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1 | INTRODUCTION

Foad Kazemi |

Babak Kaboudin

Abstract

In this study, a convenient nickel-catalyzed protocol has been introduced for
the Suzuki-Miyaura coupling reaction. A simple mixture of Ni(II) and
unfunctionalized p-cyclodextrin (B-CD) was used to cross-coupling of aryl
halides with aryl boronic acids for the synthesis of biaryls in water. f-CD is a
water-soluble seminatural cyclic oligosaccharide, environmentally friendly
biomaterial, inexpensive, and commercially available ligand. This ligand with
low solubility in usual organic solvents has been used for the synthesis of
biaryls in good to excellent yields. The cross-coupling results in the presence of
Ni(I[)/p-CD catalytic system showed that the coupling reaction carried out
with appropriate yields for both electron-rich and electron-deficient aryl
halides. The coupling reaction completed in water as a green solvent. The
catalyst was also recycled for four runs with a small decrease in its catalytic
activity. The presented new method allows an easier and more cost-efficient
synthesis of biaryls from the reaction of arylboronic acids with various aryl
halides in water.
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crystals, and conjugate polymers (Scheme 1).'4'°! The
costly palladium is the most routine catalyst for the vari-

The new bond formation is an important and applicable
process for the synthesis of valuable materials. The cross-
coupling reactions are efficient method for the carbon-
carbon bond generation that has developed by chemistry
scientists. The Suzuki-Miyaura coupling reaction is one
of the most utilized and general synthetic organic
transformation tools for the C(sp*)—C(sp®) bond forma-
tion.!™3! The Suzuki-Miyaura coupling reaction is the
coupling between the organoboron reagents with organic
halides. The method is an extremely important and clean
protocol for the creation of different types of compounds,
especially biphenyls. Biaryl are versatile structural units
that have found many applications in natural products,
synthetic bioactive compounds, pharmaceuticals, liquid

ous cross-coupling reactions.l*®**! Due to high cost and
toxicity of palladium metal, the usage of the low-cost
transition metal complexes for the coupling reactions has
grown attention. In particular, nickel has been recog-
nized as a popular choice to replace with Pd for cross-
coupling reactions due to lower cost, high reactivity, and
earth-abundant.?’2*! Nickel catalysts in Suzuki-Miyaura
cross-coupling reactions commonly involve a combina-
tion of simple nickel salt with standard ligands such as
phosphines, N-heterocyclic carbenes, and pyridine
derivatives.?*3?! To date, many efforts have been made
for the development of Ni-based Suzuki reaction.
For instance, Lipshutz et al. reported nickel on charcoal
as an effective heterogeneous catalyst for the Suzuki
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SCHEME 1 Examples of biaryl structure applications

reaction of functionalized aryl chlorides with boronic
acids.**!

Recently, chemists have been more interested in the
use of water as an environmentally friendly, easily
available, and nonflammable solvent in organic synthe-
sis.**~37] Reactions in aqueous media usually lead to high
selectivity, which cannot be obtained with organic
solvents.138-42!

Cyclodextrins (CDs) are nontoxic materials that pre-
pared on large scale via the enzymatic degradation of
starch.[***! CDs have a hydrophobic inner cavity and a
hydrophilic outside with their ability to form inclusion
complexes with various kinds of molecules.***”! CDs
can be used as promoters or catalysts for various organic
reaction processes such as carbon-carbon bond forma-
tions, asymmetric synthesis oxidation, reduction, hydro-
lysis, and condensation.!**->* Recently, functionalized
CDs have attracted attention for Suzuki-Miyaura cou-
pling reactions.*>*?! We have reported synthesis and
application of Cu(II)-p-CD complex in the homocoupling
reaction of aryl boronic acids.[®*®* Recently, we have
also reported Pd(II)-p-CD complex for the selective
Suzuki-Miyaura coupling reaction in water.!*! In contin-
uation of our interest for application of CDs in coupling
reactions, herein, we report a greener methodology for
the synthesis of biaryl compounds using a simple mixture
of Ni(IT)/p-CD in water. In this report, we describe a
cross-coupling reaction of aryl halide compounds (X =1,
Br) with arylboronic acids in water in the presence of
catalytic amount of mixture of Ni(OAc), and p-CD.

