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a b s t r a c t

A series of N-heterocyclic dicarbene palladium(II) complexes has been characterised combining different
techniques (cyclic voltammetry, XPS and 13C NMR spectroscopy), in order to evaluate the influence of the
dicarbene ligand on the electronic properties of the metal centre. The data obtained with the three
techniques give relevant information, cyclic voltammetry appearing the most useful approach. In addi-
tion, the observed variations of the physico-chemical properties of the complexes confirm the possibility
of finely tuning the electronic properties of the palladium(II) centre by changing the characteristics of the
dicarbene ligand (wingtip substituents, bridging group between the carbene units, type of heterocyclic
ring).

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

A crucial factor for the development and optimization of tran-
sition metal complex catalysts is the control of both steric and
electronic properties at the metal centre, aimed at rationally
tailoring the catalyst to the peculiar reaction and substrates under
study. Consequently, the development of methods for a precise
description and quantification of these properties is essential and
has been actively pursued [1].

We have been interested for some time in the use of chelating
di-N-heterocyclic carbene (NHC) palladium(II) complexes (Chart 1)
as catalysts for the hydroarylation of alkynes with simple arenes
[2]. In the proposed catalytic cycle for this reaction, highly elec-
trophilic species of palladium(II) are involved [3,4]; consequently, it
may be reasonably assumed that the electronic density at the metal
centre has an important influence on the efficiency of the catalyst.
As a matter of fact, we have previously shown through kinetic
studies that the catalytic activity of the illustrated palladium
dicarbene complexes depends on the chemical nature of the NHC
ligands [2].
(A.A. Isse), cristina.tubaro@
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Several spectroscopic and electrochemical studies have been
previously performed to determine the electron-donating proper-
ties of mono-NHC ligands [5e7]. In this paper, we have extended
these investigations to chelating NHC palladium(II) complexes by
combining different techniques, namely cyclic voltammetry, XPS
and 13C NMR spectroscopy. The first of these techniques allows the
determination of the redox potentials of the carbene complexes
and, in particular, of the Pd(II)/Pd(0) reduction potential, which can
be a useful probe for the electron density at the metal. Low
reduction potentials are indeed expected when the ligands coor-
dinated to the metal are strongly electron-donating. For example,
Demonceau and co-workers [6] have determined the redox
potentials, Eo, of NHC-RuII complexes, showing the existence of
a correlation between the Eo and the catalytic activity in atom
transfer radical polymerisation (ATRP). XPS analysis of the 3d and
3p levels in palladium(II) complexes is also a powerful tool to
evaluate the ligand donor ability, thanks to the strict relation
between the electron bonding energies and the electron density on
the metal centre [8]. Finally, further information on the donor
strength of an NHC ligand can be gained by the analysis of the 13C
NMR spectra of the coordinated carbene carbon, as recently
demonstrated by Huynh et al. [9]. All these techniques have been
applied to the dibromo palladium complexes 1e5 (Chart 1) and, in
part, to their dicationic partners obtained by halogen removal via
silver ions.
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2. Results and discussion

2.1. Electrochemical investigations

The electrochemical behaviour of Pd(II)-dicarbene complexes
1e5 has been analysed by cyclic voltammetry under different
experimental conditions in DMSO. The complexes exhibit quite
similar voltammetric features, which will be illustrated in details in
the case of complex 1, chosen as an example.

The complex displays awell defined reduction peak, followed by
a second one of much lower current intensity. No anodic peaks
associated with these reduction processes have been observed in
the reverse positive-going scan even at high scan rates (Fig. 1).

Considering the well known redox properties of palladium, the
observed cathodic peaks can be attributed to the reduction of Pd(II)
to Pd(0) [7a].

The absence of anodic partners of the reduction peaks is indic-
ative of irreversible processes, which may be related to slow elec-
tron transfer to Pd(II) (electrochemical irreversibility) or to
instability of the reduced species of Pd(0) (chemical irreversibility)
or to both of them.

An interesting aspect about the voltammetric behaviour of the
complex is the presence of two peaks, though of dissimilar height.
This indicates thepresenceof different species in solution,most likely
due to the substitution of the halide anions bound to the metal with
coordinating solvent molecules. Therefore, firstly it was deemed
necessary to precisely assign the reduction peaks, considering all the
possible complexation equilibria involving Pd(II) species.

