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a b s t r a c t

The reaction of [PdCl2(PPh3)2] and substituted pyridoxal hydrazone ligands (H2L) in methanol under
reflux afford a series of palladium ONO coordinated complexes with general formula [Pd(PPh3)L] (where,
L ¼ dianionic terdentate pyridoxal hydrazones). All the palladium complexes are air stable and fully
characterized by elemental analysis, spectral and X-ray diffraction methods. In chloroform solution all
the metal complexes exhibit characteristic metal to ligand charge transfer (MLCT) absorptions and ligand
based transitions. Molecular structure of one of the complexes (3) has been determined by X-ray crys-
tallography indicates that the pyridoxal hydrazone ligands are coordinated to the palladium as a ter-
dentate O, N, O donor and a distorted square-planar geometry is observed around palladium(II) metal
center. Further, palladium-catalyzed protocol for SuzukieMiyaura cross-coupling reactions by the
complex (3) has been developed, enabling to obtain biaryl products in good to excellent conversions.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Palladium-catalyzed reactions have become a powerful tool in
chemical synthesis. Amongst them, palladium-catalyzed
SuzukieMiyaura cross-coupling reaction has become an impor-
tant protocol for the synthesis of biaryls. The impact of the
SuzukieMiyaura reaction on academic and industrial research, as
well as on production, has been immense [1e4]. In particular, the
SuzukieMiyaura reaction, employing organoboron compounds,
represents an effective method for the construction of CeC bonds,
and has potential applications in pharmaceutical, material, and
agricultural chemistry [5e8]. Its impact on organic synthesis is
largely attributed to the fact that it provides a general and appli-
cable method for the formation of biaryls, which are found in
polymers [9], biologically active compounds [10,11], ligands [12],
and various materials [13]. As a consequence of its versatility, the
chemical industry has been significantly involved in this area and
numerous methods have been patented [14]. The key advantages of
the SuzukieMiyaura cross-coupling are the mild conditions under
which it is conducted, the high tolerance toward functional groups
that is observed, the commercial availability and stability of boronic
acids to heat, oxygen, and water [15,16]. Important contributions to
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this field were made by Beller [17,18], Buchwald [19], Genet [20],
Leadbeater [21], Miyaura [22], Plenio [23,24] and Shaughnessy
[25,26]. Recently several reports are available on palladium
complexes containing different ligands as efficient catalysts for
SuzukieMiyaura coupling reaction [27e29].

Generally, the coordination chemistry of pyridoxal hydrazones
based ligands proved to be very interesting, because of their
excellent complexation ability towards transition metals and the
possibility of their analytical applications. These chelating ligands
can exist in two different deprotonated forms such as neutral and
anionic depending on pH. The most predominant coordination
mode is tridentate, achieved through hydrazine nitrogen, phenolic
oxygen and carbonyl oxygen atoms [30]. Metal complexes of
hydrazones proved to have potential applications as catalysts [31],
luminescent probes [32], and molecular sensors [33]. The avail-
ability of several publications in the literature clearly indicates the
impact of the SuzukieMiyaura cross-coupling reaction in organic
synthesis in the past two decades (1981e2001). As such, there is an
abundance of literature on this subject featuring several excellent
reviews [34e37].

Previously, we have reported a number of ruthenium complexes
bearing cyclometallated azophenol, pincer ligands, Schiff bases and
thioamide ligands along with their catalytic applications [38e41].
Here in, we focus our interest on the synthesis and structural
characterization of a series of palladium complexes (1e5) con-
taining pyridoxal hydrazone ligands. All the synthesized complexes
(1e5) were fully characterized by 1H, 31P in solution, electrospray
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mass spectroscopy and X-ray crystallography. The study of catalytic
activity of palladium(II) pyridoxal hydrazone complexes containing
triphenylphosphine in SuzukieMiyaura coupling reaction is not
known in the literature. As part of our endeavor to manifest the
applicability of the complexes in catalysis, we explored the catalytic
efficiency of the complex (3) in SuzukieMiyaura CeC coupling of
para-substituted aryl bromides with arylboronic acids derivatives
in methanol medium.
2. Results and discussion

