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A simple and efficient procedure for Suzuki coupling of aryl bromides/iodides with aryl- and alkylboronic
acids catalyzed by in situ-generated palladium(0) nanoparticles in water without any ligand in open air
to produce a variety of functionalized biaryls and alkyl-aryls has been developed. The boronic acids act
here as the reducing agent for the formation of Pd nanoparticles. The reactions are remarkably fast

(5 min) and high yielding. The catalyst is recyclable up to three runs without loss of efficiency.
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Since the first report of palladium-catalyzed Suzuki coupling of
aryl halides with arylboronic acids,! this reaction has undergone a
tremendous growth, and is considered one of the most powerful
tools for the construction of an aryl-aryl bond, in particular for
the formation of biaryls, structural units found in natural products,
pharmaceuticals, and advanced materials.? The catalysis by metal
nanoparticles is of considerable current interest as these semi-het-
erogeneous catalysts usually show enhanced catalytic efficiency
because of their better ability to transfer electrons and large sur-
face area-to-volume ratio.? In addition, they also offer the general
advantages of heterogeneous catalysts of easy recovery and recy-
clability.® A variety of palladium nanoparticles-catalyzed Suzuki
reactions, such as naphthidine di(radical cations)-stabilized palla-
dium nanoparticles in dioxane® in situ-generated palladium
nanoparticles in PEG-400 without any ligand,*® dendrimer-stabi-
lized Pd nanoparticles in H,O/EtOH,*¢ and Pd nanoparticles sup-
ported on polyaniline nanofibers in water,*d have been developed
among others.* However, many of these procedures used expen-
sive and complex ligands or supports, and with a few exceptions,
most reactions involved hazardous organic solvents. Also several
of these reactions are sluggish requiring at least 24 h for comple-
tion. The use of an eco-friendly reaction medium, minimization
of steps, better yields, and faster reaction remained constant chal-
lenges in the context of green chemistry.>® As a part of our pro-
gram to explore palladium nanoparticles for carbon-carbon bond
formation,” we report here a one-pot Suzuki coupling reaction
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catalyzed by in situ-generated Pd(0) nanoparticles in water with-
out a conventional ligand (Scheme 1).

To optimize the reaction conditions, a series of experiments
under varied conditions in terms of surfactants, base, reaction tem-
perature, and reaction time for a model coupling reaction of
4-bromoanisole and phenylboronic acid were carried out as illus-
trated in Table 1. It was found that the best results in terms of
yields and reaction time were obtained using sodium dodecyl
sulfate (SDS)/K3PO4 at 100 °C in water (Table 1, entry 5), K3PO,4 acts
here as a base as well as a stabilizer.®

We also found that a representative coupling of 4-bromoaceto-
phenone and phenylboronic acid in water at 100 °C furnished the
best yield (96%) compared to other organic solvents such as DMF,
toluene, and THF under identical conditions (Table 2).

Thus, in a general experimental procedure under optimized
conditions, arylboronic acid (1.2 mmol) was added to a stirred
solution of Na,PdCl; (2.5 mol %), KsPO4 (1.5 mmol), and SDS
(0.5 mmol) in water followed by aryl bromide (1 mmol) at room
temperature in the open air. The reaction mixture was heated at

SDS , NapPdCly ;
K3PO4 y Hzo
100 °C

R-X + RZ?-B(OH),

R! = aryl , heteroaryl; R? = aryl , alkyl

X=1,Br

Scheme 1.
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Table 1
Standardization of reaction conditions
Surfactant
Aq NadeCI4
MeO Br+ B(OH), - %27 o|v|e
Base
Entry Surfactant Base Temp (°C) Time Yield (%)
1 SDS K,CO3 27 5h 37
2 SDS K5PO4 25 5h 72
3 SDS KF 28 5h 20
4 SDS NaOAc 25 5h 21
5 SDS K5PO4 100 5 min 95
6 — K5PO4 100 20 min 75
7 — K5PO4 25 5h 63
8 TBAB K3PO4 100 5 min 85
Table 2

Standardization of solvent for Suzuki cross-coupling

Na,PdCl, , SDS
MeOC@BH@B(O H)p o 5 O O COMe

K3PO, , solvent

Entry Solvent Temp (°C) Time (min) Yield (%)
1 DMF 100 5 52
2 Toluene 100 5 52
3 THF 100 5 30
4 H0 100 5 96

100 °C (oil bath) for 5 min. Extraction with ethyl acetate and
purification (recrystallization/chromatography) provided the pure
product. All of these products are known compounds, and were
easily identified by comparison of their spectroscopic (*H NMR
and '3C NMR) data with those reported (see references in Table 3).