The complex is introduced into solution as [Pd(dicarbene)Br2],
but, upon dissolution in DMSO, it may lose in principle one or both
Fig. 1. Cyclic voltammetry of 1.51 mM 1 in DMSO þ 0.1 M Bu4NClO4 recorded at
different scan rates v: 0.1 V s�1 (d), 0.2 V s�1 (//), 2 V s�1 (e e), 6 V s�1 (e$e),
20 V s�1 (e$$e); in the insert, dependence of the normalized peak current of the first
peak on the scan rate.
bromide ions via substitution by solvent molecules. As a matter of
fact we have found that only one bromide ligand is substituted by
DMSO in the presence of a strong electrolyte such as Bu4NClO4
(Scheme 1).

The presence of species 1 and 1a is in accordance with the effect
of the scan rate, v, on the voltammetric response of complex 1. Note
that although these two species are related by a reversible chemical
reaction, they should give rise to two distinct reduction peaks as
long as they are present in the vicinity of the electrode in the time-
scale of the experiment. However, the current intensities of their
reduction peaks may be affected by the time-scale of the CV
experiment. Indeed, as v is increased, the normalized current I/v1/2

of the second peak increases at the expense of the first and this is
a safe evidence of the existence of at least two palladium(II) species
in equilibrium (Fig. 1).

Clearly the process underlying the first peak is the reduction of
a species whose actual concentration changes with scan rate: being
this species involved in a reversible chemical reaction, at low scan
rates the experiment lasts long enough to allow the chemical
reaction to regenerate continuously the electroactive species,
which continues to participate in the reduction reaction. At higher
scan rates the time-scale of the experiment becomes shorter and
the effect of the chemical equilibration is increasingly lowered.
Therefore, the current at low v values corresponds to an apparent
substrate concentration near the electrode, which is higher than
the initial equilibrium concentration in the bulk solution. The
results described so far are compatible with the occurrence of the
first equilibrium shown in Scheme 1, the observed two peaks being
assigned to 1 and 1a.

A further evidence of the existence of an equilibrium involving
different Pd(II) species is provided by an experiment performed in
the presence of excess bromide ions in order to create conditions
favouring the predominance of [Pd(dicarbene)Br2]. The effect of
added tetraethylammonium bromide (TEABr) (up to [Br�]/
[PdII] ¼ 50) on the voltammetric pattern of 1 is illustrated in Fig. 2.
As the concentration of Br� is increased, the second reduction peak
increases at the expense of the first. When 50-fold TEABr is added,
the first peak almost disappears (only a shoulder can be observed),
while the second develops to a well-defined peak, with a peak
potential, Ep, of �2.0 V vs Fcþ/Fc at v ¼ 0.1 V s�1. This peak is still
attributed to 1, the difference between the Ep values observed in the
two experiments (�2.0 V at v ¼ 0.1 V s�1 vs �2.4 V at v ¼ 20 V s�1)
being simply due to the different scan rates used; in fact identical Ep
values are obtained for 1 in the absence and in the presence of
excess Br�, provided that the CV experiments are runwith the same
time-scale and the scan rate is high enough to avoid interference
from the dynamic equilibrium between 1 and 1a. It is quite
reasonable to assume that, in the presence of a large excess of Br�,
the complex with the two bromide ligands is the predominant
species in solution. It is therefore possible to assign the second
reduction peak of 1 to the dibromo complex, [Pd(carbene)Br2].

To confirm the existence of an equilibrium between 1 and 1a,
the voltammetric investigation on complex 1 in DMSO has been
extended to positive potentials, where oxidation of bromide ions
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Scheme 1. Species formed dissolving complex 1 in DMSO containing 0.1 M Bu4NClO4 and schematic representation of the oxidation of bromide ions stemming from the dissociation
of 1 into 1a and Br�.
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can be detected. It is worth noting that, just like the reduction of 1a,
the electrochemical oxidation of Br� may shift the equilibrium
between species 1 and 1a towards the release of further bromide
anions (Scheme 1).