2.1. Synthesis of the complexes

The pyridoxal-N-substituted hydrazone derivatives were
prepared according to a procedure described in the literature
[42,43] employing the condensation reaction of the corresponding
hydrazone derivative and 3-hydroxy-5-(hydroxymethyl)-2-
methyl-4-pyridine carbaldehyde. All the ligands have been used
in the present study are abbreviated in general as H2L. Reaction of
each of these ligandswith [Pd(PPh3)2Cl2] in equal molar ratio and in
presence of triethylamine proceeds smoothly in refluxingmethanol
under nitrogen atmosphere for 3 h (Scheme 1). Coordination was
immediate, as a change of color fromyellow to reddish orange solid
formation. The solid residue thus obtained was filtered and washed
with cold methanol and diethyl ether. Structural studies of palla-
dium(II) complexes with pyridoxal hydrazone and analogs showed
these diprotic ligands to act as tridentate, planar chelate ligands
coordinating through the phenolic oxygen, amide oxygen and the
imine nitrogen atom. All new complexes have been isolated as
yellow or orange red colored air stable solids and non-hygroscopic
in nature. The synthesized palldium(II) complexes are highly
soluble in common solvents such as chloroform, dichloromethane.
The analytical data (C, H, and N) are in good agreement with the
compositions proposed for all the complexes and are presented in
the experimental section.
2.2. Spectral characterization

The yC]O and yNeH bands of ligands are disappeared upon
complexationwith palladium and the appearance of a new band in
the region 1197e1260 cm�1 is assigned to the n(CeOiminol) mode.
Further, these complexes show new bands near 1660e1680 cm�1

and 1316e1325 cm�1 confirms the coordination of imine nitrogen
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Scheme 1. Formation of palladium(II)
(nC]N) and phenolic oxygen (nCeO) to the palladium respectively.
Electronic spectra of all the complexes have been recorded in dry
chloroform solution in the range 200e800 nm (Table 1). The
absorption spectra of the palladium pyridoxal hydrazone
complexes exhibited very intense bands around 348e360 nm are
assigned to ligand-centered (LC) p / p* transitions, and moder-
ately intense bands located in the visible region from 435 to 418 nm
are ascribed to metal to ligand charge-transfer (MLCT) transitions.

1H NMR spectra of the ligands and complexes were recorded to
confirm the coordinatingmodes of the ligands. All the ligands show
a broad signal at ca. 13.90 ppm due to phenolic eOH group. In the
1H NMR spectra of complexes, the signal of the phenolic proton is
absent due to deprotonation. The absence of a resonance for eNH
suggests a predominance of the iminolate form in solution. The
peak corresponding to the NH group and OH protons could not be
located in the d¼ 0e15 ppm region in the spectra of the ligands. All
the complexes show a clear pattern between 7.5 and 8.4 ppm is
assigned to aromatic protons of the phenyl group of triphenyl-
phosphine and the ligand aromatic protons. The methylene and
methyl protons of the pyridoxal moiety of the ligands show a sharp
peak at d ¼ 4.76 and 2.60 ppm respectively, and these signals
appear in the complexes with slight shifts in their positions. The
eOCH3 protons from the hydrazide part appear as singlet at
3.8 ppm. The NMR spectral profiles of the palladium(II) complexes
(1e5) are summarized in experimental section. The 31P-{H}NMR
spectra of all the complexes 1e5 showed a singlet around d 21.8
which confirm that the one triphenylphosphine group is coordi-
nated to palladium in the complexes. A representative 1H and 31P-
{H}NMR spectra of complex (1) are given in the Supporting Infor-
mation (Figs. S2 and S3). ESI-MS experiment supported the
formation of palladium(II) pyridoxal hydrazone complexes by the
appearance of prominent peaks corresponding to their molecular
mass and the values are given in experimental section.
2.3. Molecular structure description

The crystal structure analysis of the complex [Pd(PPh3)(L3)] (3)
was performed by single crystal X-ray diffraction method and
ORTEP view of the complex is shown in Fig. 1. The summery of
single crystal X-ray structure refinement is shown in Table 2 and
the selected bond angle and the bond length are given in Table 3.
The pyridoxal hydrazone ligands coordinates to the palladium(II)
ion with the phenolate oxygen, imine nitrogen, and keto oxygen
R
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Table 2
Crystal data refinement parameter of [Pd(PPh3)L3] (3).

Formula C33H27BrN3O3PPd
Formula weight 730.88
Crystal system Monoclinic
Space group P21/c (No. 14)
Unit cell dimensions a ¼ 9.4194(3) Å, a ¼ 90�

b ¼ 9.9542(2) Å, b ¼ 92.354(2)�

c ¼ 31.8707(9) Å, g ¼ 90�

Volume [Å3] 2985.76(14)
Z 4
D(calc) [g/cm3] 1.626
Mu (MoKa) [/mm] 2.053
F(000) 1464
Crystal size [mm] 0.30 � 0.26 � 0.22 mm
Temperature (K) 293(2)
Radiation [Å] MoKa 0.71073
Theta Min-Max [�] 1.28, 18.89
Goodness-of-fit on F^2 1.223
R, wR2, S 0.0381, 0.1151, 1.223
R indices (all data) 0.0555, 0.0947, 1.223

Table 1
Electronic spectra of palladium(II) pyridoxal hydrazone complexes.

