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bstract
A homoleptic Pd(II) complex with two chelating di-N-heterocyclic carbene (NHC) ligands has been synthesized and its square planar molecular
eometry has been determined by X-ray diffraction analysis. The complex proved to be an efficient catalyst having exceedingly high turnover
umber and good reusability in Heck reaction.

2007 Elsevier B.V. All rights reserved.
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. Introduction

N-Heterocyclic carbenes (NHCs) have proven to be a versa-
ile class of ligands in the present organometallic chemistry to
repare novel metal complexes for a variety of organic transfor-
ations [1,2]. Although the metal–NHCs have emerged as a new

lass of compounds from the pioneering work of Öfele and Wan-
lick [3,4], they have gained enormous reputation only after the
uccessful use of metal–NHCs in C–C [5–8], C–N [9,10] bond
ormations and other catalytic reactions [11–13]. This is driven
y the strong �-donating power of NHCs to the metal centers,
hich can prevent the catalyst degradation, orthometallation

nd allow us to carryout the reactions at higher temperature
nlike most phosphines. Although palladium–phosphine com-
lexes displayed extreme catalytic performance, the practical
ifficulties connected with this system such as air and moisture
ensitivity, and the possible catalytic degradation have focused
ttention towards the use of stable metal–NHC catalysts to avoid
uch difficulties. Moreover NHC ligand precursors are easy to
ccess, and their chemical and topological versatility allows the
reparation of a wide variety of complexes whose chemical prop-

rties can be easily modulated [14–23]. Although a wide range
f monodentate Pd(NHC) catalysts were explored in the litera-
ure, a possible reductive elimination with alkyl groups was also
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oticed in some cases [24]. In this regard, using chelating NHC
s ligand to improve the thermal stability of Pd–NHC complexes
as been designed. Heteroleptic and homoleptic Pd(II)–NHC
omplexes consisting of only one chelating NHC unit has been
xplored [14,25–28], but the efficiency of those catalysts in Heck
eaction is still not satisfactory. Recently, a simple chelating
icarbene metal complex developed by Herrmann et al. [5] was
arefully investigated by the Biffis’s group [29]. They suggested
hat the catalytic activity of the dicarbene system might be prob-
bly inhibited by the formation of a bis-chelate tetracarbene Pd
erivative during the course of reaction, giving a poor yield even
fter 24 h for activated aryl bromide.

On the contrary to the hypothetical assumption, we
erein present the first catalytic examination of a homoleptic
is-chelate tetracarbene complex, bis-(1,1′-di-n-butyl-3,3′-
ethylenediimidazolin-2,2′-diylidene) palladium(II) tetrafluo-

oborate ([(BuCCmeth)2Pd][BF4]2), which proves to be an
xcellent precatalyst for Heck reaction with potential recycla-
ility.

. Results and discussion

.1. Preparation and structure of [(BuCCmeth)2Pd][BF4]2
omplex

Similar homoleptic Pd(II)–NHCs with X anions (X = I−,
F4

−) were prepared previously by the direct reaction of an

mailto:hws@mail.ndhu.edu.tw
dx.doi.org/10.1016/j.molcata.2007.10.032
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The Pd(II) complex [(BuCCmeth)2Pd][BF4]2 has been tested
for its catalytic activity in the Heck reaction with various
types of bases. The standard coupling reaction of aryl bromide
and styrene was carried out in 2.5 mL N,N-dimethylformamide
Sch

lkylene linked di-imidazolium salt with palladium salts [30,31]
n the presence of an external base. In those cases relatively low
roduct yields were noted and no attempt on the catalytic reac-
ion was reported. Ag(I)–NHC [32,33] route was employed to
ynthesize the homoleptic bis-chelate tetracarbene Pd(II) com-
lex to obtain a better yield (Scheme 1).