Therefore the voltammetric response for the oxidation of Br�

will depend not only on its equilibrium concentration at the
beginning of the experiment, but also on the rate of conversion of 1
into 1a. In fact, we have observed that by increasing the scan rate
the normalized peak current, Ipa/v1/2, for the oxidation peak of the
bromide ions decreases and approaches a limiting value, which
corresponds to the “real” Br� equilibrium concentration (more
details in the Supporting Information).

It may be concluded that, at low [Br�]/[Pd(II)] ratios or in the
absence of added [Br�], 1 partially dissociates to give mainly 1a.
Moreover, upon addition of silver trifluoroacetate (AgTFA) 2/1 to
complex 1 both of its original peaks disappear, while a new peak
appears at �1.72 V vs Fcþ/Fc. Addition of Agþ to a solution of 1
causes precipitation of AgBr, drastically modifying the equilibrium
depicted in Scheme 1. The coordination sites left vacant by the
precipitating bromide ions may be occupied by solvent molecules,
DMSO, by TFA�, or even by the ClO4

� ions of the background
electrolyte. To exclude the possibility that the TFA� or ClO4

� anions
can efficiently compete with the DMSO solvent as ligands towards
the Pd(II) centre, we have carried out two additional experiments
with silver salts. In the first one AgBF4 has replaced AgTFA, so that
precipitation of AgBr involves introduction in solution of a very
poor coordinating ion such as BF4�. The second experiment was
performed with Bu4NBF4 as base electrolyte and AgBF4 as the
silver salt, to avoid the presence in solution also of ClO4

�. As shown
Fig. 2. Cyclic voltammetry of 1.51 mM 1 in DMSO þ 0.1 M Bu4NClO4, recorded at
0.1 V s�1 in the presence of TEABr; the numbers stand for [Br�]/[Pd(II)]: 0 (e), 1 (//),
2 ($ $ $ $ $), 5 (e e e), 10 (e$e$e), 50 (e$$e$$).
in Fig. 3, both these tests give virtually the same results as that of
the experiment conducted in DMSO þ 0.1 M Bu4NClO4, using
AgTFA to precipitate silver bromide. In all experiments, elimina-
tion of Br� ions results in the disappearance of the original
reduction peaks of 1 and the appearance of a new reduction peak
at more positive potentials (Ep ¼ �1.70 � 0.01 V vs Fcþ/Fc at
v ¼ 0.1 V s�1). This result points out that the same complex is
formed both in the absence and presence of TFA�, ClO4

�, or BF4�. It
is reasonable that, in the presence of a non-coordinating anion
such as BF4�, precipitation of AgBr affords the bis-solvento cation
[Pd(dicarbene)(DMSO)2]2þ 1b to which the new reduction peak
can be attributed. Moreover, the newly formed complex is more
easily reducible than 1 and 1a, indicating a decrease of the elec-
tron density on the Pd(II) ion. The first peak in the cyclic vol-
tammetry of 1 in the absence of added silver salt can be therefore
attributed to the reduction of the monohalide complex 1a.

In order to confirm these conclusions, we have recorded the
cyclic voltammetry of a DMSO solution of an authentic sample of
the complex 1,10-dimethyl-3,30-methylenedibenzimidazolin-2,20-
ylidene)palladium(II) bis(trifluoroacetate), the trifluoroacetate
analogue of complex 4 [2a], which shows a single cathodic peak at
about �1.5 V, corresponding to the reduction of the bis-solvento
cation 4b. The same result has been obtained by CV analysis of 4 in
the presence of 2-fold AgBF4.

In conclusion, themain voltammetric peak observed in the CV of
complex 1 at low scan rates (for example at 0.1 V s�1) is related to
the mixed species [Pd(dicarbene)(Br)(DMSO)]þ 1a, since under
Fig. 3. Cyclic voltammetry of 1 recorded at v ¼ 0.1 V s�1 in the absence (full lines) and
presence (dashed lines) of a 2-fold excess of a silver salt, AgX: (A) sol-
vent ¼ DMSO þ 0.1 M Bu4NClO4, X ¼ TFA�; (B) solvent ¼ DMSO þ 0.1 M Bu4NClO4,
X ¼ BF4�; (C) solvent ¼ DMSO þ 0.1 M Bu4NBF4, X ¼ BF4�.
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these conditions just one halide ligand is removed from the Pd(II)
complex. Addition of a large excess of Br� moves the equilibrium
towards the starting [Pd(dicarbene)Br2] 1 and the main reduction
peak observed is related to this complex. When, instead, soluble
silver salts are added to the solution, the prevailing species
becomes the bis-solvento complex [Pd(dicarbene)(DMSO)2]2þ 1b
and its reduction gives a well defined peak at potentials more
positive than that of 1a or 1.

