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a b s t r a c t

PdII anionic, square planar complexes of the type [IL]2[PdX4], where IL = imidazolium cations, X = Cl, Br,
have been applied for the first time as catalyst precursors for the Suzuki–Miyaura (S–M) reaction carried
out in alcohols at 40 ◦C. Depending on the structure of the catalyst precursor used, different yields of
2-methylbiphenyl (2-MePh–Ph) were obtained in a test reaction of 2-bromotoluene (2-MePhBr) with
phenyl boronic acid (PhB(OH)2). The highest yield, ca. 95%, was obtained for [dmiop]2[PdCl4] (dmiop-1,2-
dimethyl-3-propoxymethylene imidazolium cation) in methanol in the presence of KOH as a base. It was
eywords:
alladium complexes
-Heterocyclic carbenes
alladium nanoparticles
SI-MS
uzuki–Miyaura

found that during the reaction Pd0 nanoparticles of 4–7 nm have been formed in situ from the palladium(II)
precursor. In the first stage of this process, [(IL)3Pd(OH)2]+-type species have been formed from [IL]2[PdX4]
precursors. Small Pd0 clusters, [(IL)5Pd3(H2O)]+ and [(IL)3Pd3(H2O)7]+, were also identified by ESI-MS.
These species reacted with ArB(OH)2 forming palladium aryl complexes of the type [(IL)2PdAr]+, key
intermediates in the catalytic process. The first experimental evidence of the IL stabilized Pd0 species in
S–M reaction is presented.
. Introduction

Complexes of the type [IL]2[PdX4] have never been used before
s catalyst precursors for the Suzuki–Miyaura (S–M) reaction, and
lso there are only scarce examples of their successful application
n other catalytic processes. One of the first papers describes syn-
hesis, structure, and application of [bmim]2[PdCl4] as a selective
lthough not very active catalyst for hydrodimerization of 1,3-
utadiene [1]. The same complex has been used as a catalyst for the
xidation of alcohols: 3-Me-cyclohexanol, isophorol, geraniol, and
e(CH2)17OH [2]. The formation of [Bu4N]2[PdX4]-type complexes

as been observed in the Heck reaction when PdCl2, PdCl2(PhCN)2,
nd Pd(OAc)2 complexes were used as catalyst precursors in molten
etrabutylammonium bromide as the reaction medium [3,4]. The
ame complexes have been formed as a result of leaching when Pd0
upported on alumina was used as a catalyst for the Heck reaction
arried out in a [Bu4N]Br medium [4].

The synthesis, structure, and stability of [IL]2[PdX4]-type com-
lexes (where IL = imidazolium or pyridinium cation, X = Cl, Br) have
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been discussed in several papers [1–10]. Complexes containing imi-
dazolium cations with long-chain alkyl (R) substituents (C12, C18)
demonstrate properties of liquid crystals with crystallite sizes of

around 2 ´̊A [1].
Recently we have applied [IL]2[PdX4] complexes as catalyst pre-

cursors for methoxycarbonylation of iodobenzene in ionic liquids
[10]. Yields of up to 100% were obtained when the reaction was
carried out in pyridinium salts, whereas imidazolium halides sur-
prisingly inhibited the reaction. This inhibiting effect, causing a very
low yield of the methoxycarbonylation product, was explained by
the reaction of imidazolium halide with an intermediate aryl com-
plex, [Ar–Pd(II)-X], formed by oxidative addition of aryl halide (ArX)
to the Pd0 active species. The reaction of the palladium aryl complex
with imidazolium halide finally led to the formation of a carbene
compound of the type PdCl2(bmim-y)2, less active in methoxycar-
bonylation [10].

Motivated by these interesting results obtained with the appli-
cation of [IL]2[PdX4]-type complexes as catalyst precursors for

methoxycarbonylation, we decided to check their catalytic prop-
erties also in the S–M reaction. In these studies we were looking
for a correlation between the structure of the imidazolium cation
(IL+) and the catalytic activity of palladium(II) square planar com-
plexes of the type [IL]2[PdX4]. Identification of catalytically active

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:ania@wchuwr.pl
dx.doi.org/10.1016/j.molcata.2009.01.011
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Fig. 1. [IL]2[PdX4] complexes under studies as Pd-catalyst precursors (X = Cl, Br).