Complexes lmax (nm) ε (dm3/mol/cm)

1 418(2744)a, 352(3744)b

2 423(776)a, 326(1192)b

3 421(1071)a, 353(1850)b

4 435(2219)a, 357(2211)b

5 425(2815)a, 334(3918)b

a Ligand Centered Transition (LCT).
b Metal to Ligand Charge-Transfer (MLCT) transition.
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donor atoms to form a square-planar geometry. The asymmetric
unit consists of tridentate ONO dibasic ligand chelating the palla-
dium atom together with one triphenylphosphine moiety. The
palladium(II) complexes composed of one six-membered and one
five-membered chelate ring with the bite angles around Pd(II) are
O1ePd1eN1 ¼ 80.9(3); O2ePd1eN1 ¼ 94.2(3);
P1ePd1eO1 ¼ 91.46(19); P1ePd1eO2 ¼ 93.5(2) summing up the
in-plane angle to be exactly 360 �C. In the ligand, the pyridoxal
nitrogen is deprotonated and this is confirmed by the narrow angle
N3eC12eC15 of 117.7(10)� in protonated pyridoxal moieties, as said
before, the reported angles are larger than 120� [44]. The Pd1eO1
(1.948(7)), Pd1eN1 (1.976(7)), Pd1eO2 (1.979(6)) and Pd1eP1
(2.283(2)) distances are all quite normal, as observed in structur-
ally characterized other complexes of palladium containing these
bonds [45,46]. The C1eO1, 1.295(12) Å, and N1eN2, 1.395(13) Å,
bond distances are similar to the values found in non-co-ordinated
hydrazone ligands [47].
2.4. SuzukieMiyaura cross-coupling reactions by palladium
complex

2.4.1. Effect of low catalyst loading
It is well established that palladium complexes containing tri-

phenylphosphine group, which combine both good s-donor
strength and a p-accepting capacity, always have a high catalytic
activity in SuzukieMiyaura cross-coupling reactions [48,49].
Thereforewe attempted to use one of our palladium(II) complex (3)
as catalyst in SuzukieMiyaura reaction. The ability to use small
amounts of catalyst and still achieve high conversions is a great
concern in cross-coupling reactions due to the high cost of metals
and ligands. Low catalyst loading tests were performed to deter-
mine the catalytic efficiency of the catalyst in the presence of DMF
and K2CO3. In order to optimize the reaction condition for the
Fig. 1. X-Ray structure of complex [Pd(PPh3)L3] (3).
coupling reactions different catalyst:substrate (C/S) ratios were
taken and the results are summarized in Table 4. In the reaction
optimization, we started the C/S ratios of 1:100, 1:300 and 1:500,
the reaction proceeds with excellent conversions. When increasing
the C/S ratio to 1:1000, 1:5000 and 1:10,000 the reaction still
proceeds with a reasonable conversions. Although, only less cross-
coupling products (entry 1:50%) was observed in 1:100 C/S ratio,
when the reactions were carried out in room temperature. The high
turnover number (TON) of 4000 was observed in the case of
1:10,000 C/S ratio. Thus, it was concluded that catalyst:substrate
ratio of 1:500 is the best compromise between optimum reaction
rate and C/S ratio.

2.4.2. Effect of solvents
To study the effects of different solvents in our catalytic system,

we have chosen the reaction between 4-bromoacetophenone with
phenylboronic acid in presence of various solvents and K2CO3 base.
In all instances the solvent was used as obtained commercially
without further purification and the reactions were performed in
air. After completion of the reaction, the 4-acetobiphenyl was iso-
lated from the reaction mixture with diethyl ether. The results of
the above reactions are summarized in Table 5. In the present study
non-polar solvent like toluene gave moderate yield of 62%
conversion (entry 4), whereas polar solvents such as methanol or
DMF are found to be more efficient for the conversion of biaryl
compounds to 99%, 99% respectively (entries 2 and 3). On the other
hand aprotic solvents (entries 5e7) gave comparatively less yields.
The lowest conversion (32%) was obtained with dichloromethane
Table 3
Selected bond angles and bond length of [Pd(PPh3)L3] (3).

Bond length Bond angles

Pd1eP1 2.283(2) P1ePd1eO1 91.46(19)
Pd1eO1 1.948(7) P1ePd1eO2 93.5(2)
Pd1eO2 1.979(6) P1ePd1eN1 172.2(3)
Pd1eN1 1.976(7) O1ePd1eO2 175.0(3)
N1eN2 1.395(13) O1ePd1eN1 80.9(3)
O1eC1 1.295(12) O2ePd1eN1 94.2(3)
N2eC1 1.324(13) Pd1eP1eC16 110.9(4)
N1eC8 1.263(14) Pd1eP1eC22 111.9(3)

Pd1eP1eC28 114.9(3)
Pd1eN1eN2 114.2(6)
N2eN1eC8 120.8(8)
Pd1eN1eC8 124.9(8)
N1eN2eC1 108.5(7)



