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a  b  s  t  r  a  c  t

New  palladium(II)  complexes  (2), bearing  NHC/TPPTS  ligands,  (NHC  =  benzimidazol-2-ylidene;
TPPTS  = triphenylphosphine-3,3′,3′′-trisulfonic  acid  trisodium  salt)  have been  prepared  and  character-
ized  by  elemental  analyses  and  spectroscopic  methods.  Their  ability  to catalyze  the  Suzuki–Miyaura
reaction  in  neat  water  has  been  studied  at 100 ◦C. Very  high  activities  have  been  observed  in  the  cou-
pling  of  phenylboronic  acid  with  aryl  chlorides  in  the  presence  of  1%  of  the  catalyst.  We  have  compared
eywords:
ater soluble complexes

ross-coupling
alladium
lectronic effects

the  electronic  properties  of cis-[PdBr2(NHC)(TPPTS)]  with  the  related  complexes,  [PdX2(NHC)]2 and
[trans-PdBr2(NHC)(pdca)]  (pdca  =  pyridine-2,6-dicarboxyic  acid)  (3)  via  three  different  techniques:  cyclic
voltammetry,  thermogravimetric  analysis  and 13C NMR  spectroscopy.

Crown Copyright ©  2011 Published by Elsevier B.V. All rights reserved.
HC

. Introduction

Since 1979 the Suzuki–Miyaura coupling reaction has been
mployed for the synthesis of functionalised biaryls which con-
titute important building blocks for various chemicals such as
harmaceuticals, herbicides and intermediates for material chem-

stry [1].  A variety of Pd(0) and Pd(II) catalysts promote these
ouplings, and these catalysts are usually complexes which contain
hosphorus ligands [2].  Recently much attention has been paid to
evelop milder and operationally more simple procedures for these
oupling reactions. Some important developments include the use
f palladacycles [3,4], pincer palladium catalysts [5],  electron-rich
hosphines [6,7] and �-oximinato(phosphanyl)palladium com-
lexes and their immobilized versions [8].  More recently, NHC

igands have been able to challenge the widely used tertiary phos-
hines as popular ligands for this process [9–11]. Mixed-ligand
omplexes of the type [PdX2(NHC)L] (L = phosphine, pyridine, 3-
hloropyridine, pyridine-2,6-dicarboxylic acid), in comparison to
hose of their bis(NHC) analogues, have been reported to give supe-
ior activity [12–14].  The NHC ligands offer several advantages.
or example, NHC ligands are more electron-donating and gen-
rally form stronger bonds to the metal than phosphine ligands,

esulting in a reduced tendency to dissociate. Thus, replacement of
hosphines by NHC ligands can provide some significant improve-
ents over conventional phosphine bearing analogues. Herrmann

∗ Corresponding author.
E-mail address: hayatiturkmen@hotmail.com (H. Türkmen).

381-1169/$ – see front matter. Crown Copyright ©  2011 Published by Elsevier B.V. All ri
oi:10.1016/j.molcata.2011.08.008
and others [15–22] have developed a series of mixed Pd(II) com-
plexes bearing NHC/PR3 ligands for C–C bond formation. The high
efficiency of these complexes in comparison to [PdX2(NHC)2] or
[PdX2(PR3)2] has been attributed to ready dissociation of PR3 from
the Pd atom to allow formation of a coordinatively unsaturated
metal centre and the strong electron-donating ability of the NHC
ligand.

On the other hand, there has been a long-standing interest
in aqueous-phase, palladium-catalyzed cross-coupling reactions
[23–36]. Water is an attractive replacement for traditional organic
solvents because it is inexpensive, nontoxic, and nonflammable.
In addition, the use of water-soluble catalysts in aqueous/biphasic
mixtures combines the advantages of homogeneous and hetero-
geneous catalysis, i.e.,  separation of the organic products from
the catalysts, high activity and selectivity under mild conditions.
This goal has led to the development of new hydrophilic ligands
and derived complexes. Water-solubility is generally achievable
by introduction of functionalities such as –SO3