Fig. 2. The molecular structure and atom numbering scheme of [mioe]2[PdCl4]. Dis-
placement ellipsoids are drawn at the 30% probability level and H atoms are shown
as small spheres of arbitrary radii. Unlabeled atoms are symmetrically dependent via
an inversion center. Pd–Cl1 2.314 (8); Pd–Cl2 2.303 (8); O–C5 1.389 (2); O–C6 1.436
(2); Cl1–Pd–Cl2 89.50 (3) C5–O–C6 113.4 (2); Cl1–Pd–Cl2# 90.50 (3); #symmetry
transformations used to generate equivalent atoms: # 1 − x, 1 − y, 1 − z. Hydrogen
bonding parameters are given in Table 7.
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Table 1
The yield of 2-MePh–Ph obtained in the S–M reaction with different catalyst precur-
sors (Fig. 1) after 1, 2, 3, and 4 h.

Catalyst precursor Yielda (%)

1 h 2 h 3 h 4 h

[bmim]2[PdCl4] 34 39 52
[bdmim]2[PdBr4] 44 54 58
[dmiop]2[PdCl4] 35 63 70 84
[mioe]2[PdCl4] 8 33 36
[Bu4N]2[PdBr4] 68 82

obtained. The addition of ionic liquids ([IL]X) in the amount of
[[IL]X]/[Pd] = 2:1 was expected to lead to in situ formation of
[IL]2[PdX4] complexes, identical to those previously used as cata-
lyst precursors. However, the yields of S–M reactions in most cases
appeared much lower compared with those obtained for ready
Fig. 3. The S–M reaction under studies.

ntermediates and mechanistic aspects were the main objective of
he presented studies.

. Results and discussion

.1. Effect of the IL+ cation in [IL]2[PdX4] complexes on their
ctivity as catalyst precursors

Palladium(II) complexes of the general formula [IL]2[PdX4],
hown in Fig. 1, with different substituents, R1 and R2, in the imi-
azolium cations and Cl or Br ions coordinated to PdII, were used
s catalyst precursors.

The molecular structure of [mioe]2[PdCl4], presented as an
xample in Fig. 2, shows square planar coordination of chlorides
nd symmetrical arrangement of imidazolium cations. The planes
f the imidazolium rings are parallel to each other.

Five different complexes of the type [IL]2[PdX4] were tested as
atalyst precursors for the S–M reaction at 40 ◦C in 2-propanol (Fig.

, Table 1).

It was found that the kind of imidazolium cation present in
he precursor has an essential influence on the S–M reaction yield.
he highest yields of the product (2-MePh–Ph), 84% and 83%, were
btained for [dmiop]2[PdCl4] and [bdmim]2[PdBr4], respectively.
Reaction conditions: [Pd] 1 × 10−5 mol; 2-MePhBr 1 × 10−3 mol; PhB(OH)2

1.1 × 10−3 mol; KOH 1.95 × 10−3 mol; 2-propanol 3 cm3; 40 ◦C.
a The reaction yield is equivalent to TON.

We found these results very interesting because both cations having
a Me group at carbon C2 (C2—carbon atom between two nitrogen
atoms in imidazolium cation) are unable to form carbene ligands,
which makes it possible to rule out the formation of carbene com-
plexes as catalytically active species in this S–M reaction. On the
other hand the high catalytic activity of palladium complexes with
bulky carbene ligands in the S–M reaction is well documented in
literature [11–14].

The higher product yield obtained with palladium precursor
([dmiop]2[PdCl4]) containing ether functional group imidazolium
cation can be explained by the stabilizing effect of ether moiety on
the palladium active form, as it was recently proposed [15].

Lower S–M reaction yields were obtained for complexes con-
taining a 1-butyl-3-methyl imidazolium cation (bmim) (52%) or
a 1-butyl-2,3-dimethyl imidazolium cation (bdmim) (58%). For
the complex with a 1-methyl-3-ethoxymetyl imidazolium cation
(mioe), only 36% of the product was obtained. In all S–M reactions,
besides 2-MePh–Ph, the main product, only traces, up to 3%, of
biphenyl (Ph–Ph), the homocoupling product, were found.

S–M reactions were also performed with the PdCl2(cod) precur-
sor with the addition of stoichiometric amounts of ionic liquids
([IL]X) in methanol solution. When only the PdCl2(cod) com-
plex was used as a catalyst precursor, 25% of 2-MePh–Ph was
Fig. 4. The yield of 2-MePh–Ph obtained in the S–M reaction with PdCl2(cod) and
different ionic liquids in methanol ([IL]: [Pd] = 2), after 2 h at 40 ◦C.
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Table 3
UV–vis spectra (nm) of [IL]2[PdX4] complexes before and after reduction with
KOH/2-propanol.

