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Introduction

In the last few years, N-heterocyclic carbenes (NHCs) have
emerged as versatile ligands in organometallic chemistry
and homogeneous catalysis.[1] Their successful application
has been attributed generally to the covalent M�C bond
character and to the stronger donor properties as compared
to other neutral donor ligands such as phosphines. Recently,

abnormal C4-bonding of NHCs, discovered few years ago,[2]

has been suggested to further increase the donor properties
of this class of ligands substantially.[3] As a consequence, en-
hanced reactivity of C4-bound carbene metal complexes has
been observed for stoichiometric and catalytic bond activa-
tion processes.[3b, 4] Stronger ligand donation may be rational-
ized by the presence of only one heteroatom adjacent to the
carbene carbon.[5] While the absence of a second hetero-
atom reduces the stability of the free carbene,[6] the s-donor
ability is increased due to the lower inductive influence of
the nitrogen atoms. Furthermore, in abnormal carbenes, that
is, in carbenes that do not possess a neutral M=C carbene
resonance structure,[7] the charges in the zwitterionic reso-
nance forms are typically better separated than in normal
NHCs, where the positive and negative charge are both lo-
calized within the amidinium NCN fragment.[8] Better
charge separation is thought to reinforce the anionic charac-
ter of the metal-bound carbon and hence to enhance its
donor ability. An increased relevance of the zwitterionic res-
onance form as ground state has been postulated also for re-
lated pyrazolylidene complexes.[9,10]

Owing to the higher acidity of the proton bound to C2 as
compared to C4,[11] abnormal NHC bonding is most often[12]

promoted by protection of the C2 position and subsequent
metallation at C4 (or C5) via direct C�H bond activa-
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tion.[8,13] In part as a consequence of this approach, the C5
carbon in the ortho position of C4-metallated imidazolyli-
denes generally features a proton substituent only.[14] In con-
trast, normal NHCs possess alkyl or aryl substituents on
both ortho-positions, that is, on the heteroatoms.[15] When
comparing the two carbene bonding modes, hence, stereo-
electronic effects often interfere with electronic alterations
due to different substitution of the ortho positions.

To unambiguously evaluate the electronic impact of
normal and abnormal NHCs we have devised the sterically
strongly related dicarbene ligands shown in Figure 1, com-

prising a completely methylated periphery of the heterocy-
cles. Considering that the N�CH3 and the C�CH3 bond
lengths are equal within standard deviations (1.485(9) � and
1.503(11) �, respectively),[16] the two dicarbene ligands in
complexes A and B impose an identical steric environment
around the metal center, yet they feature normal C2- and
abnormal C4-bonding,[17] re-
spectively. The cis-chelating
binding mode of these dicar-
bene ligands restricts the
number of available coordina-
tion sites at the metal center,
in particular when bound to
square-planar d8 platinum
group metals. In addition, such
chelation prevents any isomeri-
zation of the carbene ligands
into a mutual trans orientation,
which would abrogate most of
the expected electronic effects
such as the trans influence and,
catalytically presumably more
relevant, the trans effect. Here
we report on the synthesis, the
reactivity differences, and the
remarkably changed catalytic
activity of palladium(II) com-
plexes comprising such sterical-
ly strongly related dicarbene li-
gands and provide unambigu-
ous evidence for the unique
electronic impact of C4-bound
imidazolylidenes.

Results and Discussion

Synthesis of complexes : The potentially C2-binding perme-
thylated dicarbene ligand precursor was prepared starting
from the known[18] 4,5-dimethylimidazole 1 (Scheme 1). N-
alkylation with MeI gave the 1,4,5-trimethylimidazole 2,
which was subsequently treated with CH2I2 or CH2Cl2 to
yield the diimidazolium salts 3 a and 3 b, respectively. Both
products can be converted into the corresponding BF4

� salt
3 c by halide abstraction with two molar equivalents of
AgBF4. Metallation of 3 a with Pd ACHTUNGTRENNUNG(OAc)2 in DMSO at ele-
vated temperature according to established procedures[19] af-
forded the expected cyclopalladated dicarbene complex 4 a
in high yields. Likewise, complex 4 b was obtained from the
diimidazolium diiodide 3 b and Pd ACHTUNGTRENNUNG(OAc)2 by thermally in-
duced cyclometallation. The chloride complex 4 a was also
available from the imidazolium salt 3 c with Pd ACHTUNGTRENNUNG(OAc)2 in the
presence of excess KCl. The 1H NMR spectra of complexes
4 a and 4 b are similar and reveal significant changes when
compared with those of the imidazolium ligand precursors.
In particular, the resonance due to the bridging methylene
group is shifted upfield by nearly 1 ppm and appears as an
AB doublet centered at dH =6.04 and 5.88 ppm in 4 a and at
dH = 6.02 and 5.87 ppm in 4 b. The inequivalence of these
CH2 protons indicates a rigid boat-type configuration and a
restricted flexibility about the Pd�C bond. Such steric con-
straints may arise due to the repulsive interactions of methyl
groups in the C4/C5 position and the CH2 protons, which
disfavor an inversion of the metallacycle. In complexes
having protonated C4 and C5 nuclei, metallacycle inversion

Figure 1. Metal complexes comprising sterically identical cis-chelating di-
carbene ligands for investigating the electronic impact of C2-binding (A)
as opposed to C4-binding of the metal center (B).