−, COO−, NR4
+ into

the ligands and their incorporation into the organometallic cata-
lysts. In this context, a few sulfonated imidazol(in)ium salts have
been synthesized and applied successfully in the aqueous phase
Suzuki–Miyaura coupling reactions of aryl halides [37–39].  Natu-
rally, one could anticipate that this concept would also operate with
hydrophilic phosphines such as TPPTS, because PPh3 and TPPTS
have the same structural motif.
In view of the high reactivity of the mixed (NHC)/PR3 palla-
dium(II) complexes we envisioned that a benzimidazole based NHC
and TPPTS combination would be effective in the coupling reac-
tions of aryl chlorides under mild conditions in water. TPPTS has

ghts reserved.

dx.doi.org/10.1016/j.molcata.2011.08.008
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:hayatiturkmen@hotmail.com
dx.doi.org/10.1016/j.molcata.2011.08.008


H. Türkmen et al. / Journal of Molecular Catalysis A: Chemical 348 (2011) 88– 93 89

Ar =

          

P

SO Na

; TPPTS =
3

21

TPPTS

250C, 36  h

2

N

N

MeO

Ar
Pd

BrBr

N

N

MeO

Ar
Pd

TPPTS

BrBr

tions:

b
w
c
a
o
d
b

2

p
b
c
o
D
2
a
w
m
a

w
s
e
d
s
u
−
i
a
t
n

a                          b                            c            

Scheme 1. Reagents and condi

een selected as the ligand to enforce solubility of the catalyst in
ater because it is commercially available and is one of the most

ommon hydrophilic phosphines employed in the development of
ctive water-soluble metal catalysts. Although, the cone angle value
f TPPTS (145◦) was found to be the same as PPh3, the electron-
onating ability of TPPTS is slightly less than PPh3 as determined
y the CO frequency of trans-[RhCl(CO)L2] [40].

. Results and discussion

Synthesis and characterization of complexes. Dimeric Pd(II) com-
lexes, bearing one NHC per metal centre and two bridging
romides, readily available from Pd(OAc)2 and NHC precursors,
an react with nucleophiles such as PPh3 [19]. Similarly, cleavage
f the dimer 1 with 2 equiv. of commercially available TPPTS in
MSO at RT after 36 h stirring afforded cis-[PdBr2(NHC)(TPPTS)],
(a–d) (Scheme 1). All compounds are soluble in water and DMSO
nd they are stable in the solid state and in solution. Their identity
as established by analytical and NMR  data, and, in addition, ther-
al  gravimetric analysis (TGA) and cyclic voltammetry (CV) were

pplied to the complexes 1c,  2c,  3c.
13C {1H} NMR  signals of the Pd–Ccarb of 2 (ä 173.9–174.3)

ere observed to shift slightly to lower field as compared to their
ignals in the PPh3 complexes. This might be due to the more
lectron-poor Pd(II) centre because of the TPPTS ligand’s electron
ensity. The presence of TPPTS is clearly demonstrated by 31P NMR
pectroscopy, where one signal corresponding to the cis config-
ration was observed at ä ≈ 27 ppm, the signal of free TPPTS (ä
4.8 ppm) shifted downfield ∼35 ppm [41]. As both cis and trans
somers of palladium complexes of types [PdX2(NHC)L] [15–22]
nd [PdX2(NHC)2] [42,43] are known, we wondered if initially a
rans isomer formed. Thus, in a separate experiment, we termi-
ated the cleavage reaction of 1c with TPPTS after 30 min  and

Fig. 1. Time-dependent 31P NMR  spectra showing the trans–ci
   d                    3

 P(PhSO3Na)3, DMSO, RT, 36 h.

the obtained product was monitored by 31P NMR  spectroscopy.
Fig. 1 depicts the time-dependent 31P NMR  spectra in the range
of 0–100 ppm recorded in d6-DMSO at room temperature. Indeed,
the predominant species after 0.5 h is trans-2c (19.91 ppm), which
slowly isomerizes to cis-2c (26.99 ppm) with a 30% conversion after
16 h. However, after standing 36 h the trans-2c has transformed into
cis-2c exclusively. The isomerization reaction is much faster when
monitored at 80 ◦C. The assignments of the resonances in the 31P
NMR  spectra could be achieved by comparison with the related data
of PPh3 and the general observation that for a particular phosphine
ligand, the P value of the trans-isomer is up field from that of the cis-
isomer [44]. The trans-complex is kinetically controlled, whereas
the cis-isomer is thermodynamically the more favored [45].