To confirm the formation of Pd nanoparticles and determine
their properties, an extract from the reaction of 4-bromoanisole
and phenylboronic acid in the presence of SDS (100 °C) after
5 min showed the formation of nanoparticles of the size of 6-
8 nm by a TEM (transmission electron microscope) image (Fig. 1)
and EDS (energy dispersive X-ray spectroscopy) confirmed the
presence of Pd nanoparticles (Fig. 2). The UV spectra showed the
presence of a peak at 425 nm corresponding to Pd(Il) of aqueous
solution of Na,PdCl, before the start of the reaction and the disap-
pearance of this peak with the progress of the reaction after 2 min
indicating complete formation of Pd(0) nanoparticles, and their
presence till the end of the reaction (Fig. 3).

A wide range of aryl bromides and iodides with varied substit-
uents underwent cross coupling with several diversely substituted
phenylboronic acids and alkylboronic acids by this procedure to
produce the corresponding biaryls and alkyl-aryls. The results
are summarized in Table 3. Most of these reactions were very fast
being completed in 5 min. The presence of an electron-withdraw-
ing or electron-donating group on the aromatic ring of aryl halides
did not affect the reactivity and yields of products. Aryl iodides (Ta-
ble 3, entries 1, 18, and 24) and aryl bromides participated in this
reaction leaving chlorides and fluorides unreactive (Table 3, entries
9-12, and 22). The substituted phenylboronic acids (Table 3, en-
tries 6, 8, 11, 12, 14, 17, 19, and 23) also coupled with aryl halides
readily. The alkylboronic acids (Table 3, entries 26-28) underwent
reactions by this procedure to produce the corresponding alkyl-ar-
yls without any difficulty. The sensitive heteroaryl halides (Table 3,
entries 24 and 25) bearing pyridyl and thienyl moieties produced
the corresponding aryl-heteroaryl-coupled products in high yields.
The position (o, m, and p) of substituents on the aromatic rings of
aryl halides and phenylboronic acids did not have any appreciable
effect on the progress of the reaction. Several functional groups

Table 3
Pd nanoparticles-catalyzed cross coupling of arylhalides and aryl or alkyl boronic
acids

Na,PdCl, ,SDS
R4 / X +(HO)ZBQR2;> R1R2

KsPO, H,O
X =Br, | 100°C
Entry R R? Time (min) Yield® (%) Ref.
1 H H 5 96 4c
2 H H 5 92 4c
3 2-0OCH; H 5 92 4d
4 3-0CH; H 5 94 4a
5 4-OCH; H 5 95 af
6 4-OCH; 3-CH; 5 96 9
7 4-CH, H 5 96 af
8 4-CH, 4-CH; 5 92 10
9 4F H 5 92 4f
10 4l H 5 94 14
11 acl 3-CH, 5 95 12
12 4l 4-CHO 5 95 13
13 3-CHO H 5 94 4e
14 2-CHO 4-CHO 5 92 14
15 2-COH; H 5 96 15
16 4CN H 5 95 af
17 4-NO, 3-CH, 5 94 16
18" 3-CF3 H 5 94 17
Br
19 3-CH, 5 96 12
Br
20 4-CHO 5 90 18
21 4-HO 3-CH, 5 92 19
22 4F 3-cl 5 84 20
23 4-CH, 4-COCH; 5 88 21
* N I
24 | H 5 92 22
N
25 14 \LBr H 10 88 23
S
26 4-COCH; "Bu-B(OH), 5 86 24
27 4-CHO CH;-B(OH), 15 75 25
28 4-CN CH;-B(OH), 25 70 25

@ Yields refer to those of purified isolated products characterized by spectroscopic
data (IR, '"H NMR, and '3C NMR).
" Indicates X = L.

such as OCHs, Cl, F, CHO, COCH3, CN, NO,, CF3, and OH were com-
patible in this reaction, and thus this procedure provided an easy
access to functionalized biaryls. Particularly, the biphenyls con-
taining highly manipulable groups such as CHO, COCHs, CN, and
NO, (Table 3, entries 14-17, 20, 23, and 26) in either one or both
rings are very useful in organic synthesis.

