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Two easily accessible hydrazinoaminocarbene complexes of Pd(Il) are shown to be efficient catalysts for
copper-free Sonogashira cross-couplings of a variety of aryl iodides with aryl- and alkylalkynes under
mild conditions, in ethanol as the solvent and using potassium carbonate as the base. The reactions were
carried out with 0.05 mol % of the catalysts which demonstrated exceptional stability in the solid state
and in ethanol. Protection from air is not needed. Disubstituted acetylenes were synthesized by the
general procedure on up to a gram scale and the yields were 80-98%.
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Sonogashira cross-coupling of monosubstituted acetylenes and
aryl halides catalyzed by palladium and copper species is a com-
mon route to disubstituted acetylenes.'~> However, the presence
of a copper co-catalyst may lead to unwanted side reactions such
as the formation of diynes®>™ or further cyclization of the target
products.® Also, it is worth noting that copper is not environmen-
tally friendly and the use of relatively large amounts of copper
should be avoided.® Copper-free Sonogashira reactions have been
known for a long time,” but initially required harsh conditions
and large amounts of palladium catalysts. The development of
more active catalysts has allowed copper-free Sonogashira
reactions to be performed under milder conditions.® ">

An impressive advance was the use of just 0.001 mol % of a
catalyst for copper- and amine-free Sonogashira coupling of aryl
iodides, bromides, and chlorides with unsubstituted phenylacety-
lene. This was achieved with specialized five- or seven-membered
palladacycles based on phosphine-ylide ligands.5>¢

More typical and simple are PdA-NHC complexes (NHC = N-het-
erocyclic carbene). They show good activity in classic® and copper-
free®!'° Sonogashira reactions between aryl, heteroaryl, or alkyl
halides with various acetylenes, but their preparation is often a
laborious task.
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Scheme 1. Copper-free Sonogashira reaction.

An attractive alternative to Pd-NHCs with equal or superior cat-
alytic activity in cross-coupling reactions is palladium(Il) com-
plexes with acyclic diaminocarbenes (Pd-ADC).''~!> There is only
one report in the literature on the use of a Pd-ADC as a catalyst
for the copper-free Sonogashira reaction.'? However, the catalyst
was prepared by a rather complicated method involving pretreat-
ment of a specially synthesized formamidinium salt with LDA.

We earlier reported the acyclic hydrazinoaminocarbene palla-
dium complex I and demonstrated its good catalytic activity in a
variety of classic cross-coupling reactions.'>~'®> This complex was
synthesized easily by the reaction of a known palladium(II) isocy-
anide complex (cis-[PdCl(C=NCy),]) with 4-NO,CsH4NHNHo,.
Herein, we report a convenient method for the copper-free
Sonogashira cross-coupling of aryl iodides with various terminal
acetylenes under mild conditions, catalyzed by complex I, as well
as by another hydrazinoaminocarbene complex, II (Scheme 1).
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Catalysts I and II were prepared by the procedure described
previously for complex I (Scheme 2).">~'> The reaction between
equimolar amounts of cis-[PdCl,(C=NCy),] and the corresponding
hydrazine proceeded to completion in four hours in 1,2-dichloro-
ethane at reflux, and subsequent work-up provided complexes I
and II in yields of 95% and 85%, respectively.'® Both complexes
are air- and moisture-stable in the 20—80 °C temperature range,
and are also stable as ethanol solutions for at least four months.

To study the catalytic activity of complexes I and Il we chose
the reaction of phenylacetylene with 4-iodotoluene.!” Cheap and
environment-friendly ethanol and potassium carbonate were used
as the solvent and base, respectively, in order to find a catalytic
system operating under mild conditions. The reaction conditions
were optimized in a standard manner (the variables were temper-
ature, reaction time and amount of catalyst). The reactions were
carried out in screw-capped vials with rapid stirring. No special
measures were used to protect the reactions from air. The results
are presented in Table 1.

At room temperature, the reaction proceeded too slowly (en-
tries 1 and 2). At 80 °C, full conversion of 4-iodotoluene was
achieved in two hours and the yield of the product, as determined
by GC, was 97% (entry 3). It was possible to reduce the amount of
the catalyst to 0.05 mol % (entry 4) without decreasing the yield.
Further reduction of the amount of catalyst led to longer reaction
times in order to reach 100% conversion of the aryl iodide (entry
6). In addition, long reaction times affected the selectivity of the
reaction and a decrease in the yield of the desired product was
detected (entries 6 and 8). The following conditions were found
to be optimum for catalyst I: 0.05 mol % of catalyst, ethanol at
80 °C, and excess potassium carbonate (entry 4). Similar results
were obtained with catalyst II (entries 9-13) and the optimum
conditions were the same as for catalyst I (entry 10).