2.1. Thermogravimetric analyses (TGA)

The thermal behavior of the complexes (1c–4c)  was  investi-
gated using thermogravimetric analysis (TGA) Fig. 2. The dimeric
complex (1c) decomposes in one step which was observed to
be in a temperature range between 350 ◦C and 400 ◦C with a
total mass loss of 36%. Similar to 1c,  3c decomposes in a one
step process, but at a lower temperature. For comparison,
we have included cis-dibromo[N-(pentamethylbenzyl)-
N-(2-methoxyethyl)benzimidazol-2-ylidene]
(triphenylphosphine)palladium(II), 4c [19]. The higher ther-
mal  stability of 2c may  be attributed to the ionic nature of TPPTS
ligand.

2.2. Cyclic voltammetry of compounds (1c, 2c,  3c)
Cyclic voltammograms for processes involving complexes under
study are presented in Fig. 3. All complexes exhibit similar voltam-
metric features. Complex 1c was  reduced in the two waves at about

s isomerization of a mixed NHC-phosphine complex, 2c.
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Fig. 2. The TGA and DTG

350 mV  and −165 mV  respectively. In the reverse scan, two  anodic
uch lower current intensity waves were observed at +85 mV  and

560 mV  respectively. This is indicative of irreversible processes,
hich may  be related to slow electron transfer to Pd(II) (electro-

hemical irreversibility) or to instability of the reduced species of
d(II) (chemical irreversibility) or to both of them. Considering the
ell known redox properties of palladium, the observed cathodic
eaks can be attributed to the reduction of Pd(II) to Pd(0).

Two reversible reduction peaks were also observed for 3c at

 mV,  followed by a second one of much higher current intensity at
420 mV.  Upon scan inversion, two oxidation waves were detected
t −2 mV  and −335 mV  respectively. Similarly two reversible
eduction waves were observed at about −350 mV  and −525 mV

ig. 3. Cyclic voltammogram of 1 mM complex (1c–3c)  in a solution of
ater–acetonitrile mixture (1:1, v/v) at room temperature vs. Ag/AgCl reference

lectrode (scan rate: 100 mV/s).
s of complexes (1c–4c).

for 2c.  Two oxidation waves were detected on the reverse scan at
−325 mV and −560 mV respectively.

These oxidation waves characterized the complex generated by
the reduction of the initial complexes. An interesting aspect about
the voltammetric behavior of the complexes (2c, 3c)  is the pres-
ence of two  peaks, though of dissimilar height. This indicates the
presence of different species in solution, most likely due to the sub-
stitution of the Cl− anions bound to the metal with coordinating
solvent molecules.

The ease of reduction of palladium(II) complexes investigated
here has been in the order 1c > 3c > 2c.  The reduction wave of 1c was
shifted to a more negative potential by substitution with TPPTS and
pdca by about 700 mV  and 350 mV  respectively. From the reduc-
tion potentials of the palladium(II) complexes, one observes that,
for a given ligand, the introduction of TPPTS onto the Pd(II) com-
plexes resulted in more negative potentials [46,47]. The reduction
potential of the complex is related to the charge density on metal.
Thus, stronger electron-donor ligands will form Pd(II) complexes
with a smaller positive charge density on the metal. As a result the
reduction potential will shift to more negative values. The reduc-
tion potential of the complexes show that the TPPTS is a greater
electron donor than other ligands and consequently the Pd(II) lig-
ated by TPPTS ligands is less easily reduced than complexes ligated
by bromide and pdca. As a result the TPPTS ligand increased the cat-
alytic activity of Pd(II) complexes. These results were also in good
agreement with catalytic tests.

2.3. Suzuki–Miyaura coupling

The water-soluble complexes (2) were assessed for their activ-
ity in the Suzuki–Miyaura coupling by studying the reaction of
phenylboronic acid with activated and non activated aryl chlo-

rides in neat water. We  adopted reaction conditions that have been
used previously and trans-[PdBr2(NHC)(pdc)] (pdca = pyridine-2,6-
dicarboxylic acid) complexes were also included into these studies
for the sake of comparison [13]. A mixture of phenylboronic acid
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Table  1

Screening of bases and reaction conditions.

B(OH ) 2

base, 2 c, 100  0C,  H2O

COCH 3H3COC Cl

.