2 | RESULTS AND DISCUSSION

Initially, the reaction of 4-iodotoluene (la) with
phenylboronic acid (2a) was chosen as the model

reaction (Table 1). In order to optimize the reaction con-
ditions, the screening of various parameters such as sol-
vent, base, kind and amount of catalyst, and reaction
temperature were investigated, and the results are sum-
marized in Table 1. As indicated in Table 1, we examined
a set of experiments for optimizing the reaction condi-
tions. We have already reported the experimental data for
the screening of different copper salts on the coupling
reaction. In continuation, to find out the convenient cata-
lyst, three commercial Ni(IT), Co(II), and Fe(III) salts
(5 mol%) were examined in the cross-coupling of 1a with
2a (1.2 equiv) in water as a solvent in the presence
K,CO; (1.5 equiv) as a base at 65°C under Ar. Results
showed that the reaction failed to give any desired prod-
uct 3a for 24 h. It was found that the reaction proceeded
with a mixture of transition metal salts (Ni, Co, and Fe)
with B-CD (5 mol%) (Entries 1-7). Screening of various
salts showed that the best result was obtained in the pres-
ence of Ni(II) sources, specially Ni(OAc),. To get more
information on the optimal catalyst conditions, the reac-
tion was examined in different ratios of Ni(OAc), and
B-CD (Table 1). The reaction yield decreased to 49% when
the reaction was performed in 10 mol% fB-CD (Entry 8).
Surprisingly, the compound 3a was obtained in 95% yield
in the presence of 2.5 mol% of $-CD (Entry 9). The reac-
tion proceeded smoothly to give compound 3a in only
13% yield with decreasing amount of Ni(OAc), to 2.5 mol
% (Entry 10). A decrease in yield was observed when the
reaction was carried out under air (Entry 11). The com-
pound 3a was obtained in 55% yield when the reaction
was performed at room temperature for 48 h (Entry 12).
Screening of various bases DABCO, Na,COs;, Et;N, and
NaHCO; showed that the K,COs5 is the best (Entries 13—
16). The results in Table 1 showed that H,O was found as
a suitable solvent for the reaction while the reaction
yields decreased in other organic solvents (Entries 17-
20). Therefore, the best reaction conditions for the
employ of a mixture of Ni(OAc), and p-CD for the syn-
thesis of biaryl 3a contained the use of 5 and 2.5 mol% of
Ni(OAc), and B-CD, respectively, per mmol of 1a at 65°C
in water for 24 h under Ar.

Under the above optimized condition, the scope and
limitations of the mixed Ni(OAc),/p-CD-catalyzed cross-
coupling reaction of various aryl halides with aryl
boronic acids were studied. The obtained results are sum-
marized in Table 2. The cross-coupling of phenyl boronic
acid with various aryl iodides having electron-rich and
electron-poor groups gave corresponding biaryls 3 in
good to excellent yields (Entries 1-6). The reaction of
4-iodotoluene  with  1-naphthalene boronic acid,
2-benzofuranyl, and 3-thienyl boronic acid led to the
corresponding cross-coupling compound product with
good yields (Table 2, Entries 7-9).
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SCHEME 2 The coupling reaction of arylboronic acids
with aryl halides for the synthesis of biaryl 3

TABLE 1 Reaction of
4-iodotoluene 1a with phenylboronic
acid 2a in various reaction conditions

1 mmol

Chemistry

Ni(OAc), (5%mol)
B-cyclodetrin (2.5 mol%)

A

K>COg3 (2 equiv)
H,O(1 mL), 65 °C
1.2 mmol

Catalyst/p-CD

O~

Base, Solvent (1 mL)

1a

2a

3a

Entry  Catalyst Solvent  Base Reaction time (h)  Yield %" 3a
1 NiCl,.6H,0 H,0 K,COs 24 41

