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A highly efficient and recyclable Pd(PPh,),/PEG-400 system for Stille cross-
coupling reactions of organostannanes with aryl bromides
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Pd(PPh,), in PEG-400 is shown to be a highly efficient catalyst for the Stille cross-coupling reactions of various organotin compounds with
aryl bromides. The reaction could be conducted at 80 °C using NaOAc as base, yielding a variety of biaryls, alkynes and alkenes in good
to excellent yields. The isolation of the products was readily performed by extraction with petroleum ether and the Pd(PPh,),/PEG-400

system could be easily recycled and reused five times without any significant loss of activity.

Keywords: palladium, Stille coupling, aryl bromide, PEG-400

The palladium-catalysed cross-coupling of organostannanes
with organic halides and triflates, known as the Stille reaction,
represents one of the most important transformations in
constructing carbon—carbon bonds in organic synthesis.'> The
Stille reaction has been widely applied in organic synthesis®!°
since a wide range of functionality can be tolerated on either
coupling partner. The yields of cross-coupled products are
often high and the organotin reagents can be readily prepared,
purified and stored. However, most of these reactions are
performed in organic solvents with a homogeneous palladium
complex such as Pd(PPh,),, PACI,(PPh,), and PdCI,(MeCN), as
catalyst or catalyst precursor, which makes the recovery of the
metal tedious if not impossible and might result in unacceptable
palladium contamination of the product. These problems are
of particular environmental and economic concern in industry,
especially the pharmaceutical industry. Therefore, from the
standpoint of green and sustainable chemistry, the avoidance
of any use of hazardous and expensive organic solvents and
the development of a recyclable and reusable catalyst system
that allows for highly efficient Stille cross-coupling is highly
desirable. The issue of potential contamination with toxic
organotin remains.

To satisfy both recyclability and environmental concerns, a
simple and efficient method is to immobilise the catalyst in a
liquid phase by dissolving it into a non-volatile and non-mixing
liquid, such as an ionic liquid'® or a polyethylene glycol
(PEG).!*% Tonic liquids have some disadvantages, such as a
complicated method for their preparation. Their environmental
safety is still debated since toxicity and environmental burden
data are not available for most ionic liquids. By contrast,
PEGs are commercially readily available and inexpensive,
thermally stable, recoverable, biodegradable and non-toxic
compounds, which serve as efficient media for environmentally
friendly and safe chemical reactions.>*® In recent years, PEGs
have been widely utilised as reaction media for a range of
palladium-catalysed carbon—carbon bond formation reactions

such as the Heck coupling,'®!? Suzuki-Miyaura coupling,'®
the homocoupling and cross-coupling of aryl halides, the
direct arylation of 1,2,3-triazoles with aryl bromides® and
carbonylative Suzuki*> or Sonogashira*® cross-couplings
with facile recyclability of solvents and palladium catalysts.
Recently, J.-X. Wang and co-workers reported a palladium-
catalysed atom-efficient Stille cross-coupling reaction of
tetraphenylstannane with aryl bromides in PEG-400, but no
recyclability of the catalytic system was described.”””® To
the best of our knowledge, the cross-coupling reactions of
alkynylstannanes and vinylstannanes with aryl halides in PEGs
have not been reported thus far. We report here the application
of the Pd(PPh,),/PEG-400 system as a highly efficient and
reusable catalytic medium for the Stille cross-coupling reactions
of various organotin compounds with aryl bromides leading to
a variety of biaryls, alkynes and alkenes in good to excellent
yields (Scheme 1).

Results and discussion

Initially, the Stille cross-coupling of 4-bromobenzonitrile
with PhSnBu, in PEG-400 was chosen as a model reaction
to determine the optimum conditions and the results are
summarised in Table 1. Firstly, the effect of base on the model
reaction was examined by using Pd(PPh,), as the catalyst at
80 °C (Table 1, entries 1-6). Of the bases tested, K,PO,, KF,
NaHCO, and NaOAc afforded good yields of product with
NaOAc giving the best result, whilst K,CO, and Na,CO,
were substantially less effective. We next turned our attention
to the effect of catalyst on the model reaction. When other
palladium catalysts such as PdCl,(PPh,),, PACL,(PhCN), and
Pd(OAc),/2PPh, were used, the desired 4-cyanonbiphenyl was
obtained in lower yields (Table 1, entries 7-9), so Pd(PPh,),
was the best choice. For the temperatures evaluated (60, 80
and 100 °C), 80 °C was found to be the most efficient (Table
1, entries 6, 10 and 11). Finally, the amount of catalyst was also
screened. Reducing the quantity of the catalyst resulted in a
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Table 1 Optimisation of the Stille cross-coupling of 4-bromobenzonitrile

with PhSnBu?
NC—@—Br + PhSnBu, NC—@—Ph

Catalyst/PEG-400

Base, temp.
Entry Catalyst Base Temp. (°C) Time (h)  Yield (%)°
1 Pd(PPh,), K,CO, 80 6 49
2 Pd(PPh,), Na,CO, 80 6 37
3 Pd(PPh,), K,PO, 80 5 78
4 Pd(PPh,), KF 80 5 74
5 Pd(PPh,), NaHCO, 80 5 62
6 Pd(PPh,), NaOAc 80 3 91
7 PdCl,(PPh,), NaOAc 80 3 83
8 PdCl,(PhCN), NaOAc 80 6 65
9 Pd(0Ac),/2PPh,  NaOAc 80 6 61
10 Pd(PPh,), NaOAc 60 8 69
11 Pd(PPh,), NaOAc 100 2 88
12¢ Pd(PPh,), NaOAc 80 8 76
13¢ Pd(PPh,), NaOAc 80 2 90

