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a b s t r a c t

Suzuki–Miyaura cross-coupling reactions of aryl halides with arylboronic acids were performed in pre-
dominantly aqueous media employing two mono- and two dinuclear cyclopalladated complexes as cat-
alysts. These complexes are [Pd(HL)Cl] (I), [Pd(L)(PPh3)] (II), [Pd2(l-dppb)(L)2] (III) and [Pd2(l-dppf)(L)2]
(IV); where H2L, dppb and dppf represent 4-methoxy-N0-(mesitylidene)benzohydrazide, 1,4-bis
(diphenylphosphino)butane and 1,10-bis(diphenylphosphino)ferrocene, respectively. The reactions were
conducted using potassium carbonate as base in presence of tetrabutylammonium bromide (TBAB) at
70/90 �C in dimethylformamide–water (1:20) mixture. Among the four catalysts used, the dinuclear com-
plex IV turned out to be the most effective and afforded moderate to excellent yields with broad substrate
scope.

� 2017 Elsevier Ltd. All rights reserved.
Biaryls and biheteroaryls are an important class of compounds
as they are significant building blocks for a variety of natural prod-
ucts, pharmaceuticals, agrochemicals and functional materials
such as sensors and liquid crystals.1 The most convenient and use-
ful method for the single step synthesis of a biaryl or biheteroaryl
is the Csp2�Csp2 Suzuki–Miyaura cross-coupling reaction.2 Since
the discovery of this catalytic coupling reaction, there is a contin-
uous effort to develop new catalyst systems which will be effective
for a wide range of products. Generally organic media are more
common for this coupling reaction. However, due to the environ-
mental concerns necessity for the use of the benign solvent water
as the medium for chemical reactions is continuously growing.
Thus, in recent times, there is a particular emphasis on the devel-
opment of catalyst systems that will be effective for Suzuki–
Miyaura cross-coupling reactions in aqueous media.3 So far, among
the various catalyst systems used for Suzuki–Miyaura reaction in
aqueous or aqueous-organic media, very few are based on
cyclopalladated complexes.4 These complexes are either water sol-
uble for use in homogeneous reactions or anchored to silica or
nano-particles for applications in heterogeneous reactions. We
have been working on coordination5 and cyclometallated6 com-
plexes of transition metal ions with Schiff bases and reduced Schiff
bases and their applications as catalysts in synthetic organic reac-
tions for the past couple of years. Recently we have reported a ser-
ies of mononuclear and dinuclear cyclometallated palladium(II)
complexes with the Schiff base 4-methoxy-N0-(mesitylidene)ben-
zohydrazide (H2L).7 In these complexes having the formulas [Pd
(HL)Cl] (I), [Pd(L)(PPh3)] (II), [Pd2(l-dppb)(L)2] (III) and [Pd2(l-
dppf)(L)2] (IV) (dppb = 1,4-bis(diphenylphosphino)butane and
dppf = 1,10-bis(diphenylphosphino)ferrocene); the ligands ((HL)�

and (L)2�) have the 5,6-membered fused chelate rings forming pin-
cer-like ONC-coordinating mode (Chart 1). In the present work, we
have examined the catalytic properties of these four complexes in
Suzuki–Miyaura cross-coupling reactions of phenyl- and 2-naph-
thylboronic acids with electronically diverse types of aryl halides
in predominantly aqueous media.

4-bromobenzaldehyde and phenylboronic acid were chosen as
the model substrates for optimization of the reaction conditions.
The reactions were performed in water (2 ml) under aerobic condi-
tions at 70 �C in presence of tetrabutylammonium bromide (TBAB)
by varying the catalyst (I�IV) (taken in 0.1 ml of dimethylfor-
mamide (DMF)), catalyst loading (mol% of the metal complex),
base, and the amounts of base and TBAB (Table 1). Among the four
catalysts I�IV assessed (entries 1–4), catalyst IV provided the high-
est yield in shortest reaction time (entry 4). Decrease in the mol%
of IV resulted into significant decrease in the yield and increase
in the reaction time (entries 5–7). Considering the dinuclearity of
IV, it is expected to be more productive than either of the two
mononuclear complexes (I and II). But, the performances of IVwith
significantly lower loadings of 0.01–0.0001 mol% were better than
the performances of 0.1 mol% of both I and II (entries 1 and 2).
Variation of reaction temperature (entries 8–10) showed that at
elevated temperature (90 �C) though same yield was obtained
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Chart 1. Chemical structures of I�IV.