Scheme 1. a) Reagents and conditions: a) MeI, DMSO 65 8C, 18 h; b) CH2Cl2, 150 8C mwave, 0.5 h, or CH2I2,
toluene 110 8C, 14 h; c) Pd ACHTUNGTRENNUNG(OAc)2 (for 3c : Pd ACHTUNGTRENNUNG(OAc)2, KCl), DMSO 120 8C, 3 h; d) Ac2O, benzene 80 8C, 2 h,
then MeI, 140 8C, 16 h; e) CH2Cl2, mwave 150 8C, 0.5 h, or CH2I2, neat 140 8C, 16 h; f) for 7a Pd ACHTUNGTRENNUNG(OAc)2, DMSO
120 8C, 3 h; g) for 7 c Pd ACHTUNGTRENNUNG(OAc)2, KCl, DMSO 120 8C, 3 h; h) AgBF4, MeCN, 18 h, then Bu4NI, MeCN 1 h.
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is fast at room temperature.[19] In the 13C NMR spectrum the
signal for the metal-bound carbon appears at d=155.8 and
161.1 ppm for 4 a and 4 b, respectively, a frequency that is
typical for related C2-bound dicarbene palladium com-
plexes.[19,20] The chemical shift difference between 4 a and 4 b
may be, in part, due to weaker bonding of iodide in 4 b, per-
haps as a consequence of steric congestion (cf. X-ray results
below).

The permethylated diimidazolium salt precursor for the
analogous C4-bound dicarbene complexes was synthesized
from commercially available 2,4-dimethylimidazole (5) by
regioselective alkylation (Scheme 1). For this purpose, the
sterically less shielded nitrogen nucleus was protected in situ
with acetic anhydride prior to N-alkylation using MeI. Sub-
sequent cleavage of the acyl group under basic conditions
afforded the 1,2,5-trimethylimidazole 6 in moderate yield.
NOESY experiments confirmed the formation of the desired
isomer. For example saturation of the signal at d= 3.66 ppm,
attributed to the N-bound CH3 group, induced a positive
Overhauser effect for both methyl signals at d=2.76 (C2-
CH3) and d= 2.26 ppm (C5-CH3), but did not affect the C4-
bound proton. Conversely, the signal at d=2.26 ppm re-
vealed a correlation to the C4-bound proton and to the N-
bound methyl group at d=3.66 ppm. Notably, direct alkyla-
tion of 5 with MeI gave a mixture of 1,2,5- and 1,2,4-trime-
thylimidazoles. All our attempts to separate the desired iso-
mers by column chromatography or by fractional crystalliza-
tion of the corresponding imidazolium salt were unsuccess-
ful. Subsequent quaternization of 1,2,5-trimethylimidazole
(6) with CH2Cl2 or CH2I2 yielded the diimidazolium salts 7 a
and 7 b, respectively, and after anion exchange using AgBF4,
the halide-free analogue 7 c. Metallation of 7 a with Pd-ACHTUNGTRENNUNG(OAc)2 in DMSO, under conditions identical to those used
for the preparation of the C2-bound dicarbene complexes
yielded the abnormal dicarbene complex 8 a (Scheme 1).
Successful palladation was indicated by 1H NMR spectrosco-
py due to the disappearance of the C4-bound proton and a
splitting of the CH2 group into an AB doublet located at
dH = 6.33 and 5.93 ppm (2JHH =12.9 Hz). The analogous
iodide complex 8 b was obtained by successive addition of
first AgBF4 and then Bu4NI to 8 a in MeCN solution. In so-
lution, complexes 8 a and 8 b feature diastereotopic methyl
groups at the C5 and the C5’ carbon, as revealed by two dis-
tinct singlets in the 1H and 13C spectra, respectively. Such di-
astereotopicity may arise from solvolysis of one Pd�X
bond.[21]

Remarkably, direct palladation of the iodide 7 b failed
under similar reaction conditions. Higher temperatures,
longer reaction times, or addition of an external base such
as NaOAc or Et3N did not afford the expected palladium
complex, and instead only the starting ligand was recovered.
Possibly, the palladate [Pd ACHTUNGTRENNUNG(OAc)2I2]