*Reaction conditions: 4-bromobenzonitrile (0.5 mmol), PhSnBu, (0.6 mmol), catalyst
(1 mol%), base (0.5 mmol) in PEG-400 (2 mL) under Ar.

*solated yield.

°0.5 mol% catalyst was used.

92 mol% catalyst was used.

decreased yield and a longer reaction time (Table 1, entry 12).
Increasing the amount of the catalyst could shorten the reaction
time, but did not improve the yield (Table 1, entry 13). Taken
together, excellent results were obtained when the coupling
reaction was carried out under Ar for 3 h with 1 mol% of
Pd(PPh,), as the catalyst and NaOAc (1.0 equiv.) as the base in
PEG-400 at 80 °C (Table 1, entry 6).

With the optimised conditions established, we investigated
the scope of this palladium(0)-catalysed Stille cross-coupling
reaction. The results are listed in Table 2. Firstly, the Stille
cross-coupling reactions of aryl bromides with tributyl(phenyl)
stannane were investigated under the optimised conditions.
As shown in Table 2, both electron-deficient and electron-
rich aryl bromides were good substrates and gave the desired
biphenyls 3a—d in excellent yields (Table 2, entries 1-4). The
developed methodology was also applicable for the Stille cross-
coupling reactions of alkynylstannanes and alkenylstannanes
with aryl bromides. The Stille coupling reactions of
tributyl(phenylethynyl)stannane with aryl bromides also
proceeded smoothly at 80 °C in PEG-400 with NaOAc as base to
give the corresponding diaryl alkynes 3e—i in good to excellent
yields (Table 2, entries 5-9). The reactivity of aryl bromides
with an electron-withdrawing group was higher than that of aryl
bromides with an electron-donating group. In addition, aliphatic
alkynylstannanes such as tributyl(hex-1-ynyl)stannane,
tributyl(3-methoxyprop-1-ynyl)stannane and 1-tributylstannyl-
2-trimethylsilylethyne were also good coupling partners
and coupled effectively with a variety of aryl bromides to
afford the desired alkyl- and aryl-substituted alkynes 3j—m
and trimethylsilyl- and aryl-substituted alkynes 3n and 3o in
high yields (Table 2, entries 10-15), the trimethylsilyl group
remaining intact. The reactions of tributyl(vinyl)stannane
with aryl bromides gave the substituted styrenes 3p—r in good
yields (Table 2, entries 16—18). To our delight, the Stille cross-
coupling reactions of a variety of aryl bromides with (E)- or
(Z)-alkenylstannanes also proceeded smoothly at 80 °C in
PEG-400 to afford the corresponding cross-coupled products
in high yields with retention of configuration (Table 2, entries
19-26). The reactivity of the electron-deficient aryl bromides
was higher than that of the electron-rich aryl bromides. The
optimised catalyst system was quite general and compatible

Table 2 Stille cross-coupling reactions of organostannanes with aryl
bromides®

Br o 1
" @/ + Bugn_R? Pd(PPhs)s (1 mol%) RGRZ
1/ ) NaOAc (1.0 equiv), PEG-400, 80 °C \ ;

Entry R R? Time (h)  Product Yield (%)°
1 H Ph 3 3a 91

2 4-Me Ph 3 3b 93

3 4-NC Ph 3 3c 91

4 4-MeCO Ph 3 3d 92

5 H PhC=C 4 3e 89

6 4-02N PhC=C 3 3 93

7 4-Me0CO PhC=C 3 3 92

8 4-Me0 PhC=C 5 3h 82

9 4-Me PhC=C 4 3i 85

10 4l n-C,H,C=C 4 3 87

11 3-NC n-C,H,C=C 4 3k 88

12 3-Me n-C,H,C=C 5 3 82

13 H MeOCH,C=C 4 3m 88

14 4-Cl Me,SiC=C 4 3n 85

15 4-MeO Me,SiC=C 5 3o 81

16 4-NC CH,=CH 3 3p 89

17 4-0N CH,=CH 3 3 83

18 4-MeCO CH,=CH 3 3r 86

19 4-Me0 (E)-BuCH=CH 5 3s 81

20 4-Cl (E)-BuCH=CH 4 3t 87

21 4-MeO (E)-PhCH=CH 5 3u 85

22 4-Me (E)-PhCH=CH 4 v 90

23 3-NC (2)-BuCH=CH 3 3w 86

24 4-0,N (2)-BuCH=CH 3 3x 89

25 4-Me (2)-PhCH=CH 4 3y 83

26 4-0N (2)-PhCH=CH 3 3z 87

*Reaction conditions: aryl bromide (0.5 mmol), organotin reagent (0.6 mmol), Pd(PPh,),
(1 mol%), NaOAc (0.5 mmol) in PEG-400 (2 mL) at 80 °C under Ar.
PIsolated yield.

with a wide range of functional groups such as nitro, cyano,
chloro, methoxy, carbonyl and silyl on either coupling partner.