[IL]2[PdX4] Before the reduction
�max (nm)

After the reduction �max (nm)

[bmim]2[PdCl4] 326 250 240
[bdmim]2[PdBr4] 286 220 222

tion to almost black at the end of reaction. As a consequence, UV–vis
spectra changed and the bands at 284–330 nm assigned for PdII
ig. 5. Effect of [dmiop]2[PdCl4].concentration on the S–M reaction yield. PhBrCH3

× 10−3 mol; PhB(OH)2 1.1 × 10−3mol; KOH 1.95 × 10−3mol; 2-propanol, 3 h, 40 ◦C.

recursors of the type [IL]2[PdX4]. Only the addition of [miop]Cl
r [mioe]Cl caused an increase in the coupling product yield in
omparison to the reaction without an ionic liquid (Fig. 4). The
aximum yield of the S–M reaction for such systems, after 2 h, was

7%.
The addition of an ionic liquid ([IL]X) to the best precursor,

dmiop]2[PdCl4], caused a decrease in 2-MePh–Ph yield to below
0% after 3 h. In the presence of different [IL]X the following yields of
-MePh–Ph were obtained: 68% for [dmiop]Cl, 38% for [bmim]BF4,
nd 44% for [bmim]Br.

.2. Effect of catalyst precursor concentration, kind of base and
olvent used on the S–M reaction yield

The effect of the concentration of [dmiop]2[PdCl4] on the reac-
ion yield is shown in Fig. 5.

The highest yield, 84% (TOF = 28 h−1), was obtained for
× 10−5 mol, whereas at lower and higher concentrations of the
atalyst precursor the obtained yields were lower (Fig. 5). At a
oncentration as low as 3.12 × 10−7 mol, 18% (TOF = 193 h−1) of the
roduct was still obtained after 4 h. The highest TOF value, 296 h−1,
as found for 6.2 × 10−7 mol (yield 55%). The nonlinear dependence

f the S–M reaction yield on the concentration of the catalyst pre-
ursor may suggest contribution of Pd0 nanoparticles as reactive
pecies in this reaction. Such conclusion has been formulated for
he Heck reaction catalyzed by Pd(OAc)2 [16].

able 2
he yield of 2-MePh–Ph obtained in the S–M reaction with [dmiop]2[PdCl4] as the
atalyst precursor in different solvents and bases after 1, 2, 3, and 4 h.

olvent Yielda (%)

Base 1 h 2 h 3 h 4 h

ethanol KOH 86 90 89 95
-Propanol KOH 35 63 70 84

NaOH 29 29 65
K3PO4 36 61 63
NaOAc 4 5 8
KOAc 12 21 35
NaHCO3 1 3 3
NaOtBu 18 27 28

entanol KOH 68 63 63
-Butanol KOH 58 – 61
ater KOH 13 14 23

eaction conditions: [Pd] 1 × 10−5 mol; 2-MePhBr 1 × 10−3 mol; PhB(OH)2

.1 × 10−3 mol; base 1.95 × 10−3 mol; solvent 3 ml; 40 ◦C.
a see Table 1.
[dmiop]2[PdCl4] 326 250 242; 290 sh
[mioe]2[PdCl4] 330 248 220–230 br., 280 sh
[emim]2[PdBr4] 286 218 220–240 br.; 285 sh

The effect of the kind of base and solvent on the S–M reaction
yield is illustrated by the data collected in Table 2.

The best results were obtained with KOH, whereas a lower yield
of 2-MePh–Ph was obtained with NaOH. A similar effect has been
explained by other authors as resulting from the different reactiv-
ity of the respective propanolates formed in situ when the reaction
is carried out in 2-propanol [17,18]. However, the application of
sodium t-butanolate gave only 28% of 2-MePh–Ph, indicating a
more complex relationship. It can be suggested that a positive role is
played by the bigger size of the alkaline cation (K+ versus Na+), and
in fact an unexpectedly good result (63% yield) was obtained with
K3PO4. The effect of the solvent was also found important (Table 2),
and generally alcohols were found to be better solvents than water.
The best result (95% of 2-MePh–Ph) was obtained for a reaction car-
ried out in methanol, and the second best (84%) for 2-propanol. For
butanol and pentanol the yields obtained after 3 h were 61% and
63% respectively, whereas for water the yield was only 23%. The
effect of the solvent can be related to the rate of PdII → Pd0 reduc-
tion and deactivation of the system by the formation of palladium
black when reduction is too fast. This explanation is supported by
the spontaneous formation of palladium black in reactions carried
out in water.