Table 4
Effect of low catalyst loading.a

Br
CH3

O
+ B(OH)2

CH3

O

Catalyst (3)

DMF, K2CO3

Reflux

Entry C:S ratio Time (h) Conversion (%)b TON

1 1:100 (RT) 24 50 250
2 1:100 6 >99 99
3 1:300 6 >99 297
4 1:500 6 >99 495
5 1:1000 8 81 810
6 1:5000 8 58 2900
7 1:10,000 10 40 4000

a Reaction conditions: 4-Bromoacetophenone (0.5 mmol), phenylboronic acid (0.75 mmol), base (1.5 mmol) and solvent (5 mL).
b Conversion to the coupled product was determined by 1H NMR spectroscopy based on 4-bromoacetophenone; average of two runs.

Table 5
Effect of solvents.a

Br
CH3

O
+ B(OH)2

CH3

O

Catalyst (3)

K2CO3 Reflux

Entry Solvents Conversion (%)b

1 H2O NRc

2 Methanol >99
3 DMF >99
4 Toluene 62
5 Dioxane 40
6 THF 38
7 DCM 32

a Reaction conditions: 4-Bromoacetophenone (0.5 mmol), phenylboronic acid (0.75 mmol), catalyst (0.001 mmol), base (1.5 mmol) and solvent (5 mL).
b Conversion to the coupled product was determined by 1H NMR spectroscopy based on 4-bromoacetophenone; average of two runs.
c No reaction.
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solvent. In water the reaction is not progressing in room temper-
ature as well as in reflux condition.

2.4.3. Effect of bases
Further, the effect of different mineral bases on this reactionwas

investigated by using the coupling of 4-bromoacetophenone with
phenylboronic acid as a test case. First the reaction was conducted
without any base and no reaction was observed. In presence of
NaOH and KOH base shows a conversion of 80% and 89% respec-
tively. Similarly Na2CO3 and K2CO3 did not significantly affect the
reactions carried out at 70 �C (Table 6). Among the different bases
used for our studies, the K2CO3 was the best choice of base, and the
conversion of product could be increased to 99% (entry 4).

2.4.4. SuzukieMiyaura cross-coupling reactions for aryl bromides
Under the optimized reaction conditions in hand, we have taken

a series of aryl bromides and arylboronic acids and the conversions
Table 6
Effect of bases.a

Br
CH3

O
+ B(OH)2

M

Sl. No Base

1 NaOH
2 KOH
3 Na2CO3

4 K2CO3

5 NaOAc

a Reaction conditions: 4-Bromoacetophenone (0.5 mmol), phenylboronic acid (0.75 m
b Conversion to the coupled product was determined by 1H NMR spectroscopy based
of the coupled products are given in Table 7. A general catalytic
cycle for the cross-coupling reaction of organoboron reagents with
aryl halides involves an oxidative-addition of the aryl halide,
transmetalation, and reductive-elimination steps [50,1]. Aryl
bromides with various functional groups efficiently reacted with
boronic acids (entries 1e12) using K2CO3 and 5 mL methanol at
reflux temperature in presence of palladium(II) catalyst for 6 h to
yield SuzukieMiyaura products in good to excellent conversions.
The reaction of p-bromoacetophenone with boronic acid deriva-
tives shows an excellent conversion (entries 1e4, 91e99%). In p-
bromotoluene the conversions are good in all the cases (entries
5e8, 96e99%). p-Methoxy substrate also afforded an excellent
conversion (entries 9e12, 92e99%). As expected, very satisfactory
results were obtained with all the electron-deficient substrate in
the boronic acid 2, 6, 10 shows a conversion of 91.7%, 99% and 93.7%
respectively. The catalytic activity of the present complex is good
when compared to palladium complexes containing Schiff bases
CH3

O

Catalyst (3)

Base

eOH, Reflux

Time (h) Conversion (%)b

6 80
6 89
6 92
6 >99
6 42

mol), catalyst (0.001 mmol) and base (1.5 mmol), solvent (5 mL).
on 4-bromoacetophenone; average of two runs.