To examine the reusability of Pd(PPh,), and PEG-400, the
cross-coupling reaction of methyl 4-bromobenzoate (0.5 mmol)
with tributyl(phenylethynyl)stannane (0.6 mmol) was evaluated
in the presence of Pd(PPh,), (1.0 mol%) and NaOAc (0.5 mmol)
in PEG-400 (2.0 mL) at 80 °C for 3 h. As demonstrated in
Fig. 1, we were pleased to observe that the Pd(PPh,) /PEG-
400 system could be recycled and reused five times without
observing any significant loss of catalytic activity. After the
first experiment, the reaction mixture was extracted three times
with light petroleum ether (30-60 °C) and the Pd(PPh,), /PEG-
400 system was then subjected to a second run of the reaction
by charging with the same substrates [methyl 4-bromobenzoate,
tributyl(phenylethynyl)stannane and NaOAc] without the
addition of Pd(PPh,),. The results of six runs showed that they
were almost consistent in yields within an average reaction
time of 4 h (92, 91, 90, 91, 89 and 89% respectively). We also
determined the amount of palladium in the product 3g isolated
after the first cycle by inductively coupled plasma atom emission
spectrometry (ICP-AES) analysis. It was found that only 0.3
ppm of palladium was detected in the isolated product 3g.

In conclusion, a highly efficient Pd(PPh,) /PEG-400 system
for the Stille cross-coupling reaction of various organotin
compounds with aryl bromides has been developed. In the
presence of Pd(PPh,), (1 mol%), the reactions of a variety of
aryl bromides with various organotin compounds proceeded
smoothly and efficiently at 80 °C using NaOAc (1.0 equiv.) as
base in PEG-400 to furnish the corresponding cross-coupled
products in good to excellent yields. The Pd(PPh,),/PEG-
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Fig. 1 Recycling of the catalytic system.

400 system could be recycled and reused five times without
observing any significant loss of catalytic activity. This protocol
will serve as an efficient and practical method for the synthesis
of a variety of biaryls, alkynes and alkenes although the use
of toxic organotin reagents, in excess, has to be acknowledged.
Currently, further efforts to extend the application of this system
to other palladium-catalysed transformations are underway in
our laboratory.

Experimental

All reagents were used as received without further purification. Both
tributyl(phenyl) stannane and tributyl(vinyl)stannane were purchased
from Sigma-Aldrich Co. Alkynylstannanes,” (Z)-vinylstannanes® and
(E)-vinylstannanes® were prepared according to literature methods.
All reactions were carried out under an atmosphere of Ar in oven-dried
glassware with magnetic stirring. FTIR spectra were obtained on a
Nicolet MAGNA-IR 750 spectrometer. 'H NMR spectra were recorded on
a Bruker Avance 400 spectrometer at 400 Mhz with TMS as an internal
standard using CDCI, as the solvent. "C NMR spectra were recorded
on the Bruker Avance 400 spectrometer at 100 Mhz using CDCI, as the
solvent. Palladium content in the product was determined with ICP-AES.
Microanalyses were obtained using a PerkinElmer 240 elemental analyser.

Stille cross-coupling reaction of organotin reagents with aryl
bromides in PEG-400; general procedure

A mixture of aryl bromide 1 (0.5 mmol), organotin reagent 2
(0.6 mmol), NaOAc (0.5 mmol) and Pd(PPh,), (0.005 mmol) in
PEG-400 (2 mL) was stirred at 80 °C under an argon atmosphere for
3-5 h until complete consumption of the aryl bromide was observed
as judged by TLC. After being cooled to room temperature, the
mixture was extracted three times with light petroleum ether (30—60
°C) (3 x 10 mL). The combined organic phases were concentrated
under reduced pressure and the residue was purified by flash column
chromatography on silica gel [light petroleum ether (30—-60 °C)/ethyl
acetate] to afford the desired product 3.

The mixture of Pd(PPh,), and PEG-400 was then subjected to a
second run of the reaction by charging with the same substrates (aryl
bromide 1, organotin reagent 2 and NaOAc) under the same conditions
without further addition of Pd(PPh,),.

Biphenyl (3a): White solid; m.p. 68-70 °C (lit.*> 69-70 °C); IR
(KBr): 3033, 1569, 1478, 730, 690 cm™; '"H NMR (400 MHz, CDCL,):
8 7.63-7.53 (m, 4H), 7.43 (t, J = 7.6 Hz, 4H), 7.34 (t, J = 7.6 Hz, 2H);
CNMR (100 MHz, CDCl,): § 143.1, 128.9, 127.3, 127.2.

