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ABSTRACT: A palladium-catalyzed Sonogashira-type coupling be-
tween arylsulfonyl hydrazides and terminal alkynes via Ar(C)—S bond
cleavage is disclosed, which enables the general synthesis of
functionalized internal alkynes, especially the Br-substituted ones, in

good to excellent yields under acid- and base-free conditions.

B INTRODUCTION

Internal alkynes, especially the functionalized ones, are an
important class of unsaturated organic compounds that are
ubiquitously found in many natural products and molecular
organic materials.' They are extremely useful synthons in
organic chemistry toward heterocycles, biorelevant compounds,
and materials."”” The transition-metal-catalyzed Sonogashira-
type cross-coupling reactions that were independently
developed by Sonogashira,® Cassar,”” and Heck™ have
emerged as the most powerful tools for the construction of
internal alkyne skeletons (Scheme 1).* Over the past two

Scheme 1. Synthesis of Internal Alkynes
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decades, great efforts have been made in the pursuit of new
coupling partners, broader substrate scope, and simpler reaction
conditions.*™"* A number of electrophiles (ArZ) such as
iodonium tetrafluoroborate,® tetraarylphosphoniums,” boronic
acids,® arenesulfonyl chlorides,” tosylates,10 aryl amines,"’
aryldiazonium salts,'> and sodium sulfinates'> have been
utilized as coupling partners for the synthesis of internal
alkynes. Despite notable achievements, there is a general need
of additional bases or acids which might lead to limited
functional group tolerance. Therefore, protocols for general and
facile syntheses of these compounds are still desired.

As we have continuous interest in selective transformation of
terminal alkynes,"* we aim to develop a general method for the
synthesis of functionalized internal alkynes, and it is realized
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that the use of easily accessible electrophiles under additional
acid- and base-free conditions would be a promising choice.
Because the readily available and air-stable arylsulfonyl
hydrazides are good cross-coupling partners for ready
generation of reactive diazo compounds,’> we envisioned that
they might also be good electrophiles in Sonogashira-type
cross-coupling reactions to give useful internal alkynes. It is
noted that the groups of Tian and Deng have independently
employed arylsulfonyl hydrazides as aryl sources in Heck-type'®
and direct C—H bond arylation reactions'’ via desulfitation
processes.

Herein, we describe a palladium-catalyzed Sonogashira-type
reaction of arylsulfonyl hydrazides with terminal alkynes for the
synthesis of 1,2-disubstituted acetylenes under additional acid-
or base-free conditions. Both Br-substituted arylsulfonyl
hydrazides and terminal alkynes are well-tolerated, providing
a general synthesis of Br-functionalized internal alkynes
(Scheme 1).

Br-substituted compounds could be ideal precursors for
many coupling reactions because of their easy availability and
suitable reactivity. However, Br-substituted internal alkynes are
difficult to produce from easily available Br-substituted
substrates by the traditional Sonogashira-type cross-coupling
reactions under alkaline conditions due to their instability
under such conditions, consequently limiting the application of
the synthesis of more complex targets (Scheme 1). Only a few
examples have been reported in alternative reac-
tions.”*'**7%!13 Very recently, several Br-substituted diary-
lacetylenes (seven examples) have been successfully prepared
from arylhydrazines and aromatic alkynes by Song’s group;
moderate yields (50—71%) were observed from 3.5 equiv of
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one startin% material, but aliphatic alkynes are far from being
applicable.'

B RESULTS AND DISCUSSION

In our initial research, we performed the reaction between 4-
methylbenzenesulfonohydrazide (1a, 0.2 mmol) and ethynyl-
benzene (2a, 1.0 equiv) in the presence of Pd(OAc), (S mol
%), 1,10-phen (5 mol %), and Cu(OAc),-H,0 (2.0 equiv) in
DMEF at 100 °C for 0.5 h. The desired desulfitative coupling
product 1-methyl-4-(phenylethynyl)benzene (3a) was obtained
in a 20% yield (Table 1, entry 1). Subsequently, a range of

Table 1. Optimization of Reaction Conditions™”

talyst
SO,NHNH, ca =
. // ligand
Ph oxidant
solvent

1a 2a 3a

ield
entry catalyst ligand oxidant solvent (%)
1 Pd(OAc), 1,10-phen Cu(OAc);H,0 DMF 20
2° Pd(OAc), PPh, Cu(OAc),H,0 DMF 44
3¢ Pd(OAc), PCy, Cu(OAc),H,0 DMF 43
4 Pd(OAc), dppm Cu(OAc),H,0 DMF 41
S Pd(OAc), dppe Cu(OAc),H,0 DMF 61
6 Pd(OAc), dppp Cu(OAc),H,0 DMF 78
7 PdCl, dppp Cu(OAc),H,0 DMF 75
8 Pd(TFA), dppp Cu(OAc),H,0 DMF 70
9 Pd(OH),  dppp Cu(OAc),H,0 DMF 18
10 Pd,(dba);  dppp Cu(OAc),H,O DMF 46
11 Pd(OAc), dppp 0, DMF trace
12 Pd(OAc), dppp BQ DMF trace
13 Pd(OAc), dppp K,S,0g DMF trace
14 Pd(OAc), dppp Ag,CO, DMF trace
15 Pd(OAc), dppp Cu(OAc),H,0 DMSO 66
16 Pd(OAc), dppp Cu(OAc),H,0  dioxane 12
17 Pd(OAc), dppp Cu(OAc),H,0 toluene 33
18 Pd(OAc), dppp Cu(OAc),H,0 CH,CN 25
19¢ Pd(OAc),  dppp Cu(OAc),H,0 DMF 84
209 Pd(OAc), dppp Cu(OAc),H,0 DMF 53
219" Pd(OAc), dppp Cu(OAc),H,0 DMF 70
22%¢  Pd(OAc), dppp Cu(OAc),H,0 DMF 45
23%"  Pd(OAc), dppp Cu(OAc),H,0 DMF 80
24%"  Pd(OAc), dppp Cu(OAc),H,0 DMF 38