The bidentate NHC precursor 1,1′-di-n-butyl-3,3′-
ethylenediimidazolium dichloride ([(BuCCmeth-H)2]Cl2)

eacted readily with Ag2O in water to give a Ag(I)–NHC
omplex, which was isolated as the BF4

− salt
[Ag2(BuCCmeth)2][BF4]2), to avoid the interference of
gX2

−/X− ions. The formation of [Ag2(BuCCmeth)2][BF4]2
omplex was identified by the disappearance of the imidazolium
2–H proton in the 1H NMR spectrum. Further reaction of

he g(I)–NHC complex with PdCl2(CH3CN)2 in CH3CN
rogressed smoothly to produce the [(BuCCmeth)2Pd] [BF4]2
n high yield. This Pd(II) complex is air and moisture stable
or months in the solid state or in the polar solvent like
H3CN or DMSO. The cyclic voltammogram of the Pd(II)
omplex in CH3CN gave an irreversible peak at +1.20 V and
quasireversible couple with E1/2 = −0.83 V versus Ag/AgCl

scan rate 50 mV/sec). The latter corresponds to Pd(II)/Pd(0)
edox couple indicating the high stability of the Pd(II) and its
orresponding Pd(0) complexes.

Single crystals of (BuCCmeth)2Pd(II)(BF4)2 suitable for X-ray
iffraction study was obtained from diffusion of (CH3CH2)2O
nto CH3CN solution of the complex. The molecular structure
s depicted in Fig. 1. The complex crystallized in the triclinic
rystal system with the P1 space group. The structural analy-
is showed that it was a mononuclear Pd(II) complex, chelated
y two BuCCmeth ligands. Each chelated unit constructed a six

embered ring upon coordination and the Pd(II) center adopted
square planar coordination geometry with C–Pd–C bite angle
3.16◦. The twist angle (41.04(1)◦ to 45.88(2)◦) of the het-
rocyclic rings relative to the coordination plane defined by

F
a
2
P

.

our coordinated carbene carbons indicate that the conforma-
ion adopted primarily resulted from minimization of Bu–Bu
onbonding interactions, thereby leading to the chemically
onequivalent methylene protons as observed in the NMR spec-
rum. The average Pd–Ccarbene bond distance of 2.024 Å was
lightly shorter than that of reported homoleptic Pd(II)–NHC
31]. The short Ccarbene–N bonds imply a clear consequence of
he contributions from �-donation of the NHC to the metal cen-
re and �-stabilization of the carbene onto the adjacent nitrogen
toms.

.2. Heck reaction
ig. 1. Cationic part of palladium complex with ellipsoids drawn at 30% prob-
bility. Selected bond lengths (Å) and angles (◦): Pd1-C22, 2.024(6); Pd1-C29,
.036(5); Pd1-C22i, 2.024(6); Pd1-C29i, 2.036(5); C22i-Pd1-C22, 180.0; C29i-
d1-C29, 180.0.
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Table 1
Effect of the base on the product yield in a definitive time in Heck coupling reactions of aryl bromide with styrenea

Entry Base Yielda,b (%) Entry Base Yielda,b (%)

1 K3PO4 80 7 KOH 50
2 Cs2CO3 Trace 8 NaOAc 100
3 Ba(OH)2 Trace 9c NaOAc Trace
4 Na2CO3 10 10d NaOAc Trace
5 NEt3 10 11e NaOAc Trace
6 K2CO3 Trace 12f NaOAc 84

a Reaction condition: 1 mmol aryl bromide, 1.5 mmol styrene, 2 mmol base, 1.2 mol% Pd cat., 2.5 mL DMF, 140 ◦C and 2 h.
b Isolated yield including trace amount of gem-isomer, which was detected by 1H NMR.
c Reaction temperature, 90 ◦C.
d Reaction temperature, 90 ◦C; reaction time, 24 h.
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1 mmol TBAB and 1.2 mol% Pd catalyst in 0.5 mL DMF at
140 ◦C for 2 h. On completion of the reaction, the reaction mix-
ture was cooled, the same amount of aryl bromide, styrene, and
e Reaction solvent, 1 mL H2O; reaction time, 24 h.
f Reaction solvent, DMF/H2O (1.5 mL/1 mL); reaction time, 24 h; temperatur

DMF) with a 1.2 mol% catalyst loading for 2 h at 140 ◦C. The
esults are summarized in Table 1.