4-Methylbiphenyl (3b): White solid; m.p. 45-46 °C (lit.*> 46-47 °C);
IR (KBr): 3053, 1486, 823, 757, 689 cm™'; '"H NMR (400 MHz, CDCl,):
8 7.56 (d, J =7.6 Hz, 2H), 7.48 (d, J = 7.6 Hz, 2H), 7.43-7.38 (m, 2H),
7.33-7.28 (m, 1H), 7.23 (d, J = 7.6 Hz, 2H), 2.38 (s, 3H); *C NMR (100
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MHz, CDCL,): § 141.2, 138.4, 137.0, 129.5, 128.7, 127.3, 127.2, 127.0,
21.1.

4-Cyanobiphenyl (3¢): White solid; m.p. 85-86 °C (lit.*> 86-87 °C);
IR (KBr): 2226, 1605, 1483, 848, 770, 697 cm™; '"H NMR (400 MHz,
CDCL): 6 772 (d, J = 8.0 Hz, 2H), 7.67 (d, J/ = 8.0 Hz, 2H), 7.58
(d, J =17.6 Hz, 2H), 748 (t, J = 7.6 Hz, 2H), 743 (t, J = 7.6 Hz, 1H);
C NMR (100 MHz, CDCL,): 6 145.7, 139.2, 132.6, 129.1, 128.7, 127.8,
127.2,119.0, 110.9.

4-Acetylbiphenyl (3d): White solid; m.p. 119-121 °C (lit.*?
120-122 °C); IR (KBr): 2999, 1681, 1602, 1264, 961, 766 cm™;
'HNMR (400 MHz, CDCL,): 6 8.02 (d, /= 7.6 Hz, 2H), 7.68 (d, /= 7.6
Hz,2H), 7.62 (d, J=7.6 Hz, 2H), 7.46 (t, J = 7.4 Hz, 2H), 7.42-7.38 (m,
1H), 2.63 (s, 3H); *C NMR (100 MHz, CDCL,): § 1977, 145.7, 139.9,
135.9,129.0, 128.9, 128.2, 127.3, 127.2, 26.6.

1,2-Diphenylacetylene (3e): White solid; m.p. 60-61 °C (lit.
59-60 °C); IR (KBr): 3063, 1599, 1492, 756, 689 cm™'; 'H NMR (400
MHz, CDCL,): § 7.55-7.52 (m, 4H), 7.37-7.32 (m, 6H); *C NMR (100
MHz, CDCI,): § 131.6, 128.4, 128.3, 123.3, 89.4.

1-(4-Nitrophenyl)-2-phenylacetylene (3f): Yellow solid; m.p.
120-121 °C (1it.** 121-122 °C); IR (KBr): 3082, 2217, 1592, 1511, 1495,
858, 765,690 cm™'; 'H NMR (400 MHz, CDCl,):  8.23 (d, J = 8.8 Hz,
2H), 7.67 (d, J = 8.8 Hz, 2H), 7.58-7.55 (m, 2H), 7.41-7.37 (m, 3H);
CNMR (100 MHz, CDCL,): § 146.9, 132.3, 131.8, 130.3, 129.3, 128.5,
123.7,122.1,94.7,87.5.

Methyl 4-phenylethynylbenzoate (3g): White solid; m.p. 120 °C (lit.*
119-120 °C); IR (KBr): 2948, 2218, 1717, 1605, 1438, 1109, 770 cm™;
'H NMR (400 MHz, CDCL,):  8.04-8.02 (m, 2H), 7.61-7.58 (m, 2H),
7.56-7.54 (m, 2H), 7.38-7.36 (m, 3H), 3.93 (s, 3H); *C NMR (100
MHz, CDCI,): 6 166.6, 131.8, 131.5, 129.5, 129.4, 128.8, 128.5, 128.0,
122.7,92.4, 88.6, 52.3.

1-(4-Methoxyphenyl)-2-phenylacetylene (3h): White solid; m.p.
58-59 °C (lit.** 59-60 °C); IR (KBr): 3024, 2212, 1602, 1498, 1185,
835,750, 690 cm™'; '"H NMR (400 MHz, CDCl,): § 7.52-7.43 (m, 4H),
7.32-7.29 (m, 3H), 6.86-6.83 (m, 2H), 3.76 (s, 3H); *C NMR (100
MHz, CDCL,): § 159.5, 133.0, 131.4, 128.3, 1279, 123.4, 115.5, 113.9,
89.4,88.1,55.2.

1-(4-Methylphenyl)-2-phenylacetylene (3i): White solid; m.p.
73-74 °C (lit.*® 75-76 °C); IR (KBr): 3029, 2968, 2859, 2215, 1594,
1509, 818, 690 cm™'; '"H NMR (400 MHz, CDCl,): § 7.53-7.51 (m, 2H),
742 (d, J = 8.0 Hz, 2H), 7.36-7.27 (m, 3H), 7.14 (d, J = 8.0 Hz, 2H),
2.36 (s, 3H); *C NMR (100 MHz, CDCl,): 6 138.4, 131.6, 131.5, 129.1,
128.3,128.1, 123.5, 120.2, 89.6, 88.7, 21.5.