“Reaction conditions: 1a (0.2 mmol), 2a (0.2 mmol, 1.0 equiv),
catalyst (S mol %), ligand (S mol %), oxidant (0.4 mmol, 2.0 equiv),
DMF (2.0 mL), N,, 100 °C, 0.5 h. "Yields were based on the GC
analysis with dodecane as the internal standard. “10 mol % of ligand
was used. “2a (1.2 equiv), Cu(OAc),-H,O (2.4 equiv). “Pd(OAc), 1
mol %, dppp 1 mol %./Pd(OAc), 3 mol %, dppp 3 mol %. £0.25 h.
"120 °C. 80 °C.

ligands such as PPh;, PCys, bis(diphenylphosphino)methane
(dppm), 1,2-bis(diphenylphosphino)ethane (dppe), and 1,3-
bis(diphenylphosphino)propane (dppp) were examined (Table
1, entries 2—6), and dppp gave the best yield (78%,Table 1,
entry 6). For palladium catalysts, PdCl, and Pd(TFA), also
showed good efficiency (Table 1, entries 7 and 8), whereas
Pd(OH), and Pd,(dba); gave low yields of 3a (Table 1, entries
9 and 10). An assessment of oxidants revealed that Cu(OAc),
H,O was optimal for the reaction (Table 1, entry 6); molecular
oxygen, benzoquinone (BQ), K,S,04, and Ag,CO; gave only a
trace amount of the desired product (Table 1, entries 11—14).
Other solvents such as DMSO, dioxane, toluene, and CH;CN

were inferior to DMF (Table 1, entries 15—18). Greater
loadings of 2a and Cu(OAc),-H,O further improved the yield
of 3a (84%, Table 1, entry 19). Smaller loading of Pd(OAc), (1
and 3 mol %) lowered the product yields (53 and 70%,
respectively, entries 20 and 21). When the reaction time was
reduced to 0.25 h, the yield of 3a decreased to 45% (Table 1,
entry 22). The reaction was also sensitive to the reaction
temperature, and a lower yield of 3a was observed at
temperature higher or lower than 100 °C (Table 1, entries
23 and 24).

With the optimized conditions in hand, we investigated the
scope and generality of the reaction. As shown in Table 2, this
Sonogashira-type cross-coupling reaction exhibited a wide
scope of substrates and an outstanding tolerance toward
functional groups, producing various 1,2-disubstituted acety-
lenes in good to excellent isolated yields. Aromatic alkynes

Table 2. Substrate Scope of Terminal Alkynes”

Pd(OAc), (5 mol %) R
(5 mol %)

SO,NHNH, d F
@ + /4 s
R Cu(OACc),H,0 (2.4 equiv)

DMF, N, 100 °C, 0.5 h

1 2 3

3a, 79% 3b, 84% 3c, 76%
¢ 7 ol
3d, 81% 3e, 81% 3f, 80%
‘Bu O Pent O F
O
39, 81% 3h, 74% 3i, 69%
Cl O O OMe
CI C FZ
3], 80% 3k, 77% 31, 78%
R
‘ 3m,R=Ac, 78%
= 3n, R=NO,, 73%
30, R=CF;, 70%
3p,R=CN, 76%
CgHiz-n Sij\
3q, 78% 3r, 85% 3s, 66%
h 0 >ph ~°
MM ol
3t, 80% 3u,61% 3v, 72%

“Reaction conditions: 1 (0.2 mmol), 2 (0.24 mmol, 1.2 equiv),
Pd(OAc), (5 mol %), dppp (S mol %), Cu(OAc),-H,0 (0.48 mmol,
2.4 equiv), DMF (2.0 mL), N,, 100 °C, 0.5 h. Isolated yields.
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substituted with alkyl (3b—h), F (3i), Cl (3j and 3k), OMe
(31), CH;CO (3m), NO, (3n), CF; (30), and CN (3p)
worked well to give the corresponding internal alkynes in 69—
84% vyields, regardless of steric hindrance. The attachment of
strong electron-withdrawing groups such as F (3i), NO, (3n),
and CF; (30) resulted in slightly lower yields (69, 73, and 70%,
respectively). Aliphatic alkynes were also good substrates,
producing the corresponding internal alkynes in 61—85% yields
(3q—u). Heteroaromatic alkyne that contains thiophene
reacted efficiently, giving the corresponding product in 72%
yield (3v).