2�, which is expected to
be generated from 7 b and Pd ACHTUNGTRENNUNG(OAc)2,

[20a] is not nucleophilic
enough to activate the diimidazolium C4�H bond of 7.[22] In
contrast, activation of this bond is obviously successful with
the more electron-rich precursor [Pd ACHTUNGTRENNUNG(OAc)2Cl2]

2�, formed
from 7 a and Pd ACHTUNGTRENNUNG(OAc)2. Palladation of the imidazolium salt

7 c comprising BF4
� anions in the presence of KCl afforded,

unlike its potentially C2-bonding analogue 3 c, the dimeric
palladium complex 9 in good yields. The 1H NMR spectrum
of monomeric 8 a and dimetallic 9 are highly similar, and un-
ambiguous confirmation of the dimeric nature of 9 required
single crystal structure determinations and elemental analy-
ses. Notably, depending on the solvent used for the crystalli-
zation pseudo-polymorphs are formed. From DMSO, the
compound crystallized as colorless blocks in the centrosym-
metric triclinic space group P1̄ with three molecules of
DMSO. Crystals obtained from MeCN/Et2O mixtures were
yellow needles and monoclinic (P21/n), and they contained
half a molecule of H2O per asymmetric unit. In both
pseudo-polymorphs, the palladium complexes are virtually
identical and bond lengths and angles do not differ signifi-
cantly.[23] The molecular structure of one of the polymor-
phous complexes of 9 is shown in Figure 2 and reveals a di-

cationic palladium dimer bridged by two chloride ligands.
The two palladium nuclei are crystallographically equivalent
and are located at the center of a slightly distorted square
plane. The Pd···Pd distance is 3.54(1) � and hence longer
than the sum of the van der Waals radii (3.30 �), thus sug-
gesting the absence of intermetallic interactions. The Pd�C
bond lengths are between 1.973(5) and 1.983(5) �, similar
to previously reported Pd�CNHC values.[19,20, 22]

The formation of the dimetallic species 9 may reflect the
different electron density at palladium when bound to C4-
bound dicarbenes as compared to C2-bound analogues (cf.
formation of 4 a from the BF4 salt 3 c). Apparently the palla-
dium(II) center is less electron-deficient when coordinated
by two C4-bound carbenes and is therefore sufficiently sta-
bilized by two m2-bound chloride ligands, whereas with C2-
bound dicarbene ligands the stronger donating m1-bonding
mode of the chlorides is preferred.

Figure 2. Molecular stucture of complex 9 (ORTEP representation, 50%
probability level, hydrogen atoms, non-coordinating BF4

� anions and the
co-crystallized DMSO molecules omitted for clarity). Selected bond
lengths [�]: Pd(1)�C(1) 1.977(7), Pd(1)�C(7) 1.978(7), Pd(1)�Cl(1)
2.3943(18), Pd(1)�Cl(1a) 2.400(2), Pd(1)···Pd(1a) 3.5395(8); selected
bond angles [8]: C(1)-Pd(1)-C(7) 85.0(3), Cl(1)-Pd(1)-Cl(1a) 84.84(7).
The pertinent bond lengths and angles in the second polymorph are stat-
istically identical.
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Structural impact of the carbene bonding mode : To identify
the structural consequences of C2 versus C4 bonding of the
dicarbene ligand, the molecular structures of 4 a, 4 b, 8 a, and
8 b were determined by single-crystal X-ray diffraction
(Figure 3). Selected bond lengths and angles are listed in

Table 1. In all complexes the palladium center resides in a
distorted square-planar configuration. The Pd�C bond
length is slightly shorter in the chloride complexes 4 a and
8 a than in the iodide analogues 4 b and 8 b, perhaps due to
the higher trans influence of iodide versus chloride. In con-
trast the carbene bonding mode seems to have no influence
on the Pd�C bond length, all Pd�C distances are around the
expected value of 1.98(2) �.[19, 20,22] Notably, the Pd�Cl
bonds are significantly longer in the abnormal complex 8 a
than in 4 a, suggesting a higher trans influence of C4-bound
carbenes. No such trend is observed for the palladium–

iodide bonds in 4 b and 8 b, probably due to steric repulsion
between the large iodide nucleus and the CH3 group in
ortho position (attached to N3 and C5 respectively). The
heterocyclic C�C bond tends to be slightly longer in abnor-
mally bound carbenes (av 1.365(17) �) than in normal C2-
bound carbene complexes (av 1.352(8) �), though the effect
is much less pronounced than in C5-protonated analogues.[22]

The torsion between the palladium square plane and the
heterocycles as defined by the N-C-Pd-C dihedral angles
varies in the 38–488 range and is essentially independent of
the carbene bonding mode.