1-(4-Chlorophenyl) hex-1-yne (3j): Colourless liquid; IR (neat): 2959,
2932, 2232, 1489, 1466, 827, 753 cm™'; 'H NMR (400 MHz, CDCL,):
8731 (d, J=8.4Hz, 2H), 7.24 (d, J = 8.4 Hz, 2H), 2.40 (t, J = 7.2 Hz,
2H), 1.60-1.55 (m, 2H), 1.50-1.44 (m, 2H), 0.95 (t, J = 7.2 Hz, 3H);
“C NMR (100 MHz, CDCL,): § 133.4, 132.8, 128.5, 122.6, 91.5, 79.5,
30.7,22.0, 19.1, 13.7. Anal. calcd for CleBCl: C,74.78; H, 6.80; found:
C,74.52; H, 6.91%.

1-(3-Cyanophenyl) hex-1-yne (3k): Colourless liquid; IR (neat):
3069, 2958, 2873, 2232, 2227, 1597, 1478, 896, 798, 683 cm™'; 'H NMR
(400 MHz, CDCL,): 6 7.66 (s, 1H), 7.60-7.53 (m, 2H), 7.39 (t, J = 7.6
Hz, 1H), 2.42 (t,J =7.2 Hz, 2H), 1.61-1.56 (m, 2H), 1.50-1.45 (m, 2H),
0.96 (t, J = 7.2 Hz, 3H); *C NMR (100 MHz, CDCl,): § 135.7, 135.0,
130.7, 129.1, 125.7, 118.3, 112.6, 93.4, 78.5, 30.5, 22.0, 19.1, 13.7. Anal.
caled for C13H13N: C, 85.21; H, 7.15; N, 7.64; found: C, 85.02; H, 6.91;
N, 7.41%.

1-(3-Methylphenyl) hex-1-yne (31): Colourless oil; IR (neat): 3037,
2959, 2932, 2228, 1603, 1580, 783 cm™'; 'H NMR (400 MHz, CDCL,):
§7.22-7.13 (m, 3H), 7.06 (d, J = 7.2 Hz, 1H), 2.40 (t, J = 7.2 Hz, 2H),
2.30 (s, 3H), 1.60-1.54 (m, 2H), 1.51-1.39 (m, 2H), 0.94 (t, J = 7.2 Hz,
3H); *C NMR (100 MHz, CDCl,): 8 137.8, 132.2, 128.6, 128.4, 128.1,
123.9, 90.0, 80.7, 30.9, 22.1, 21.2, 19.1, 13.7. Anal. calcd for C H : C,
90.64; H, 9.36; found: C, 90.48; H, 9.23%.

1-Phenyl-3-methoxyprop-1-yne (3m): Colourless liquid; IR (neat):
2930, 2237, 1599, 1490, 1099, 757, 691 cm™; 'H NMR (400 MHz,
CDCl,): & 7.46-7.44 (m, 2H), 7.32-7.30 (m, 3H), 4.32 (s, 2H), 3.46 (s,
3H); "C NMR (100 MHz, CDCl,):  131.8, 128 .4, 128.3, 122.7, 86.4, 84.9,
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60.4, 57.7. Anal. calcd for C, H, O: C, 82.16; H, 6.84; found: C, 81.93; H,
6.61%.

1-(4-Chlorophenyl)-2-trimethylsilylacetylene (3n):* Colourless liquid;
IR (neat): 3030, 2159, 1590, 1488, 1250, 844, 759, 685 cm™; 'H NMR
(400 MHz, CDCL,): 6 7.38 (d, J = 8.4 Hz, 2H), 7.26 (d, J = 8.4 Hz, 2H),
0.24 (s, 9H); "C NMR (100 MHz, CDCL,): & 134.6, 133.2, 128.6, 1217,
103.9,95.4,-0.1.

1-(4-Methoxyphenyl)-2-trimethylsilylacetylene ~ (30):** Colourless
liquid; IR (neat): 2156, 1606, 1508, 1249, 834, 756, 699 cm™'; '"H NMR
(400 MHz, CDCL,): 6 741 (d, J = 8.8 Hz, 2H), 6.81 (d, J = 8.8 Hz, 2H),
3.81 (s, 3H), 0.24 (s, 9H); "C NMR (100 MHz, CDCL,): § 159.7, 133.5,
115.3,113.8,105.2,92.5,55.3,0.1.

4-Vinylbenzonitrile (3p):* Colourless liquid; IR (neat): 3068, 2227,
1629, 1606, 1508, 1405, 846 cm™; 'H NMR (400 MHz, CDCL,): § 7.61 (d,
J=84Hz,2H),749 (d,J =84 Hz, 2H), 6.73 (dd, J = 17.6, 10.9 Hz, 1H),
5.88 (d, J=17.6 Hz, 1H), 5.45 (d, J = 10.9 Hz, 1H); *C NMR (100 MHz,
CDCL,): 6 141.9,135.3,132.4,126.7, 118.9, 117.7, 111.1.