Table 1
Optimization of reaction conditions.a

Entry Catalyst (mol%) Base (mmol)

1 I (0.1) K2CO3 (2)
2 II (0.1) K2CO3 (2)
3 III (0.1) K2CO3 (2)
4 IV (0.1) K2CO3 (2)
5 IV (0.01) K2CO3 (2)
6 IV (0.001) K2CO3 (2)
7 IV (0.0001) K2CO3 (2)
8 IV (0.1) K2CO3 (2)
9 IV (0.1) K2CO3 (2)
10 IV (0.1) K2CO3 (2)
11 IV (0.1) NaOH (2)
12 IV (0.1) KOH (2)
13 IV (0.1) K3PO4 (2)
14 IV (0.1) CS2CO3 (2)
15 IV (0.1) Et3N (2)
16 IV (0.1) Na2CO3 (2)
17 IV (0.1) K2CO3 (1.5)
18 IV (0.1) K2CO3 (1)
19 IV (0.1) K2CO3 (0.5)
20 IV (0.1) K2CO3 (1.5)
21 IV (0.1) K2CO3 (1.5)
22 IV (0.1) K2CO3 (1.5)
23 – K2CO3 (1.5)
24 IV (0.1) –
25 IV (0.1) –

a 4-Bromobenzaldehyde (1.0 mmol), phenylboronic acid (1.2 mmol), catalyst (I–IV) in
H2O (2 ml).

b GC–MS yield (based on 4-bromobenzaldehyde).
c At 25 �C.
d At 50 �C.
e At 90 �C.
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but there was no significant decrease in the reaction time (entry
10). K2CO3 turned out to be the best base when compared with
the other inorganic bases and triethylamine (entries 11–16). Low-
ering of the amount of K2CO3 from 2 mmol to 1.5 mmol increased
the reaction time by 1 h for the same yield (99%) (entry 17). How-
ever, further lowering resulted into significant decrease in the
yields (entries 18 and 19). Similarly decrease in the amount of
TBAB or its absence resulted into significantly reduced yields in
longer durations of the reactions (entries 20–22). The requirement
of TBAB is perhaps due to the formation of [Bu4N][BPh(OH)3]
which helps to increase the rate of the reaction and hence more
yield of the cross-coupling product.4b,8 The control experiments
showed no detectable product formation without catalyst (entry
23), while yields were 29 or 21% in presence of catalyst but
without base (entry 24) or both base and TBAB (entry 25),
respectively. Thus the conditions used for entry 17 were found to
be optimal and used for subsequent reactions with various
substrates.9

The optimized conditions as described above were then
employed for Suzuki–Miyaura cross-coupling reactions of substi-
tuted phenyl bromides with phenylboronic acid. The products10

obtained with the required reaction times and the yields are listed
in Table 2. Phenyl bromides bearing electron withdrawing groups
at para position were more reactive and provided excellent yields
(P98%) in 6 h (entries 1, 4 and 5). In comparison, reactions involv-
ing phenyl bromides containing electron withdrawing groups at
TBAB (mmol) Time (h) Yieldb (%)

1 12 63
1 8 77
1 8 95
1 5 99
1 6 84
1 6 71
1 10 59
1 24 76c

1 18 88d

1 4.5 99e

1 12 92
1 12 93
1 12 84
1 12 86
1 12 75
1 6 94
1 6 99
1 6 82
1 6 71
0.5 12 80
0.2 12 64
– 12 49
1 24 –
1 24 29
– 24 21

0.1 ml of dimethylformamide, tetrabutylammonium bromide (TBAB) (1.0 mmol),
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Table 2
Suzuki–Miyaura reactions of aryl bromides with phenylboronic acid.a

Entry R Product Time (h) Yieldb (%) Ref.

