 2000, 33, 511. (d) Montgomery, J. Acc. Chem. Res.
2000, 33, 467. (e) Heumann, A.; Reglier, M. Tetrahedron
1996, 52, 9289. (f) Malacria, M. Chem. Rev. 1996, 96, 289;
and references cited therein.

Selected recent examples of palladium-catalyzed tandem/
domino reactions: (a) Mariampillai, B.; Alberico, D.; Bidau,
V.; Lautens, M. J. Am. Chem. Soc. 2006, 128, 14436.

(b) Bertrand, M. B.; Wolfe, J. P. Org. Lett. 2006, 8, 2353.
(c) Leclerc, J.-P.; Andre, M.; Fagnou, K. J. Org. Chem.
2006, 71, 1711. (d) Henderson, J. L.; Edwards, A. S.;
Greaney, M. F. J. Am. Chem. Soc. 2006, 128, 7426.

(e) Pinto, A.; Neuville, L.; Retailleau, P.; Zhu, J. Org. Lett.
2006, 8, 4927. (f) Martins, A.; Marquardt, U.; Kasravi, N.;
Alberico, D.; Lautens, M. J. Org. Chem. 2006, 71, 4937.
(g) Hay, M. B.; Wolfe, J. P. J. Am. Chem. Soc. 2005, 127,
16468. (h) Tsang, W. C. P.; Zheng, N.; Buchwald, S. L.

J. Am. Chem. Soc. 2005, 127, 14560. (i) Bressy, C.;
Alberico, D.; Lautens, M. J. Am. Chem. Soc. 2005, 127,
13148. (j) Zhao, J.; Larock, R. C. Org. Lett. 2005, 7, 701.
(k) Ohno, H.; Yamamoto, M.; Iuchi, M.; Tanaka, T. Angew.
Chem. Int. Ed. 2005, 44, 5103. (1) Yang, Q.; Ney, J. E.;
Wolfe, J. P. Org. Lett. 2005, 7, 2575. (m) Cheung, W. S.;
Patch, R. J.; Player, M. R. J. Org. Chem. 2005, 70, 3741.
(n) Ganton, M. D.; Kerr, M. A. Org. Lett. 2005, 7, 4777.
(o) Abbiati, G.; Arcadi, A.; Canevari, V.; Capezzuto, L.;
Rossi, E. J. Org. Chem. 2005, 70, 6454. (p) Huang, Q.;
Fazio, A.; Dai, G.; Campo, M. A.; Larock, R. C. J. Am.
Chem. Soc. 2004, 126, 7460. (q) Wolfe, J. P.; Rossi, M. A.
J. Am. Chem. Soc. 2004, 126, 1620. (r) Ney, J. E.; Wolfe, J.
P. Angew. Chem. Int. Ed. 2004, 43, 3605.

Synthesis 2008, No. 16, 2650-2658 © Thieme Stuttgart - New York

10)

11

12)

13)

(14)

15)

16)

an

18)

For recent reviews for carbopalladation of alkynes see ref 8a
and: Zeni, G.; Larock, R. C. Chem. Rev. 2004, 104, 2285.
Recent reviews for C-H activation see ref 8b and: (a)
Handbook of C-H Transformations: Application in Organic
Synthesis, Vol. 2; Dyker, G., Ed.; Wiley-VCH: Weinheim,
2005. (b) Kakiuchi, F.; Chatani, N. Adv. Synth. Catal. 2003,
345, 1077. (c) Jia, C.; Kitamura, T.; Fujiwara, Y. Acc. Chem.
Res. 2001, 34, 633.

(a) Alt, H. G.; Koppl, A. Chem. Rev. 2000, 100, 1205.

(b) Korte, A.; Legros, J.; Bolm, C. Synlett 2004, 2397; and
references therein. (c) Barbera, J.; Rakitin, O. A.; Ros, M.
B.; Torroba, T. Angew. Chem. Int. Ed. 1998, 37, 296.
Substituted indenes were typically prepared in more than
one step. For recent examples of one-pot access to
substituted indenes with different substitution patterns:
From 2-(2-(1-alkynyl)phenyl)malonates or 2-(2-halo-
phenyl)malonate: (a) Guo, L.-N.; Duan, X.-H.; Bi, H.-P;
Liu, X.-Y.; Liang, Y.-M. J. Org. Chem. 2006, 71, 3325.
(b) Zhang, D.; Yum, E. K.; Liu, Z.; Larock, R. C. Org. Lett.
2005, 7, 4963. Also see: (c) Kuninobu, Y.; Nishina, Y.;
Takai, K. Org. Lett. 2006, 8, 2891. (d) Nakamura, L.;
Bajracharya, G. B.; Wu, H.; Oishi, K.; Mizushima, Y ;
Gridnev, I. D.; Yamamoto, Y. J. Am. Chem. Soc. 2004, 126,
15423.

(a) Rathore, R.; Lindeman, S. V.; Kochi, J. K. Angew. Chem.
Int. Ed. 1998, 37, 1585; Angew. Chem. 1998, 110, 1665.
(b) Irie, M. Chem. Rev. 2000, 100, 1685.

The most efficient preparation methods reported so far
involve the use of 1,2-dibromoalkenes with hindered
Grignard reagents: (a) Rathore, R.; Deselnicu, M. I.; Burns,
C.L.J. Am. Chem. Soc. 2002, 124, 14832. For other
methods: (b) Maeda, K.; Okamoto, Y.; Morlender, N.;
Haddad, N.; Eventova, I.; Biali, S. E.; Rappoport, Z. J. Am.
Chem. Soc. 1995, 117, 9686. (c) Bottino, F. A.;
Finocchiaro, P.; Libertini, E.; Reale, A.; Recca, A. J. Chem.
Soc., Perkin Trans. 2 1982, 77.

(a) Organ, M. G.; Ghasemi, H.; Valente, C. Tetrahedron
2004, 60, 9453. (b) Andreini, B. P.; Benetti, M.; Carpita, A.;
Rossi, R. Gazz. Chim. Ital. 1988, 118, 469.

A similar regioselectivity trend was observed in palladium-
catalyzed domino reaction of internal alkynes and aryl-
boronic acids: Zhou, C.; Larock, R. C. J. Org. Chem. 2005,
70, 3765; also see ref 6.

Three-membered aryne—Pd(0) complexes have been
previously proposed as intermediates. For examples:

(a) Liu, Z.; Larock, R. C. J. Org. Chem. 2007, 72, 223.

(b) Liu, Z.; Zhang, X.; Larock, R. C. J. Am. Chem. Soc. 2005,
127, 15716. (c) Zhang, X.; Larock, R. C. Org. Lett. 2005, 7,
3973.

Downloaded by: University of Queensland. Copyrighted material.