I-Nitro-4-vinylbenzene (3q):* Colourless liquid; IR (neat): 3014, 1633,
1531, 1485, 1348, 1314, 921, 852 cm™; 'H NMR (400 MHz, CDCL,): 6
8.19 (d, /= 8.8 Hz, 2H), 7.54 (d, J = 8.8 Hz, 2H), 6.78 (dd, J = 17.6, 10.9
Hz, 1H), 594 (d, J = 17.6 Hz, 1H), 5.51 (d, J = 10.9 Hz, 1H); *C NMR
(100 MHz, CDCL,): § 147.1, 143.8, 134.9, 126.8, 123.9, 118.6.

1-Acetyl-4-vinylbenzene (3r): White solid; m.p. 33-34 °C (lit.»
35-36 °C); IR (KBr): 3054, 2987, 1681, 1605, 1265, 739, 705 cm™;
'H NMR (400 MHz, CDCL): § 792 (d, J = 8.4 Hz, 2H), 748 (d,
J=8.4Hz,2H),6.75 (dd, J=17.6, 109 Hz, 1H), 5.87 (d, J = 17.6 Hz, 1H),
540 (d, J =109 Hz, 1H), 2.59 (s, 3H); *C NMR (100 MHz, CDCL,): §
197.5,142.1,136.3, 135.9, 128.7, 126.3, 116.7, 26.6.

(E)-1-(4-Methoxyphenyl)hex-1-ene (3s): Colourless oil; IR (neat):
2957, 1608, 1577, 1464, 1174, 1038, 965, 804 cm™; '"H NMR (400 MHz,
CDCL,): 6 727 (d, J = 8.4 Hz, 2H), 6.83 (d, J = 8.4 Hz, 2H), 6.32 (d,
J=16.0 Hz, 1H), 6.09 (dt, J = 16.0, 7.2 Hz, 1H), 3.80 (s, 3H), 2.22-2.16
(m, 2H), 1.47-1.34 (m, 4H), 0.93 (t, J = 7.2 Hz, 3H); “*C NMR (100 MHz,
CDCIL,): & 158.6, 1309, 129.1, 129.0, 1270, 1139, 55.3, 327, 31.7, 22.3,
14.0. Anal. calcd for CmH]sO: C, 82.06; H, 9.54; found: C, 82.25; H,
9.71%.

(E)-1-(4-Chlorophenyl) hex-1-ene (3t): Colourless oil; IR (neat): 2957,
1593, 1490, 1469, 966, 809 cm™'; 'H NMR (400 MHz, CDCl,): 8 7.59 (d,
J=8.4Hz, 2H), 7.07 (d, J = 8.4 Hz, 2H), 6.30 (d, J = 16.0 Hz, 1H), 6.20
(dt, J=16.0, 7.2 Hz, 1H), 2.21-2.18 (m, 2H), 1.47-1.32 (m, 4H), 0.92 (t, J
=7.2 Hz, 3H); "C NMR (100 MHz, CDCL,): § 1387, 134.2, 132.0, 130.5,
128.6, 127.1, 32.7, 31.5, 22.3, 14.0. Anal. calcd for C ,H,.CI: C, 74.01; H,
7.76; found: C, 73.79; H, 7.57%.

(E)-1-(4-Methoxyphenyl)-2-phenylethene (3u): White solid; m.p.
134-135 °C (lit.*® 135-136 °C); IR (KBr): 2963, 1602, 1513, 1112, 967,
813 cm™'; 'H NMR (400 MHz, CDCL,): 8 749 (d, J = 7.6 Hz, 2H), 745
(d, J =84 Hz, 2H), 7.34 (t, J = 7.6 Hz, 2H), 7.25-7.23 (m, 1H), 7.07 (d,
J=164Hz, 1H), 6.97 (d, J = 16.4 Hz, 1H), 6.90 (d, J = 8.4 Hz, 2H), 3.83
(s, 3H); "C NMR (100 MHz, CDCl,): 8 159.3, 137.7,130.2, 128.6, 128.2,
127.7,127.2,126.7,126.3, 114.2,55.3.

(E)-1-(4-Methylphenyl)-2-phenylethene (3v): White solid; m.p.
117-118 °C (lit.** 118-119 °C); IR (KBr): 3023, 1643, 1594, 1511, 970, 809,
690 cm™'; 'H NMR (400 MHz, CDCl,): 8 7.50 (d, J = 7.6 Hz, 2H), 7.41 (d,
J=8.0Hz,2H), 7.35 (t,J =7.6 Hz, 2H), 7.26-7.22 (m, 1H), 7.16 (d, J= 8.0
Hz, 2H), 7.07 (s, 2H), 2.36 (s, 3H); "C NMR (100 MHz, CDCl,): § 137.6,
137.5,134.6, 1294, 128.7, 128.6, 127.7,127.4, 126.5, 126.4,21.3.

