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Abstract: An efficient and practical synthetic
method has been developed for the preparation of
symmetrical diarylacetylenes from the direct reaction
of aryl chlorides with 2-methyl-3-butyn-2-ol cata-
lyzed by palladium(IT) chloride-bis(tricyclohexyl-
phosphine) [PdCl,(PCy;),] under mild reaction con-
ditions. Unsymmetrical diarylated acetylenes could
be also obtained by using two different aryl chlorides

simultaneously. The catalytic procedure includes a
novel one-pot palladium-catalyzed, double Sonoga-
shira coupling of inactivated aryl chlorides without
use of copper(I) as co-catalyst.
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Introduction

Transition metal-catalyzed activation of the C—X (X =
I, Br, Cl) bond of aryl halides and its application to
C—C bond formation have become one of the most
important topics of current synthetic research.!! In
the past two decades, the palladium-catalyzed cross-
coupling reaction of aryl halides with terminal alkynes
(Sonogashira reaction) has been proven to be a most
efficient method for the synthesis of arylated internal
acetylenes, and a variety of palladium/copper(I), or
copper-free palladium catalyst systems has been de-
veloped (Scheme 1).%

Aryl chlorides are less expensive, more easily avail-
able, but less reactive compared to aryl bromides and
iodides. Therefore, the development of efficient cata-
lyst systems for Sonogashira couplings of aryl chlor-
ides is a promising and challenging objective.**! Re-
cently, we have developed an efficient copper-free
PdCl,(PCys),-catalyzed Sonogashira coupling of aryl
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Scheme 1. The Sonogashira coupling reaction.
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chlorides with terminal alkynes in the presence of
Cs,CO; in DMSO to afford arylated internal acety-
lenes in good to high yields (Scheme 2).! In continua-
tion of our investigation to extend the generality of
this catalytic procedure, we have further examined
the reactions of aryl chlorides with a variety of func-
tional group-bearing terminal alkynes, and found that,
in the reaction of chlorobenzene with 2-methyl-3-
butyn-2-ol, a low yield (ca. 12%) of diphenylacety-
lene was obtained. These results encourage us to de-
velop an efficient copper-free PdCL,(PCys;),-catalyzed
one-pot synthesis of diarylacetylenes from the reac-
tion of aryl chlorides with 2-methyl-3-butyn-2-ol."!

It is well known that 2-methyl-3-butyn-2-ol can be
used as an acetylene synthon by its coupling with aryl
bromides or iodides catalyzed by palladium com-
plexes with Cu(I) as co-catalyst, and then elimination
of acetone in the presence of alkalis to give monoary-
lated alkynes.”! For synthesis of diarylated internal
acetylene, a separated additional Sonogashira cou-
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Scheme 2. PdCL,(PCy;),-catalyzed coupling of aryl chlorides
with terminal alkynes.
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Scheme 3. Synthesis of diarylated internal alkynes from the reaction of aryl halides with 2-methyl-3-butyn-2-ol.

pling was usually required (Scheme 3). To the best of
our knowledge, there is only one example in the liter-
ature for the synthesis of diarylacetylenes from
tandem Sonogashira cross-coupling reactions of aryl
bromides or iodides with 2-methyl-3-butyn-2-ol cata-
lyzed by PdCl,(PPh;),/Cul,”! although symmetrical
and unsymmetrical diarylacetylenes could be obtained
from the reactions of aryl iodides with trimethylsilyl-
acetylenes,®” or aryl bromides with 4-aryl-2-methyl-3-
butyn-2-0ls®®! in the presence of palladium complexes.
In this paper, we report our results on the one-pot
synthesis of symmetrical and unsymmetrical diaryl-
acetylenes from the reaction of aryl chlorides with 2-
methyl-3-butyn-2-ol in the presence of PACL,(PCys),,
in which a sequential double palladium-catalyzed So-
nogashira couplings of aryl chlorides is involved
(Scheme 4).