Next, the scope of the reaction was studied with catalyst I and
eight different aryl iodides and four terminal acetylenes under
optimized conditions, until 100% conversions (of Arl) were attained
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(Table 2).'® We also tested two aryl bromides (4-bromotoluene and
4-nitrobromobenzene) with phenylacetylene using 1 mol % of the
palladium catalyst and carried out the reaction for 72 h (Table 2,
entries 21 and 22). The products were obtained in yields of 12%
and 62% (conversions were 15% and 62%), respectively. In all cases
(except for entries 6 and 11), full conversions of the aryl iodides
were achieved.

The reaction was found to be applicable to a variety of aryl
iodides with electron-donating (entries 2-4, 6, 10, 11, and 14) or
electron-withdrawing (entries 5, 7, 8, 12, 13, 16, 17, 19, and 20)
groups, and with one or even two ortho-substituents (entries 2,
4, 5, and 11). Terminal acetylenes with aryl-(entries 1-14) and
alkyl (entries 15-20) substituents could be employed.

The mass spectrum of the mixture after coupling iodobenzene
with 2-methylbut-3-yn-2-ol (entry 18) showed fragments with
m/z values of 162, 144, and 142. These data proved the presence
of by-products formed via dehydration and reduction of the target
product. Such by-products were not detected in the other
Sonogashira reactions that we carried out.

To demonstrate the synthetic abilities of the catalytic system,
we performed two experiments on a gram scale with Phl and
4-NO,CgH4l and phenylacetylene. Based on 20 mmol of Arl, we
obtained the corresponding coupling products in good (84%,
PhC=CPh) or excellent (95%, 4-NO,CgH4C=CPh) preparative yields
(entries 1 and 8).19%°

In conclusion, we have reported a general and efficient method
to obtain disubstituted acetylenes. Two catalysts I and II belonging
to the family of ADC palladium complexes were shown to be active
in copper-free Sonogashira reactions under mild conditions. No
protection from air was needed. The catalysts can be prepared
easily and are stable as ethanol solutions for at least four months.
Environment-friendly ethanol proved to be a suitable solvent for
the reaction. The method allowed Sonogashira cross-coupling
products to be obtained in good to excellent preparative yields
(up to 95%) on gram scale.
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Scheme 2. Synthesis of the catalysts.

Table 1
Optimization of the reaction conditions (optimal conditions are in bold)'”

‘@I + =-Ph

Torll

=
EtOH, K,CO; =

air
Entry Catalyst (mol %) T (°C) Time (h) Conversion of 4-MeCgH4l (%) Yield of 4-MeCgH,C=CPh (%)
1 1(0.1) 21 24 12 10
2 1(0.1) 21 96 28 25
3 1(0.1) 80 2 100 97
4 1(0.05) 80 2 100 96
5 1(0.02) 80 2 61 58
6 1(0.02) 80 4 100 82
7 1(0.01) 80 4 45 39
8 1(0.01) 80 24 84 65
9 11 (0.1) 80 2 100 92
10 11 (0.05) 80 2 100 94
11 11 (0.02) 80 4 100 81
12 11 (0.01) 80 4 47 43
13 11 (0.01) 80 24 70 53




E. A. Savicheva et al./ Tetrahedron Letters 55 (2014) 2101-2103

Table 2
Reactions of aryl iodides and bromides with terminal acetylenes'®

I (0.05 mol%)

ArX + =R ——>» Ar—R
EtOH, 80 °C
K2C03, air
Entry Ar-X R-C=CH Yield of Ar-C=C-R (%)
1 Ph-I Ph-C=CH 95 (84%)
2 2-MeCgHa-1 Ph-C=CH 96
3 4-MeCgHy-1 Ph-C=CH 96
4 2,6-Me,CgH3-1 Ph-C=CH 94
5 2,4,6-Cl5CgHo-1 Ph-C=CH 95
6 4-MeOCgH4-1 Ph-C=CH 90"
7 4-OHCCgHy4-1 Ph-C=CH 96
8 4-NO,CgHy-1 Ph-C=CH 98 (95%)
9 Ph-I 4-MeOCgH4-C=CH 94
10 4-MeCgHy-1 4-MeOCgH4-C=CH 94
11 2,6-Me,CgH3-1 4-MeOCgH4-C=CH 90°
12 4-NO,CgHy-1 4-MeOCgH4-C=CH 98
13 4-OHCCgHy4-1 4-MeOCgH4-C=CH 98
14 4-MeOCgH4-1 4-MeOCgH4-C=CH 95
15 Ph-I n-C¢Hq3-C=CH 89
16 4-OHCCgHy4-1 n-CgHy3-C=CH 85
17 4-NO,CgHy-1 n-CgHy3-C=CH 97
18 Ph-I Me,(HO)C-C=CH 80
19 4-OHCCgHy4-1 Me,(HO)C-C=CH 98
20 4-NO,CgHy-1 Me,(HO)C-C=CH 96
21 4-MeCgHy4-Br Ph-C=CH 12¢
22 4-NO,CgHy4-Br Ph-C=CH 62°¢

