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Abstract. A water-soluble palladium (II) complex containing an unsymmetrical Schiff-base ligand was synthesized and applied as catalyst Suzuki–Miyaura and Sonogashira cross-coupling reactions in aqueous media.
Notably, moderate to excellent yields of biaryls were obtained in Suzuki reaction with usually less reactive aryl
and heteroaryl chlorides under relatively mild condition. Moderate-to-high yields of aryl-alkynes were also
obtained in Sonogashira reactions using aryl bromides. Apart from hydrophilic nature, the accomplishment of
reactions in water, high recyclability, broad functional group tolerance, etc., are other advantages of the system.
Keywords. Water-soluble catalyst; Palladium; Unsymmetrical Schiff-base; Suzuki–Miyaura reaction;
Sonogashira reaction.

1. Introduction
In the past decades, multidentate Schiff-base derived
homogeneous palladium catalysts have gained enormous interests in carbon-carbon bond formation
reactions such as Suzuki,1,2 Sonogashira,3,4 Heck,5–7
etc. Such ligands, by virtue of their low cost, easy
synthetic accessibility and air and moisture sensitive
properties, have the potentiality to act as a sustainable
alternative to conventional phosphines in cross-coupling reactions.8 Moreover, like phosphines, the stereo-electronic properties in Schiff-bases can also be
ﬁne-tuned by properly selecting the condensing partners.9 Until now, most of Schiff-base related studies
for cross-coupling reactions are conﬁned with symmetric functionalization of diamines, where the
ligands were synthesized via a double-condensation
reaction between a symmetrical diamine with two
equivalents of aldehydes, mostly salicylaldehyde.10,11
However, from a catalytic perspective, unsymmetrical
Schiff-bases are more intriguing, and there are literature precedents available, at least in some cases with
non-palladium systems,12,13 where unsymmetrical
Schiff-bases exhibited superior activity and selectivity