Entry 2c [Pd]% Bases Time Yield (%)

1 1 KOH 4 99
2  0.1 KOH 4 78
3 0.01  KOH 4 40
4  0.001 KOH 4 10
5  1 NaOH 4 79
6  1 K2CO3 4 67
7 1 K3PO4 4 54
8 1 Et3N 4 58
9  1 KOH 2 67

10 1  KOH 0.5 34

(
c
u
h
r

r
c
p
g

T
T

R

11  1 KOH 

a Reaction temperature was set to 80 ◦C.

1.2 equiv), aryl chloride (1.0 equiv) KOH (2.0 equiv), and 1 mol%
atalyst was heated at 100 ◦C for 4 h. The coupling products, insol-
ble in water, were simply filtered off and washed with water. We
ave not experienced purification problems caused by the dechlo-
inated side-products or the excess of phenylboronic acid.

We surveyed the effect of bases, the catalyst loading and
eaction times on the cross-coupling reaction between 4-

hloroacetophenone and phenylboronic acid using complex 2c as a
alladium source. As shown in Table 1, among organic and inor-
anic bases examined, it has been found that KOH is the most

able 2
he Suzuki coupling reaction of aryl chlorides with phenylboronic acid.

KOH, 4h, H2OCl

R

+
1%Pd

(HO)2B

Entry Complex Aryl chloride 

1 2a 4-Chloroacetopheno
2  2b ” 

3  2c ” 

4 2d ”
5  2a 4-Chlorotoluene 

6  2b ” 

7  2c ” 

8  2d ” 

9 2a  4-Chloroanisole 

10  2b ” 

11  2c ” 

12  2d ” 

13  2a 4-Chlorobenzaldehyd
14  2b ” 

15  2c ” 

16  2d ” 

17  2a 2-Chloroanisole 

18  2b ” 

19  2c ” 

20  2d ” 

21  2a 1-Chloro-4-nitroben
22  2b ” 

23  2c ” 

24  2d ” 

25  2a 4-Chlorobenzonitrile
26 2b  ” 

27  2c ” 

28  2d ” 

29  2a 2-Chloro-p-xylene 

30  2b ” 

31 2c  ” 

32 2d  ” 

a The yields shown in parentheses were taken from Ref. [13].
4 54a

efficient (entry 1), other bases, such as NaOH, K2CO3, K3PO4 and
Et3N were slightly less efficient (entries 5–8), but 4-acetyldiphenyl
was  still formed in moderate GC yields. When the palladium loading
decreased from 1% to 0.1%, a slightly lower GC yield was obtained
(entry 2).

Compared to the trans-[PdBr2(NHC)(pda)] catalyst reported pre-
viously, the activity of the cis-[PdBr2(NHC)(TPPTS)] complex in

Suzuki coupling reactions is significantly improved. The reaction
of p-chloroacetophenone and phenylboronic acid (Table 2, entry
3) gave good yields. Although optimization studies have been not

.

Conversion (%) Yield (%)a

ne 100 94(93)
100 94(91)
100 99(93)

99 93
99 85(89)
98 83(85)
95 90(89)
96 80
87 82(87)
81 78(85)
87 88(88)
82 80

e 91 79(91)
94 80(88)
99 89(92)
85 78
90 70
83 73
89 81
86 72

zene 93 89
90 85
95 93
88 82

 89 83
90 85
92 88
88 85
58 42
55 40
60 45
56 39
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Table 3

Recyclic of catalyst 2c.

B(OH ) 2

KOH, 2 c, 100  0C,  H2O

COCH 3H3COC Cl

.

Entry Yield (%) Trial Yield (%)a

1 99(99) 4 83(48)
2 94(67) 5 72(41)

c
r
t
t
d
e

2

S
b
c
b
s
v
9
b
h

3

P
w
t
T
p
t
s
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a
c

4

4

l
o
1
a
M
d
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P
c
o

3  88(63) 6 

a The yields shown in parentheses were taken from Ref. [13].

arried out, these compare with the use of activated aryl chlo-
ides under identical conditions (entries 5–20), to give moderate
o excellent yields of unsymmetrical biaryls. The similar reactivity
rends with our previous report is in agreement with the stronger
onating ability of alkyl substituents, making the donor atoms more
lectron-rich.