After this preliminary identification of the equilibria in solution
for 1, the study was extended to the remaining complexes 2e5,
which display very similar voltammetric features resembling much
that described for 1.

The voltammetric response of each complex was examined at
different scan rates from 0.05 to 20 V s�1. As v is increased, themain
cathodic peak decreases in height, while a new peak appears at
more negative potentials. Both peaks are irreversible even at high
scan rates and shift to more negative potentials with increasing v.
As mentioned earlier, the absence of anodic peaks, attributable to
the oxidation of the electrogenerated Pd(0) species, may be due to
instability of the latter or to slow electron transfer, ET, to Pd(II). In
either case, an increase of v will cause a cathodic shift of the peak,
as it is actually observed. However, if the overall process is kineti-
cally controlled by the ET (irreversible ET), Ep is expected to vary
linearly with logv with a slope vEp/vlogv significantly smaller than
�30 mV [10].

This analysis has been carried out for all complexes as such and
in the presence of TEABr or AgTFA, that is, under conditions
favouring the formation of [Pd(dicarbene)(Br)DMSO]þ na, [Pd
(dicarbene)Br2] n or Pd(dicarbene)(DMSO)2]2þ nb, respectively.
Table 1 reports the peak potentials recorded at 0.1 V s�1 together
with the slopes of the Ep vs logv plots.

The values of the slope vEp/vlogv are much more negative than
�30 mV for all of the complexes n, na and nb (in the range �53 to
�132 mV), indicating reduction processes under kinetic control of
Table 1
Voltammetric data for the reduction of Pd(II) complexes in DMSO þ 0.1 M Bu4NClO4.
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2c 0.89 �2.11
3c 0.94 �2.14
4c 0.55 �2.02
5c 0.99 �2.38
1a 0.86 �1.81
2a 0.84 �1.88
3a 0.94 �2.00
4a 1.51 �1.82
5a 0.87 �2.00
1bd 0.86 �1.72
2bd 0.84 �1.69
3bd 0.76 �1.83
4bd 1.51 �1.59
5bd 1.51 �1.77

a Cathodic peak potential, Epc, measured at v ¼ 0.1 V s�1.
b a ¼ �29.6/(vEpc/vlogv).
c Prepared in situ by addition of a 50-fold excess of TEABr to a solution of [Pd(dicarbe
d Prepared in situ by addition of a 2-fold excess of AgTFA to a solution of [Pd(dicarben
the ET. Moreover, the derived values of the transfer coefficients
a (last column of the tables) differ from the ideal value of 0.5,
typical of a very fast and reversible process; this indicates a sluggish
electron transfer process, as expected for a transformation
involving considerable structural changes accompanying the
passage, upon ET, from a square planar Pd(II) to a tetrahedral Pd(0).
The behaviour of complex 3a is different from those of the other
complexes of the series. It shows a vEp/vlogv slope of �31 mV,
which is typical of a relatively fast ET followed by an irreversible
chemical reaction. In this case, the overall reduction process is
kinetically controlled by the decomposition of the electrogenerated
Pd(0) complex.

Unfortunately, the standard reduction potentials of these Pd(II)
complexes cannot be measured because of the irreversibility of the
ET. However, considering that the peak potentials are related to the
standard reduction potentials, Ep values measured at a fixed scan
rate (say 0.1 V s�1) may be used in place of Eo for a comparative
analysis of the redox properties of the complexes. It should be
stressed that Ep contains kinetic effects also, which for simplicity
have been taken to be constant, assuming that the standard
heterogeneous ET rate constant does not significantly vary in each
series of Pd complexes.

Unlike the other investigated Pd(II) complexes, 5was found to be
quite resistant to the complete release of bromide ions. In fact, addi-
tion of a 2-fold excess of AgTFA to5 causes only a partial conversionof
5a into the bis-solvento complex 5b and therefore the cyclic vol-
tammetry shows two partially overlapping peaks related to these
species. The presence of a remarkable amount of 5a even after addi-
tion of AgTFA makes quite difficult to obtain reliable electrochemical
parameters for 5b. Nevertheless, while precise analysis of the
dependence of Ep on logv could not be achieved, the voltammetric
response at 0.1 V s�1 allowed a rough measure of Ep to be made.