The conformational similarity of the two dicarbene li-
gands in complexes 4 a and 8 a is further illustrated by the
superimposition of the two molecular structures (Figure 4).

Using the C(1)-Pd(1)-C(7) bonding as anchoring point, only
slight deviations in the ligand periphery are detectable, aris-
ing predominantly from the relative orientation of the het-
erocycles with respect to the metal coordination plane.
Minor differences are also noted in the N�CH3 versus C�
CH3 bond lengths. For example the N(1)�CH3 distance in
4 a is 1.403(6) �, whereas the C(2)�CH3 bond length is
1.481(14) � in 8 a. Since these structural differences are very
small only, it is probably safe to ignore any stereoelectronic
contributions and to attribute the diverting reactivity and
stability patterns of the complexes to the electronic impact
of the carbene bonding mode.

X-ray photoelectron spectroscopy : The variation of electron
density at the palladium center as a consequence of the dif-
ferent carbene bonding in complexes 4 a and 8 a was probed
by X-ray photoelectron spectroscopy (XPS). Quantitative
analyses of the measurements were complicated by the fact
that both complexes were charged under XPS conditions,
which required appropriate referencing. When taking the
average kinetic energy of the 1s electrons of C, N, and O as
a reference, the binding energy of the palladium 3d elec-
trons in 8 a is 0.5 eV lower than that of palladium in a C2-
bound dicarbene environment as in 4 a (Figure 5). This im-
plies a higher electron density at the palladium when bound
to abnormal C4-bound carbenes and corroborates previous
analysis using structurally less similar C2- and C4-bound di-

Figure 3. Molecular stucture of complexes 4a (a), 4 b (b), 8 a (c), and 8b
(d) (ORTEP representation, 50 % probability level, hydrogen atoms and
co-crystallized solvent molecules omitted for clarity).

Table 1. Selected bond lengths [�] and angles [8] in complexes 4 a, 8a,
4b, and 8b.

4a 8 a 4 b 8b
X= Cl X =Cl X = I X= I

Pd(1)�C(1) 1.979(4) 1.976(9) 2.007(4) 2.007(7)
Pd(1)�C(7) 1.976(5) 1.981(9) 1.981(4) 1.993(8)
Pd(1)�X(1) 2.3587(12) 2.400(2) 2.6648(5) 2.6734(9)
Pd(1)�X(2) 2.3556(13) 2.407(2) 2.6717(4) 2.6646(8)
Cimi�Cimi

[a] 1.342(7) 1.353(13) 1.361(6) 1.363(12)
C’imi�C’imi

[b] 1.349(6) 1.355(13) 1.355(6) 1.390(11)
C(1)-Pd(1)-C(7) 92.02(12) 86.1(4) 82.62(16) 84.6(3)
X(1)-Pd(1)-X(2) 90.89(5) 88.55(8) 93.693(14) 89.80(3)
N(2)-C(1)-Pd(1)-C(7) 42.7(4) �43.5(7) 47.6(3) �40.7(6)
C(1)-Pd(1)-C(7)-N(3) �44.8(4) 38.9(7) �48.3(3) 45.0(6)

[a] Cimi�Cimi is C(2)�C(3) for 4 and C(1)�C(2) for 8. [b] C’imi�C’imi is
C(5)�C(6) for 4 and C(6)�C(7) for 8.

Figure 4. Superimposition of the molecular structures of 4a (dashed) and
8a (solid) using the C(1)-Pd(1)-C(7) plane as a reference.
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carbene palladium (II) complexes.[3b] Independent DFT cal-
culation of the binding energy of the palladium 3d electrons
revealed a 0.8 eV lower energy in abnormally bound dicar-
bene complexes than in the normal analogue (336.1 eV vs.
336.9 eV). The slight shift in absolute energies may be at-
tributed to the charging of the complexes under experimen-
tal conditions. These XPS measurements are in line with
earlier IR analyses of nCO stretching frequencies in abnormal
carbene iridium dicarbonyl complexes,[3a] and they demon-
strate unequivocally that C4-bound carbenes are exception-
ally strong donors[24] and considerably stronger than their
C2-bound analogues.