Gratifyingly, the potentially labile Br that is reactive in many
coupling reactions was inert in this reaction system regardless
of where it was anchored in arylsulfonyl hydrazides and
terminal alkynes (Table 3). A broad range of Br-substituted
internal alkynes were produced in good to excellent yields using
this strategy (3w—zr). Functional groups, including primary

Table 3. Synthesis of Br-Substituted Internal Alkynes”
SO,NHNH;
S
R Cu(OAc),'H,0 (2.4 equiv)
3w, 67% 3x, 51% 3y 62%

Pd(OAc), (5 mol %) ‘/
] DMF, Na, 100°C, 0.5h

. dppp (5 mol %)
OH A~ Sij\
Br Br Br
3za, 74%

B’ 3z, 73%

CN Br
@ O g
Z e Z Z
I
(S == [ ®
Br Br Br

3zb, 75% 3zc, 62% 3zd, 80%

= n-Pr O n-Pr
N O Br
pZ pZ
Z Br\‘/‘/ |O¢ l =
Br

3ze, 60% 3zf, 72% 3zg, 34%
3zn, R=3-Cl, 84%

ol
320, R = 4-NO,, 92%

;‘}’/

3zp, 56% 3zq, 86% 3zr, 48%

3zh,R=4-H, 75%
3zi, R =4-OMe, 57%
3zj, R=4-Bu, 64%
3zk, R=4-Me, 71%

3zl, R = 4-F,
3zm, R=4-Cl, 81%

85%

“Reaction conditions: 1 (0.2 mmol), 2 (0.24 mmol, 1.2 equiv),
Pd(OAc), (5 mol %), dppp (S mol %), Cu(OAc),-H,O (0.48 mmol,
2.4 equiv), DMF (2.0 mL), N,, 100 °C, 0.5 h. Isolated yields.
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alcohols (3w), ethers (3x and 3zi), silicane (3y), amides (3z),
alkyl (3za, 3zj, and 3zk), ferrocene (3zb), CN (3zc), pyridine
(3ze), F (3zl), Cl (3zm and 3zn), and NO, (3z0), could
survive together with Br. Internal alkyne 3zr halogenated by
both Br and I was also achieved, albeit in moderate yield. These
clearly demonstrate the great potential of this new method-
ology for accessing highly functionalized internal alkynes from
these Br-substituted alkynes. In contrast, the reaction was
sensitive to the steric hindrance in arylsulfonyl hydrazides. 2-
Bromobenzenesulfonohydrazide gave only a 34% yield of the
desired product (3zg). Notably, naphthalene-2-sulfonohydra-
zide could be employed as the substrate to produce the
corresponding product in high yield (86%, 3zq), whereas a
lower yield (56%, 3zp) was observed in the use of naphthalene-
1-sulfonohydrazide, probably due to its steric hindrance.

A gram-scale synthesis of 3zm was successfully achieved
under the optimal conditions, giving a 70% isolated yield
(Scheme 2a). In addition, the Br-substituted internal alkynes

Scheme 2. Scaleup Experiment and Synthetic Utility

=

2zd, 12 mmol

3zm, 2.04 g, 70%

(a) Scale up reaction

OSO2NHNH2 +

1zm, 10 mmol
Pd(OAc), (5 mol %)
dppp (5 mol %)
Cu(OAc)y'H,0 (2.4 equiv)
DMF (25.0 mL), N5, 100°C, 1 h

(b) Further funtionalization via traditional Sonogashira coupling

iy g S

3zi, 0.2 mmol 21, 0.24 mmol
Pd(PPh),Cl, (4 mol %)
Cul (2 mol %) —
(-PONH (2.0 equiv) PMEOPh—="A /—— PhOMep
THF (1.0mL) 4a, 53.5 mg, 79%
Ny, 90°C, 15 h
) Further funtionalization via Suzuki coupling
HO,
= e
HO
3zj, 0.2 mmol 5, 0.2 mmol
Pd(PPh)4 (5 mol %) - - ==
K,CO5 (2.0 equiv) \_7/ \_/

tolunene (1.0 mL)
Ny, 110°C, 15 h

4b, 46.0 mg, 73%

(d) Further funtionalization via Heck coupling

MeoH — O Br + //_Q

3zi, 0.2 mmol 6, 0.2 mmol

4c, 50.2 mg, 81%

Pd(PPh), (5 mol %)
NaOAc (2.0 equiv)

tolunene (1.0 mL)
N, 110°C, 15 h

could be further functionalized by means of traditional
Sonogashira coupling, Suzuki coupling, and Heck coupling,
respectively, and various complex internal alkyne derivatives
were successfully synthesized in high yields (Scheme 2b—d).
For example, bis(arylethynyl)benzene derivatives 4a could be
achieved in a 79% vyield (Scheme 2b) via traditional
Sonogashira cross-coupling. This type of conjugated oligo-
phenyleneethynylenes is of potential interest for use as
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molecular wires'”
fluorophores.*’

It is generally agreed on that copper(I) phenylacetylide and
ArPd"X species are reaction intermediates for Sonogashira-type
cross-coupling. ™" Indeed, copper(I) phenylacetylide reacted
smoothly with la to give 3a in an 84% vyield under the
optimized conditions (Scheme 3, eq 1). The oxidants other

or in the preparation of cruciform

Scheme 3. Control Experiments

optimized conditions

p-CH3PhSO,NHNH, + Cu——=——Ph 3a (1)
1a, 0.2 mmol 2a', 0.24 mmol 84%
Pd(OAc), (5 mol %)
1a + 2 deep (Gmol%) 3 (2)
0.2 mmol 0.24 mmol Eﬁdﬁ?;ge,iu, 100°C. 05h 4%
Pd(OAc), (5 mol %)
W ol g
0.2 mmol 0.24 mmol DMF (2.0 mL), 100 °C, 0.5 h 21%
p-CHyPhSO,NH,  + P optimized conditions 3a (4)
1a', 0.2 mmol 2a, 0.24 mmol nd

than Cu(OAc), were ineffective for the reaction (Table 1),
whereas by replacement of Cu(OAc), with Ag,CO;, the
reaction of copper(I) phenylacetylide with 1a produced 3a in a
21% yield. These results suggested that copper(l) acetylides
were involved in the catalytic cycle. We supposed that the
formation of ArPd™X occurred in the reaction, which was
initiated by nitrogen extrusion from arylsulfonyl hydrazides.
Thus, stoichiometric reactions of 1a with 1.0 and 2.0 equiv of
Pd(OAc), were conducted separately. In '"H NMR spectra, the
signals of the two hydrogen atoms of -NHNH, disappeared in
the presence of 1.0 equiv Pd(OAc),, which was probably due to
the formation of intermediate II (Scheme 4), and the signals of