2 Isolated yield on 20 mmol scale.

19,20

b Conversion of Arl was 94%.
¢ 1 mol % of the catalyst was used.
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PdCLy{C(N(H)-NPh;)=N(H)Cy}(C=NCy), complex II. PdCl,(CyNC), (200 mg,
0.50 mmol) and 1,1-diphenylhydrazine (97 mg, 0.54 mmol) were dissolved in
1,2-dichloroethane (10 mL) and refluxed at 84 °C for 4 h. The mixture was
cooled and n-hexane (30 mL) was added. The white precipitate was filtered
off, washed with Et,0 (2 x 30 mL) and dried under air. Yield 244 mg (85%).
'H NMR (300 MHz, CDCl3): 10.34s (1H, C=NHN), 7.29-7.35 m (8H, Ha,),
7.08-7.14 m (3H, 2Ha, + NH), 4.47-4.62 m (1H, CH), 3.98-4.05 m (1H, CH),
1.28-2.17 m (20H, 10CH,). IR (KBr, selected bands, cm™'): v (C-H) 2933-
2830, V(C=N) 2227, 5 (N-Ccarpene-N) 1560, v(Ca,~N) 1360. ESI*-MS: found:
545.1421 [M—CI]*; calcd for CogH34CIN4Pd: 545.1490. Elemental analysis:
found, %: C 53.95; H 5.81; N 9.48; calcd for C,6H34Cl,N4Pd, %: C 53.81; H 5.90;
N 9.46.

Optimization of the reaction parameters. A vial was charged with 4-
iodotoluene (0.1 mmol), phenylacetylene (0.11 mmol), biphenyl (0.03 mmol,
internal standard), K;CO5 (0.15 mmol) and EtOH (2 mL). Complex I or II (an
aliquot of an ethanol solution) was added. The mixture was stirred for the
selected amount of time at room temperature or at reflux. The mixture was
cooled and CH,Cl,-n-hexane (1:2, 2 mL) and H,O (2 mL) were added. The
organic layer was separated, filtered through a small amount of silica gel and
analyzed by GC.

General procedure for the coupling of aryl halides with terminal acetylenes. A
vial was charged with an aryl halide (0.1 mmol), an aryl or alkylacetylene
(0.11 mmol), K,CO5 (0.15 mmol), palladium catalyst (0.05 mol %), and EtOH
(2 mL). The mixture was refluxed with stirring for 2 h. After this time, the
mixture was cooled and CH,Cl,-n-hexane (1:2, 2 mL) and H,O (2 mL) were
added. The organic layer was separated, filtered through a small amount of
silica gel and analyzed by GC-MS. The solvent was removed and the residue
weighed and analyzed by 'H NMR.

1,2-Diphenylacetylene.* A 100 mL round-bottom flask was charged with
iodobenzene (4.1 g, 20 mmol), phenylacetylene (2.2 g, 22 mmol), K,CO3 (4.2 g,
30 mmol), complex I (5.5 mg, 0.01 mmol), and EtOH (35 mL). The mixture was
refluxed with stirring for 2 h. After this time, the mixture was cooled and
diluted with H,0. The organic compounds were extracted with n-hexane
(2 x 50 mL), the solvent evaporated and the crude residue purified by column
chromatography (n-hexane) to afford 3.0 g of pure diphenylacetylene (84%,
white solid, mp = 60 °C).

1-(4-Nitrophenyl)-2-phenylacetylene.* A 100 mL round-bottom flask was
charged with 4-nitroiodobenzene (4.9 g, 20 mmol), phenylacetylene (2.2 g,
22 mmol), K,CO3 (4.2 g, 30 mmol), complex I (5.5mg, 0.01 mmol), and
EtOH (35 mL). The mixture was refluxed with stirring for 2 h. After this
time, the mixture was cooled and diluted with H,O0. The organic
compounds were extracted with EtOAc (2 x 50 mL). The solvent was
evaporated and the crude residue purified by recrystallization (MeOH) to
afford 4.2 g of pure 1-(4-nitrophenyl)-2-phenylacetylene (95%, yellow solid,
mp = 120 °C).
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