Impact of carbene C4-bonding on reactivity : The steric simi-
larity of complexes 4 and 8 also allowed the investigation of
the relevance of electronic effects on the reactivity of the
coordinated metal centers. Upon reaction of complex 8 with
AgBF4, the silver adduct 11 was isolated, whereas the nor-
mally bound dicarbene complex 4 only underwent halide ab-
straction and gave the bissolvento complex 10 (Scheme 2;
Figure 6 a). Formation of such a bimetallic complex 11 sug-
gests that Pd···Ag bond formation is a general process in
C4-bound carbene palladium complexes.[3b] This behavior
may become attractive for exploiting new types of direct
metal–metal interactions.[25]

A crystal structure analysis of the bimetallic complex 11
revealed that, most notably, the Pd···Ag bond length is sig-
nificantly longer (3.1120(10) �; Figure 6 b) than in a related
complex comprising a proton at the C5 position (Pd···Ag
2.8701(6) �).[3b] Presumably, this is a consequence of the dif-
ferent steric repulsion between the C5-bound substituent
(crystallographically labeled C(2) and C(6) in Figure 6 b)
and the acetonitrile ligands around the silver nucleus. The
silver ion is significantly shifted towards the carbene ligands,
which is reflected by the acute Ag-Pd-Ccarbene angles (Ag(1)-
Pd(1)-C(1) 64.6(2)8 and Ag(1)-Pd(1)-C(7) 64.7(2)8). This
bonding situation compares well with that in the previously
reported Ag-Pd(dicarbene) complex with a proton at the
C5-position,[3b] which shows Ag-Pd-Ccarbene angles of 65.8(2)
and 68.3(1)8.

The observed geometry indicates that silver bonding
occurs not only via the dz2 orbital of the palladium center,
expected to be the HOMO within the Pd(dicarbene) frag-
ment, since such a donor interaction should position the
silver nucleus in an apical position. Significant donor contri-
butions may also originate from the palladium–carbene
bonds, either by an agostic bonding (i.e., electron density
from the Pd�C s bond) or by interaction with the Pd=C p

bond. Theoretical analyses using BP86/TZ2P suggested that
the two metal fragments of complex 11 dissociate spontane-
ously in the gas phase. No minimum could be located on the
potential energy surface that would be close to the crystallo-
graphically characterized structure. Optimization of the
structure with constrained Ag�Pd and Ag···C distances
based on the crystallographically determined values allowed,
however, the identification of the relevant bonding interac-
tions. Accordingly, substantial stabilization of the silver
cation arises from orbital interactions between the filled dz2

orbital of palladium and the LUMO of Ag+ (predominantly
s character, DE=�12 kcal mol�1). A weaker interaction of
�4.4 kcal mol�1 involves electron donation from a silver 4d
orbital to the Pd�C p* orbital (Figure 7). While this contri-
bution is relatively small, it may rationalize the observed
shift of the silver ion from the palladium z axis towards the
dicarbene ligand. Furthermore, these calculations reveal
1 eV higher energy levels for the carbene orbitals in the C4
coordination mode as compared to that in 2-imidazolyli-
denes. This energy difference indicates a substantially larger
charge transfer from the carbene lone pair to the coordinat-
ed metal center when bound via C4 and may hence provide

Figure 5. XPS spectra (palladium 3d level) for the C2-bound dicarbene
complex 4 a (dashed) and the C4-bound analogue 8 a (solid line).

Scheme 2. Reactivity patterns of normal and abnormal dicarbene com-
plexes towards Lewis and Brønsted acids.
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a rational explanation for the enhanced nucleophilicity of
the palladium center in complexes 8.

Similarly to the reaction with Lewis acidic Ag+ , com-
plexes 8 comprising C4-bound dicarbenes also react with
strong Brønsted acids. Both Pd�C bonds in 8 are acid sensi-
tive and are cleaved within minutes. For example, exposure
of complex 8 a to HCl (0.4 m in MeCN) led to the rapid acid-
olysis and formation of the imidazolium salt 7 a. A similar
reaction outcome was observed when using H2SO4, while
complexes 4 a and 4 b are stable for weeks under such acidic
conditions, even upon heating to 80 8C. Clearly, steric pro-
tection of the palladium center and of the Pd�C bonds can
be excluded as an argument for rationalizing this distinctly
different reactivity of C2- and C4-bound dicarbene com-
plexes. Possibly, oxidative addition of HX and subsequent
reductive elimination of an imidazolium cation from a puta-
tive PdIV(dicarbene) ACHTUNGTRENNUNG(hydride) intermediate may occur. Re-
ductive carbene elimination is known to be promoted by
C4-bound carbene ligands.[26] Alternatively, a Lewis acid/
base adduct similar to the silver complex 11 may form, in
which the proton is located at a similar position as Ag+ in
11 and hence in close proximity to both Pd�C bonds. Subse-
quent rearrangement of such an intermediate into a
Pd···H···C three-center, two-electron transition state fol-
lowed by thermodynamically driven metal–carbon bond
breaking is then conceivable. Irrespective of the exact mech-
anism, the acid lability and the nucleophilic character of the
palladium center in 8 appeared to be a direct consequence
of the ligand-induced difference of electron density, both at
the metal center and at the metal-bound carbon.