Scheme 4. Proposed Mechanism

ArSO,NHNH, 1

cu(l)
HOAG+Cu(ll) PA(OAC), HOAc
Pd(0
Arm—_R (0) ArSONHNH |
PdOAc
3
HOAc + Pd(0)
Ar-Pd—=-R ArSO,N=NH I
Vil
Pd(OAc),
HOAc
R——
Vi ArPdOAC ArSO,N=NPdOAc
v n
TCu(l)
__ so
R— 2 ArSO,PdOAC
2 v N,

all three hydrogen atoms disappeared when 2.0 equiv
Pd(OAc), was added at room temperature, in which
intermediate III was probably produced. In the ESI-MS
spectra, the peak at m/z 502.8 was assigned to [III + DMSO
— H]" (caled m/z 503.0), which also indicated the formation of
intermediate III (for details, see the Supporting Information).
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Extrusion of N, and SO, from III might give the key
intermediate V.

On the basis of the study mentioned above and literature
reports,'® a general mechanism is illustrated in Scheme 4. The
reaction of Pd(OAc), with arylsulfonyl hydrazide gives an
ArPd"OAc intermediate (V), which is formed via successive
deprotonation of the arylsulfonyl hydrazide, f-hydride elimi-
nation, and liberation of N, and SO,. Transmetalation of V
with the copper acetylides species VI gives intermediate VII,
which then undergoes reductive elimination to give the desired
cross-coupling product 3. The Pd" species are then regenerated
through the oxidation of the Pd° species with Cu(OAc),.

B CONCLUSION

In summary, we developed a Sonogashira-type cross-coupling
reaction using readily available arylsulfony hydrazides as
arylation reagents under additional acid- and base-free
conditions, which shows a wide scope of substrates and
excellent functional group tolerance and thus provides a general
and facile means for accessing various functionalized 1,2-
disubstituted acetylenes. Br-substituted substrates exhibited
excellent chemoselectivity; only the coupling reaction involving
the sulfonylhydrazide groups occurred, making it an efficient
synthesis of Br-functionalized internal alkynes, and more
complex target molecules could be prepared from them
through the traditional cross-coupling reactions. Further
investigations to gain a detailed mechanistic understanding of
this reaction are currently underway.

B EXPERIMENTAL SECTION

General Information. All reactions were carried out in oven-dried
Schlenk tubes under N, atmosphere. Solvents were distilled after
treatment with calcium hydride. Reagents were used as received unless
otherwise noted. Column chromatography was performed using silica
gel 60 (particle size 37—54 pm). The pure products were obtained by
means of column chromatography (petroleum ether and ethyl acetate
were used as the gradient eluting solvents). '"H NMR, '*C NMR, and
'F NMR data were acquired on a 400 spectrometer (400 MHz for 'H,
100 MHz for "*C, and 376 MHz for '"F NMR spectroscopy).
Chemical shifts for 'H NMR are referred to internal CDC; (7.26 ppm
for "H NMR and 77.00 ppm for *C NMR) and reported as follows:
chemical shift (§ ppm), multiplicity, coupling constant (Hz), and
integration. The ionization method of the HRMS is EI The type of
the mass analyzer is quadrupole.

Synthesis of Starting Materials. Arylsulfonyl hydrazides were
prepared according to the literature procedure.”” Hydrazinemonohy-
drate (25.0 mmol) was added dropwise to a solution of arylsulfonyl
chloride (10.0 mmol) in dry tetrahyrdofuran (15.0 mL) at 0 °C under
N,. During the addition, the mixture became brown, and a white
precipitate of hydrazine hydrochloride was deposited. The mixture was
stirred at 0 °C for 30 min, ethyl acetate (60.0 mL) was added, and the
mixture was washed repeatedly with ice-cold 10% aqueous sodium
chloride solution (3 X 20.0 mL). The organic layer was dried over
sodium sulfate, filtered, and added slowly to stirred hexane (500.0 mL)
over S min. After being stirred for 10 min, the mixture was filtered, and
the collected solid was dried in vacuum.

General Procedure for the Synthesis of Internal Alkynes. An
oven-dried Schlenk tube of 25 mL equipped with a magnetic stir bar
was charged with arylsulfonyl hydrazide 1 (0.2 mmol), Pd(OAc),
(0.01 mmol, S mol %), dppp (0.01 mmol, S mol %), and Cu(OAc),
H,O (0.48 mmol, 2.4 equiv); after being charged with nitrogen three
times, terminal alkyne 2 (0.24 mmol) and DMF (2.0 mL) were added.
The reaction mixture was heated at 100 °C for 0.5 h. After completion
of the reaction, the reaction mixture was cooled to room temperature
and quenched with H,O (2 mL). The crude product was extracted
with CH,Cl, (5§ mL), and the organic layer was dried over anhydrous

DOI: 10.1021/acs.joc.7b00899
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Na,SO, and concentrated under vacuum. The desired product was
isolated by column chromatography over silica gel (300—400 mesh)
using petroleum ether/ethyl acetate as eluent.