Investigation of the effect of various bases on the catalytic
eaction reveals that sodium acetate (NaOAc) is the best of
hoice (Table 1, entry 8). Mechanistically carboxylated anions
ere thought to function as an optimal base and also as a reduc-

ng agent [34,35] in Heck reaction. It was found that the Pd(II)
atalyst was activated in situ by NaOAc in DMF at high tempera-
ure (140 ◦C) to achieve a good yield, whereas a moderate yield
f coupling product was obtained at low temperature (90 ◦C)
t longer time (Table 1, entries 9 and10). Weak inorganic bases
ith carbonate anion (Table 1, entries 2, 4 and 6) or organic base

Table 1, entry 5) showed low activity while K3PO4 and strong
ase KOH (Table 1, entries 1 and 7) worked smoothly in the reac-
ion, giving a Pd black precipitation. It has also been reported
hat H2O molecule sometimes is required to activate the Pd(II)
atalyst or to improve the solubility of inorganic bases [7]. In
ur case, carrying out the reaction in DMF/H2O (1.5 mL/1 mL)
ixed solvent at low temperature (90 ◦C) gave a positive effect

n the product yield (Table 1, entry 12) in comparison with that
n pure DMF (Table 1, entry 10), while in pure aqueous solvent
he activity of the catalyst was low even at high temperature
Table 1, entry 11).

As reported earlier, the activity of most Pd–NHC catalytic
ystem can be enhanced by the addition of tetrabutylammo-
ium bromide (TBAB) as a cocatalyst [36]. The effect of TBAB
oward our catalytic system is evaluated under the same standard
eaction conditions using NaOAc as the base. The kinetic results
Fig. 2) show that the system with or without addition of TBAB
uantitatively couples aryl bromide and styrene at 140 ◦C in
h. Although the role of TBAB in the C–C coupling reaction is
ot completely understood, upon the addition of TBAB a shorter
nduction period for activation of Pd(II) complex is observed for

ur system, suggesting more efficient reduction of Pd(II) com-
lex to a catalytically active Pd(0) under Jeffery conditions [37].
imilar phenomenon was also observed in other mono-chelate
icarbene Pd(II) complex system [38].

F
s

◦C.

It has been reported that low concentrations of Pd catalyst
re required in some cases because the Pd cluster formation at
igh concentrations inhibits the catalytic reaction [35,36,39,40].
n our catalytic system, reducing the volume of solvent, DMF,
rom 2.5 mL to 0.5 mL did not affect the product yield signifi-
antly in 2 h. The reaction profiles in these two different volumes
f solvent conditions show that the induction period in 0.5 mL
f DMF was shorter than that in 2.5 mL of DMF (Fig. 3). More-
ver, no Pd black precipitation was observed during the reaction
n 0.5 mL DMF. If the solvent volume was less than 0.5 mL,
e found that the product yield became gradually lower. Carry-

ng out the reaction with 0.1 mL DMF or without DMF under
he same condition gave only 42.6% or trace of the product,
espectively.

The recyclability of the Pd(II) catalyst for Heck reaction was
xamined following a strategy of a repetitive process described
n the literature [41]. Originally, the reaction was carried out
ith 1 mmol aryl bromide, 1.5 mmol styrene, 2 mmol NaOAc,
ig. 2. Time–yield comparison of system with addition of 1 eq. TBAB and
ystem without TBAB in Heck reaction of aryl bormide and styrene.
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Fig. 4. Reaction profiles of repetitive runs in Heck reaction. First run: 1 mmol
aryl bromide, 1.5 mmol styrene, 2 mmol NaOAc, 1.2 mol% Pd cat. and 1 mmol
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activated aryl chloride only a lower yield was achieved (Table 2,
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ig. 3. Reaction profiles for high (�) and low (�) [Pd] concentration in Heck
eaction.

aOAc were added as in the original reaction, and the reaction
as continued for the next run. In this way, six repetitive runs
ere carried out, each time without addition of more catalyst,

olvent and TBAB and the product yield in this gradual diluted
ystem remained constant (∼100%) in 2 h of reaction. Further-
ore, reaction profiles for recycle process show (Fig. 4) that

he induction period of recycling runs was dramatically shorter
han that of first run. We also found that the completion time for
he repetitive runs was reduced (Fig. 4). These promising results
rovide evidence for the high catalytic activity and thermal sta-
ility of this bis-chelate tetracarbene Pd(II) complex and shows
ts potential use for recycling Heck reaction. Here, we propose
hat the extreme basic property on the Pd center, due to the for-

ation of active palladium metal(0) species could be stabilized

y chelating effect.