Comparing the peak potentials obtained at 0.1 V s�1 for the same
series of different complexes, it is evident that the NHC ligand
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significantly affects the electron density at the metal centre. If it is
assumed that the reduction potential is related to the charge
density on Pd in the sense that the greater the electron density on
the metal, the lower the reduction potential, the electron density
present on palladium(II) decreases in the following order:

5 > 3w2 > 4w1; 5a ¼ 3a > 2a > 4aw1a; 3b > 5b > 1b

> 2b > 4b

The electron density on Pd(II) is the lowest for species derived from
complexes 1 and 4, since they show the least negative reduction
potentials. In contrast, species derived from complex 5 have the
most negative potentials and, hence, the highest electron density
on the metal.

In general, the reduction potentials of the bis-solvento
complexes nb are less negative than those of the corresponding
monohalide complexes na, since dicationic species [Pd(dicarbene)
(DMSO)2]2þ are more easily reduced than the monocationic species
[Pd(dicarbene)(Br)(DMSO)]þ.
Fig. 4. Correlation of the reduction peak potentials of [Pd(dicarbene)Br2], measured at
v ¼ 0.1 V s�1 in DMSO þ 0.1 M Bu4NClO4, with the 13C chemical shift of the carbene
carbon.
2.2. NMR characterisation

The different electronic properties at the metal centre in
complexes 1e5 can be evaluated also from their 13C NMR spectra.
Several research groups have in fact demonstrated that the 13C
chemical shift of the carbene carbon atom in N-heterocyclic mono-
carbene complexes moves upfield as the metal centre is mademore
electron-poor by ligand exchange [11]. This observation also forms
the basis of a method for the evaluation of the electron-donating
properties of ligands L in complexes of the type trans-[PdBr2(iPr2-
bimy)L] (iPr2-bimy ¼ 1,3-diisopropylbenzimidazolin-2-ylidene),
which has recently been proposed by Huynh et al. [9].

We have confirmed these upfield shifts by comparing the 13C
NMR spectrum of complex 1 with that of the bis-solvento complex
1b obtained in situ by addition of a 2-fold excess of AgBF4.
Substitution of the coordinated bromides by DMSO causes a higher
shielding of the NMR carbene carbon signals (145.9 ppm (1b) vs
168.5 ppm (1)).

We have also registered the spectra of complexes 1, 3e5 in
DMSO-d6 and both 1H and 13C NMR spectra present a single set of
signals, indicating a highly symmetric structure. In accordance
with the literature data [11] the only observed species are the
dihalide complexes n and there is no evidence of bromide
dissociation from the complexes in the absence of added strong
electrolytes. Since the complexes differ only for the employed
dicarbene ligand, the resulting differences in electronic properties
at the palladium centre are dependent on the electron-donating
properties of the coordinated dicarbene. Consequently, we can
suppose a correlation between the electron density at the metal
and at the carbene carbon atom, expressed by its 13C chemical
shift.

The chemical shift values for the various complexes were
plotted against their respective Epc values in Fig. 4. A linear
correlation is evident for data regarding complexes 1, 3 and 4,
whereas complex 5 falls off-correlation. We have interpreted this
discrepancy by considering that, compared to complexes 1e4, 5
has a different bridging group between the two carbenes. This
leads to the two carbene groups having widely different orien-
tations with respect to the plane defined by the Pd centre and by
the two bromide ligands. In particular, the dihedral angles
between the BrePdeBr plane and the carbene rings are 85.1� and
79.2� in complex 5 [12], whereas they are about 50e55� for all
known complexes with a methylene spacer, irrespective of the
nature of the heterocycle, of the wingtip substituents and of the
anionic ligands at palladium [13]. Furthermore, the CePdeC angle
in complex 5 is 89.7�, whereas the constraints imposed by the
methylene spacer reduce it to 83e84� for all other complexes.
Thus, it can be expected that the different position and orientation
of the carbene rings will affect the electron-donating capabilities
of the ligand resulting in different electronic properties at the
palladium centre as compared to those of the other complexes. On
the contrary, for complexes with the same bridging group the
correlation between the electron density at the metal and at the
carbene carbon atom is evident, showing the expected depen-
dence on the nature of the wingtip substituent: for example, the
electron donation of a cyclohexyl substituent to the imidazole ring
is greater than that of a methyl group, as indicated by the higher
shielding of the coordinated carbene carbon (158.5 ppm (3) vs
168.5 ppm (1)). Furthermore, use of a benzimidazole moiety
(complex 4) instead of an imidazol-2-ylidene (complex 1) leads to
a lower shielding of the carbene 13C signal (171.4 ppm (4) vs
168.5 ppm (1)), as a consequence of a more extensive electron
delocalisation in the condensed aromatic ring.