.4. Catalyst recycling

We  examined the possibility of reusing the catalyst 2c for the
uzuki–Miyaura reaction of 4-chloroacetophenone and phenyl-
oronic acid and the reactions were conducted under the same
onditions. After the first reaction, the solid product was  separated
y filtration (99% yield). To the filtrate containing 2c fresh sub-
trates, KOH and sufficient distilled water were added to bring the
olume to 5.0 mL.  The yields for the 2nd, 3rd and 4th cycles were
4%, 88% and 83% respectively (Table 3). The catalyst 2c appears to
e reusable for 6 cycles for the reaction of 4-chloroacetophenone;
owever, on the sixth cycle the yield dropped to 54%.

. Conclusion

The coordination of sulfonated phosphine (m-TPPTS) to the
dBr2(NHC) fragment affords stable and water-soluble complexes
hich are initially trans-isomers. However, they convert into

hermodynamically more stable cis-isomers in polar solutions.
he cis-isomer is active towards the Suzuki–Miyaura coupling of
henylboronic acid and chloroarenes in water at 100 ◦C. Advan-
ages of the reaction protocol are: (i) ease of catalyst-product
eparation; (ii) ability for recycling for at least four runs. Thus, this
rocess is ecologically and economically acceptable. Further cat-
lytic applications of novel NHC ligands with TPPTS in water are
urrently being investigated.

. Experimental

.1. General procedures

The complexes 1, 3c and 4c were prepared according to the
iterature methods [13,19]. NMR  spectra were recorded at 297 K
n a Varian Mercury AS 400 at 400 MHz  (1H), 100.56 MHz (13C),
61.87 MHz  (31P). Elemental analyses were carried out by the
nalytical service of TUBITAK with a Carlo Erba Strumentazione
odel 1106 apparatus. The yields of C–C coupling products were

etermined using GC and NMR. Thermogravimetric (TG) and dif-

erential thermogravimetric (DTG) curves were obtained using a
erkin–Elmer Pyris 6 analyzer in the range 50–600 ◦C in alumina
rucibles under nitrogen (flux rate: 20 cm3 min−1) at a heating rate
f 20 ◦C min−1 using alumina as reference.
54(30)

4.2. General procedure for the preparation 2; cleavage of the
dimer 1 with TPPTS

A sample of 1 (0.5 mmol) and triphenylphosphine-3,3′,3′′-
trisulfonic acid trisodium salt, TPPTS (1.0 mmol) were dissolved in
10 mL  of dimethyl sulfoxide. The mixture was stirred at ambient
temperature for 36 h. The volume of the solution was  reduced to ca
5 mL  in vacuo. Diethyl ether (10 mL)  was  added to the solution to
obtain a bright cream precipitate which was  collected by filtration,
washed with 10 mL  of diethyl ether, and dried in vacuo.

2a: Yield: 0.52 g, 93.0%. 1H NMR  (400 MHz, DMSO): ä TPPTS-H:
7.93 (d, 1H, J = 1.9 Hz); 7.83 (d, 1H, J = 1.9 Hz); 7.71 (d, 1H, J = 1.2 Hz,);
7.61 (b, 2H), 7.50 (b, 2H), 7.37 (m,  3H); 7.26 (b, 2H, J = 1.2 Hz), 7.14
(t, 1H, J = 1.8 Hz, Ar–H), 7.06 (t, 1H, J = 1.9 Hz, Ar–H), 6.91 (s, 2H,
CH2C6H2(CH3)3), 6.91 (d, 1H, J = 2.0 Hz, Ar–H), 6.23 (d, 1H, J = 2.0 Hz,
Ar–H), 5.72 (d, 1H, J = 2.2 Hz, CH2C6H2(CH3)3), 5. 26 (d, 1H, J  = 2.1 Hz,
CH2C6H2(CH3)3), 5.15 (d, 1H, J = 2.2 Hz, CH2C6H2(CH3)3), 4.57, 4.99
(d, 1H, J = 2.2 Hz, CH2C6H2(CH3)3), 4.64 (m,  2H, NCH2CH2OCH3),
3.96, 3.87 (b, 2H, NCH2CH2OCH3), 2.54 (s, 3H, NCH2CH2OCH3),
2.50 (s, 3H, CH2C6H2(CH3)3), 2.26 (s, 6H, CH2C6H2(CH3)3). 13C NMR
(100 MHz, DMSO): ä 173.9 (C–Pd), 147.1, 135.3, 135.0, 134.6, 134.4,
133.8, 132.7, 129.7, 129.4, 128.8, 128.7, 128.6, 123.4, 122.8, 112.3,
110.9 (Ar–C, TPPTS-C, C6H2(CH3)3), 70.6 (NCH2CH2OCH3), 58.9
(NCH2CH2OCH3), 51.3 (CH2C6H2(CH3)3), 48.8 (NCH2CH2OCH3),
20.7, 16.7 (CH2C6H2(CH3)3). 31P NMR  (162.0 Hz, DMSO): ä 27.1.
Anal. Calc. for C38H36Br2N2Na3O10PPdS3 (M = 1143.07) C 39.93, H
3.17, N 2.45. Found C 40.01, H 3.13, N 2.39%.