2 Ni(NO5),.6H,0  H,0O K,COs 24 37

3 Ni(SO,),.6H,0  H,0 K,COs 24 34

4 CoCl,.6H,0 H,0 K,COs 24 20

5 Co(DAc),.6H,0  H,0 K,COs 24 22

6 FeCl,.6H,0 H,0 K,COs 24 29

7 Ni(OAc),4H,0  H,0 K,COs 24 61

8 Ni(OAc),4H,0  H,O K,CO; 24 49°
9 Ni(OAc),4H,0  H,0 K,COs 24 95°
10 Ni(OAc),4H,0  H,O K,COs 24 134
11 Ni(OAc),4H,0  H,0 K,COs 24 63°
12 Ni(OAc),4H,0  H,O K,COs 48 55f
13 Ni(OAc),4H,0  H,0 DABCO 48 53
14 Ni(OAc),.4H,0 H,0 Et;N 48 trace
15 Ni(OAc),.4H,0 H,0 NaHCO; 48 trace
16 Ni(OAc),4H,0  H,0 Na,CO; 48 85
17 Ni(OAc),4H,0  DMSO K,COs 48 4

18 Ni(OAc),4H,0  MeCN K,COs 48 5

19 Ni(OAc),4H,0  EtOH K,COs 48 78
20 - H,0 K,COs 48 -8

4GC yield (1-mmol 1a, 1.2-mmol 2a, 2-mmol base, metal salt [5 mol%], f-CD [5 mol%] in solvent [1 mL]

under Ar at 65°C).

The reaction with 10 mol% of p-CD.

°The reaction with 2.5 mol% of p-CD.

9The reaction with 2.5 mol% of Ni (OAc),.
The reaction carried out under air.

The reaction carried out at room temperature.
8The reaction failed without any metal catalyst.

We have also examined the Suzuki reaction of aryl
bromides. For this goal, the reaction of 4-bromoanisole
with phenylboronic acid was studied and the reaction
gave the compound 3i in 50% yield. However, when the
reaction temperature was increased to 85°C, the reaction
yield was increased to 88%. Therefore, we studied the
coupling reaction of different aryl bromides with aryl
boronic acid at 85°C in water. Generally, the results

showed that aryl bromides having electron-donating or
electron-withdrawing groups afforded biaryl compound
3 in good yields (Table 2, Entries 10-16).

The reusability of the mixture catalyst of Ni(OAc),/
B-CD was also studied. The aqueous solution of the cata-
lyst was collected after washing the reaction mixture
with n-hexane. The catalytic activity did not decrease
considerably after four catalytic cycles (Table 3).
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TABLE 2 The reaction of aryl halide 1 (1 mmol) with arylboronic acid (1.2 mmol) in the presence of Ni(OAc),/p-CD catalyst

Entry R X Ar Product Yield (%)
1 p-Me I Ph 91
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TABLE 2 (Continued)
Entry R X Ar Product Yield (%)*
11 H Br Ph 90°
O,
12 p-MeO Br Ph 88°
3c
13 p-NO, Br Ph 90°
3e
14 p-CHO Br Ph 90°
OO
H 3j
15 p-CN Br Ph 91¢
v~ )~ )
3k
16 p-Acyl Br Ph 90°

*Yields refer to isolated yields.
GC yield.
“Reaction carried out at 85°C.

TABLE 3 Reusability test of the
Ni(OAc),/B-CD catalyst in the reaction
of 4-iodotoluene 1a with phenylboronic
acid 2a in water

1 mmol

/OH
i O
OH

31

Ni(OAc), (5%mol)
B-cyclodetrin (2.5 mol%)
K;CO3 (2 equiv)

H,O(1 mL), 65 °C

e

1.2 mmol

Product
3a 95

Ni(I)/p-CD complex formation was examined by
ultraviolet-visible (UV-vis) spectroscopy. The absorbance
was recorded from 200 to 600 nm. The UV-vis absorption
spectra of Ni(OAc),, p-CD, and complex of Ni(II)/p-CD
was shown in Figure S17. The results showed that the peak
at 273 nm in Ni(OAc), was disappeared in the Ni(II)/-CD
complex spectrum. This is an evidence that Ni(II) has good

Yield (%) 1st run

2ndrun 3rdrun 4thrun  Average yield (%)

81 78 74 82

interaction with CD in Ni(I[)/p-CD complex (Figure S18).
All efforts failed to prepare of appropriate crystal
samples of Ni(II)/p-CD complex for X-ray analysis.