The whole set of data obtained by 13C NMR demonstrates that
the electron density at the carbene carbon increases in the
following order: 4<1<5< 3.Most notably, this trend qualitatively
reflects to a certain degree the variations of Ep registered by cyclic
voltammetry in the series of complexes with the same bridging
group (i.e. with the same three-dimensional structure), which
indicates a balance between the electron density at the palladium
centre and at the carbene carbon.

2.3. XPS characterisation

The variation of electron density at the palladium centre as
a consequence of the different N-heterocyclic carbene ligands was
also investigated by X-ray Photoelectron Spectroscopy (XPS). In
particular, the palladium(II)-dicarbene complexes 1, 3 and 4 were
analyzed.

Fig. 5 shows the detailed XP spectra of Pd 3d, Br 3d and N 1s,
whereas the peak positions are summarized in Table 2.

The binding energies of the Pd 3d core level are consistent
with the values reported in the literature for palladium(II)
compounds [14]. Albrecht et al. observed an important change of



Fig. 5. Pd 3d, Br 3d and N 1s XP spectra of 1 (e e), 3 (//) and 4 (d). (The spectra
were normalized with respect to their maximum and minimum values).
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the electron density at the palladium centre comparing C2- and
C4-bound carbene complexes [8]. It is generally accepted, in fact,
that abnormal carbenes (C4 bound) are much stronger electron
donor ligands than their C2 bound analogues [15]. Herein, as
Table 2
XPS peak positions (Binding Energy, eV) obtained for complexes 1, 3 and 4.

Complex Pd 3d Br 3d N 1s

1 337.3 67.7 400.2
342.5

3 337.3 67.7 400.2
342.5

4 337.4 67.8 400.2
342.7
a general consideration, the comparison of the three C2-bound
dicarbene complexes did not reveal significant changes in the
binding energy of Pd 3d as a function of the ligand structure. It is
interesting to note, however, that the binding energy of Pd 3d in
complexes 1 and 3 is slightly lower than that of palladium in
complex 4. The same trend is observed for the Br 3d XP peak. This
could suggest a slightly higher electron density at the palladium
centre in complexes 1 and 3 with respect to 4, which is in good
agreement with the cyclic voltammetry and 13C NMR results
presented above. By contrast, the binding energies measured for
the N 1s core level of the three complexes have identical values,
which are consistent with those reported in the literature for
nitrogen bound to carbon [14].

Thus, considering the whole set of XPS data shown above, it is
fairly difficult to determine the electron donating abilities of
a C2-bound carbene using XPS techniques because the differences
in the Pd 3d binding energies for complexes 1, 3 and 4 are too
small and close to the precision of the measurement (�0.1 eV).
For this reason evaluation of the electron-donating properties of
a carbene ligand via cyclic voltammetry or 13C NMR spectroscopy
seems at this stage a more useful approach.

3. Conclusions

In conclusion, we have investigated the electronic properties of
a series of N-heterocyclic dicarbene palladium(II) complexes via
three different techniques: cyclic voltammetry, 13C NMR spectros-
copy and XPS. The technique yielding the most reliable results
appears to be cyclic voltammetry, which gives a direct measure of
the electron density on the palladium centre. 13C NMR can be
proficiently employed only when comparing complexes with the
same three-dimensional structure and with the same ligand set
apart from the dicarbene ligand itself. Finally, XPS appears to be not
enough sensitive for accurately monitoring the change in the
electron density of the palladium centre in C2-bound carbene
complexes.