'H and '3C Spectral Data of the Products. 1-Methyl-4-((4-
propylphenyl)ethynyl)benzene (3f). White solid; yield: 37.5 mg, 80%;
mp 56—57 °C. "H NMR (CDCls, 400 M): § 7.43 (t, J = 7.6 Hz, 4H),
7.15 (d, J = 7.6 Hz, 4H), 2.60 (t, ] = 8.0 Hz, 2H), 2.37 (s, 3H), 1.70—
1.60 (m, 2H), 0.95 (t, ] = 7.6 Hz, 3H); *C NMR (CDCl,, 100 MHz):
5143.0, 138.1, 131.4, 129.1, 128.5, 120.6, 120.4, 88.9, 88.8, 37.9, 24.3,
21.5, 13.7. HRMS (EI) m/z: [M]* calcd for C,sH,g 234.1409; found
234.1404.

1-Methyl-4-((4-pentylphenyl)ethynyl)benzene (3h). White solid;
yield: 38.8 mg, 74%; mp 46—48 °C. 'H NMR (CDCl,, 400 M): & 7.43
(t, ] = 7.2 Hz, 4H), 7.15 (d, ] = 8.0 Hz, 4H), 2.61 (t, ] = 7.6 Hz, 2H),
2.37 (s, 3H), 1.65—1.58 (m, 2H), 1.37—1.27 (m, 4H), 0.90 (t, ] = 6.8
Hz, 3H); °*C NMR (CDCl,, 100 MHz): § 143.2, 138.1, 131.4, 129.1,
1284, 120.6, 120.4, 88.9, 88.8, 35.9, 31.4, 30.9, 22.5, 21.5, 14.0. HRMS
(EI) m/z: [M]" calcd for C,oH,, 262.1722; found 262.1716.

2-(5-(4-Bromophenyl)pent-4-yn-1-yl)isoindoline-1,3-dione (3z).
Yellow solid; yield: $3.7 mg, 73%; mp 109—110 °C. 'H NMR
(CDCl,;, 400 M): 6 7.81—7.79 (m, 2H), 7.67—7.65 (m, 2H), 7.33 (d, J
= 8.0 Hz, 2H), 7.11 (d, ] = 8.0 Hz, 2H), 3.85 (t, ] = 6.8 Hz, 2H), 247
(t, J = 7.2 Hz, 2H), 2.04—1.97 (m, 2H); *C NMR (CDCl,;, 100
MHz): § 168.4, 133.9, 132.9, 132.1, 131.3, 123.2, 122.5, 121.6, 90.0,
802, 37.3, 27.1, 17.3. HRMS (EI) m/z: [M]* caled for C,oH,,BrNO,
367.0208; found 367.0203.

4-((4-Bromophenyl)ethynyl)-4'-propyl-1,1'-biphenyl (3za). White
solid; yield: 55.5 mg, 74%; mp 226—228 °C. '"H NMR (CDCl,, 400
M): § 7.60—7.55 (m, 4H), 7.53—7.48 (m, 4H), 7.40 (d, ] = 8.0 Hz,
2H), 7.26 (d, ] = 6.4 Hz, 2H), 2.63 (t, ] = 7.6 Hz, 2H), 1.73—1.63 (m,
2H), 0.97 (t, ] = 7.2 Hz, 3H); *C NMR (CDCl,, 100 MHz): § 142.4,
141.2, 137.6, 133.0, 132.0, 131.6, 129.0, 126.9, 126.8, 122.4, 122.3,
1214, 90.6, 88.8, 37.7, 24.5, 13.8. HRMS (EI) m/z: [M]* calcd for
C,3H oBr 374.0670; found 374.0664.
1-Bromo-3-((4-propylphenyl)ethynyl)benzene (3zf). White solid;
yield: 43.0 mg, 72%; mp 43—44 °C. 'H NMR (CDCl,, 400 M): & 7.68
(s, 1H), 7.44 (d, ] = 8.0 Hz, 4H), 7.22—7.16 (m, 3H), 2.61 (t, J = 7.6
Hz, 2H), 1.70—-1.61 (m, 2H), 0.95 (t, ] = 7.2 Hz, 3H); *C NMR
(CDCl,, 100 MHz): § 143.6, 134.2, 131.5, 131.1, 130.0, 129.7, 128.6,
125.5, 122.1, 119.9, 90.9, 87.2, 38.0, 24.3, 13.7. HRMS (EI) m/z: [M]*
caled for Cj;H,sBr 298.0357; found 298.0351.
1-Bromo-2-((4-propylphenyl)ethynyl)benzene (3zg). Colorless
liquid; yield: 20.3 mg, 34%. '"H NMR (CDCl,, 400 M): § 7.59 (d, ]
= 8.0 Hz, 1H), 7.54—7.47 (m, 3H), 7.28—7.23 (m, 1H), 7.16—7.12 (m,
3H), 2.58 (t, ] = 7.6 Hz, 2H), 1.68—1.58 (m, 2H), 0.93 (t, ] = 7.2 Hz,
3H); C NMR (CDCl;, 100 MHz): § 143.6, 133.1, 132.4, 131.6,
129.1, 128.5, 127.0, 125.6, 125.5, 120.0, 94.2, 87.4, 38.0, 24.3, 13.7.
HRMS (EI) m/z: [M]* caled for C,,H,sBr 298.0357; found 298.0351.
1,4-Bis((4-methoxyphenyl)ethynyl)benzene (4a). An oven-dried
Schlenk tube of 25 mL equipped with a magnetic stir bar was charged
with 3zi (0.2 mmol), Pd(PPh,),Cl, (4 mol %), and Cul (2 mol %).
After being charged with nitrogen three times, 1-ethynyl-4-
methoxybenzene 21 (0.24 mmol, 1.2 equiv), diisopropylmine (0.4
mmol, 2.0 equiv), and THF (1.0 mL) were added under nitrogen
atmosphere, and the mixture was refluxed at 90 °C for 15 h. After
cooling to room temperature, the reaction mixture was concentrated in
vacuo. The residue was purified by column chromatography on silica
gel and eluted with petroleum ether to afford the desired product as a
light yellow solid. Yield: $3.5 mg, 79%; mp 214—216 °C. '"H NMR
(400 M, CDCl,): § 7.48—7.46 (m, 8H), 6.88 (d, ] = 8.0 Hz, 4H), 3.83
(s, 6H); *C NMR (100 MHz, CDCL,): § 159.8, 133.1, 131.3, 123.1,
1152, 114.0, 91.1, 87.9, 55.3. HRMS (EI) m/z: [M]* calcd for
C,,H, 50, 338.1307; found 338.1301.
3-(4-((4-(tert-Butyl)phenyl)ethynyl)phenyl)thiophene (4b). An
oven-dried Schlenk tube of 25 mL equipped with a magnetic stir bar
was charged with 3zj (0.2 mmol), thiophen-3-ylboronic acid 5 (0.2
mmol), Pd(PPh), (S mol %), and K,CO; (2.0 equiv). After being
charged with nitrogen three times, tolunene (1.0 mL) was added
under nitrogen atmosphere, and the mixture was refluxed at 110 °C for
15 h. After cooling to room temperature, the reaction mixture was
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concentrated in vacuo. The residue was purified by column
chromatography on silica gel and eluted with ethyl acetate/petroleum
ether (1/20) to afford the desired product as a white solid. Yield: 46.0
mg, 73%; mp 189—190 °C. 'H NMR (400 M, CDCL): § 7.46—7.43
(m, 5H), 7.38—7.36 (m, 3H), 7.29—7.26 (m, 3H), 1.22 (s, 9H); 3C
NMR (100 MHz, CDCl,): § 151.5, 141.6, 135.4, 132.0, 131.3, 126.4,
1262, 126.1, 1254, 122.1, 120.7, 120.2, 90.2, 88.7, 34.8, 31.2. HRMS
(EI) m/z: [M]" calcd for C,,H,,S 316.1286; found 316.1280.