2.3. Reduction of PdII to colloidal Pd0 nanoparticles

In all the S–M reactions under study, with different Pd-catalyst
precursors and various basic solutions of alcohols as reaction media,
colloidal nanoparticles of Pd0 were formed. Their formation was
first signalized by the change of the brown-red colour of PdII solu-
square planar complexes disappeared, and only UV-bands were
observed (Table 3).

Fig. 6. The yield of 2-MePh–Ph in the S–M reaction catalyzed with Pd0 nanoparti-
cles obtained by reduction of [dmiop]2[PdCl4] with KOH/2-propanol over different
lengths of time.
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Table 4
ESI-MS(−) and ESI-MS(+) data of [IL]2[PdX4] complexes.

Complex ESI-MS(−); m/z ESI-MS(+); m/z

[bmim]2[PdCl4] 177.8 [PdCl2]− 212.8 [PdCl3]− 139.1 [bmim]+

[bdmim]2[PdBr4] 266.7 [PdBr2]− 346.7 [PdBr3]− 153.1 [bdmim]+

As expected, palladium was present only in anions, which was
ig. 7. The XRD pattern of Pd0 nanoparticles obtained by the reduction of
bmim]2[PdBr4] with KOH/2-propanol at 80 ◦C, 1 h.

The influence of the PdII → Pd0 reduction rate on catalytic activ-
ty was tested using the [dmiop]2[PdCl4] complex as the catalyst
recursor. The reaction mixture containing this precursor and KOH

n 2-propanol was stirred for a certain time, and next the substrates
2-MePhBr and PhB(OH)2) were added. From the results presented
n Fig. 6, one may conclude that the extension of the palladium
re-treatment time led to significant deactivation of the catalyst
emonstrated by a decrease in the yield of the product.
Fig. 7 presents the XRD pattern of the sample obtained in a 1 h
eaction of [bmim]2[PdBr4] with KOH/2-propanol, confirming the
omplete reduction of PdII to Pd0. The XRD measurements allowed
s to determine the presence of Pd0 nanoparticles and their size

Fig. 8. ESI-MS(+) of [bmim]2[PdCl4] after 30 min reaction with KOH/2-pro
[dmiop]2[PdCl4] 177.8 [PdCl2]− 212.8 [PdCl3]− 169.1 [dmiop]+

[mioe]2[PdCl4] 177.8 [PdCl2]− 212.8 [PdCl3]− 141.1 [mioe]+

[emim]2[PdBr4] 266.7 [PdBr2]− 346.7 [PdBr3]− 111.1 [emim]+

(from the line broadening measured at 2� = 40.1◦). The average size
of Pd0 nanoparticles obtained from the [dmiop]2[PdCl4] precur-
sor after 10 min reaction time with KOH/2-propanol was ca. 4 nm.
When the reduction time was prolonged to 30 min, the size of
obtained particles increased to 7.3 nm. One may conclude that elon-
gation of the reduction time lead to the formation of bigger particles
and, as a consequence, less active (Fig. 6).

2.4. ESI-MS studies of palladium intermediates formed in the S–M
reaction: detection of IL stabilized Pd0 particles

The formation of Pd0 nanoparticles in S–M reaction is well doc-
umented in the literature [19–22] however very little is known
about the mechanism of this process. We chosen the ESI-MS method
[23–26] for identification of palladium intermediates in S–M reac-
tion.

The ESI-MS spectra of [IL]2[PdX4] complexes showed the pres-
ence of [IL]+ cations and PdX2 and PdX3 anions (Table 4).
evidenced by the characteristic isotopic distribution pattern of m/z
signals assigned to PdX2

− and PdX3
−. PdX3

− anionic species can be
easily formed after X− dissociation from the parent anion PdX4

2−,
whereas PdX2 is probably present in its neutral form and undergoes

panol (upper) and ESI-MS/MS(+) of the signal at m/z 557.2 (lower).
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Table 5
ESI-MS(+) and ESI-MS/MS(+) data of Pd0 species obtained in reactions [IL]2[PdX4] + KOH/2-propanol and [bmim]2[PdX4] + KOH/2-propanol + ArB(OH)2 (Ar = C6H5,
CH2 = CHC6H4).