To determine the turnover number (TON) and to investigate
he tolerance of the substituted functionality on aryl halide, sim-

e
3
o

able 2
roduct yield of activated and deactivated aryl halides, Hg(0) poisoning, and low cata

ntry R X

1 4-CH3(O)C Br
2 4-CN Br
3 4-NO2 Br
4 4-CH3O Br
5 4-CH3 Br
6 H Cl
7 4-CH3(O)C Cl
8 4-CH3 Cl
9c H Br
0d H Br
1e H I

a Isolated yield.
b Reaction time, 24 h.
c 360 mg Hg(0) was added.
d Pd catalyst loading, 1.2 × 10−7 mmol; reaction time, 52 h.
e Pd catalyst loading, 1.2 × 10−9 mmol; reaction time, 36 h.
BAB in 0.5 mL DMF at 140 ◦C for 2 h. For each of the repetitive runs the same
mount of aryl bromide, styrene and NaOAc were added as in original reaction.
solated yields including trace amount of gem olefin were detected by 1H NMR.

lar optimal reaction conditions were employed (Table 2). Both
ctivated and deactivated aryl bromides underwent the C–C cou-
ling reaction with good yields (Table 2, entries 1–5). In order to
ealize the differences of the reactions for activated, deactivated
nd unactivated aryl bromides, we have compared the reaction
rofiles for 4′-bromoacetophenone, 4-bromoanisole and bro-
obenzene under the same reaction conditions (Fig. 5). The

rofiles show that the induction period and completion time were
horter for activated aryl bromide than the other two. Further-
ore, this catalyst gave a moderate yield in longer time (24 h)
ith activated aryl chloride (Table 2, entry 7), while with non-
ntry 6) in the same time. Extending the reaction time up to
6 h did not give better results for aryl chlorides. The low yields
btained with aryl chloride or substituted aryl chlorides are due

lyst loading in a definitive time in Heck coupling reactions

Yielda (%) TON

95 79
97 81
94 78
98 82
95 79
45b 38
85b 71
<5b –
<3
81 6.75 × 106

97 8.08 × 108
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ig. 5. Reaction profiles for Heck reaction of substituted aryl bromides with
tyrene.

o the stronger Csp2–Cl bonds of aryl chlorides than those of
he heavier congeners. Noticeably high activity of our catalyst
or non-activated aryl bromide is demonstrated by the extremely
igh TON of 6.75 × 106 obtained with 1.2 × 10−5 mol% Pd cat-
lyst (Table 2, entry 10), and the result is even better for aryl
odide (Table 2, entry 11) [5–9,27,37,42–47]. In this connection,
everal review articles [40,48,49] reported the good activity and
igh TON for the Heck coupling of aryl halides with styrene in
igand free Pd salts like Pd(OAc)2, PdCl2 and Pd(OH)2 under
ifferent reaction conditions. Köhler et al. [49], have mentioned
hat the activity of catalyst depends on several conditions like
ubstrate, nature of the catalyst and reaction conditions (temper-
ture, solvent, base, additives, atmosphere, etc.). Using ligand
ree Pd salts the authors have also achieved almost similar results
ike our NHC-catalyst system. The main advantages of our NHC-
atalyst under these conditions are its high recyclability and
onstant reproductivity compared to ligand free catalyst systems
40,48–50].

It has been known that Hg(0) can poison the catalytic property
f a metal(0) species by amalgamating the metal or absorb-
ng on the metal surface in a heterogeneous catalysis [51,52].
n our study we also found that the addition of excess Hg(0)
Hg:Pd = 150:1) indeed totally deactivated the coupling reaction
Table 2, entry 9). This result might suggest that the actual cat-
lytic species is Pd(0) species as reported [53]. Furthermore,
he cyclic voltammogram of the Pd(II) complex in acetoni-
rile (CH3CN) gave a quasireversible Pd(II)/Pd(0) redox couple,
ndicating the high stability of the Pd(0) and also supports the for-

ation of Pd(0) as a possible intermediate in catalytic cycle. We
ssume that the bis-chelate tetracarbene Pd(II) complex might
e reduced to a stable Pd(0)–NHC complex which in a dan-
ling mode generate an active species for the catalytic cycle.
urther investigation of the true activation mechanism for this
is-chelate tetracarbene Pd(II) complex and its practical appli-
ations are undergoing.