compared to their symmetrical counterparts.14 Nevertheless, there also exist a few isolated cases of
unsymmetrical Schiff-base ligands in Pd-catalyzed
cross-coupling reactions; however, those systems are
almost exclusively limited to application in nonaqueous media.15,16 Although, moderate to good
yields of cross-coupling products were obtained with
selected aryl bromides/iodides in Suzuki reaction, the
system remained virtually ineffective with aryl chlorides as substrates. It needs to mention that despite
signiﬁcant advancements in Suzuki reaction, the activations of chloroarenes in an aqueous environment
without using phosphines is still considered as one of
the most difﬁcult tasks.17
In one of our previous works, we developed a catalytic system comprised of unsymmetrical tetradentate
N2O2-type Schiff-base ligands that showed the
impressive result in activating aryl chlorides in the
Suzuki reaction.18 However, the catalytic system was
neither reusable nor applicable in an aqueous medium
with aryl chlorides. It may be noted that from economical and environmental needs, it has become
essential to develop new reusable catalytic systems for
Suzuki reaction that works in a hydrophilic
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environment with chloroarenes.19 Literature precedents suggest that the aqueous-phase efﬁciency of a
homogeneous Schiff-base system could be enhanced
by introducing some ionic functionality, viz., –COO-,
–SO3- into the ligand moiety11,20,21 so that the complex becomes water-soluble. Moreover, such types of
catalysts could be easily separated from the reaction
system by a simple biphasic extraction strategy and
hence enhance the prospect of recyclability.22,23
Thus, in continuation with our works on Schiff-base
system,18, 23–25 herein we present a recyclable watersoluble Pd-catalyst containing an unsymmetrical Schiffbase ligand for Suzuki–Miyaura reaction of chloroarenes
in water. We have also expanded the scope of our catalytic system for Sonogashira reaction; another most
widely studied Pd-catalyzed cross-coupling reaction.26–28
2. Experimental
2.1 Synthesis of ligand and complex
The ligand, L1 was prepared by reacting two equivalents
of sodium salicylaldehyde-5-sulfonate with one equivalent of 2-aminobenzylamine in EtOH. Yield: 72%, Colour: Yellow, M.p. [ 250 °C, 1H NMR (500 MHz,
D2O): d (ppm) = 8.73 (s, 1H, H), 8.47 (s, 1H, H),
8.03–7.92 (m, 8H, Ar–H), 6.94–6.88 (dd, 2H, H, H), 4.12
(s, 2H, CH2), FTIR (KBr, cm-1): 3501 (mO-H), 1558
(tC=N), 1427 (tC=C), 1192, 1126 (t-SO3), UV–Vis (H2O)
k (nm): 220,13C NMR (400 MHz, D2O): d (ppm) =
161.93 (imine carbons), MS (ESI): m/z = 534 [M]?.
The Pd complex, C1 was prepared by adding a
methanolic solution of Pd(OAc)2 (1 mmol) to a
methanolic solution of the ligand, L1 (1 mmol). The
resulting mixture was reﬂuxed for 3 h and then the solvent was evaporated under reduced pressure, washed
with methanol to obtain a pure crystalline solid. Yield:
78%, Colour: Yellowish brown, 1H NMR (500 MHz,
DMSO-d6): d (ppm) = 8.30 (s, 1H, H), 8.19 (s, 1H, H),
7.88–7.35 (m, 8H, Ar–H), 6.84–6.78 (dd, 2H, H, H), 4.84
(s, 2H, CH2), FTIR (KBr, cm-1): 3088 (tC-H), 1524
(tC=N), 1196, 1032 (t-SO3), 608 (tM-O); 752 (tM-N), 13C
NMR (500 MHz, DMSO-d6) d (ppm) = 166.49 (imine
carbons), MS (ESI): m/z = 641 [M ? H]?.
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synthesizer at a particular temperature. The reaction
was monitored with TLC and ﬁnally, yield of the
product was determined by GC (Perkin Elmer, Clarus
480). The organic product was extracted with ethyl
acetate (3 9 15 mL) and dried using Na2SO4. The
solvent was evaporated under reduced pressure to
obtain the crude organic product which was puriﬁed
by column chromatography using hexanes/ethyl acetate (9:1) as eluent. The identities of the products were
conﬁrmed by 1HNMR analysis.
2.3 General procedure of Sonogashira reaction
A 50 mL round-bottomed reaction ﬂask was charged
with aryl bromide (0.5 mmol), phenylacetylene
(0.65 mmol), base (1.3 mmol), required amount of C1
and water (4 mL). The rest of the monitoring and
extraction procedures are the same as those used for
Suzuki–Miyaura reaction. Finally, the identities of the
desired products were conﬁrmed by GC–MS analysis
(Agilent 7820A GC, 5975 series mass detector).
3. Results and Discussion
3.1 Catalyst preparation
The
ligand,
N,
N0 -bis(5-sulphosalicyliden)-2aminobenzylamine, L1 was prepared by reacting two
equivalents of sodium salicylaldehyde-5-sulfonate
with one equivalent of 2-aminobenzylmine in EtOH
following a slightly modiﬁed reported protocol.29
Then, its Pd-complex, C1 was synthesized by reacting
Pd(OAc)2 and the L1 in 1:1 molar ratio in MeOH
under reﬂuxing condition (Scheme 1). The ESI-mass
spectrum of the complex showed a peak at m/z: 641
that corresponds to the [M ? H]? species. The FTIR
spectrum of the complex showed a strong band at
1524 cm-1 due to tC=N stretching, 34 cm-1 lower
compared to the free ligand. In the 1H NMR spectrum
of C1, the imine signals appeared at d: 8.30 and
8.19 ppm which is signiﬁcantly upﬁeld compared to
the free ligand consistent with coordination of the
imine with Pd.29 The 13C NMR spectrum of the
complex also showed a characteristic downﬁeld shift
of the imine-carbons compared to the free ligand L1.

2.2 General procedure of Suzuki–Miyaura
reaction
A 50 mL round-bottomed reaction ﬂask was charged
with aryl chloride (0.5 mmol), arylboronic acid
(0.65 mmol), base (1.3 mmol), required amount of C1
and water (4 mL). The mixture was stirred in a

3.2 Application of the catalyst in Suzuki–Miyaura
reaction
The catalytic activity of the complex C1 was tested for
Suzuki–Miyaura reactions of aryl chlorides with
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Scheme 1. Synthesis of the water-soluble Pd (II) complex of unsymmetrical Schiff-base ligand.