(E)-2-(4-((4-Methoxyphenyl)ethynyl)styryl)pyridine (4c). An oven-
dried Schlenk tube of 25 mL equipped with a magnetic stir bar was
charged with 3zi (0.2 mmol), Pd(PPh;), (S mol %), and NaOAc (2.0
equiv). After being charged with nitrogen three times, 2-vinylpyridine
6 (0.24 mmol, 1.2 equiv) and toluene (1.0 mL) were added under
nitrogen atmosphere, and the mixture was refluxed at 110 °C for 1S h.
After cooling to room temperature, the reaction mixture was
concentrated in vacuo. The residue was purified by column
chromatography on silica gel and eluted with ethyl acetate/petroleum
ether (1/5) to afford the desired product as a yellow solid. Yield: 50.2
mg, 81%; mp 172—174 °C. 'H NMR (400 M, CDCL,): & 8.61 (d, J =
4.0 Hz, 1H), 7.68—7.61 (m, 2H), 7.56—7.47 (m, 6H), 7.37 (d, ] = 7.6
Hz, 1H), 7.20—7.13 (m, 2H), 6.88 (d, ] = 8.4 Hz, 2H), 3.82 (s, 3H);
BC NMR (100 MHz, CDCLy): § 159.6, 155.4, 149.7, 136.6, 136.2,
133.1, 132.0, 131.7, 128.5, 127.0, 123.4, 122.3, 122.2, 115.3, 114.0,
90.7, 88.2, 55.3. HRMS (EI) m/z: [M]* caled for C,H;,NO
311.1310; found 311.1305.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.joc.7b00899.

NMR tracing of the reaction, LCMS analysis of the
control reaction, general experimental procedure, 'H
NMR and "*C NMR spectra data of the known products,
and references and copies of 'H, *C, and F NMR
charts of products (PDF)

H AUTHOR INFORMATION

Corresponding Authors

*E-mail: djyustc@hotmail.com.
*E-mail: zhouyb@hnu.edu.cn.
ORCID

Yongbo Zhou: 0000-0002-3540-8618

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Financial support by the NSF of China (Grants 21573065,
21273066, and 21172062) and the NSF of Hunan Province
(Grant 2016JJ1007) is appreciated. We also thank Prof. C. T.
Au (HNU adjunct professor) for manuscript editing.

B REFERENCES

(1) For books and reviews, see: (a) Bunz, U. H. F. Chem. Rev. 2000,
100, 160S. (b) Shun, A. L. K. S.; Tykwinski, R. R. Angew. Chem,, Int.
Ed. 2006, 45, 1034. (c) Weder, C. Chem. Commun. 20085, 5378. (d) M.
Trost, B; Li, C.-J. Modern Alkyne Chemistry; Wiley-VCH Verlag
GmbH & Co. KGaA: Weinheim, 2015.