Table 7
SuzukieMiyaura coupling of aryl bromides with phenylboronic acid using catalyst (3).a

aGeneral conditions: ArBr (5 mmol), PhB(OH)2 (7.5 mmol), catalyst (0.001 mmol), K2CO3 (1.5 mmol).
bAll conversions determined by 1H NMR spectroscopy, average of at least two runs.
cTON ¼ Moles of product per mole of catalyst.
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[51], carbenes [52e54] and metallocycles [55]. Although several
catalytic systems have been reported to support SuzukieMiyaura
CeC coupling reaction, a catalyst of this type is novel for its ONO
donor, PPh3 ligand environment. This method proved successful in
most cases to give the product in >95% purity as estimated by 1H
NMR spectroscopy. In all of the successful reactions, the 1H NMR
spectra of the products indicated no SuzukieMiyaura coupling
byproducts and the NMR data of all the SuzukieMiyaura products
are given in supporting information.
3. Conclusions

In this work we have synthesized five new palladium(II) pyri-
doxal hydrazone complexes bearing triphenylphosphine. The
characterization of all the complexes was accomplished by
analytical and spectral (IR, UVevis and 1H NMR, 31P and ESI-MS)
methods. X-ray analysis of complex (3) confirms the coordination
mode of the ligand to the metal through O, N, O donors and reveals
the presence of a square-planar geometry around the palladium
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center. The catalytic efficiency of the one of the palladium(II)
hydrazone complexes (3) was determined in SuzukieMiyaura
cross-coupling reaction and was found to be excellent. This facile,
mild and general protocol represents, to a certain extent, a new
advance in SuzukieMiyaura cross-coupling reactions.

4. Experimental section

4.1. Reagents and materials

The ligands (1e5) were prepared as per the procedure previ-
ously reported [42,43]. Commercially available Pd(PPh3)2Cl2 was
purchased from Aldrich. pyridoxal hydrochloride, substituted
benzoic acid hydrazide and aryl bromides, arylboronic acids were
purchased fromAldrich. All the reagents usedwere chemically pure
and analar grade. All solvents were distilled using the standard
procedures [56].

4.2. Methods and instrumentation

Microanalytical (C, H, N) data were obtained with a Per-
kineElmer model 240C elemental analyzer. Melting Points were
recorded in the Boetius micro heating table and are uncorrected.
Infrared spectra of complexes were recorded in KBr pellets with
a PerkineElmer 597 spectrophotometer in the range
4000e400 cm�1. Electronic spectra were recorded on a Varian Cary
300 Bio UVevis spectrophotometer using cuvettes of 1 cm path
length. 1H NMR spectra were recorded with a Bruker 400 MHz
spectrometer. All 1H, 31P NMR spectra were taken in pure deu-
teriated DMSO solvents. Chemical shifts (d) are given in ppm and
refer to TMS as internal standard. The proton signals of the
deuterated solventswere used as internal standards for the 1HNMR
spectra and 85% H3PO4 for the 31P NMR spectra. Mass spectra were
recorded using a Thermo Finnigan LCQ Advantage MAX 6000 ESI
mass spectrometer.

4.3. General procedure for synthesis of palladium complexes

All Pd(II) complexes were prepared by a general method. An
equimolar ratio of the ligand (1 mmol), Pd(PPh3)2Cl2 (1 mmol) and
triethylamine (0.2 mL) were mixed in dry methanol with constant
stirring. The resulting yellow solutionwas stirred and heated under
reflux for 3 h. The reactions were monitored by thin-layer chro-
matography. The solid was obtained from the above reaction are
washed with cold methanol, ether and dried in vacuo. Single
crystals of suitable for X-ray diffraction analysis were grown from
mixture of chloroformemethanol solution at room temperature.

[Pd(PPh3)L1] (1) Yield: 49 mg, 52%. M.p. 238 �C. C33H28N3O3PPd
(651.9): calcd. C 60.79, H 4.33, N 6.44; found C 60.72, H 4.38, N 6.49.
MS (ESI): m/z ¼ 651.8 [Mþ]. IR (KBr, nmax/cm�1): 3178 (OH), 1607
(C]Nazomethine), 1372 (CeO). 31P-{1H} NMR in CDCl3: d 21.77 (s). 1H
NMR (400MHz, CDCl3, Me4Si): 8.9 (1H, br s, OH py), 8.5 (1H, s, HC]
N), 8 (2H, d, AreH) and 7.3 (2H, d, AreH), 7.4e7.8 (15H, m, PPh3), 4.9
(2H, s, py CH2O), 1.9 (3H, s, CH3 py).

[Pd(PPh3)(L2)]: Yield: 72mg, 73%. M.p. 249 �C. C33H27ClN3O3PPd
(686.4): calcd. C 57.74, H 3.96, N 6.12; found C 57.76, H 3.93, N 6.20.
MS (ESI): m/z ¼ 687.7 [Mþ]. IR (KBr, nmax/cm�1): 3179 (OH), 1610
(C]Nazomethine), 1368 (CeO). 31P-{1H} NMR in CDCl3: d 21.78 (s). 1H
NMR (400MHz, CDCl3, Me4Si): 8.9 (1H, br s, OH py), 8.5 (1H, s, HC]
N), 7.9 (2H, d, AreH), 7.3 (2H, d, AreH) and 7.4e7.8 (15H, m, PPh3),
4.9 (2H, s, py CH2O), 1.9 (3H, s, CH3 py).