Complex [IL]2[PdX4] ESI-MS(+); m/z
[IL]2[PdX4] + KOH/2-propanol

[bmim]2[PdCl4] 383.1; 419.1; 433.1; 467.1; 487.1; 546.2; 557.2*a; 581.2; 617.2; 761.2; 842.3;
867.3; 955.4; 988.1; 1038

[bdmim]2[PdBr4] 557.1; 681.4b

[dmiop]2[PdCl4] 681.4c

[mioe]2[PdCl4] 387.1; 412.1; 423.1; 432.1; 512.0; 552.2; 568.2*a; 656.2; 815.6
[emim]2[PdBr4] 325.1; 352.1; 363.0; 407.0; 417.0; 431.1; 446.1; 473.1*a; 462.2*d; 517.1; 549.2;

666.6; 743.1; 750.1

a[(IL)3Pd(OH)2]; b[(IL)3PdBr(OH)(H2O)]+; c[(IL)3PdCl2]+; d[(IL)3Pd(OH)]+

*ESI(+)-MS/MS
557.2 → 419.1 → 383.1 → 301.1 → 139.1
568.2 → 430.1 → 387.1
473.1 → 363.1 → 327.1
462.2 → 351.6 → 329.1 → 136.1 → 111.1

[bmim]2[PdCl4] + KOH/2-propanol + ArB(OH)2

Ar: C6H5 459.2; 524.1; 597.3*e

Ar: CH2 = CHC6H4 383.1; 485.2; 623.3*e

e[(bmim)3 PdAr]+

*ESI(+)-MS/MS
597.3 → 459.2 → 215.2
623.3 → 485.2 → 381.1 → 241.2 → 139.1
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Fig. 9. Fragmentation pattern of the produc

onization during the ESI process [27]. It can also be supposed that
he PdX2

− anion contains PdI formed by reduction of PdII with X−.
Analysis of spectra registered for samples obtained from the
eaction of [IL]2[PdX4] complexes with KOH in 2-propanol disclosed
he presence of totally new signals (Fig. 8).

The most interesting and characteristic observation was that
alladium was found exclusively in cationic forms (ESI(+)), and not

n anionic ones (PdX2
−, PdX3

−) found in the starting complexes.

ig. 10. Experimental (upper) and simulated (lower) fragment of MS spectrum of
(bmim)5Pd3(H2O)]+ (or [(bmim)(bmim-y)4Pd3(H2O)]+.
L]2[PdX4] reduction with KOH/2-propanol.

For further studies, we selected the ESI-MS(+) spectra of prod-
ucts derived from [IL]2[PdX4] complexes containing different [IL]+

cations (IL = bmim, mioe, emim), for which the most abundant sig-
nals were those at m/z = 557, 563, and 471 respectively. Analysis of
106Pd isotopologue by the ESI-MS/MS(+) method made it possible
to establish the composition of the first intermediate products as
[(IL)3Pd(OH)2]+ (Table 5).

In addition, reduction of [bmim]2[PdCl4] with NaOH/2-propanol
instead of KOH/2-propanol produced the same forms of palladium,
which warrants the conclusion that neither K+ nor Na+ is present in
the detected cationic fragments. The presence of halide ions in the
main reduction products was also ruled out because identical spec-
tra were obtained for both palladium precursors, [bmim]2[PdCl4]

and [bmim]2[PdBr4].

It is worth noting that only in two cases, for [dmiop]2[PdCl4] and
[bdmim]2[PdBr4] reduced with KOH/2-propanol, the most abun-
dant cations observed in MS spectra contained halide ions. The

Fig. 11. Fragmentation pattern of the reaction product of [bmim]2[PdCl4] with
(CH2 = CHPh)B(OH)2 in a KOH/2-propanol medium.
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Fig. 12. Transformations of [IL]2[PdX4] p

ignal at m/z = 681.4 originating from [dmiop]2[PdCl4] was assigned
o [(dmiop)3PdCl2]+, whereas for [bdmim]2[PdBr4], the signal
t m/z = 681.4 was assigned to [(bdmim)3PdBr(OH)(H2O)]+. Thus,
nder the same reaction conditions, halide-containing species are
ore stable when imidazolium cation bonded to Pd0 is substituted

t C2 by a methyl group.
For complete interpretation of the obtained results, two

lternative forms of cationic species [(IL)3Pd(OH)2]+ (Fig. 9, I)
hould be also considered: [(IL)(IL-y)2Pd(H2O)2]+ and [(IL)2(IL-
)Pd(OH)(H2O)]+, where IL-y = N-heterocyclic carbene formed by
bstraction of H+ from C2 of imidazolium cation.