1 p-CHO
Ph CHO

6 99 10a

2 o-CHO

Ph

OHC 6, 8 82, 91 10a

3 m-CHO

Ph

CHO 6 92 10b

4 p-NO2
Ph NO2

5 99 10b

5 p-COOH
Ph COOH

6 98 10c

6 m-COOH

Ph

COOH 6 94 10c

7 p-OMe
Ph OMe

8 94 10a

8 m-OMe

Ph

OMe 8 90 10a

9 o-OMe

Ph

MeO 8 84 10a

10 p-OH
Ph OH

8 91 10c

11 m-OH

Ph

OH 8 85 10c

12 o-OH

Ph

HO 8 78 10d

13 p-NH2
Ph NH2

8 86 10e

14 o-NH2

Ph

H2N 8 74 10e

a Aryl bromide (1.0 mmol), phenylboronic acid (1.2 mmol), catalyst IV (0.1 mol%) in 0.1 ml of dimethylformamide, K2CO3 (1.5 mmol), TBAB (1.0 mmol), H2O (2 ml).
b GC–MS yield (based on aryl bromide).
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meta position produced slightly lower yields (�93%) in the same
reaction time of 6 h (entries 3 and 6). In contrast, due to steric
effect ortho-bromobenzaldehyde gave a relatively modest yield of
82% in 6 h and 91% when the reaction was allowed for longer time
of 8 h (entry 2). In contrast, phenyl bromides containing electron
donating groups showed somewhat low reactivities and gave mod-
erate to excellent yields in longer reaction durations (entries 7–
14). In the cases of para- and meta-bromoanisoles, yields of cou-
pling products were P90%, while the yield was 84% for ortho-ani-
sole in 8 h of reaction time for each (entries 7–9). Similarly, in 8 h,
yields were 85–91% for both para- and meta-bromophenols and
para-bromoaniline (entries 10, 11 and 13). However, because of
steric effect both ortho-bromophenol and ortho-bromoaniline pro-
vided the corresponding coupling products in lower yields of 78
and 74%, respectively in 8 h (entries 12 and 14). Thus, in general,
presence of electron withdrawing substituents enhances the reac-
Please cite this article in press as: Babu G.N., Pal S. Tetrahedron Lett. (2017), h
tivities of the aryl bromides in comparison to the electron donating
substituents, as reported earlier.11

The same approach as described above for phenylboronic acid
was employed for the cross-coupling reactions of 2-naphthyl-
boronic acid with a variety of aryl bromides using the catalyst IV.
Table 3 lists the products12 isolated with the corresponding reac-
tion times and the yields. Results were very similar to those
observed for phenylboronic acid. Excellent yields (96%) of the cou-
pling products were obtained in 6 h for phenyl bromides having
electron withdrawing groups at para position (entries 1 and 2).
On the other hand, yields were relatively less (91 and 86%) even
in longer reaction time (8 h) for phenyl bromides having electron
donating groups at the same para position (entries 3 and 4). Similar
or even less yields of 88 and 80% were obtained in 8 h for two elec-
tron donating atoms/groups containing aryl bromides such as 5-
bromo-1,3-benzodioxole and 4-bromo-1,2-dimethoxybenzene,
ttp://dx.doi.org/10.1016/j.tetlet.2017.01.089
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Table 3
Suzuki–Miyaura reactions of aryl bromides with 2-naphthylboronic acid.a

Entry Aryl bromide Productb Time (h) Yieldc (%) Ref.

1
Br CHO Np CHO

6 96 12a

2
Br NO2 Np NO2

6 96 12b

3
Br OMe Np OMe

8 91 12b

4
Br NH2 Np NH2

8 86 12c

5

O

O

Br Np O

O 8 88 12d

6

Br OMe

OMe

Np OMe

OMe 8 80 12e

7

Br OH

CHO

Np OH

CHO 10, 16 62, 80 12c

8

SBr SNp
10 90 12c

9

SBr COMe SNp COMe
6 92 12f

10 N

N
Br

N

N
Np

8 94 12g

a Aryl bromide (1.0 mmol), 2-naphthylboronic acid (1.2 mmol), catalyst IV (0.1 mol%) in 0.1 ml of dimethylformamide, K2CO3 (1.5 mmol), TBAB (1.0 mmol), H2O (2 ml).
b Np represents the 2-naphthyl group.
c Isolated yield.
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respectively (entries 5 and 6). Interestingly, among all the aryl bro-
mides, 5-bromo-2-hydroxybenzaldehyde having an electron
donating group as well as an electron withdrawing group was least
reactive and provided comparatively very low yields of 62 and 80%
yields in significantly longer reaction durations of 10 and 16 h,
respectively (entry 7). Furthermore, catalyst IVwas also very effec-
tive for heteroaryl bromides such as 2-bromothiophene, 2-acetyl-
5-bromothiophene and 2-bromopyrimidine, and the reactions
afforded >90% yields of the corresponding aryl-heteroaryl cross-
coupling products in 6–10 h (entries 8, 9 and 10). Here also pres-
ence of electron withdrawing substituent on the heteroaryl bro-
mide enhances its reactivity (entries 8 and 9).

