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Abstract Carbon-carbon couplings are among the most important
strategies for constructing functional molecules in organic synthetic
chemistry, and cheap, diverse, and readily available coupling partners
are crucial to these diverse reactions. In this contribution, we report the
first palladium-catalyzed C-C cross-coupling reaction of two kinds of
organic halide, a gem-dibromoalkene and a halobenzene, as the start-
ing materials. Terminal alkynes were generated in situ through a tan-
dem elimination-hydrodebromination process, and the internal alkyne
final products were synthesized in one pot. The reaction proceeded un-
der simple, facile, and classic copper-free Sonogashira coupling reaction
conditions in good to excellent yields.

Key words alkynes, dibromoalkenes, halobenzenes, Sonogashira
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Internal alkynes have been extensively applied as inter-
mediates for the synthesis of bioactive compounds, natural
products, pharmaceuticals, and functional materials.!
Among other methods, the Sonogashira coupling reaction is
considered to be a premium tool for the preparation of in-
ternal alkynes from aryl or alkenyl (pseudo)halides and ter-
minal alkynes.? Thousands of papers have been published
on this reaction since it was first reported by Sonogashira
and co-workers.? However, for the synthesis of particular
alkynes, the use of alternatives to terminal alkynes is essen-
tial.4

gem-Dibromoalkenes contain a pair of C-Br bonds that
can serve as reactive sites for various types of cross-cou-
pling reactions.> These compounds can be easily prepared
from the corresponding aldehydes by treatment with
CBr4/PPh; (Scheme 1).57 The construction of C-C,>® C-N,°
C-0,49¢10 C-S,11 or C-P%12 bonds through activation of C-Br
bonds to give valuable organic chemicals has been widely
investigated. Notably, gem-dibromoalkenes or their equiva-
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* One-pot reaction

* Cheap and readily available reagents

* Mild conditions: Cu-free Sonogashira conditions

lent bromoalkynes, formed in situ under basic conditions,
have been used as alternatives to terminal alkynes for the
synthesis of internal alkynes through C-C coupling reac-
tions.!? As efficient coupling partners, boronic acids'* or
borate esters (Ar-B),!'> arylstannanes (Ar-Sn),'6 and triaryl-
bismuths (ArsBi)!” have been widely used in syntheses of
internal alkynes with palladium or copper catalyst systems.
The reactions probably proceed through two pathways: (i)
palladium- or copper-catalyzed cross-coupling of Ar-B, Ar-
Sn, or Ar;Bi with one C-Br bond to give a trisubstituted
alkene, which subsequently eliminates HBr to form internal
alkyne; or (ii) the reverse tandem process of elimination fol-
lowed by cross-coupling (Scheme 1; previous work). In ad-
dition, Yan et al. reported a synthesis of internal alkynes
from gem-dibromoalkenes and iodobenzene promoted by
Ni/KF/Al,05/Cul; however, the need for microwave irradia-
tion conditions and inapplicability of bromobenzene limit-
ed the range of applications of this reaction.!®

Instead of using relatively expensive arylboronic acids,
borate esters, organostannanes, or triarylbismuths to syn-
thesize internal alkynes, we aimed to use aryl halides as
cross-coupling  partners with  gem-dibromoalkenes
(Scheme 1; this work). The merits of this procedure are the
utilization of cheap, diverse, and readily available aryl ha-
lides, as well as the simple copper-free reaction conditions.
The costs of introducing one mole of an aryl group from Ar-
B, Ar-Sn, Ar;Bi, Phl, or PhBr are shown in Figure 1. There is a
huge price advantage in using halides as reactants. The key
step of this reaction is the sequential elimination-dehalo-
genation of the dibromoalkene mediated by Cs,CO5;. More-
over, the pot-economy synthesis with the terminal alkynes
generated in situ might extent the scope of the substrates
and enhance the efficiency of the transformations. To this
end, a suitable base is needed which must be sufficiently
powerful to induce the sequential elimination-dehalogena-
tion reaction of the dibromoalkene, tolerate various func-
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Scheme 1 Synthesis of internal alkynes from aldehydes by the Corey-Fuchs reaction and a subsequent one-pot reaction of the resulting gem-

dibromoalkene with various reagents

tionalities, and be effective for the late-stage Sonogashira
coupling. We surmised that Cs,CO; might be a more suit-
able candidate than Buli, t-BuOK, or tetrabutylammonium
fluoride (TBAF).!® Although 1,8-diazabicyclo[5.4.0Jundec-7-
ene (DBU) was also suitable for the elimination-dehaloge-
nation of dibromoalkenes, an alkyl substrate was not toler-
ated and the yields of the terminal alkynes were inferior to
those obtained by using Cs,C05.19>20