In general, the reactions are very clean and high yielding. The
aqueous layer containing the catalyst after work up was recycled
for three subsequent runs without an appreciable loss of efficiency.

As indicated by UV studies, Pd(II) was reduced to Pd(0) by phen-
ylboronic acid during the reaction. It was also confirmed by a blank
experiment adding phenylboronic acid to a solution of Na,PdCl, in
water without using SDS and aryl halide, where the solution turned
black immediately indicating the formation of Pd(0). A similar
reduction of palladium(II) acetate by phenylboronic acid was also
observed by Jin.*® It is believed that Pd(0) is the catalytic species
and that the reaction proceeds through the usual interaction of aryl
halide and Pd(0) to form the aryl-palladiumhalide complex 1,
which then couples with arylboronic acid to give the aryl-Pd(II)
intermediate 2, and finally provides the biaryl product via the
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Figure 1. TEM image Pd nanoparticles.
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Figure 2. EDX spectra of PANP on Cu grid.
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Figure 3. UV spectra of Pd at different stages (0-5 min) of the reaction.
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Scheme 2. Plausible mechanism of Suzuki coupling.

reductive elimination of Pd(II) to Pd(0) as outlined in Scheme 2. It
was also found that the reaction did not proceed at all in the ab-
sence of Pd nanoparticles.

Recently, we have reported’® Pd nanoparticles-catalyzed Hiy-
ama coupling using Na,PdCl,/SDS/NaOH/H,0. Although the pres-
ent procedure used a similar reagent system, Na,PdCl,/SDS/
K3PO4/H,0, there are marked differences in the formation and
reactivity of Pd nanoparticles. In Hiyama Coupling,’® Pd nanoparti-
cles are formed by the reduction of Pd-salt by SDS, whereas in this
reaction, the reduction of Pd(II) was done by phenyl/alkylboronic
acid, this being a much faster process. All the reactions (Suzuki)
proceeded well in the absence of SDS in reasonably good yields
(10-15% lower than those in the presence of SDS), and thus SDS
is not an essential part of this process. SDS was used to stabilize
the Pd nanoparticles and to improve the recyclability of Pd nano-
particles. Tetrabutylammonium bromide, a different stabilizer,
was also found to provide results similar to SDS (Table 1, entry
8). On the contrary, in the Hiyama coupling the reaction did not
proceed at all in the absence of SDS, which acts as a reducing as
well as a stabilizing agent. Moreover, we have been able to success-
fully use alkylboronic acid forming an aryl-alkyl bond in Suzuki
coupling, whereas in the case of the earlier Hiyama coupling,’® this
reaction did not go with alkylboronic acid. In general, alkylboronic
acids are less reactive than arylboronic acids, and thus it is very
difficult to achieve aryl-alkyls. Our procedure is efficient and has
accomplished these reactions (Table 3, entries 26-28) and pro-
vided improved yields in a shorter reaction time (10-25 min com-
pared to 7.5-72 h by a reported procedure?*).,

On comparison of our results with those in some of the recently
published procedures using Pd nanoparticles for Suzuki coupling,*
we find that this procedure provides significant advantages in
terms of reaction time, simplicity of operation, and yields of prod-
ucts. In addition, this procedure provides a one-pot operation using
in situ-generated Pd nanoparticles, whereas, with one exception,*®
others use preformed nanoparticles thus making the process two-
step.

In conclusion, we have developed a convenient and efficient
one-pot procedure for Suzuki coupling of aryl halides and aryl-
and alkylboronic acids catalyzed by in situ-generated Pd(0) nano-
particles in water under aerobic and ligand-free conditions. The
significant advantages of this procedure are simple operation, rea-
sonably high yields, very fast (5 min) reaction time, easy recovery
of the catalyst, and reusability up to three runs without any appre-
ciable loss of efficiency and environment-friendly reaction condi-
tions. Suzuki coupling in the absence of any conventional ligand
is also of much significance.
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