2b: Yield: 0.46 g, 81.0%. 1H NMR  (400 MHz, DMSO): ä TPPTS-
H: 7.92 (d, 1H, J = 2.0 Hz), 7.80 (d, 1H, J = 1.9 Hz); 7.66 (d, 1H,
J = 1.9 Hz); 7.19–6.93 (b, 12H, Ar–H, CH2C6H(CH3)4), 6.65 (b,
1H, Ar–H), 6.31 (b, 1H, Ar–H), 5.54 (b, 1H, CH2C6H(CH3)4),
5.11 (b, 1H, CH2C6H(CH3)4), 4.63 (b, 1H, NCH2CH2OCH3), 4.34
(b, 1H, NCH2CH2OCH3), 3.84 (b, 2H, NCH2CH2OCH3), 2.50 (s,
3H, NCH2CH2OCH3), 2.43 (s, 6H, CH2C6H(CH3)4), 2.30 (s, 6H,
CH2C6H(CH3)4). 13C NMR  (100 MHz, DMSO): ä 174.3 (C–Pd),
149.1, 149.0, 148.9, 136.7, 135.4, 134.7, 133.4, 133.2, 132.9, 132.4,
132.3, 132.2, 129.9, 129.6, 129.5, 129.2, 129.1, 127.2, 123.6, 123.1,
112.8, 110.7 (Ar–C, TPPTS-C, C6H(CH3)4), 70.6 (NCH2CH2OCH3),
58.8 (NCH2CH2OCH3), 51.7 (CH2C6H(CH3)4), 48.6 (NCH2CH2OCH3),
17.8, 17.3 (CH2C6H(CH3)4). 31P NMR  (162.0 Hz, DMSO): ä 26.9. Anal.
Calc. for C39H38Br2N2Na3O10PPdS3 (M = 1157.09) C 40.48, H 3.31,
N 2.42. Found C 40.41, H 3.27, N 2.49%.

2c: Yield: 0.49 g, 84.0%. 1H NMR  (400 MHz, DMSO): ä TPPTS-
H: 7.96–7.84 (m,  2H), 7.71–7.56 (m, 10H), 7.34 (d, 1H, J = 1.9 Hz,
Ar–H), 7.06 (t, 1H, J = 1.9 Hz, Ar–H), 6.78 (t, 1H, J = 2 Hz, Ar–H),
6.18 (d, 1H, J = 1.9 Hz, Ar–H), 5.62 (d, 1H, J = 2.1 Hz, CH2C6(CH3)5),
5.19 (d, 1H, J = 2.2 Hz, CH2C6(CH3)5), 4.57 (m,  2H, NCH2CH2OCH3),
3.85, 3.80 (b, 2H, NCH2CH2OCH3), 2.49 (s, 3H, NCH2CH2OCH3),
2.40 (s, 6H, CH2C6(CH3)5), 2.32 (s, 6H, CH2C6(CH3)5), 2.24 (s,

3H, CH2C6(CH3)5). 13C NMR  (100 MHz, DMSO): ä 174.3 (C–Pd),
149.1, 149.0, 148.9, 136.6, 135.4, 134.7, 133.4, 133.2, 132.9, 132.4,
132.1, 132.0, 129.9, 129.6, 129.4, 129.2, 129.1, 127.2, 123.6, 123.0,
112.8, 110.8 (Ar–C, TPPTS-C, C6(CH3)5), 70.5 (NCH2CH2OCH3), 58.8
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NCH2CH2OCH3), 51.7 (CH2C6(CH3)5), 48.6 (NCH2CH2OCH3), 17.8,
7.3, 16.7 (CH2C6(CH3)5). 31P NMR  (162.0 Hz, DMSO): ä 26.9. Anal.
alc. for C40H40Br2N2Na3O10PPdS3 (M = 1171.12) C 41.02, H 3.44,