As a preliminary experiment, we examined the elimina-
tion-dehalogenation reaction of gem-dibromoalkene 1a
with Cs,CO; (See Supplementary Information; Scheme S1).
Both the bromoalkyne and the terminal alkyne were isolat-

ed, although a low yield was obtained for the former. It has
been suggested that water provides the protons for the hy-
drodebromination of the bromoalkyne, but there is still no
clear evidence on this point.!®?° Nevertheless, our experi-
ments proved that Cs,CO; is an efficient base in promoting
the elimination-dehalogenation of 1a, and might be a suit-
able base for the one-pot synthesis of internal alkynes. The
optimization of the reaction conditions was carried out ini-
tially by using gem-dibromoalkene 1a and iodobenzene
(2b) as model substrates with Cs,CO; as the base (Table 1).
The reaction proceeded smoothly in the presence of 2 mol%
of Pd(OAc), and 5.0 equivalents of base, and the desired
product 3a was obtained in moderate yield (45%; Table 1,

Table 1 Optimization of the One-Pot Synthesis of Internal Alkynes from gem-Dibromoalkene 1a and lodobenzene (2b)?

Br Br O
| [Pd] P
() '@ pase, solvent ~
= base, solvent O
Me’
1a 2 Me

3a

Entry Catalyst (mol%) Base (equiv) Temp® (°C) Time® (h) Yield (%)
1 Pd(OAC), (2) Cs(CO), (5) 20 1 45
2 Pd(acac), (2) Cs(CO4), (5) 60 25 0
3 Pd/C (5) Cs(COy), (5) 80 25 67
4 Pd/C (5) Cs(CO3), (4) 80 25 64
5 Pd|C (5) Cs(CO), (6) 80 25 80
6 Pd/C (5) Cs(CO3), (7) 80 25 76
74 Pd/C (5) Cs(CO), (6) 80 25 50
8 Pd/C (3) Cs(CO,), (6) 100 24 67
9 - Cs(COs), (6) 90 4 0

10¢ - t-BuONa (7) 90 4 0
11 Pd/C (5) + Cul (20) Cs(CO), (6) 80 25 341

2 Reaction conditions: (i) 1a (0.68 mmol), base, DMSO (2.0 mL), 115 °C, 15 h; then (ii) catalyst, 2 (0.4 mmol).

b The temperature and time are for the second step.
¢lsolated yield.

4 DMF (2.0 mL) was added in the second step.

e All the starting materials were added in once.

fThe 1,3-diyne homocoupling product from the intermediate alkyne was obtained as the main byproduct.
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Figure 1 Sale prices of various reagents for synthesis of internal
alkynes from a gem-dibromoalkene. Ar-B = PhB(OH), (>97%), Ar-Sn =
PhSnMe; (98%), and Ar;Bi = (2-MeOCgH,);Bi, as supplied by Sigma-
Aldrich LLC.

entry 1). No product was obtained when palladium acetyl-
acetonate [Pd(acac),] was used, even at an elevated tem-
perature (entry 2). It is interesting that we found Pd
nanoparticles supported on activated carbon (Pd/C) to be
the most efficient catalyst, and the isolated yield of 3a
reached 67% with 5 mol% of Pd/C at 80 °C (entry 3). It was
not advantageous to use a decreased amount of base (entry
4). The best results were obtained when 6.0 equivalents of
Cs,CO; were added, and the product 3a was obtained in 80%
isolated yield (entry 5). Larger amount of base depressed
the yield slightly (entry 6). The addition of DMF, another
solvent commonly used in Sonogashira couplings, resulted
in poor performance (entry 7). A decreased yield was ob-
tained when less than 3 mol% of the Pd/C catalyst was used
(entry 8). Under Pd-free conditions, no 3a was formed (en-
tries 9 and 10), although t-BuONa has been reported to me-
diate several types of C-C bond-formation reactions in the
absence of a transition metal.?! The addition of Cul de-
creased the yield significantly to 34%, due to the homocou-
pling reaction of the terminal alkyne generated in situ (en-
try 11).