The data obtained with the three techniques are consistent and
confirm that the electronic properties of the palladium(II) centre
depend on the type of dicarbene ligand and, in particular, on the
substituents at the nitrogen atom in 3 position, the bridging group
between the carbene units and the type of heterocyclic ring. This
supports the possibility of finely tuning the electron density at the
metal centre by tailoring the dicarbene ligand.

On the other hand, the interesting information on the elec-
tronic properties of dicarbene palladium(II) complexes obtained
in this study makes it apparent that the electron density at the
metal centre is not the exclusive factor determining the catalytic
activity of these complexes in the hydroarylation reaction
between pentamethylbenzene and ethyl propiolate [2]. In this
reaction the observed reactivity order was 2 > 4 > 1 > 5, which
only partially mirrors the trend in electronic density at the
palladium centre determined in this study: although the low
efficiency showed by 5 in a reaction involving electron-poor Pd
species is in accordance with the higher electron density at the
metal centre, 2 was found to be more active and 1 less active than
expected, if considering only the electronic properties of the
ligand. The most obvious explanation is that the catalytic activity
observed in this reaction is influenced also by steric factors; this
explanation is further supported by the finding that when a more
sterically encumbered reagent (ethyl phenylpropiolate) is used,
the reactivity order is completely reversed [2a]. These results
highlight once more the importance of a delicate balance
between the steric and electronic properties of the metal centre
and of the reagents in determining the overall efficiency of the
catalytic system.
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4. Experimental

4.1. Reagents and apparatus

The reagents were purchased from Aldrich as high purity prod-
ucts and generally used as received. All solvents were used as
received as technical grade solvents. Complexes 1 [13b,16], 2 [17], 3
[18], 4 [2c], 1,10-dimethyl-3,30-methylenedibenzimidazolin-2,20-
ylidene)palladium(II) bis(trifluoroacetate) [2a] and 5 [12,19] were
synthesised according to literature procedures. The solution 1H- and
13C{1H}-NMR spectra were recorded on a Bruker Avance 300
(300.1 MHz for 1H and 75.5 MHz for 13C); chemical shifts (d) are
reported in units of ppm relative to the residual solvent signals,
using tetramethylsilane as internal standard. XPS spectra were
recorded using a PerkineElmer PHI 5600 ci spectrometer with
a standard Al-Ka source (1486.6 eV) working at 300W. Theworking
pressurewas less than 1�10�8 Pa. The spectrometerwas calibrated
by assuming the binding energy (BE) of the Au 4f7/2 line to lie at
84.0 eV with respect to the Fermi level. Extended spectra (survey)
were collected in the range 0e1350 eV (187.85 eV pass energy,
0.5 eV step, 0.025 s step�1). Detailed spectra were recorded for the
following regions: Pd 3d, Br 3d, N 1s and C 1s (11.75 eV pass energy,
0.1 eV step, 0.2 s step�1). The standard deviation in the BE values of
the XPS line is 0.10 eV. To take into consideration charging problems
theC1speakat 285.0 eVwas considered and theBEdifferenceswere
evaluated. The samples for the XPS analysis were processed as
a pellet by pressing thepowder at ca. 7�106 Pa for 10min; the pellet
was then evacuated for 12 h at ca. 1 �10�3 Pa before measurement.

4.2. Electrochemical measurements

Electrochemical measurements were performed on a computer-
controlled Autolab PGSTAT30 potentiostat (Eco-Chimie, Utrecht,
Netherlands). All experiments were carried out at 25 �C in a three-
electrode cell system using glassy carbon (GC) as a working elec-
trode. The counter-electrode and the reference electrode were a Pt
ring and Ag/AgI/I�, respectively. All potentials reported in the paper
are quoted vs the ferricinium/ferrocene redox couple, which was
used as an internal reference system.

The GC electrode was a 3-mm diameter disc embedded in glass,
which was fabricated from a GC rod (Tokai, GC-20) and polished to
a mirror finish with silicon carbide papers of decreasing grain size
(Struers, grit: 500, 1000, 2400 and 4000) followed by diamond
paste (3-, 1- and 0.25-mm particle size). Before every experiment it
was refreshed by polishing with a 0.25-mmdiamond paste followed
by ultrasonic rinsing in ethanol for about 5 min.
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