Based on the exceptionally high donor ability of C4-
bound carbenes, the palladium centers in 8 are expected to
promote redox reactions considerably better than in 4, com-
prising normally bound carbene ligands. We have probed
such reactivity patterns by exposing different palladium
complexes to a Cl2 atmosphere. Under these conditions, the
C2-bound dicarbene systems 4 b and 13 b underwent halide
metathesis and afforded complexes 4 a and 13 a, respectively,
containing metal-bound chlorides (Scheme 3). Substitution
of the metal-bound halides was confirmed by a diagnostic
shift of the metal-bound carbon in the 13C NMR spectrum,
for example, in complex 13 from dC =162.5 to 156.5 ppm.
Similarly the isopropyl protons are displaced in the
1H NMR spectrum from dH =5.37 to 5.53 ppm, probably due
to intramolecular hydrogen bonding of the isopropyl pro-
tons to the metal-bound halides.[19b] The structure of 13 a
was further confirmed by crystallographic analysis.[23] Mech-

Figure 6. Reaction products from the reaction of C2- and C4-bound dicar-
bene palladium complexes with AgBF4 in MeCN. Molecular structure of
the cationic portions of complexes 10 (a) and 11 (b; ORTEP representa-
tion, 50% probability, hydrogen atoms, non-coordinating BF4

� anions
and cocrystallized solvent molecules omitted for clarity). Selected bond
lengths [�] and angles [8]: for 10 : Pd1�C1 1.955(4), Pd1�N3 2.071(4);
C1-Pd1-C1a 83.2(2), C1-Pd1-N3 173.40(15), C1-Pd1-N3a 4.70(15), N3-
Pd1-N3a 86.72(19). For 11: Pd1�Ag1 3.1120(10), Pd1�C1 1.970(7), Pd1�
C7 1.966(7), Pd1�N5 2.075(6), Pd1�N6 2.082(7), C1�C2 1.367(9), C6�C7
1.373(10); C1-Pd1-C7 85.8(3), Ag1-Pd1-C1 64.6 (2), Ag1-Pd1-C7
64.68(18).

Figure 7. Calculated interactions that are relevant for stabilizing the
silver cation in the bimetallic complex 11 (color code: Pd purple, Ag
light blue, N blue, C gray).

Scheme 3. Reactivity of normal dicarbene complexes towards molecular
chlorine.
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anistically, formation of the chloride complex may be ration-
alized by an oxidative addition of Cl2 to the palladium
center followed by reductive I2 or ICl elimination. In the
presence of excess Cl2, the postulated palladium(IV) oxida-
tive addition product [PdCl4(dicarbene)] is apparently unsta-
ble and reverts back to complex 13 a.

In contrast, the C4-bound carbene complex 8 b afforded
the dichloro dimidazolium salt 14 upon exposure to Cl2

(Scheme 4). While the removal of I2 may proceed according

to a process similar to that suggested for 4 b, apparently re-
ductive elimination of CNHC�Cl is relatively facile in C4-
bound carbene palladium(IV) complexes. In solution, proba-
bly [PdCl4]

2� is formed initially as anion of the dichloro dii-
midazolium salt and perturbation of the original 2:1 imida-
zolium/palladium stoichiometry occurred only upon recrys-
tallization from DMSO solution. Both elemental analyses
and a crystal structure determination (Figure 8 a) of recrys-
tallized samples indicated a 4:3 imidazolium/palladium ratio
due to the presence of one [PdCl4]

2� and two [PdCl3-ACHTUNGTRENNUNG(DMSO)]� ions, and two diimidazolium dications. Reductive
elimination of the carbene ligand was also observed from
the C5-protonated dicarbene palladium complex 15 in the
presence of excess Cl2 (Scheme 4). Demetallation occurred,
however, not via CNHC�Cl bond formation but via CNHC�
CNHC bond making, thus affording the tricyclic diimidazoli-
um salt 16 (Figure 8 b). The molecular structure of this dii-
midazolium salt revealed a strained arrangement of the het-
erocycles as reflected by the C(3)-C(4)-C(5) bond angle of
147.3(9)8, which is unusually large for a formally sp2-hybrid-
ized carbon center. The 13C NMR resonance of the bridging
C4 nucleus was observed in the usual region (dC =

123.5 ppm), while the remarkable high-field shift of the res-
onance due to the proton-bound C5 carbon (dC =111.9 ppm)
may reflect the strained geometry. In the 1H NMR spectrum
of 16, the signal attributed to the aromatic proton is dis-
placed to lower field (dH = 7.16 ppm in 15 versus dH =

8.34 ppm in 16). The presence of only little steric bulk at C5
in complex 15 as compared to the permethylated ligand in
complex 8 may play a key role for distinguishing the out-

come of the reductive elimination processes. The methyl
groups at C5 in complex 8 a and in the putative PdIV inter-
mediate may be sterically too demanding to allow an ar-
rangement of the two carbene ligands that would induce C�
C reductive elimination as observed from complex 15.