Results and Discussion

The reaction of chlorobenzene (1a) with 2-methyl-3-
butyn-2-ol was first investigated to optimize the reac-
tion conditions, and a variety of palladium catalysts,
solvents and additives was used (Table 1). When a
mixture of 1la (4.0 mmol), 2-methyl-3-butyn-2-ol
(1.0 mmol), Cs,CO; (3.0mmol) and PdCL(PCys;),
(0.05 mmol) in DMSO (3.0 mL) was heated with stir-
ring at 120°C for 12 h, diphenylacetylene (2a) was
formed in 35% GC yield (Table 1, entry 1). The use
of other solvents such as NMP (N-methylpyrroli-
done), p-xylene, or an excess of 1a as solvent resulted
in the formation of 2a in somewhat lower yields
(Table 1, entries 2-4). The reaction was found to be
accelerated significantly by addition of tetrabutylam-
monium bromide or piperidine as additives. In partic-
ular, when piperidine was used as the additive, the

,'?, CH,
CHs;

1

Table 1. Reaction of chlorobenzene (la) with 2-methyl-3-

butyn-2-ol.[
=7

CHs  cat. (5.0 mol %)
Qm + =—1—OH 7N
CH, solvent, Cs,CO; \—

120°Cfor 12 h

1a 2a

Entry  Catalyst Solvent Additive  Yield [%]®
1 PdCI,(PCys,), DMSO — 35

2 PdCI,(PCys), NMP — 21

3 PdCl,(PCys3), p-xylene - 32

4 PACL(PCys), ~ — — 33

50l PdACI,(PCys,), DMSO TBAB 81

6 PdCI,(PCys), DMSO piperidine 90 (86)
7 PdClI,(PEts), DMSO piperidine 42

8 PdCl,(PPhMe,), DMSO piperidine 50

9 PdCl,(PPhj;), DMSO piperidine 0

10 NiCl,(dppp) DMSO piperidine 0

[a

Reactions were carried out using 4.0 mmol of 1la,
1.0 mmol of 2-methyl-3-butyn-2-ol, 3.0 mmol of Cs,CO;,
0.1 mmol of additive (if used) and 0.05 mmol of catalyst
in 3.0 mL of solvent in a sealed tube at 120°C for 12 h.
GC yield (isolated yield) based on the amount of alkyne
used.

[ 10.0 mmol of 1a was used.

4l TBAB =tetrabutylammonium bromide.

[l dppp =1, 3-bis(diphenylphosphino)propane.

[b

highest yield of 2a was obtained (90% GC yield,
Table 1, entry 6). Under the reaction conditions of
entry 6, PdCl,(PEt;), and PdCl,(PPhMe,) showed
moderate catalytic activity affording 2a in 42% and
50% GC yields, respectively (Table 1, entries 7 and
8). In addition, neither PACl,(PPh;), nor NiCl,(dppp)

R
PdCIy(PCys)2 JN =|-
_ /T N\ 7
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Scheme 4. One-pot synthesis of symmetrical diarylated acetylenes from the reaction of aryl chlorides with 2-methyl-3-butyn-

2-ol.
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displayed any catalytic activity (Table 1, entries 9 and
10).

To demonstrate the efficiency and generality of this
process, we have examined this transformation with
both electron-poor and electron-rich aryl chlorides
under the optimized reaction conditions as indicated
in entry 6 of Table 1, and the obtained results are
summarized in Table 2. 4-Chlorotoluene (1b) showed
similar reactivity as la to afford di-p-tolylacetylene
(2b) in 88% yield (Table 2, entry 1). para- and ortho-
vinyl-substituted chlorobenzenes 1c—e also furnished
the corresponding diarylacetylenes in high yields
(Table 2, entries 2-4). These results indicated that the
vinyl group was tolerated under the reaction condi-
tions. When 1-chloronaphthalene (1f) was used, 2f
was isolated in 95% yield (Table 2, entry 5). A heter-
ocyclic compound, 2-chlorothiophene (1g) reacted

Table 2. Palladium-catalyzed reaction of aryl chlorides with
2-methyl-3-butyn-2-ol.[