With the optimized conditions in hand, we investigated
various gem-dibromoalkenes as coupling partners for iodo-
benzene, as summarized in Scheme 2.22 Both electron-rich
and nonfunctionalized aryl-substituted dibromoalkenes
were converted into the corresponding internal alkynes in
good to excellent yields of 80-97% (3a-i). The reaction tol-
erated halo substituents, which can be used for further
functionalization (3j-o0). Note that steric congestion did not
depress the yields in this reaction, as substrates with an
ortho-substituent on the aromatic ring also worked effec-
tively to give the corresponding products in high yields (3c,
3i, and 3l). Further investigations showed that gem-dibro-
moalkenes with hetaryl (2-pyridyl or 2-furyl) substituents
were also good substrates for this transformation, and gave
the corresponding alkynes 3p and 3q in 61 and 37% yield,

( ) 5 mol% Pd/C
Cs,CO3 (6 equiv), DMSO

115 °C, then 80 °C

N

/
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Scheme 2 Synthesis of internal alkynes from gem-dibromoalkenes and
iodobenzene. Reaction conditions for the one-pot, two-step procedure: (i)
1 (0.68 mmol), Cs,CO; (2.4 mmol), DMSO (2 mL), 115 °C, 15 h; (ii) Phl
(0.4 mmol), Pd/C (5 mol%), 80 °C, 25 h. Isolated yields are reported in
all the cases.

respectively. A nitro-substituted substrate was unfortunate-
ly a poor reactant and gave product 3r in only 4% yield. Fi-
nally, an alkyl substrate was compatible with this reaction,
and the corresponding product 3s was isolated in 62% yield.

Encouraged by these results, we attempted to use bro-
mobenzenes as more-challenging but cheaper coupling
partners to prepare other diarylalkynes and conjugated
enynes. After a brief optimization, we found that
Pd(OAc),/PPh; was an effective catalytic system, giving 3a
in 80% yield; the results for this and other products are
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Scheme 3 Synthesis of internal alkynes from gem-dibromoalkenes and
bromobenzene. Reaction conditions for the one-pot, two-step procedure:
(i) 1 (0.68 mmol), Cs,CO; (2.4 mmol), DMSO (2 mL), 115 °C, 15 h; (ii)
PhBr (0.4 mmol), Pd(OAc), (5 mol%), PPh; (10 mol%), 60 °C, 25 h. Iso-
lated yields are reported in all the cases.?The reaction was carried out by
using 3 mol% of Pd(OAc),.

=

3zb, 45%2

shown in Scheme 3.2 Diaryl alkynes with electron-donat-
ing groups on the two benzene rings were obtained with
high yields (3t and 3v). An electron-withdrawing ester
group also fitted this reaction well, giving products 3u, 3w,
3y, and 3za in yields of 86, 64, 82, and 59%, respectively.
Three other halides 3x-z (59-85%) were synthesized effi-
ciently, and enyne 3zb was also prepared in moderate yield,
which demonstrating the general applicability of this trans-
formation.

Generally, aryl chlorides are considered less reactive in
transition-metal-catalyzed coupling reactions. Interesting-
ly, aryl chlorides bearing nitro groups reacted smoothly un-
der the standard conditions for the reaction of bromoben-
zenes, albeit with moderate yields (39-54%; Scheme 4).23 It
is well known that the nitro group can be transformed into
various other functional groups.

Br- Br NO,
| 5 mol% Pd(OAC), | N
10 mol% PPhg P
+Cl NO, ——— =
Cs,CO3, DMSO =
R 115 °C, then 80 °C
1, 0.68 mmol 5, 0.4 mmol R 3zc, R = Me, 40%

3zd, R = OMe, 54%
3ze, R=Cl, 39%

Scheme 4 Synthesis of diaryl alkynes from gem-dibromoalkenes and
1-chloro-4-nitrobenzene

The possibility of Cu residues being present in the
Pd(OAc), was examined by inductively coupled plasma
mass spectrometry, and the results showed that only
0.02 mol% of Cu was present in one mole of Pd(OAc),,
which meant that 0.001 mol% of Cu had been introduced
into the cross-coupling reaction together with 5 mol% of
Pd(OAc),. Furthermore, we performed additional studies
on the cross-coupling of 1a with bromobenzene, in which
0.1 mol% Cul was introduced as a co-catalyst (Scheme S2).
No obvious enhancement on the yield of 3a was observed.
We therefore suggest that the reaction probably proceeds
with a Cu-free catalytic system.

Next, we sought to evaluate the scalability of the reac-
tion. The synthesis of 3¢ was carried out under optimized
conditions, and the product was obtained in excellent yield
(90%, Scheme 5). This result demonstrated the robustness
of the protocol to scaling up.