[Pd(PPh3)(L3)]: Yield: 78 mg, 75%. M.p. 236 �C.
C33H27BrN3O3PPd (730.8): calcd. C 54.23, H 3.72, N 5.75; found C
54.29, H 3.66, N 5.71. MS (ESI): m/z ¼ 731.6 [Mþ]. IR (KBr, nmax/
cm�1): 3310 (OH), 1623 (C]Nazomethine), 1398 (CeO). 31P-{1H} NMR
in CDCl3: d 21.76 (s). 1H NMR (400 MHz, CDCl3, Me4Si): 8.9 (1H, br s,
OH py), 8.5 (1H, s, HC]N), 7.9 (2H, d, AreH), 7.4 (2H, d, AreH) and
7.4e7.8 (15H, m, PPh3), 4.9 (2H, s, py CH2O), 1.9 (3H, s, CH3 py).

[Pd(PPh3)(L4)]: Yield: 90 mg, 94%. M.p. 224 �C. C34H30N3O4PPd
(682.0): calcd. C 59.88, H 4.43, N 6.16; found C 59.95, H 4.48, N 6.23.
MS (ESI): m/z ¼ 681.7 [Mþ]. IR (KBr, nmax/cm�1): 3256 (OH), 1675
(C]Nazomethine), 1371 (CeO). 31P-{1H} NMR in CDCl3: d 21.78 (s). 1H
NMR (400MHz, CDCl3, Me4Si): 8.9 (1H, br s, OH py), 8.5 (1H, s, HC]
N), 7.9 (2H, d, AreH), 7.3 (2H, d, AreH) and 7.4e7.8 (15H, m, PPh3),
4.9 (2H, s, py CH2O), 3.8 (3H, s, OeCH3), 1.9 (3H, s, CH3 py).

[Pd(PPh3)(L5)]: Yield: 65 mg, 66%. M.p. 242 �C. C33H27N4O5PPd
(696.9): calcd. C 56.87, H 3.90, N 8.04; found C 56.93, H 3.86, N 8.09.
MS (ESI): m/z ¼ 696.7 [Mþ]. IR (KBr, nmax/cm�1): 3208 (OH), 1685
(C]Nazomethine), 1346 (CeO). 31P-{1H} NMR in CDCl3: d 21.77 (s). 1H
NMR (400MHz, CDCl3, Me4Si): 8.9 (1H, br s, OH py), 8.5 (1H, s, HC]
N), 8.2 (2H, d, AreH), 7.4 (2H, d, AreH) and 7.4e7.8 (15H, m, PPh3),
4.9 (2H, s, py CH2O), 1.9 (3H, s, CH3 py).

4.4. General procedure for SuzukieMiyaura coupling reactions

In a typical run, an oven dried 25 mL flask equipped with a stir
bar was charged with a known catalyst (0.001 mmol), base
(1.5 mmol) and phenylboronic acid (0.75 mmol). To the above
mixture methanol (5 mL) and aryl halide (0.5 mmol) were added.
The reactions were allowed to reflux at 70 �C. After the specified
time the flask was removed from the oil bath. The solvent was
removed and water (10 mL) was added followed by extractionwith
diethyl ether (3 � 10 mL) and the catalyst was regenerated. The
combined organic layers were washed with water (3 � 10 mL),
dried over anhydrous Na2SO4, and filtered. The organic layers were
evaporated under reduced pressure and the residue was analyzed
by 1H NMR. All the conversions were taken from 1H NMR spec-
troscopy based on arylbromide methyl group [57,58] and the 1H
NMR data of all the products were given in supporting information.

4.5. X-ray crystallography

Single crystals of [Pd(PPh3)(L3)] (3) were grown by slow evap-
oration of chloroformemethanol solution at room temperature. A
crystal of dimensions 0.30 � 0.26 � 0.22 mmwas selected and the
data were collected. Significant crystal data collection and refine-
ment parameters are listed in Table S1 (supporting information). A
single crystal of suitable size was mounted on the top of a glass
fiber, and transferred to a Stoe IPDS diffractometer using mono-
chromated MoKa radiation. Corrections were made for Lorentz and
polarization effects as well as for absorption (numerical). The
structures were solved and refined by full-matrix least-squares
techniques on F2 using the SHELX-97 program [59,60]. The
absorption corrections were done by the multi scan technique. All
data were corrected for Lorentz and polarization effects, and the
non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were included in the refinement process as per the riding model.
CCDC 837648 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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of charge from The Director, CCDC, 12 Union Road, Cambridge, CB2
1EZ UK (fax: þ44 1223 336033; email: deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk).