arylboronic acids. To evaluate the optimum condition
in terms of base, solvent, temperature and catalyst
quantity, 4-chloronitrobenzene and phenylboronic acid
were chosen as model substrates. This initial optimization study revealed that 0.5 mol% of the catalyst
at 80 °C in pure water was sufﬁcient for the highest
yield. Further, the efﬁciency of various organic and
inorganic bases was also examined and it was
observed that K2CO3 was the most suitable base
(Table S1, Supplementary Information).
Thus, by using this optimum condition (H2O, 80 °C,
0.5 mol% of C1 and K2CO3) we have expanded the
scope of our catalyst for different substrates. In fact,
our catalyst could effectively convert a range of aryl
chlorides containing electron-withdrawing and electron-donating substituents. To cite examples, parasubstituted aryl chlorides with activating –NO2 group
gave corresponding biphenyl with 97% yield while
with deactivating –OCH3 group, gave 83% yield
(Table 1, entries 1, 2). Moderate to high yields of
biaryls were also obtained with aryl chlorides containing electron-donating groups at relatively hindered
ortho or meta positions, such as 2-chlorobenzaldehyde
or 3-chloroanisole (Table 1, entries 5 and 14). However, with the presence of a deactivating –CH3 group
at para position, the yield increased to 84% (Table 1,
entry 15). The catalyst was also found to be very
efﬁcient in coupling heteroaryl chlorides, which are
generally considered very challenging. For instance,
heteroaryl chlorides such as 3-chloropyridine,
5-chloropyrimidine and 2-chloro-3-methylthiophene
underwent coupling with phenylboronic acid to give
89, 83 and 78% of products respectively (Table 1,
entries 11-13). The catalyst was also found to be
effective in activating aryl chlorides when neutral
phenylboronic acid was replaced by phenylboronic

acid-containing electron-donating –CH3 or electronwithdrawing –Cl group (Table 1, entries 6-9). It is
noteworthy to mention that the most striking feature of
our catalytic system is the activation of chloroarenes
exclusively in pure water without any additive or
phase transfer agent. However, the addition of a phase
transfer agent like cetyltrimethylammoniumbromide
(CTAB) improved the yield marginally (Table 1, entry
2). Although the speciﬁc role of the ligand in our
catalytic process could not be established, however,
based on literature support on the mechanistic cycle of
similar ligand promoted Pd (II)-catalyzed Suzuki
reaction, it could be reasonable to assume that the
Schiff-base ligand accelerates the oxidative addition
pathway and thus increases the rate of the reaction.30
Moreover, the ionic nature of the ligand in our catalyst
facilitates easy cleavage of the Ph–X bond in aqueous
media, thereby activating substrates including comparatively challenging chloroarenes.31

3.3 Application of the catalyst in Sonogashira
reaction
It may be noted that there exists at least one example
where a water-soluble Pd-salen catalyst32 was used for
aqueous-phase Sonogashira reaction, however, the
system was effective only with aryl iodides. Therefore,
we intended to expand the scope of our catalyst for
aqueous-phase Sonogashira coupling of aryl bromides
inspired by the excellent result in the aqueous Suzuki
reaction. Initially, to evaluate the best conditions, the
reaction between 4-bromoacetophenone and phenylacetylene in water was chosen as a model reaction.
We were gratiﬁed to see that using neat water as solvent, 81% yield was formed at 100 °C and in presence

56

Page 4 of 7

J. Chem. Sci.

(2021) 133:56

Table 1. Suzuki–Miyaura cross-coupling reaction of aryl/heteroaryl chlorides with arylboronic acids in watera

.
Sl. No.
1
2
3
4
5
6
7
8
9
10
11
12
13d
14
15

R

X

Y

R/

Time (h)

Yield (%)b

4-NO2
4-OCH3
H
4-CHO
2-CHO
4-NO2
4-NO2
4-OCH3
4-OCH3
2, 5-di-OCH3
H
H
3-CH3
3-OCH3
4-CH3

CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
N
N
S
CH
CH

CH
CH
CH
CH
CH
CH
CH
CH
CH
C
CH
N
–
CH
CH

H
H
H
H
H
4-CH3
4-Cl
4-CH3
4-Cl
H
H
H
H
H
H

5
8
4
8
8
6
6
8
7
8
6
7
8
8
8

97
83 (86)c
98
79
71
82
89
77
83
66
89
83
78
80
84

a

Reaction Conditions: boronic acid: 0.65 mmol, aryl halide: 0.5 mmol, K2CO3: 1.3 mmol, Catalyst (C1): 0.5 mol%. H2O:
4 mL. bGC yield. cCTAB was used (0.5 mmol). daryl halide: 2-chloro-3-methylthiophene.