Br,

Br
5 mol% Pd/C 2
7, |© o S
Cs2COg (6 equiv) ||
DMSO (10 ml) =

Me 115 °C, then 80 °C Me
1c, 3.4 mmol 2, 2 mmol 3c, 90%

Scheme 5 Scale-up of the synthesis of internal alkyne 3c from gem-
dibromoalkene 1c and iodobenzene

In summary, we have developed a one-pot, two-step
cascade synthesis of internal alkynes by using two types of
organic halide: a gem-dibromoalkene and a halobenzene.
The reaction proceeded smoothly under copper-free
Sonogashira coupling conditions, and tolerated various
functional groups, such as ester, bromo, chloro, fluoro, ni-
tro, methoxy, or alkyl. In addition, gem-dibromoalkenes
with alkyl, vinyl, or hetaryl (2-pyridyl or 2-furyl) substitu-
ents worked well and afforded the corresponding internal
alkynes and enynes in good to excellent yields. The huge
cost advantage of this method compared with previous
methods makes it practicable to synthesize internal alkynes
on a large scale for commercial use. This synthetic strategy
might permit other chemical transformations to be per-
formed with gem-dibromoalkenes as alternatives reactants
to terminal alkynes.
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(23) Palladium-Catalyzed Cross-Coupling of gem-Dibromoalkenes

1 with Bromobenzene or 1-Chloro-4-nitrobenzene; General
Procedure

A mixture of the appropriate gem-dibromoalkene 1 (0.68
mmol), Cs,CO; (2.4 mmol), and DMSO (2 mL) was stirred at
115 °C for 15 h. When the alkene 1 was completely consumed,
bromobenzene (4) or 1-chloro-4-nitrobenzene (5) (0.4 mmol),
Pd(OAc), (5 mol%), and PPh; (10 mol%) were added and the
mixture was deaerated with N, gas and stirred at 60 °C or 80 °C
for 25 h. When the reaction was complete, the product was iso-
lated and purified as described above.
1-Chloro-4-[(4-methoxyphenyl)ethynyl]benzene (3x)

Brown solid; yield: 81.5 mg (84%). 'H NMR (400 MHz, CDCl;):
0 =7.50-7.36 (m, 4 H), 7.32-7.25 (m, 2 H), 6.92-6.77 (m, 2 H),
3.83-3.69 (m, 3 H). >*C NMR (101 MHz, CDCl;): § = 160.0, 133.2,
132.8, 131.8, 128.8, 128.5, 122.3, 114.2, 90.5, 87.2, 55.5. HRMS
(ED): m/z [M]* calcd for C;5H,;Cl0O: 242.0498; found: 242.0506.
Methyl 4-[(4-Chlorophenyl)ethynyl]benzoate (3y)

Brown solid; yield: 88.1 mg (82%). 'H NMR (400 MHz, CDCl;):
0=8.10-7.96 (m, 2 H), 7.61-7.50 (m, 2 H), 7.44 (t,] = 13.1 Hz, 2

H), 7.36-7.27 (m, 2 H), 3.98-3.83 (m, 3 H). 13C NMR (101 MHz,
CDCl;): 6 = 166.6, 134.9, 133.0, 131.6, 129.8, 129.7, 128.9, 127.7,
121.3,91.2, 89.6, 52.3. HRMS (EI): m/z [M]* calcd for C;¢H,,ClO,
[M]*270.0448; found: 270.0459.
1-Fluoro-4-[(4-methoxyphenyl)ethynyl|benzene (3z)

Brown solid; yield: 76.8 mg (85%). '"H NMR (400 MHz, CDCl;):
8=7.53-7.35 (m, 4 H), 7.06-6.95 (m, 2 H), 6.85 (d, ] = 8.5 Hz, 2
H), 3.81 (d, J=14.4 Hz, 3 H). '3C NMR (101 MHz, CDCl;):
8=162.3 (Jor=249.2 Hz), 159.7, 133.3 (J-=7.6 Hz), 133.0,
119.7 (Jee = 3.0 Hz), 115.7, 115.4 (Jo = 22.7 Hz), 114.1, 89.1, 87.0,
55.3.HRMS (EI): m/z [M]* calcd for C;5H,;FO: 226.0794; found:
226.0800.

Methyl 4-[(4-Fluorophenyl)ethynyl]benzoate (3za)

Brown solid; yield: 60.0 mg (59%). '"H NMR (400 MHz, CDCls):
8=28.01(d,J =8.2 Hz, 2 H), 7.64-7.41 (m, 4 H), 7.05 (t, ] = 8.6 Hz,
2 H), 3.90 (d, J=12.0 Hz, 3 H). 13C NMR (101 MHz, CDCl;):
0=166.5, 162.8 (Jez=250.7 Hz), 133.7 (J=9.01 Hz), 131.5,
129.6, 128.4, 127.8, 118.8 (Jr=3.0 Hz), 115.8 (J;z = 22.7 Hz),
91.3, 884, 52.2. HRMS (EI): m/z [M]" calcd for C;gH;;FO,:
254.0743; found: 254.0750.
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