References

[1] N. Miyaura, A. Suzuki, Chem. Rev. 95 (1995) 2457e2483.
[2] L. Yin, J. Liebscher, Chem. Rev. 107 (2007) 133e173.
[3] A.F. Littke, G.C. Fu, Angew. Chem. 41 (2002) 4176e4211.
[4] R. Martin, S.L. Buchwald, Acc. Chem. Res. 41 (2008) 1461e1473.
[5] A.O. King, N. Yasuda, in: R.D. Larsen (Ed.), Organometallics in Process Chem-

istry, Springer, Berlin, 2004, pp. 205e246.
[6] N. Miyaura, J. Organomet. Chem. 653 (2002) 54e57.
[7] N. Miyaura, Top. Curr. Chem. 219 (2002) 11e59.
[8] A. Suzuki, in: D. Astruc (Ed.), Modern Arene Chemistry, Wiley-VCH, Wein-

heim, 2002, pp. 53e106.
[9] M. Kertesz, C.H. Choi, S. Yang, Chem. Rev. 105 (2005) 3448e3481.

[10] R. Capdeville, E. Buchdunger, J. Zimmermann, A. Matter, Nat. Rev. Drug Discov.
1 (2002) 493e502.

[11] J. Boren, M. Cascante, S. Marin, B. Comin-Anduix, J.J. Centelles, S. Lim,
S. Bassilian, S. Ahmed, W.N. Lee, L.G. Boros, J. Biol. Chem. 276 (2001)
37747e37753.

[12] H. Tomori, J.M. Fox, S.L. Buchwald, J. Org. Chem. 65 (2000) 5334e5341.
[13] S. Lightowler, M. Hird, Chem. Mater. 17 (2005) 5538e5549.
[14] J.P. Corbet, G. Mignani, Chem. Rev. 106 (2006) 2651e2710.
[15] A. Suzuki, Acc. Chem. Res. 15 (1982) 178e184.
[16] D.G. Hall, in: D.G. Hall (Ed.), Boronic Acids-Preparation, Applications in

Organic Synthesis and Medicine, Wiley-VCH, Weinheim, Germany, 2005, pp.
1e99.

[17] M. Beller, J.G.E. Krauter, A. Zapf, S. Bogdanovic, Catal. Today 48 (1999)
279e290.

[18] M. Beller, J.G.E. Krauter, A. Zapf, Angew. Chem. Int. Ed. Engl. 36 (1997)
772e774.

[19] K.W. Anderson, L. Buchwald, Angew. Chem. Int. Ed. 44 (2005) 6173e6177.
[20] C. Dupuis, K. Adiey, L. Charruault, V. Michelet, M. Savignac, J.P. Genet, Tetra-

hedron Lett. 42 (2001) 6523e6526.
[21] N.E. Leadbeater, Chem. Commun. (2005) 2881e2902.
[22] M. Ueda, M. Nishimura, N. Miyaura, Synlett 6 (2000) 856e858.
[23] C.A. Fleckenstein, H. Plenio, Green Chem. 9 (2007) 1287e1291.
[24] C.A. Fleckenstein, S. Roy, S. Leuthaußer, H. Plenio, Chem. Commun. (2007)

2870e2872.
[25] L.R. Moore, K.H. Shaughnessy, Org. Lett. 3 (2001) 2757e2759.
[26] R. Huang, K.H. Shaughnessy, Organometallics 25 (2006) 4105e4112.
[27] P. Liu, L. Zhou, X. Li, R. He, J. Organomet. Chem. 694 (2009) 2290e2294.
[28] P. Liu, M. Yan, R. He, Appl. Organomet. Chem. 24 (2010) 131e134.
[29] P. Liu, X.J. Feng, R. He, Tetrahedron 66 (2010) 631e636.
[30] E.W.Y. Tido, E.J.M. Vertelman, A. Meetsma, P.J. van Koningsbruggen, Inorg.
Chim. Acta 360 (2007) 3896e3902.

[31] O. Pouralimardan, A.C. Chamayou, C. Janiak, H. Hosseini-Monfared, Inorg.
Chim. Acta 360 (2007) 1599e1608.

[32] C. Basu, S. Chowdhury, R. Banerjee, H.S. Evans, S. Mukherjee, Polyhedron 26
(2007) 617e625.

[33] M. Bakir, O. Green, W.H. Mulder, J. Mol. Struct. 873 (2008) 17e28.
[34] A. Suzuki, Pure Appl. Chem. 57 (1985) 1749e1758.
[35] A. Suzuki, Pure Appl. Chem. 63 (1991) 419e422.
[36] N. Miyaura, in: L.S. Libeskind (Ed.), Advances in Metal-Organic Chemistry, vol.

6, Jai, London, 1998, pp. 187e243.
[37] A. Suzuki, in: P.V. Ramachandran, H.C. Brown (Eds.), Organoboranes for

Syntheses. ACS Symposium Series 783, American Chemical Society, Wash-
ington, DC, 2001, pp. 80e93.