 2.39. Found C 41.12, H 3.50, N 2.33%.
2d: Yield: 0.49 g, 84.0%. 1H NMR  (400 MHz, DMSO): ä TPPTS-

: 7.96–7.84 (m,  2H), 7.71–7.56 (m,  10H), 7.34 (d, 1H, J = 1.9 Hz,
r–H), 7.06 (t, 1H, J = 1.9 Hz, Ar–H), 6.78 (t, 1H, J = 2 Hz, Ar–H),
.18 (d, 1H, J = 1.9 Hz, Ar–H), 5.62 (d, 1H, J = 2.1 Hz, CH2C6(CH3)5),
.19 (d, 1H, J = 2.2 Hz, CH2C6(CH3)5), 4.57 (m,  2H, NCH2CH2OCH3),
.85, 3.80 (b, 2H, NCH2CH2OCH3), 2.49 (s, 3H, NCH2CH2OCH3),
.40 (s, 6H, CH2C6(CH3)5), 2.32 (s, 6H, CH2C6(CH3)5), 2.24 (s,
H, CH2C6(CH3)5). 13C NMR  (100 MHz, DMSO): ä 174.2 (C–Pd),
49.1, 149.0, 148.9, 136.6, 135.4, 134.7, 133.4, 133.2, 132.9, 132.4,
32.1, 132.0, 129.9, 129.6, 129.4, 129.2, 129.1, 127.2, 123.6, 123.0,
12.8, 110.8 (Ar–C, TPPTS-C, C6(CH3)5), 70.5 (NCH2CH2OCH3), 58.8
NCH2CH2OCH3), 51.7 (CH2C6(CH3)5), 48.6 (NCH2CH2OCH3), 17.8,
7.3, 16.7 (CH2C6(CH3)5). 31P NMR  (162.0 Hz, DMSO): ä 26.9. Anal.
alc. for C40H40Br2N2Na3O10PPdS3 (M = 1171.12) C 41.02, H 3.44,

 2.39. Found C 41.12, H 3.50, N 2.33%.

.3. General procedure for the Suzuki coupling reactions

A two-necked 25 mL  flask fitted with a reflux condenser
as charged with aryl chlorides (1.0 mmol), 2 mmol  KOH,
henylboronic acid (1.5 mmol), diethyleneglycol-di-n-butylether
0.6 mmol, internal standard), 1.0% 2a–d  in 6 mL  of H2O was  added.
he flask was placed in a preheated oil bath (100 ◦C) under air
tmosphere, temperature 100 ◦C, and 4 h. The conversion was mon-
tored by gas chromatography following filtration or extractions

ith CH2Cl2. Yields were determined by gas chromatography for
n average of two runs.

.4. Recycling of catalyst

The flask was charged with catalyst 2c,  4-chloroacetophenone
1.0 mmol), 2 mmol  KOH, phenylboronic acid (1.5 mmol), and
iethyleneglycol-di-n-butylether (0.6 mmol, internal standard). The
eaction was carried out in water at 100 ◦C. After cooling to room
emperature, the organic products were removed by filtration. The
queous phase was then transferred to a new reaction flask for
ext cycle. Yields were determined by gas chromatography for an
verage of two runs.

.5. Electrochemical measurements

All reagents used in this work were of analytical grade and all
olutions were prepared using ultra pure water supplied from a
illi-Q purification system (18.2 M� cm,  Millipore System Inc.).

he electrochemical measurements were performed in a con-
entional three-electrode electrochemical cell using a Palmsence
lectrochemical analyzer interfaced with a PC. A platinum wire
erved as a counter electrode, and the reference electrode is sat-
rated Ag/AgCl. A stationary platinum disk was used as a working
lectrode. Cyclic voltammetric measurements were obtained with
weeping from +1000 to −800 mV  at 100 mV/s scan rate.

The electrochemical behavior of Pd(II) complexes (1c–3c)  was
nalyzed by cyclic voltammetry in 1 mM acetonitrile–water mix-
ure (1:1, v/v) solutions of the complexes (1c–3c)  containing 0.05 M
Cl supporting electrolyte. All electrolyte solutions were purged
y high purity argon for 5 min  prior to any measurements at room
emperature.
cknowledgements
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