Reductive carbene elimination and formation of 14 and
16 is in agreement with previous findings, which indicated
that C4-bound carbene ligands are more prone to reductive-
ly eliminate from MII centers than the C2-bound analogues
(M= Ni, Pd, Pt).[26] Based on our observations, reductive
elimination from PdIV decreases in the sequence I�I >

C4carb�C4carb > C4carb�Cl @ C2carb�Cl, C2carb�C2carb. Clearly,
further mechanistic and theoretical investigations are war-
ranted to substantiate this trend.

Catalysis : The electronic implications due to the different
carbene bonding have also significant consequences on the
catalytic activity of the coordinated metal center. This
impact has been observed with sterically less similar dicar-
bene complexes. Here, it is illustrated by the distinctly dif-
ferent performance of complexes 10 and 12 as catalyst pre-
cursors for alkene hydrogenation (Scheme 5).

Hydrogenation of cyclooctene (coe) to cyclooctane (coa)
was used as a model reaction. Catalytic runs were per-
formed at room temperature and under atmospheric pres-

Scheme 4. Reactivity of abnormal dicarbene complexes towards molecu-
lar chlorine (X�= [PdCl3ACHTUNGTRENNUNG(DMSO)]� or 0.5 ACHTUNGTRENNUNG[PdCl4]

2�).

Figure 8. Molecular structure of a) one of the crystallographically inde-
pendent dications of 14, and b) one of the two cationic portions of com-
pound 16, (ORTEP representation, 50% probability, [PdCl4]

2� and
[PdCl3 ACHTUNGTRENNUNG(DMSO)]� ions omitted for clarity). Selected bond lengths [�] for
14 : C(18)�C(27) 1.341(14), C(20)�C(21) 1.340(14), C(18)�C(l3)
1.692(10), C(20)�C(l4) 1.668(10). Selected bond lengths [�] and angles
[8] for 16 : C(3)�C(4) 1.336(13), C(4)�C(5) 1.433(14), C(5)�C(6)
1.345(15); N(4)-C(1)-N(1) 99.3(7), C(3)-C(4)-N(1) 107.4(8), C(3)-C(4)-
C(5) 147.3(9), C(5)-C(4)-N(1) 105.3(8), C(6)-C(5)-N(4) 108.3(8), C(6)-
C(5)-C(4) 145.4(9), C(4)-C(5)-N(4) 106.3(8).

Scheme 5. Palladium(dicarbene)-catalyzed olefin hydrogenation.

Chem. Eur. J. 2009, 00, 0 – 0 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org

These are not the final page numbers! ��
&7&

FULL PAPERAbnormal C4-Bonding in N-Heterocyclic Carbene Complexes

www.chemeurj.org


sure of H2. Under these conditions, the C4-bound carbene
complex 12 showed appreciable catalytic activity, conver-
sions reached 57 % after 1 h and were essentially complete
after 8 h. In contrast, the C2-bound analogue 10 is inactive
and even after 20 h, no coa was formed. These results are in
line with our preliminary studies on the hydrogenation of
coe,[3b] which suggested that the C4-carbene bonding mode
is pivotal for imposing high catalytic activity. Steric modifi-
cations appear to play only a minor role yet they may
become relevant for catalyst optimization. Assuming that
catalytic hydrogenation involves oxidative addition of H2 to
the metal center,[27] the high catalytic activity of 12 may be
rationalized by the substantial electron density at the palla-
dium center as a consequence of the exceptionally strong
donor ability of the two C4-bound carbene ligand residues.
Furthermore, reductive elimination of either the product or
the heterocycle may occur,[28] in analogy to the specific reac-
tivity patterns established for the reaction of C4-bound car-
bene complexes with Cl2 (see above). The latter reaction
trajectory may generate a palladium polyhydride species as
the catalytically active species. Mechanistic studies directed
towards a better understanding of this palladium-catalyzed
hydrogenation are currently ongoing in our laboratories.

Conclusion

Palladium complexes comprising sterically strongly related
dicarbene ligands that bind the metal center either normally
at C2 or abnormally at C4 allowed unambiguous identifica-
tion of the electronic impact of the abnormal bonding mode
of imidazolylidenes. In the solid state, carbene bonding at
the C4 position induces a higher trans influence and an in-
creased electron density at the metal center. In solution the
stability towards Lewis and Brønsted acids is reduced, and
the reactivity towards Cl2 and in catalytic olefin hydrogena-
tion is considerably higher. All evidence suggests that C4-
bound dicarbenes are markedly stronger donors than their
C2-bound analogues. Enhanced donation of C4-bound imi-
dazolylidenes may be rationalized, in analogy to C2-bound
carbene systems, by a partition of the heterocyclic p-elec-
tron density into an NCN amidinium fragment and a C=C
portion. The latter includes in C4-bound imidazolylidenes
also the coordinated metal center. Such a notion features a
ground state comprising a vinyl-type anionic site, which is
stabilized by an intramolecularly confined amidinium cation.