On the basis of previous literature reports,!?>°%°7! we
propose a plausible mechanism for the synthesis of biaryl
via the Ni(II)/p-CD-catalyzed coupling of aryl halides
with arylboronic acids (Scheme 3).
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SCHEME 3 Proposed mechanism of coupling reaction of

arylboronic acids with aryl halides in the presence of Ni(I)/
B-cyclodextrin

At the first, Ni(0) species is generated in the presence
of p-CD. We assume that the role of -CD is to stabilize
the active catalyst. The reaction may proceed via oxida-
tive addition of arylhalides to yield Ni(Il) intermediate A.
In continuation, transmetalation of the aryl boronic acid
to intermediate A gives intermediate B. Finally, the
cross-coupled product is produced by a reductive elimina-
tion of intermediate B with regenerating the active
Ni(0) species.

In summary, herein, we reported a highly efficient
strategy Ni(II) catalyst for the Suzuki-Miyaura coupling
reaction of aryl halides with aryl boronic acids. The cata-
lyst was successfully applied for the coupling reaction of
a wide variety aryl halides (including electron-donating
and electron-withdrawing groups) with aryl boronic acids
in the presence of a mixture of Ni(OAc), (5 mol%)/p-CD
(2.5 mol%). The p-CD is a green, nontoxic, abundant,
inexpensive, and degradable natural product that can be
used as a ligand with Ni(OAc),. This catalytic system is
environmentally green and cost-effective that could be
recycled and reused at least four times with a small loss
of catalytic activity. The presented process is a useful
method to present methodologies due to reusability of
the catalyst, use of water as a solvent, and clean
reactions.

3 | EXPERIMENTAL SECTION

3.1 | General

All chemicals were commercial products. Nuclear
magnetic resonance (NMR) spectra were obtained with a
400-MHz Bruker Avance instrument with the chemical
shifts being reported as & ppm and couplings expressed in

Hertz (CDClj; as solvent with reference chemical shifts of
& = 7.26 for "TH NMR and & = 77.0 for '*C NMR). Silica
gel column chromatography was carried out with
Silica gel 100 (Merck No. 10184). Merck Silica-gel
60 F254 plates (No. 5744) were used for the preparative
thin layer chromatography (TLC). Melting points are
uncorrected. Gas chromatography was performed on a
Varian CP-3800 chromatograph. UV-vis spectra were
recorded on a JASCO, UV-550 UV-vis spectrophotometer
(see Supporting Information UV-vis spectra of the
complex formation of a mixture of Ni(OAc),.4H,0O and
B-CD).

3.2 | General procedure for the cross-
coupling aryl halides with aryl
boronic acids

In a 5-mL flask, Ni(OAc),.4H,0 (5 mol %) and B-CD
(2.5 mol %) were added to distilled water (1 mL), and
the mixture was stirred for 10 min. Aryl halide
(0.2 mmol), phenylboronic acid (0.24 mmol), and
K,CO; (0.3 mmol) were added to the reaction mixture.
The mixture was stirred at 65°C (aryl iodides) or 85°C
(aryl bromides) for 24 h. The reaction mixture was
cooled to room temperature; the crude product was
extracted three times with n-hexane (3 x 5 mL) and
dried over Na,SO,. The product was purified by
column chromatography with n-hexane-EtOAc (9:1) to
afford pure biaryl product 3 in good to high yields
(Table 2). All products were known and confirmed by
'"H NMR and *C NMR (see Supporting Information).
All products gave satisfactory spectral data in accord
with the assigned structures and literature reports
(Figures S1-S16).
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