R PdCl,(PCya), R R
| CH, Gomol%) s\ /F
7 Nl + =—1—oH =\ /

_ | Cs,CO;, piperidine \=
1 CH;  pMSO, 120 °C for 12 h 9
Entry Aryl-Cl Alkyne Yield [%]"®!
C e =0
1b 2b
s e =0 =
4 % N °
1c 2¢
s Qe Q= -

1d 2d
1e 2e
;O (Y $2
(e =4
1f 2f
S
6 @\ B 82
19 2g
: o O=<) .
MeOOC 1h MeOOC 2h COOMe

[ Reactions were carried out using 4.0 mmol of 1,
1.0 mmol of 2-methyl-3-butyn-2-ol, 3.0 mmol of Cs,CO;,
0.1 mmol of piperidine and 0.05 mmol of catalyst in
3.0 mL of DMSO in a sealed tube at 120°C for 12 h.

] Isolated yield based on the amount of alkyne used.
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with 2-methyl-3-butyn-2-ol to afford bis(2-thiophenyl)-
acetylene (2g) in 82 % yield (Table 2, entry 6). Under
the same reaction conditions, electron-poor aryl chlor-
ides could wundergo the present transformation
smoothly. Indeed, in the case of methyl 3-chloroben-
zoate (1h), the corresponding product 2h was ob-
tained in 77 % isolated yield (Table 2, entry 7).
However, it should be noted that in the cases of
much more electron-deficient chlorobenzene deriva-
tives such as 1-chloro-4-nitrobenzene and chloropen-
tafluorobenzene, the desired diarylacetylene could
not be obtained in satisfactory yields, because the for-
mation of some unidentified compounds with molecu-
lar weights more than that of the corresponding diary-
lated acetylene were found (confirmed by GC-MS).
As shown in Scheme 3, the reported procedure for
the synthesis of unsymmetrical diarylated acetylenes
from the reaction of aryl bromides or aryl iodides
with 2-methyl-3-butyn-2-ol usually includes two isolat-
ed steps. To extend the application of the present
methodology, we have also briefly examined the reac-
tion of two different aryl chlorides with 2-methyl-3-
butyn-2-0l to try to establish a one-pot synthetic
method for unsymmetrical diarylated acetylenes.
Table 3 shows the results of the reactions of 1a, 1b or
1f with 1h and 2-methyl-3-butyn-2-ol. The desired un-
symmetrical diarylated acetylenes 3 could be isolated
in fair yields. As expected, the symmetrical diarylated
acetylene 2 was also formed. In these cases, 2h could
be obtained in 30-40% yield, but 2a, 2b, or 2f was
formed in only a small amount. However, although
the reaction 1a with 1g and 2-methyl-3-butyn-2-ol also
gave a mixture of arylated acetylene products, at-
tempts to isolate and purify the corresponding unsym-
metrical diarylated acetylenes were not successful.

Conclusions

In conclusion, we have developed an efficient, practi-
cal one-pot synthesis of symmetrical diarylacetylenes
in good to high yields by the direct cross-coupling of
aryl chlorides with 2-methyl-3-butyn-2-ol catalyzed by
PdCl,(PCys),. The present catalytic procedure in-
cludes two sequential Sonogashira couplings of inacti-
vated aryl chlorides, and has the advantages of ready
availability of the starting materials and easy handling
of the catalyst. Although the unsymmetrical diarylat-
ed acetylenes could be also obtained by the simulta-
neous coupling reaction of two different aryl chlorides
with 2-methyl-3-butyn-2-ol, the yields need to be im-
proved.
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Table 3. Synthesis of unsymmetrical diarylated acetylenes.

R PdCI(PCys,),

| CH,
(5.0 mol %)
@CI + 1h + =— OH

1 2.0 equivs. CH;,

!