of 0.5 mol% of palladium loading. On increasing the
temperature or catalyst quantity, yield of the desired
product remained almost the same and on decreasing,
the yield gradually decreased. Like the Suzuki reaction, in this case also, there was a slight improvement
in the yield when CTAB was used as a phase transfer
agent. Then, several organic and inorganic bases were
screened and it was observed that maximum yield
(81%) was observed using triethylamine. Thus, after
screening various reaction variables, it was found that
the best condition for the reaction was: H2O, Et3N,
100 °C, and 0.5 mol% of C1 (Table S2, Supplementary Information). Further, the compatibility of C1 was
also tested under a copper-free condition which
revealed that the coupling could not proceed signiﬁcantly in absence of CuI providing only 30% of yield
(Table S2, entry c8, Supplementary Information).
After ﬁnding the optimum condition, we then
evaluated the scope of our catalytic system for different aryl bromides, containing electron-withdrawing
and electron-donating substituents (Table 2). It was
observed that aryl bromides with electron-withdrawing
substituents like –COCH3, –CHO, –NO2 at para
positions (Table 2, entries 1, 3, 5) gave the desired
aryl-alkynes in excellent yields. On the other hand,
aryl bromides containing electron-donating groups like

–CH3, –OCH3, –CH2OH, etc. gave moderate-to-low
yield. For instance, the yield of the reaction involving
4-CH3 substituent was recorded 65% (Table 2, entry
6) which was signiﬁcantly lower than bromoarenes
with electron-withdrawing substituents (Table 2,
entries 5, 8). Consequently, para and meta-nitrobromobenzene reacted with phenylacetylene giving 98%
and 82% yield of the desired product respectively
(Table 2, entry 5, 8). Again, in presence of deactivating group like –CH2OH at ortho position, the yield
further decreased to 37% (Table 2, entry 10). The
catalyst was also employed for activation of heteroaryl
bromides viz., 4, 2 and 3-bromopyridines which could
easily couple with phenylacetylene with respective
yields of 97, 82 and 87% (Table 2, entries 2, 4, 9).
3.4 Recycling of the catalyst
It may be noted that one of the major problems faced
by conventional homogeneous catalysts is their difﬁculty in separation from the reaction mixture and their
subsequent recycling. In that perspective, the watersoluble catalyst is often advantageous as it could be
easily separated from the reaction mixture by simple
biphasic extraction and hence increase the prospect of
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Table 2. Sonogashira reaction of aryl/heteroaryl bromides with phenylacetylene in water.a

Sl. No.

R

X

Y

Z

Time (h)

Yield (%)c

1
2
3
4
5
6
7
8
9
10

4-COCH3
H
4-CHO
H
4-NO2
4-CH3
2,5-di-OCH3
3-NO2
H
2-CH2OH

CH
CH
CH
N
CH
CH
C
CH
CH
C

CH
CH
CH
CH
CH
CH
CH
C
N
CH

C
N
C
CH
C
C
CH
CH
CH
CH

7
6
7
6
6
8
9
7
6
8

81 (84)b
97
94
82
98
65
47
82
87
37

a

Reaction Conditions: Phenylacetylene: 0.65 mmol, aryl bromide: 0.5 mmol, Et3N: 1.3 mmol, CuI: 0.5 mol%, Catalyst
(C1): 0.5 mol%. H2O: 4 mL. bCTAB was used (0.5 mmol). cGC yield.

reusability. Thus, to check the reusability of our catalyst in the Suzuki reaction, we separated the catalyst
after the initial reaction between 4-nitrochlorobezene
and phenylboronic acid by adding ethyl acetate. After
the extraction, the organic layer contained the product
while the aqueous layer contained the catalyst which
was reused for subsequent runs by adding a fresh batch
of reactants. By that way, the catalyst could be recycled at least for four cycles; however, a progressive
decrease in activity was noticed from 97% in the ﬁrst
cycle to 83% in the fourth cycle which might be due to
the handling loss of catalyst during recycling experiments. Like the Suzuki reaction, the catalyst was also
recycled four times in the Sonogashira reaction and
almost a similar trend in activity was observed
(Figure 1).
4. Conclusions
In conclusion, a highly efﬁcient and recyclable watersoluble Pd based catalyst, incorporating an unsymmetrical Schiff-base ligand was developed which
could smoothly perform the Suzuki–Miyaura and the
Sonogashira cross-coupling reactions in aqueous
media under mild reaction conditions with a low
loading of catalyst. Moreover, the catalyst could easily
be recycled due to its water-soluble nature, although a
progressive decrease in activity was observed in subsequent runs in both the coupling reactions.

Figure 1. Recycling of the catalyst in Suzuki and Sonogashira reactions

Supplementary information (SI)
The SI includes NMR, ESI-MS and FTIR spectra of
the ligand and the complex. Also, 1H NMR of the
Suzuki products and GCMS of the Sonogashira products along with optimization tables are available at
www.ias.ac.in/chemsci.
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