Fig. 9 presents the general scheme of the fragmentation of
(IL) Pd(OH) ]+ cations under ESI-MS/MS(+) conditions. What is
3 2
rucial is that in the first step one (IL+) cation is lost. The other
IL+) or (IL-y) ligands are bonded to palladium more strongly, and
hey are present even in the third (last) fragment ([(IL)(Il-y)Pd]+)
Fig. 9, III).

able 6
rystal data and structure refinement for [mioe]2[PdCl4].

ormula C14H26Cl4N4O2Pd

r 530.58
rystal system Monoclinic
pace group P21/n
/Å 9.442(2)
/Å 11.244(3)
/Å 10.155(3)
/◦ 90
/◦ 94.19(3)
/◦ 90
/Å3 1075.2(5)

2
c/g cm−3 1.639
/mm−1 1.38

/K 100(2)
olor Brown
rystal size/mm 0.34 × 0.24 × 0.16
bsorption correction Analytical
min/Tmax 0.764/0.888
easured reflections 10410
nique reflections 2461
eflections with I > 2�(I) 2076
int 0.038
range/◦ 3.5–27.5
ata/restraints/parameters 2461/0/117
oodness of fit on F2 1.01
1, wR2 [I > 2�(I)] 0.023, 0.049
1, wR2 (all data) 0.032, 0.051
ax/min residual density/e Å−3 0.88/−0.38
sors under the S–M reaction conditions.

In the MS spectra of the products obtained in reaction
of [bmim]2[PdCl4] with a KOH/2-propanol mixture, a num-
ber of signals in the range between m/z = 844 and 1035 were
observed in addition to [(bmim)3Pd(OH)2]+ (m/z = 557.2) (Fig.
8). Their isotopic distribution pattern indicated the presence
of three palladium atoms forming [(IL)xPd3] clusters, as con-
firmed by MS spectrum simulation. Fig. 10 presents a fragment
of the ESI(+)-MS spectrum at m/z = 1035 and its simulation
as [(bmim)5Pd3(H2O)]+ or, with agreement with a +1 charge,
[(bmim)(bmim-y)4Pd3(H2O)]+.

The formation of polymetallic fragments, stabilized with imi-
dazolium cations (IL+) or with N-heterocyclic carbenes (IL-y)
maybe considered as the initial stage of [Pd0]x nanoparticle for-
mation. Analysis of the ESI-MS(+) spectrum in the region of
m/z = 842–890 performed by means of simulation indicates that
the best agreement can be obtained for [(bmim)3Pd3(H2O)x]+ or
[(bmim)4Pd3(H2O)x]+. Similarly to the case of the m/z = 1035 ion,
one can propose that some imidazolium cations (bmim) are present
in their deprotonated form as N-heterocyclic carbenes (bmim-y) to
explain the +1 charge of detected ions.

Studying ESI-MS spectra after different reaction times, we
observed that the signals of monomeric forms appeared at the
beginning of the reaction and then disappeared. Polynuclear frag-
ments can be observed after 10 min, are well detected after 30 min,
and their concentration increases until 1 h. After a longer reaction
time those polymetallic species disappeared totally.

Further ESI-MS studies concerned the identification of

important intermediates in the S–M reaction. In reaction of
[bmim]2[PdCl4] with PhB(OH)2 in a KOH/2-propanol medium,
the cationic species {[bmim]3PdPh}+, with m/z = 597, was iden-
tified. When PhB(OH)2 was replaced by CH2 = CHPhB(OH)2, the
corresponding cation {[bmim]3Pd(CH2 = CHPh)}+, with m/z = 623,

Table 7
Hydrogen bonding geometry (Å, ◦) in compound [mioe]2[PdCl4].

D–H· · ·A interaction D–H H· · ·A D· · ·A D–H· · ·A
C1–H1· · ·Cl1 0.95 2.86 3.685 (3) 145
C1–H1· · ·Cl2 0.95 2.81 3.540 (3) 135
C2–H2· · ·Cl2#1 0.95 2.74 3.555 (3) 144
C3–H3· · ·Cl1#2 0.95 2.85 3.781 (3) 166
C4–H4B· · ·Cl1 0.98 2.91 3.829 (3) 157
C5–H5B· · ·Cl2 0.99 2.63 3.442 (3) 139
C5–H5A· · ·Cl2#3 0.99 2.75 3.552 (3) 139
C7–H7A· · ·O#4 0.98 2.64 3.450 (3) 140