[38] G. Venkatachalam, R. Ramesh, Tetrahedron Lett. 46 (2005) 5215e5218.
[39] S. Kannan, R. Ramesh, Y. Liu, J. Organomet. Chem. 692 (2007) 3380e3391.
[40] M.U. Raja, R. Ramesh, K.H. Ahn, Tetrahedron Lett. 50 (2009) 7014e7017.
[41] D. Pandiarajan, R. Ramesh, Inorg. Chem. Commun. 14 (2011) 686e689.
[42] E.W. Ainscough, A.M. Brodie, A. Dobbs, J.D. Ranford, J.M. Waters, Inorg. Chim.

Acta 236 (1995) 83e88.
[43] S.C. Chan, L.L. Koh, P.H. Leung, J.D. Ranford, K.Y. Sim, Inorg. Chim. Acta 236

(1995) 101e108.
[44] V.M. Leovac, V.S. Jevtovic, L.S. Jovanovic, G.A. Bogdanovic, J. Serb. Chem. Soc.

70 (2005) 393e422.
[45] L. Otero, M. Vieites, L. Boiani, A. Denicola, C. Rigol, L. Opazo, C. Olea-Azar,

J.D. Maya, A. Morello, R.L. Krauth-Siegel, O.E. Piro, E. Castellano, M. Gonzalez,
D. Gambino, H. Cerecetto, J. Med. Chem. 49 (2006) 3322e3331.

[46] J. Martinez, L.A. Adrio, J.M. Antelo, J.M. Ortigueira, M.T. Pereira, M. Lopez-
Torres, J.M. Vila, J. Organomet. Chem. 691 (2006) 2891e2901.

[47] K.A. Abboud, S.P. Summers, G.J. Palenik, Acta Crystallogr. Sect. C 51 (1995)
1709e1711.

[48] O. Piechaczyk, M. Doux, L. Richard, P.I. Floch, Organometallics 24 (2005)
1204e1213.

[49] S. Ogo, Y. Takebe, K. Uehara, T. Yamazaki, H. Nakai, Y. Watanabe, S. Fukuzumi,
Organometallics 25 (2006) 331e338.

[50] A. Suzuki, J. Organomet. Chem. 576 (1999) 147e168.
[51] I.D. Kostas, B.R. Steele, A. Terzis, S.V. Amosova, A.V. Martynov, N.A. Makhaeva,

Eur. J. Inorg. Chem. (2006) 2642e2646.
[52] S.K. Yen, L.L. Koh, H.V. Huynh, T.S. Andy Hor, Dalton Trans. (2007) 3952e3958.
[53] G.A. Grasa, M.S. Viciu, J. Huang, C. Zhang, M.L. Trudell, S.P. Nolan, Organo-

metallics 21 (2002) 2866e2873.
[54] M. Iglesias, M. Albrecht, Dalton Trans. 39 (2010) 5213e5215.
[55] H. Wang, R. Zhong, X.Q. Guo, X.Y. Feng, X.F. Hou, Eur. J. Inorg. Chem. (2010)

174e178.
[56] D.D. perrin, W.L.F. Armarego, Purification of Laboratory Chemicals, fourth ed.

Butterworths-Heinemann, London, 1996.
[57] D.A. Albisson, R. B Bedford, S.E. Lawrence, P.N. Scully, Chem. Commun. (1998)

2095e2096.
[58] C.L. Chen, Y.H. Liu, S.H. Peng, S.T. Liu, Organometallics 24 (2005) 1075e1081.
[59] G.M. Sheldrick, SHELXS 97, Program for the Solution of Crystal Structures,

University of Gottingen, Germany, 1997.
[60] G.M. Sheldrick, SHELXL 97, Program for the Refinement of Crystal Structures,

University of Gottingen, Germany, 1997.

mailto:deposit@ccdc.cam.ac.uk
http://www.ccdc.cam.ac.uk

	Suzuki–Miyaura cross-coupling reaction of aryl bromides catalyzed by palladium(II) pyridoxal hydrazone complexes
	1. Introduction
	2. Results and discussion
	2.1. Synthesis of the complexes
	2.2. Spectral characterization
	2.3. Molecular structure description
	2.4. Suzuki–Miyaura cross-coupling reactions by palladium complex
	2.4.1. Effect of low catalyst loading
	2.4.2. Effect of solvents
	2.4.3. Effect of bases
	2.4.4. Suzuki–Miyaura cross-coupling reactions for aryl bromides


	3. Conclusions
	4. Experimental section
	4.1. Reagents and materials
	4.2. Methods and instrumentation
	4.3. General procedure for synthesis of palladium complexes
	4.4. General procedure for Suzuki–Miyaura coupling reactions
	4.5. X-ray crystallography

	Acknowledgment
	Appendix A. Supplementary material
	References