(2) (a) Chinchilla, R.; Najera, C. Chem. Rev. 2014, 114, 1783. (b) Xu,
J-W.; Zhang, Z.-Z.; Rao, W.-H.; Shi, B.-F. . Am. Chem. Soc. 2016, 138,
10750. (c) Yan, M; Jin, T.; Ishikawa, Y.; Minato, T.; Fujita, T.; Chen,
L.-Y,; Bao, M,; Asao, N.; Chen, M.-W.; Yamamoto, Y. J. Am. Chem. Soc.
2012, 134, 17536. (d) Zhang, X; Yu, X; Ji, D; Yamamoto, Y;
Almansour, A. I; Arumugam, N,; Kumar, R. S;; Bao, M. Org. Lett.
2016, 18, 4246. (¢) Zhang, Z.-Z.; Liu, B.; Xu, J.-W.; Yan, S.-Y.; Shi, B.-
F. Org. Lett. 2016, 18, 1776. (f) Unoh, Y.; Yokoyama, Y.; Satoh, T.;

DOI: 10.1021/acs.joc.7b00899
J. Org. Chem. 2017, 82, 6764—6769


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.joc.7b00899
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00899/suppl_file/jo7b00899_si_001.pdf
mailto:djyustc@hotmail.com
mailto:zhouyb@hnu.edu.cn
http://orcid.org/0000-0002-3540-8618
http://dx.doi.org/10.1021/acs.joc.7b00899

The Journal of Organic Chemistry

Hirano, K; Miura, M. Org. Lett. 2016, 18, 5436. (g) Morioka, R;
Nobushige, K; Satoh, T.; Hirano, K; Miura, M. Org. Lett. 20185, 17,
3130. (h) Wang, X; Studer, A. J. Am. Chem. Soc. 2016, 138, 2977.

(3) (a) Sonogashira, K;; Tohda, Y.; Hagihara, N. Tetrahedron Lett.
1975, 16, 4467. (b) Cassar, L. J. Organomet. Chem. 1975, 93, 253.
(c) Dieck, H. A;; Heck, F. R. J. Organomet. Chem. 1975, 93, 259.

(4) For reviews, see: (a) Chinchilla, R.; N4jera, C. Chem. Rev. 2007,
107, 874. (b) Negishi, E.; Anastasia, L. Chem. Rev. 2003, 103, 1979.
(c) Nicolaou, K. C.; Bulger, P. G.; Sarlah, D. Angew. Chem., Int. Ed.
2005, 44, 4442. (d) Sonogashira, K. J. Organomet. Chem. 2002, 653,
46. (e) Chinchilla, R; Najera, C. Chem. Soc. Rev. 2011, 40, 5084.
(f) Tykwinski, R. R. Angew. Chem,, Int. Ed. 2003, 42, 1566.

(S) For selected examples, see: (a) Liu, Y.-Y.; Yang, X.-H.; Huang, X.-
C.; Wei, W.-T,; Song, R.-J; Li, J.-H. ]. Org. Chem. 2013, 78, 10421.
(b) Yu, L; Han, Z,; Ding, Y. Org. Process Res. Dev. 2016, 20, 2124.
(¢) Luo, F.-X;; Xu, X; Wang, D.; Cao, Z.-C.; Zhang, Y.-F.; Shi, Z.-].
Org. Lett. 2016, 18, 2040. (d) Fujino, T.; Hinoue, T.; Usuki, Y.; Satoh,
T. Org. Lett. 2016, 18, 5688. (e) Liu, Y.-H.; Liu, Y.-J,; Yan, S.-Y.; Shi,
B.-F. Chem. Commun. 2015, §1, 11650. (f) Liu, Y.-J; Liu, Y.-H.; Yin,
X.-S.; Gu, W.-J.; Shi, B.-F. Chem. - Eur. J. 2018, 21, 205. (g) Xu, Z.; Yu,
X.; Feng, X.; Bao, M. J. Org. Chem. 2011, 76, 6901. (h) Jin, G.; Zhang,
X,; Cao, S. Org. Lett. 2013, 15, 3114.

(6) Kang, S.-K;; Lee, H-W,; Jang, S.-B.; Ho, P.-S. Chem. Commun.
1996, 83S.

(7) Hwang, L. K;; Na, Y; Lee, J.; Do, Y.; Chang, S. Angew. Chem., Int.
Ed. 2005, 44, 6166.

(8) (a) Zhou, M.-B.; Wei, W.-T; Xie, Y.-X,; Lei, Y.; Li, J.-H. J. Org.
Chem. 2010, 75, 563S. (b) Nie, X; Liu, S.; Zong, Y.; Sun, P.; Bao, J. J.
Organomet. Chem. 2011, 696, 1570. (c) Yasukawa, T.; Miyamura, H.;
Kobayashi, S. Org. Biomol. Chem. 2011, 9, 6208. (d) Li, H.-M; Xu, C;
Duan, L.-M,; Lou, X.-H.; Wang, Z.-Q; Li, Z.; Fan, Y.-T. Transition
Met. Chem. 2013, 38, 313. (e) Lu, L.; Chellan, P.; Smith, G. S.; Zhang,
X; Yan, H; Mao, J. Tetrahedron 2014, 70, 5980. (f) Mitsudo, K;
Shiraga, T.; Mizukawa, J.-I; Suga, S.; Tanaka, H. Chem. Commun.
2010, 46, 9256. (g) Li, L; Nan, C.; Peng, Q; Li, Y. Chem. - Eur. ].
2012, 18, 10491. (h) Zou, G.; Zhu, J.; Tang, J. Tetrahedron Lett. 2003,
44, 8709. (i) Truong, T.; Nguyen, C. K; Tran, T. V.; Nguyen, T. T.;
Phan, N. T. S. Catal. Sci. Technol. 2014, 4, 1276.