(Z)-1-(3-Cyanophenyl) hex-1-ene (3w): Colourless oil; IR (neat): 3065,
2958, 2927, 2230, 1643, 1597, 1575, 1465, 806, 687 cm™'; 'H NMR (400
MHz, CDCL,): 8 7.54 (s, 1H), 7.51-7.40 (m, 3H), 6.36 (d, J = 11.6 Hz, 1H),
578 (dt,J=11.6, 7.2 Hz, 1H), 2.31-2.25 (m, 2H), 1.48-1.32 (m, 4H), 0.90
(t, J = 7.2 Hz, 3H); "C NMR (100 MHz, CDCL,): 6 138.9, 135.8, 133.1,
132.1, 1299, 129.0, 126.6, 119.0, 112.3, 31.9, 28.3, 22.4, 13.9. Anal. calcd
for C ;H ,N: C,84.28; H, 8.16; N, 7.56; found: C, 84.05; H, 7.97; N, 7.38%.

(Z)-1-(4-Nitrophenyl) hex-1-ene (3x): Yellow oil; IR (neat): 2958, 2929,
1640, 1596, 1516, 1343, 856 cm™; 'H NMR (400 MHz, CDCl,): 6 8.18
(d, J = 8.8 Hz, 2H), 741 (d, J = 8.8 Hz, 2H), 6.44 (d, J = 11.6 Hz, 1H),
5.87 (dt, J = 11.6, 7.2 Hz, 1H), 2.34-2.30 (m, 2H), 1.48-1.44 (m, 2H),
1.38-1.32 (m, 2H), 0.90 (t, / = 7.2 Hz, 3H); *C NMR (100 MHz, CDCl,):

d 146.2, 144.6, 137.2, 129.3, 127.0, 123.5, 31.8, 28.5, 22.4, 13.9. Anal.
caled for C,,H,;NO,: C, 70.22; H, 7.37; N, 6.82; found: C, 70.42; H, 7.1,
N, 6.59%.

(Z)-1-(4-Methylphenyl)-2-phenylethene (3y): Colourless oil; IR (neat):
3012, 1629, 1599, 1492, 821, 772 cm™; '"H NMR (400 MHz, CDCL,): §
7.28-7.19 (m, 5H), 7.15 (d, J = 8.0 Hz, 2H), 7.03 (d, J = 8.0 Hz, 2H), 6.56
(s, 2H), 2.32 (s, 3H); "C NMR (100 MHz, CDCl,): 6 137.4, 136.9, 134.3,
130.2, 129.6, 128.9, 128.8, 1287, 128.2, 127.0, 21.3. Anal. calcd for C H, :
C,92.74; H, 7.26; found: C, 92.50; H, 7.31%.

(Z)-1-(4-Nitrophenyl)-2-phenylethene  (3z): Yellow solid; m.p.
60-61 °C; IR (KBr): 1627, 1592, 1505, 1342, 856, 778, 696 cm™'; 'TH NMR
(400 MHz, CDCL,): 6 8.07 (d, J = 8.8 Hz, 2H), 7.37 (d, J = 8.8 Hz, 2H),
7.26-7.19 (m, 5H), 6.82 (d, J = 12.4 Hz, 1H), 6.62 (d, J = 12.4 Hz, 1H);
C NMR (100 MHz, CDCL,): 6 146.6, 144.2, 136.1, 134.0, 129.7, 128.8,
128.6, 128.0, 127.9, 123.6. Anal. calcd for C H NO,: C,74.65; H, 4.92; N,
6.22; found: C,74.38; H,4.71; N, 6.04%.

Acknowledgement

We thank the National Natural Science Foundation of China
(21462021) for financial support.

Received 14 June 2017; accepted 30 August 2017
Paper 1704829
https://doi.org/10.3184/174751917X15045169836226
Published online: 8 September 2017

References

JK. Stille, Angew. Chem., Int. Ed. Engl., 1986, 25, 508.

T.N. Mitchell, Synthesis, 1992, 803.

H. Tang, K. Menzel and G.C. Fu, Angew. Chem., Int. Ed., 2003, 42, 5079.

P. Espinet and A.M. Echavarren, Angew. Chem., Int. Ed., 2004, 43, 4704.

C. Cordovilla, C. Bartolome, J.M. Martinez-Ilarduya and P. Espinet, ACS

Catal., 2015, 5, 3040.

6 J. Thibonnet, M. Abarbri, J.-C. Parrain and A. Duchene, J. Org. Chem., 2002,

67,3941.
7 AM. Echavarren, Angew. Chem., Int. Ed., 2005, 44, 3962.
B. Vaz, R. Alvarez, R. Bruckner and A.R. de Lera, Org. Lett., 2005, 7, 545.
9 K. Cherry, J.-C. Parrain, J. Thibonnet, A. Duchene and M. Abarbri, J. Org.

Chem., 2005, 70, 6669.

10 K. Pchalek and M.P. Hay, J. Org. Chem., 2006, 71, 6530.

11 J.D.Revell and A. Ganesan, Org. Lett., 2002, 4, 3071.

12 'W. Miao and T.H. Chan, Org. Lett., 2003, 5, 5003.