Symmetry transformations used to generate equivalent atoms. #1: −0.5 + x, 1.5 − y,
0.5 + z; #2: −0.5 + x, 1.5 − y, −0.5 + z; #3: 0.5 − x, 0.5 + y, 0.5 − z; #4: x, −1 + y, z.
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as recorded (Table 5). In this way the presence of one aryl frag-
ent in each {[bmim]3Pd-Ar}+ species was confirmed. A better

ormula describing this species, consistent with the +1 charge, is
(bmim)2(bmim-y)PdAr]+. The application of the ESI(+)-MS/MS

ethod for fragments with m/z = 597 and m/z = 623 indicated
issociation of cations with m/z = 138 or m/z = 139, corresponding
o [bmim-y] in the first step. The finally formed ion with m/z = 241
orresponds to [Pd(bmim)]+, indicating strong interaction of Pd0

ith the imidazolium cation (Table 5, Fig. 11).
It is worth noting that identical ions containing aryl ligand

[(bmim)2(bmim-y)PdAr]+) were also identified in the reaction
ixture containing PhB(OH)2 and 2-MePhBr.

. Conclusions

It was demonstrated that [IL]2[PdX4] complexes exhibit good
atalytic activity in the S–M reaction already at 40 ◦C. Under the
eaction conditions, PdII is reduced to Pd0. In the first step, in
he presence of KOH/2-propanol, monomolecular cationic species
f the type [(IL)3Pd(OH)2]+ are formed, next trimeric clusters of
(IL)xPd3] type, and finally [Pd0]x nanoparticles of 4–7 nm in size
Fig. 12). In all these forms, imidazolium cations or N-heterocyclic
arbenes are present and probably act as stabilizing agents prevent-
ng fast palladium agglomeration to “palladium black”. According
o the ESI(+)-MS results, it should be concluded that IL+ trans-
orms easily to IL-y and vice versa. As a result, palladium complexes
ith N-heterocyclic carbenes can participate in the catalytic pro-

ess with [IL]2[PdX4] precursors. The most important for the S–M
eaction are monomolecular species, small clusters, and nanopar-
icles (4–7 nm). Agglomeration of palladium nanoparticles led to
n increase in their size and a simultaneous decrease in their the
atalytic activity.

. Experimental

.1. Preparation of [bdmim]2[PdBr4]
bdmim-1-butyl-2,3-dimethyl imidazolium cation)

0.153 g (0.70 mmol) of [bdmim]Br was added to the solution of
.1 g (0.35 mmol) PdCl2(cod) [28] in hot CH3CN (5 cm3). The mixture
as heated for 15 min, until the yellow solution became red. After

ooling down the product was precipitated by addition of toluene
1 cm3). Product yield: 95%.

Elemental analysis: calc (%). for PdC18H36Br4N4: C 29.4, H 4.9,
7.6; found: C 28.8, H 4.9, N 7.5. 1H NMR (300 MHz, CD3CN,

5 ◦C, TMS): ı = 7.33 (s, 2H, –CH CH–), 4.1 (t, J(H,H) = 7 Hz, 2H;
–CH2–), 3.7 (s, 3H, N–CH3), 2.5 (s, 3H, C–CH3), 1.7 (qi, J(H,H) = 8 Hz,
H, –CH2–), 1.33 (sx, J(H,H) = 8 Hz, 2H, –CH2–), 0.93 ppm (t,
(H,H) = 8 Hz, 3H, –CH3).

13C NMR (75.5 MHz, CD3CN, 25 ◦C): ı = 153.7 (–N–CH–N–),
23.2; 121,8 (–CH CH–), 48.9 (N–CH2), 36(–CH2–), 32 (N–CH3), 20;
3.7 (–CH2–), 10.3 ppm (CH2–CH3).

.2. Preparation of [mioe]2[PdCl4]
mioe-1-methyl-3-ethoxymethylene imidazolium cation)

0.115 g (0.70 mmol) of [mioe]Cl was added to the solution of 0.1 g
0.35 mmol) PdCl2(cod) [28] in hot CH3CN (5 cm3). The mixture was
eated for 15 min, until the yellow solution became orange. After
ooling down the product was precipitated by addition of diethyl

ther (3 cm3). Product yield: 90%.

Elemental analysis: calc (%). for PdC14H28N4O2Cl4: C 31.6, H 5.3,
10.5; found: C 32.0, H 5.5, N 10.8.

1H NMR (300 MHz, CD3CN, 25 ◦C, TMS): ı = 9.6 (s, 3H, N–CH–N),
.6; 7.5 (d, J(H,H) = 2 Hz, 2H, –CH CH–), 5.6 (s, 2H, –CH2–O–), 3.9
talysis A: Chemical 304 (2009) 8–15

(s, 3H, N–CH3), 3.6 (m, J(H,H) = 7 Hz, 2H, –CH2–), 1.14 ppm (t,
J(H,H) = 7 Hz, 3H, –CH3).