The aryl chlorides are less reactive than the aryl bromides
because of the stronger CACl bond than the CABr bond.13 Hence,
previously reported cyclopalladate catalyzed Suzuki–Miyaura cou-
pling reactions involving aryl chlorides in water or water–organic
mixed solvents were generally performed at rather higher temper-
atures (P100 �C).4 However, somewhat related complexes of {Pd
(CH3)(PR3)}+ with NN-coordinating b-dikitiminate ligands were
shown to effectively catalyze coupling of aryl chlorides with aryl-
boronic acids in ethanol-water (1:1) mixture at lower tempera-
tures ranging from 50–80 �C.14 We also examined the catalytic
effectiveness of complex IV in the cross-coupling reactions of
phenylboronic acid with a range of aryl chlorides. The products10,15

formed, reaction durations and the yields are summarized in
Table 4. Under the same optimized conditions as used for aryl bro-
mides (Table 1, entry 17), the yields were 63 and 74% in reaction
Please cite this article in press as: Babu G.N., Pal S. Tetrahedron Lett. (2017), h
times of 10 and 18 h, respectively for para-nitrochlorobenzene.
Increase of reaction temperature from 70 to 90 �C led to the
improved yields of 71 and 82% in 10 and 18 h, respectively. The
yield improved further to 98% in 10 h reaction time when the cat-
alyst loading was also increased from 0.1 to 0.2 mol% with the
increase of temperature to 90 �C. Thus the conditions used for
entry 1 in Table 4 were found to be the best and applied for the
remaining aryl chloride substrates. Chlorobenzenes substituted at
para position by electron withdrawing groups provided excellent
yields (95–99%) of the corresponding coupling products in 10 h
(entries 1–3). In slightly longer reaction time of 12 h, chloroben-
zenes with electron withdrawing substituents atmeta position also
gave very good yields (91 and 94%) (entries 4 and 5). Whereas, a
comparatively moderate yield of 84% was obtained for ortho-
chlorobenzonitrile in 12 h (entry 6). In contrast, the coupling reac-
tions of chlorobenzenes having electron donating groups at the
para position required somewhat longer reaction time (14 h) for
moderate to very good yields (83–91%) (entries 7–9). The reaction
with the heteroaryl chloride 2-chloropyrimidine was also success-
ful and a yield of 85% was obtained in a reaction time of 12 h. Not
surprisingly, as observed before4 here also the aryl chlorides
required higher reaction temperature as well as higher catalyst
loading and longer reaction durations for moderate to excellent
yields of the cross-coupling products in comparison to the aryl bro-
mides due to the difference in the CACl and CABr bond strengths.13

In summary, the catalytic properties of a series of mono- and
dinuclear cyclometallated palladium(II) complexes having the
ttp://dx.doi.org/10.1016/j.tetlet.2017.01.089
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Table 4
Suzuki–Miyaura reactions of aryl chlorides with phenylboronic acid.a

Entry Aryl chloride Product Time (h) Yieldb (%) Ref.

1
ClO2N PhO2N

10 98 10b,15a

2
ClPhOC PhPhOC

10 99 15a

3
ClHOOC PhHOOC

10 95 10c,15a

4

Cl

OHC

Ph

OHC 12 91 10b

5

Cl

NC

Ph

NC 12 94 15b

6

Cl

CN

Ph

CN 12 84 15b

7
ClH2N PhH2N

14 83 10e,15a

8
ClHO PhHO

14 87 10c,15a

9
ClMeO PhMeO

14 91 10a,15a

10

N

N
Cl

N

N
Ph

12 85 12g

a Aryl chloride (1.0 mmol), phenylboronic acid (1.2 mmol), catalyst IV (0.2 mol%) in 0.1 ml of dimethylformamide, K2CO3 (1.5 mmol), TBAB (1.0 mmol), H2O (2 ml).
b GC–MS yield (based on aryl chloride).
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pincer-like ONC-donor (L)2� (H2L = 4-methoxy-N0-(mesitylidene)
benzohydrazide) as primary and monodentate chloride or
monophosphine or bidentate bridging diphosphines as ancillary
ligands in Suzuki–Miyaura cross-coupling reactions of a diverse
range of aryl bromides and chlorides with arylboronic acids in pre-
dominantly aqueous media were investigated. Out of the four com-
plexes evaluated, the dinuclear [Pd2(l-dppf)(L)2] containing the
1,10-bis(diphenylphosphino)ferrocene (dppf) as the bridging ligand
turned out to be the best performing catalyst. The catalytic reac-
tions exhibited a broad substrate scope and afforded a wide variety
of biaryl and aryl-heteroaryl products. The yields were moderate to
excellent in reasonably short duration reactions.
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