. Conclusion

A homoleptic Pd(II) complex with two chelating tetracarbene

igands has been synthesized in high yield. The complex shows
xcellent air and thermal stability at elevated temperature and is
n excellent catalyst for Heck reaction. The complex also exibits
ull recyclability and constant reproductivity with markedly high

N
(
(
5

ysis A: Chemical 280 (2008) 115–121 119

ONs in the Heck coupling of aryl bromide and aryl iodide with
tyrene.

. Experimental

.1. General

All the reactions were carried out in air. The solvents and
eagents were purchased from general sources and were used
ithout further purification. NMR spectra were recorded on
Bruker DX-300 NMR spectrometer (1H, 299.96 MHz; 13C,

5.43 MHz). Mass Spectra were measured on a Micromass
latform II spectrometer. Elemental analyses were carried out
sing a PerkinElmer 2400, 2400II elemental analyzer. Cyclic
oltammetry was carried out using a BAS 100B Electrochemical
nalyzer. The measurements were performed at room tempera-

ure in deoxygenated acetonitrile (CH3CN) solution containing
.1 M TBAB and 10−3–10−4 M Pd(II) complex. The working,
ounter and reference electrodes used were a glassy carbon, a
latinum coil and a Ag/AgCl electrode, respectively.

.2. Syntheses of
,1′-di-n-butyl-3,3′-methylene-diimidazolium dichloride
(BuCCmeth-H)2Cl2]

n-Butylimidazole (5.00 g, 40.25 mmol) was added to excess
f CH2Cl2 and the mixture was stirred at reflux temperature for
week. The solution was cooled and added into ether (20 mL),

ollowed by filtration, to give a white powder. Yield: 74% (7.80 g,
9.78 mmol). 1H NMR (D2O): δ 7.62 (d, 2H, JH–H = 2.1 Hz,
midazole H), 7.51 (d, 2H, JH–H = 2.1 Hz, imidazole H), 6.54
s, 2H, NCH2N), 4.12 (t, 4H, NCH2CH2CH2CH3), 1.73 (m,
H, NCH2CH2CH2CH3), 1.17 (m, 4H, NCH2CH2CH2CH3),
.77 (t, 6H, NCH2CH2CH2CH3) ppm. 13C NMR (CDCl3): δ

37.31 (NCHN), 123.03, 122.83 (imidazole C), 56.81 (NCH2N),
9.91 (NCH2CH2CH2CH3), 31.24 (NCH2CH2CH2CH3), 19.00
NCH2CH2CH2CH3), 13.01 (NCH2CH2CH2CH3) ppm. Anal.
alcd. for C15H26Cl2N4. 0.5 H2O: C 52.63, N 16.37, H 7.95.
ound: C 52.45, N 16.25, H 7.83. Mass (FAB): m/z 261(M+ − 1).

.3. Preparation of the complexes

.3.1. [Ag2(BuCCmeth)2][BF4]2

Ag2O (0.58 g, 2.50 mmol) was added into an aqueous solu-
ion containing [(BuCCmeth-H)2]Cl2 (0.33 g, 1.00 mmol) and the
uspension was stirred at room temperature for 2 h in dark and
ltered through Celite. NH4BF4 (0.21 g, 2.00 mmol) was added

nto the filtrate and stirred for 10 min, followed by filtration
ith a filter paper, air stable silver complex was isolated as
brown powder. Yield: 92% (0.42 g, 0.46 mmol). 1H NMR

DMSO-d6): δ 7.85 (s, 4H, imidazole H), 7.62 (s, 4H, imida-
ole H), 6.90 (br, s, 2H, N–CH2–N), 6.36 (br, s, 2H, NCH2N),
.14 (t, JH–H = 7.4 Hz, 8H, NCH2CH2CH2CH3), 1.71 (m, 8H,

CH2CH2CH2CH3), 1.21 (m, 8H, NCH2CH2CH2CH3), 0.83

t, JH–H = 7.5 Hz, 12H, NCH2CH2CH2CH3) ppm. 13C NMR
DMSO-d6): δ 123.57, 122.39 (imidazole C), 63.88 (NCH2N),
1.71 (NCH2CH2CH2CH3), 33.55 (NCH2CH2CH2CH3), 19.64
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NCH2CH2CH2CH3), 13.91 (NCH2CH2CH2CH3) ppm. Anal.
alcd. for Ag2C30H48N8B2F8. H2O: C 38.84, N 12.09, H
.44. Found: C 38.94, N 12.24, H 5.18. Mass (FAB): m/z 735
M2+ − 1).