Cs,CO;, piperidine
DMSO, 120 °C for 12 h

2.0 equivs.
| 3 ¥
— N\ / * 2h + /N — \ /
COOMe 3 2
Entry Aryl-Cl Unsymmetrical Alkyne 3 Yield [%]™
Ce =) w
COOMe
2 1b O = O 3b 32
COOMe
COOMe O
3 1f O _ O 3¢ 20

[ Reactions were carried out using 2.0mmol of 1,
20mmol of 1h, 1.0mmol of 2-methyl-3-butyn-2-ol,
3.0mmol of Cs,CO; 0.1 mmol of piperidine and
0.05 mmol of catalyst in 3.0 mL of DMSO in a sealed
tube at 120°C for 12 h.

'] Isolated yield based on the amount of alkyne used.

Experimental Section

General Methods

All organic starting materials were analytically pure and
used without further purification. PdCl,(PCy;), was pre-
pared by the literature method."” '"H and *C NMR spectra
were recorded on a Jeol JNM-ECA300 spectrometer at
300 MHz and 75 MHz, respectively. 'H chemical shifts (8)
were referenced to TMS, and *C NMR chemical shifts (8)
were referenced to internal solvent resonance. GC analyses
of organic compounds were performed on an Agilent Tech-
nologies 1790 GC (with a TC-WAX capillary 25 m column)
instrument. Mass spectra were obtained on a Hewlett Pack-
ard 5890 Series II GC/MS spectrometer with a PEG-25M
column. High-resolution mass spectra were obtained with a
ZAB-HS mass spectrometer at the Department of Chemis-
try of Beijing University. Elemental analyses were obtained
with a Flash EA 1112 Element Analyzer in the Institute of
Chemistry, Chinese Academy of Sciences.

Typical Procedure for the Reaction of Chlorobenzene
(1a) with 2-Methyl-3-butyn-2-ol Affording Diphenyl-
acetylene (2a) (Table 1, entry 6)

A mixture of 1a (4.0 mmol, 450.0 mg), 2-methyl-3-butyn-2-ol
(1.0 mmol, 84.0 mg), Cs,CO; (3.0 mmol, 978.0 mg), piperi-
dine (0.1 mmol, ca. 10 uL), and PdCl,(PCy;), (0.05 mmol,
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36.8 mg,) in DMSO (3.0 mL) was charged under nitrogen in
a sealed tube and heated with stirring at 120°C for 12 h.
After cooling, the reaction mixture was diluted with CH,Cl,
to 5.0 mL and octadecane (0.2 mmol, 50.0 mg) was added as
internal standard for GC analysis. After GC and GC-MS
analyses, removal of the solvents and volatiles under
vacuum, the residue was then subjected to preparative TLC
isolation (silica, eluted with cyclohexane). 2a was obtained
as a white solid; yield: 153.0 mg (0.86 mmol, 86 %). The re-
sults of GC analysis of the reaction mixture revealed that 2a
was formed in 90 % yield.

Typical Procedure for the Reaction of 4-Chloro-
toluene (1b), Methyl 3-Chlorobenzoate (1h) with
2-Methyl-3-butyn-2-ol Affording Methyl 3-Phenyl-
ethynylbenzoate (3b) (Table 3, entry 2)

A mixture of 1b (2.0 mmol, 253.0 mg), 1h (2.0 mmol,
341.2mg), 2-methyl-3-butyn-2-ol (1.0 mmol, 84.0 mg),
Cs,CO; (3.0 mmol, 978.0 mg), piperidine (0.1 mmol), and
PdCL,(PCys), (0.05 mmol, 36.8 mg,) in DMSO (3.0 mL) was
charged under nitrogen in a sealed tube and heated with
stirring at 120°C for 12 h. After treatment as described
above and two-fold careful preparative TLC isolation, 3b
was obtained as yellow solid (yield: 80.0 mg, 0.32 mmol,
32%), and 2h was also isolated (yield: 64.6 mg, 0.22 mmol,
22%).

Products 2e, 2h, 3b and 3¢ are new compounds, their
structures were characterized by 'H, *C NMR, mass spectra,
elemental analyses and/or high resolution MS. 2a is commer-
cially available, and other products are known compounds
which were characterized by 'H, ?C NMR and mass spectra.
The characterization data for known products and the
copies of 'H and *C NMR spectra for all products are given
in the Supporting Information. The spectroscopic data of
the new products are given below.