(9) Dubbaka, S. R;; Vogel, P. Adv. Synth. Catal. 2004, 346, 1793.

(10) (a) Choy, P. Y.,; Chow, W. K; So, C. M,; Lau, C. P.; Kwong, F.
Y. Chem. - Eur. ]. 2010, 16, 9982. (b) R’kyek, O.; Halland, N,;
Lindenschmidt, A.; Alonso, J.; Lindemann, P.; Urmann, M,; Nazaré,
M. Chem. - Eur. J. 2010, 16, 9986.

(11) Wy, X.-F,; Neumann, H.; Beller, M. Chem. Commun. 2011, 47,
7959.

(12) (a) Fabrizi, G.; Goggiamani, A.; Sferrazza, A.; Cacchi, S. Angew.
Chem., Int. Ed. 2010, 49, 4067. (b) Barbero, M.; Cadamuro, S.;
Dughera, S. Eur. J. Org. Chem. 2014, 2014, 598. (c) Cai, R; Lu, M,;
Aguilera, E. Y,; Xi, Y.; Akhmedov, N. G.; Petersen, J. L.; Chen, H.; Shi,
X. Angew. Chem, Int. Ed. 2015, 54, 8772. (d) Tlahuext-Aca, A;
Hopkinson, M. N.; Sahoo, B.; Glorius, F. Chem. Sci. 2016, 7, 89.
(e) Panda, B.; Sarkar, T. K. Chem. Commun. 2010, 46, 3131.

(13) Xu, Y,; Zhao, J.; Tang, X; Wu, W,; Jiang, H. Adv. Synth. Catal.
2014, 356, 2029.

(14) (a) Su, L; Dong, J.; Liu, L.; Sun, M; Qiu, R;; Zhou, Y.; Yin, S.-
F. J. Am. Chem. Soc. 2016, 138, 12348. (b) Liu, L, Ji, X; Dong, J;
Zhou, Y.; Yin, S.-F. Org. Lett. 2016, 18, 3138. (c) Cao, H.; Chen, T,;
Zhou, Y,; Han, D,; Yin, S.-F.; Han, L.-B. Adv. Synth. Catal. 2014, 356,
768S.

(15) For selected reviews, see: (a) Xiao, Q.; Zhang, Y.; Wang, J. Acc.
Chem. Res. 2013, 46, 236. (b) Barluenga, J.; Valdés, C. Angew. Chem,
Int. Ed. 2011, 50, 7486.

(16) Yang, F.-L.; Ma, X.-T.; Tian, S.-K. Chem. - Eur. ]. 2012, 18, 1582.

(17) (a) Chen, W.; Chen, H,; Xiao, F.; Deng, G.;J. Org. Biomol.
Chem. 2013, 11, 4295. (b) Liu, B.; Li, J.; Song, F.; You, J. Chem. - Eur.
J.2012, 18, 10830. (c) Yu, X.; Li, X.; Wan, B. Org. Biomol. Chem. 2012,
10, 7479. (d) Yuen, O. Y,; So, C. M,; Wong, W. T.; Kwong, F. Y.
Synlett 2012, 23, 2714. (e) Liu, C; Ding, L.; Guo, G.; Liu, W.; Yang,
F.-L. Org. Biomol. Chem. 2016, 14, 2824. (f) Miao, H.; Wang, F.; Zhou,

6769

S.; Zhang, G; Li, Y. Org. Biomol. Chem. 2018, 13, 4647. (g) Zhu, Y.-L.;
Jiang, B.; Hao, W.-J,; Qiy, J.-K,; Sun, J.; Wang, D.-C.; Wei, P.; Wang,
A-F; Li, G; Tu, S.-J. Org. Lett. 2015, 17, 6078.

(18) Zhao, Y; Song, Q. Chem. Commun. 2018, 51, 13272.

(19) (a) Jenny, N. M.; Wang, H.; Neuburger, M.; Fuchs, H.; Chi, L.;
Mayor, M. Eur. J. Org. Chem. 2012, 2012, 2738. (b) Orita, A,
Miyamoto, K; Nakashima, M,; Ye, F.; Otera, J. Adv. Synth. Catal
2004, 346, 767. (c) Tour, J. M.; Rawlett, A. M.; Kozaki, M.; Yao, Y.;
Jagessar, R. C.; Dirk, S. M.; Price, D. W.; Reed, M. A;; Zhou, C.-W,;
Chen, J.; Wang, W.; Campbell, I. Chem. - Eur. J. 2001, 7, S118.

(20) Zucchero, A. J.; McGrier, P. L.; Bunz, U. H. F. Acc. Chem. Res.
2010, 43, 397.

(21) (a) Bertus, P.; Fécourt, F.; Bauder, C.; Pale, P. New J. Chem.
2004, 28, 12. (b) Zhou, M.-B.; Huang, X.-C.; Liu, Y.-Y.; Song, R.-J.; Li,
J.-H. Chem. - Eur. ]. 2014, 20, 1843.

(22) Myers, A. G.; Zheng, B.; Movassaghi, M. J. Org. Chem. 1997, 62,
7507.

DOI: 10.1021/acs.joc.7b00899
J. Org. Chem. 2017, 82, 6764—6769


http://dx.doi.org/10.1021/acs.joc.7b00899