.3.2. [(BuCCmeth)2Pd] [BF4]2

PdCl2(CH3CN)2 (0.26 g, 1.00 mmol) was added into the ace-
onitrile solution containing [Ag2(BuCCmeth)2][BF4]2 (0.91 g,
.00 mmol) in dark condition and the mixture was allowed to
tir for 24 h, followed by filtration giving a pale yellow clear
ltrate. The solvent was removed in vacuo to yield a pale yellow
owder. Yield: 86% (0.69 g, 0.86 mmol). 1H NMR (acetone-
6): δ 7.83 (s, 4H, imidazole H), 7.51 (s, 4H, imidazole H),
.77 (d, JH–H = 13.6 Hz, 2H, NCH2N), 6.63 (d, JH–H = 13.6 Hz,
H, NCH2N), 4.02 (m, 4H, NCH2CH2CH2CH3), 3.55 (m,
H, NCH2CH2CH2CH3), 1.73 (m, 8H, NCH2CH2CH2CH3),
.13 (m, 8H, NCH2CH2CH2CH3), 0.79 (t, JH–H = 7.5 Hz, 12H,
CH2CH2CH2CH3) ppm. 13C NMR (acetone-d6): δ 169.5

carbene C), 123.03, 122.14 (imidazole C), 63.61 (NCH2N),
0.46 (NCH2CH2CH2CH3), 33.09 (NCH2CH2CH2CH3), 19.50
NCH2CH2CH2CH3), 12.94 (NCH2CH2CH2CH3) ppm. Anal.
alcd. for C30H48B2F8N8Pd: C 45.00, N 13.99, H 6.04. Found:
44.89, N 13.78, H 6.10. Mass (FAB): m/z 713 (PdL2BF4

+).

.4. X-ray data collection and structure refinement

Single crystals of [(BuCCmeth)2Pd] [BF4]2 suitable for X-ray
iffraction study were obtained by the diffusion of (CH3CH2)2O
nto the CH3CN solution of the complex. A single crystal was
ounted on a glass fiber and the X-ray diffraction intensity data
ere measured on a Bruker Smart APEXII CCD XRD. A crystal
f the complex (0.2 mm × 0.2 mm × 0.1 mm) was selected for
he structural analysis. The intensity data were collected at
73 K. All data were collected with � scan technique using

raphite monochromatic Mo K� radiation (λ = 0.71073 ´̊A).
ll Non-hydrogen atoms were refined with anisotropic dis-
lacement parameters and hydrogen atoms were included
t calculated positions. The structure was solved by direct
ethods using the SHELXS-97 computer program and refined

y full-matrix least-squares methods on F2 using SHELXL-97
54]. Complete structure data have been deposited. Salient
rystal data are: C30H48B2F8N8Pd: Mf = 800.78, triclinic, space
roup P1, a = 11.415(7) Å, b = 11.525(7) Å, c = 15.586(10) Å,
= 90.355(10)◦, β = 92.798(10)◦, γ = 112.270(10)◦,
= 1894.7(2) Å3, Z = 2, Dcalc = 1.404 g cm−3, μ = 0.561 mm−1

nd θmax = 25.07◦. Of 18,550 reflections collected, 6729 were
ndependent, Rint = 0.0357, and 4480 were observed (I > 2σ

I)); final R indices: GOF = 1.069, R1 = 0.0630 (I > 2σ (I)) and
R2 = 0.1931.

.5. General procedure for the Heck reaction
A mixture of Pd(II) catalyst (10 mg, 1.2 mol%), NaOAc
270 mg, 2 mmol), TBAB (320 mg, 1 mmol), aryl bromide
157 mg, 1 mmol), styrene (156 mg, 1.5 mmol) and DMF
2.5 mL) was charged in a vial under air, locked up with a screw

[
[

[

ysis A: Chemical 280 (2008) 115–121

ap and then heated at 140 ◦C in an oil bath. After completion of
he reaction (2 h), the mixture was extracted with diethyl ether
r dichloromethane/H2O (3 mL/2 mL) four times. The organic
hase was separated and dried in vacuo. The crude product was
urified with a fresh column.
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