13 C.J. Mathews, P.J. Smith and T. Welton, Chem. Commun., 2000, 1249.

14 M. Cai, Y. Wang and W. Hao, Green Chem., 2007, 9, 1180.

15 M.V. Khedkar, T. Sasaki and B.M. Bhanage, ACS Catal., 2013, 3, 287.

16 S. Chandrasekhar, C. Narsihmulu, S.S. Sultana and N.R. Reddy, Org. Lett.,
2002, 4, 4399.

17 V. Declerck, E. Colacino, X. Bantreil, J. Martinez and F. Lamaty, Chem.
Commun., 2012, 48, 11778.

18 J.-H.Li, W.-J. Liu and Y.-X. Xie, J. Org. Chem., 2005, 70, 5409.

19 L.Liu, Y. Zhang and Y. Wang, J. Org. Chem., 2005, 70, 6122.

20 L.Wang, Y. Zhang, L. Liu and Y. Wang, J. Org. Chem., 2006, 71, 1284.

21 L. Ackermann and R. Vicente, Org. Lett., 2009, 11, 4922.

22 Q.Zhou, S. Wei and W. Han, J. Org. Chem.,2014,79, 1454.

23 H.Zhao, M. Cheng, J. Zhang and M. Cai, Green. Chem., 2014, 16, 2515.

24 N.R. Candeias, L.C. Branco, PM.P. Gois, C.A.M. Afonso and A.F. Trindade,
Chem. Rev., 2009, 109, 2703.

25 C.XK.Z. Andrade and L.M. Alves, Curr. Org. Chem., 2005. 9, 195.

26 J. Chen, S.K. Spear, J.G. Huddleston and R.D. Rogers, Green Chem., 2005, 7,
64.

27 W-J. Zhou, K.-H. Wang and J.-X. Wang, Adv. Synth. Catal., 2009, 351, 1378.

28 W.-J. Zhou, K.-H. Wang and J.-X. Wang, J. Org. Chem., 2009, 74, 5599.

29 M.W. Logue and K. Teng, J. Org. Chem., 1982, 47, 2549.

30 B.H. Lipshutz, R. Keil and J.C. Barton, Tetrahedron Lett., 1992, 33, 5861.

31 H.X.Zhang, F. Guibe and G. Balavoine, J. Org. Chem., 1990, 55, 1857.

32 G.R.Rosa, C.H. Rosa, F. Rominger, J. Dupont and A.L. Monteiro, Inorg. Chim.
Acta, 2006, 359, 1947.

33 B.Liang, M. Dai, J. Chen and Z. Yang, J. Org. Chem., 2005, 70, 391.

34 M. Cai, Z. Zhou and J. Jiang, Eur. J. Org. Chem., 2006, 1400.

35 G.A.Molander and A.R. Brown, J. Org. Chem., 2006, 71, 9681.

36 M.-Z.Cai, C.-S. Song and X. Huang, Synthesis, 1997, 521.

L O S

o



http://www.ingentaconnect.com/content/external-references?article=0022-3263(2005)70L.391[aid=8612866]
http://www.ingentaconnect.com/content/external-references?article=0022-3263(1990)55L.1857[aid=393479]
http://www.ingentaconnect.com/content/external-references?article=0040-4039(1992)33L.5861[aid=439817]
http://www.ingentaconnect.com/content/external-references?article=0022-3263(1982)47L.2549[aid=403128]
http://www.ingentaconnect.com/content/external-references?article=1385-2728(2005)9L.195[aid=10687420]
http://www.ingentaconnect.com/content/external-references?article=1385-2728(2005)9L.195[aid=10687420]
http://www.ingentaconnect.com/content/external-references?article=0022-3263(2006)71L.1284[aid=8853632]
http://www.ingentaconnect.com/content/external-references?article=0022-3263(2006)71L.1284[aid=8853632]
http://www.ingentaconnect.com/content/external-references?article=0022-3263(2006)71L.1284[aid=8853632]
http://www.ingentaconnect.com/content/external-references?article=0022-3263(2005)70L.6122[aid=8472932]
http://www.ingentaconnect.com/content/external-references?article=0022-3263(2005)70L.5409[aid=9275672]
http://www.ingentaconnect.com/content/external-references?article=0022-3263(2005)70L.5409[aid=9275672]
http://www.ingentaconnect.com/content/external-references?article=0022-3263(2005)70L.5409[aid=9275672]
http://www.ingentaconnect.com/content/external-references?article=1463-9262(2007)9L.1180[aid=8954911]
http://www.ingentaconnect.com/content/external-references?article=1463-9262(2007)9L.1180[aid=8954911]
http://www.ingentaconnect.com/content/external-references?article=1463-9262(2007)9L.1180[aid=8954911]
http://www.ingentaconnect.com/content/external-references?article=1523-7060(2002)4L.3071[aid=9034032]
http://www.ingentaconnect.com/content/external-references?article=0022-3263(2005)70L.6669[aid=8802389]
http://www.ingentaconnect.com/content/external-references?article=0022-3263(2005)70L.6669[aid=8802389]
http://www.ingentaconnect.com/content/external-references?article=0570-0833(1986)25L.508[aid=393488]