1,2-Bis[4-(2-propenyl)phenyl]acetylene (2e): Pale-yellow
solid, mp 140-142°C; '"H NMR (300 MHz, CDCl,): 6="7.49
(d,4H,J=8.4Hz),7.44 (d,4H, J=8.4Hz), 542 (d,2H, J=
0.7 Hz), 5.13 (d, 2H, J=0.7 Hz), 2.15 (s, 3H), 2.14 (s, 3H);
BCNMR (75 MHz, CDCly): §=142.5, 140.9, 131.5, 125.4,
122.4,113.2, 89.9, 21.6; GC-MS: m/z (% rel. int.)=258 (M*,
100), 243 (18), 202 (37), 189 (8), 115 (16), 91 (6); anal. caled
for C,)Hys: C 93.02, H 6.98; found: C 94.02, H, 7.01; HR-
MS: m/z=258.1402 (M), caled. for C,)H,5: 258.1408.

Bis(3-methoxycarbonylphenyl)acetylene (2h): Pale-yellow
solid, mp 169-171°C; '"H NMR (300 MHz, CDCL,): =821
(s, 2H), 8.01 (d, 2H, J=7.7Hz), 7.70 (d, 2H, J=7.7 Hz),
7.45 (virtual t, 2H, J=7.7Hz), 3.94 (s, 6H); *CNMR
(75 MHz, CDCl;): 6=166.5, 135.8, 132.9, 130.6, 129.5, 128.6,
123.4, 89.2, 52.3; GC-MS: m/z (% rel. int.) =294 (M™, 100),
263 (75), 235 (15), 189 (17), 176 (48), 150 (16), 102 (8); anal.
caled for C;gH,,0,4: C 73.45, H 4.76; found: C 72.79, H 4.64;
HR-MS: m/z=294.0889 (M), calcd. for C;sH,,0,: 294.0892.

Methyl 3-(p-tolylethynyl)benzoate (3b): Pale-yellow solid,
mp 127-129°C; 'HNMR (300 MHz, CDCl,): =820 (m,
1H), 7.98 (d, 1H, J=7.8 Hz), 7.68 (d, 1H, J=7.8 Hz), 7.41-
7.46 (m, 3H), 7.15-7.17 (d, 2H, J=8.2Hz), 3.93 (s, 3H),
2.39 (s, 3H); "CNMR (75 MHz, CDCl,): 6=166.5, 138.7,
135.6, 132.7, 131.6, 130.4, 129.2, 129.0, 128.5, 124.0, 119.8,
90.5, 87.7, 52.3, 21.5; GC-MS: m/z (% rel. inten.) =250 (M*,
100), 219 (34), 189 (29), 176 (9), 139 (5), 109 (9), 95 (7), 82
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(5); HR-MS: m/z=250.0991 (M%), caled. for C;;H;,0,:
250.0994.

Methyl 3-(1-naphthylethynyl)benzoate (3c): Viscous oil;
'HNMR (300 MHz, CDCl,): 6=8.45 (d, 1H, J=8.5 Hz),
8.31 (m, 1H), 8.01 (d, 1H, J=7.6 Hz), 7.75-7.85 (m, 4H),
7.41-7.60 (m, 4H), 393 (s, 3H); *CNMR (75 MHz,
CDCly): 0=166.4, 135.7, 133.2, 132.7, 130.6, 130.5, 129.7,
129.3, 129.1, 128.6, 128.4, 126.9, 126.5, 126.1, 125.3, 123.9,
120.5, 93.2, 88.5, 52.3; GC-MS: m/z (% rel. int.) =286 (M,
100), 255 (12), 226 (49), 200 (5), 127 (8), 113 (20), 100 (5);
HR-MS: m/z=286.0992 (M*), calcd. for C,,H,,0,: 286.0994.
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