13C NMR (75.5 MHz, CD3CN, 25 ◦C): ı = 138.4 (–N–CH–N–),
124.9; 122.3(–CH CH–), 79.5 (–N–CH2–O–), 71.9(s, –N–CH3), 66.4
(–O–CH2–CH3), 37.1 (–N–CH3), 15 ppm (–CH2–CH3).

4.3. Preparation of samples for XRD measurements

After the S–M reaction, the product and the organic substrates
were extracted with 10 cm3 of n-hexane. Boric compounds were
removed by washing of the residue with 10 cm3 of water. The black
powder was drained under vacuum.

Pd0 nanoparticles were characterized by a signal (1 1 1) at
2� = 40.1◦.

4.4. Preparation of samples for ESI-MS measurements

0.02 g NaOH (or KOH) in 2-propanol (3 cm3) was stirred in a
Schlenk tube for 10 min at 40 ◦C. Next, 0.005 g of [IL]2[PdBr4] was
added and heated for 10, 30, 60, or 180 min, respectively. After that
time, the solvent was removed under reduced pressure. The residue
was dissolved in CHCl3, filtered, and used for analysis.

Samples containing the reaction substrates (boronic acid or aryl
halide) were only filtered before analysis.

All MS and tandem MS experiments were performed on a Bruker
Daltonics micrOTOF-Q. The ions were generated from electrospray
ionization source. The electrospray flow rate was 10 �l/min−1,
which was maintained by a syringe pump; the spray was directed
into a heated glass capillary at a temperature of 200 ◦C and a high
voltage of 4500 V between the endplate and the spray needle. Neb-
ulizer vacuum: 0.4 Bar; dry gas flow: 4.0 l/min.

4.5. Crystallographic data collection and refinement

Single crystal of [mioe]2[PdCl4] suitable for X-ray measure-
ments was selected for the diffraction data collection. Crystal was
mounted on glass fibers in silicone grease, cooled to 100 K in a
nitrogen gas stream, and the diffraction data was collected on
a Kuma KM-4 CCD diffractometer with graphite monochromated
Mo K� radiation (� = 0.71073 Å). The structure was subsequently
solved using direct methods and developed by full least-squares
refinement on F2. Structural solution and refinement was carried
out using SHELX suite of programs [29]. Analytical absorption
corrections (performed with CrysAlis RED [30]) were applied for
compound. C, N, O, Cl, and Pd atoms were refined anisotropi-
cally. The carbon-bonded H atoms were positioned geometrically
and refined isotropically using a riding model. Crystal data and
structure refinement are summarized in Table 6. The molecular
structure plots (Fig. 2) were prepared using the ORTEP-3 program
[31].

The molecules of [mioe]2[PdCl4] are linked by numerous weak
hydrogen interactions (Table 7) of C–H· · ·Cl and C–H· · ·O type [17].
As a consequence, a three-dimensional network of such interactions
is formed in the crystal. Even though some of the listed H· · ·Cl dis-
tances may at first appear to be fairly long compared to the expected
values, the presence of C-H· · ·Cl hydrogen bonds was confirmed
spectroscopically for tetrachloropalladate complexes with H· · ·Cl
spacings even above 3 Å [9].

4.6. Suzuki–Miyaura reaction procedure
The S–M reaction was carried out in a 50 cm3 Schlenk tube. The
solid substrates: base (1.2 mmol) and phenylboronic acid (1.1 mmol,
0.134 g) were weighted and placed in the Schlenk tube. Next, 3 cm3

of the solvent, and 2-bromotoluene (1 mmol, 0.118 cm3) were added
with an automatic pipette. After heating the substrates to the
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equired temperature (40 ◦C), the palladium complex (0.01 mmol,
.0059 g) was added. The reactor was closed with a rubber plug,
nd the reaction mixture was stirred in 40 ◦C. After the given reac-
ion time, the reactor was cooled down and the organic products
ere extracted with 10 cm3 of n-hexane (5 min with stirring). Next,
cm3 of water was added to the organic layer, 5 cm3 of the upper
-hexane layer was taken, and 0.038 cm3 of dodecane was added
s an internal standard. The organic products were analyzed using
he GC–MS method (instrument HP 5890 II with capillary col-
mn ELITE-5MS and stationary phase 5% diphenylpolysiloxane, 95%
imethylpolysiloxane).
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