Furthermore, the differences of the reactivity patterns of
C2- and C4-bound imidazolylidenes appear to be predomi-
nantly electronic in origin. Consequently, steric protection
of the metal center and likewise of the metal–carbene bond
by ortho substituents (namely, at N3 for C2-bound imidazo-
lyldienes, and at C5 for C4-bound imidazolylidenes) does
not alternate the reactivity patterns substantially, though the
activity may be influenced. Most importantly, abnormal di-
carbene bonding renders a typically electrophilic metal
center such as palladium(II) into a nucleophilic site. Efforts
in our laboratories are currently directed towards exploiting

the strong donor ability of C4-bound carbenes, in particular
for the activation of less reactive C�H bonds.

Experimental Section

General : The syntheses of the dimethyl imidazole 1[16] and of the palladi-
um complexes 13b[19b] and 15[3b] were reported previously. All other re-
agents are commercially available and were used as received. All NMR
spectra were recorded on Bruker spectrometers at 25 8C unless specified
otherwise. The 1H and 13C chemical shifts (d in ppm, coupling constants J
in Hz) were referenced to external SiMe4. Assignments are based on
homo- and heteronuclear shift correlation spectroscopy. Elemental analy-
ses were performed by the Microanalytical Laboratory of Ilse Beetz
(Kronach, Germany) or the Microanalytical Laboratory of the ETH
(Z�rich, Switzerland). Microwave-mediated reactions were carried out
on a Biotage Initiator 2.0 instrument. The XPS spectra were measured
on a Scienta SES 2002 electron spectrometer with a 5 � 10�11 mbar base
pressure. The photon source consisted of an X-ray tube emitting MgKa

photons at 1253.6 eV.

Synthesis of 2 : CH3I (4.31 g, 30.4 mmol) was added to a solution of 4,5-
dimethylimidazole 1 (2.60 g, 27.4 mmol) in DMSO (100 mL). Powdered
KOH (3.42 g, 61.0 mmol) was then added in small quantities and the so-
lution was stirred at room temperature for 1 h and at 65 8C for 18 h.
After the mixture had been cooled to room temperature, KOH (100 mL,
1m) was added and the product was extracted with CH2Cl2 (3 � 100 mL).
The combined organic phases were washed with KOH (100 mL), H2O
(2 � 100 mL), and brine (2 � 100 mL), dried over Na2SO4, and evaporated
under reduced pressure to give trimethylimidazole 2 (1.31 g, 44%).
1H NMR (360 MHz, CDCl3): d=7.21 (s, 1 H, Himi), 3.41 (s, 3H, NCH3),
2.07, 2.03 ppm (2 � s, 6 H, Cimi-CH3); 13C{1H} NMR (90 MHz, CDCl3): d=

135.1 ACHTUNGTRENNUNG(Cimi-H), 133.5, 122.5 (2 � Cimi), 31.3 (NCH3), 12.7, 8.1 ppm (2 � Cimi-
CH3).

Synthesis of 3a : A solution of 2 (2.20 g, 20.0 mmol) and CH2Cl2 (3 mL)
was stirred at 150 8C under microwave irradiation for 30 min. A brown
oil had formed, which was separated by decantation and washed with tol-
uene (3 � 20 mL) and Et2O (3 � 20 mL) and then dried in vacuo to give
3a as brown solid (2.39 g, 78%) as a highly viscous oil. All our attempts
to crystallize 3a at �30 8C under various conditions have failed thus far
and elemental analysis was only satisfactory when including solvents.
1H NMR (500 MHz, [D6]DMSO): d=9.53 (s, 2H, Himi), 6.75 (s, 2H,
NCH2N), 3.78 (s, 6H, NCH3), 2.31, 2.22 ppm (2 � s, 12 H, Cimi-CH3);
13C{1H} NMR (125 MHz, [D6]DMSO): d=136.5 (Cimi-H), 128.3, 126.3
(2 � Cimi), 55.1 (CH2), 33.9 (NCH3), 8.2, 7.7 ppm (2 � Cimi-CH3); elemental
analysis calcd (%) for C13H22Cl2N4 (305.25)·2 H2O·0.5 CH2Cl2: C 42.25, H
7.09, N 14.60; found: C: 42.88, H 7.46, N 14.74.

Synthesis of 3b: A solution of 2 (1.60 g, 5.97 mmol) and CH2I2 (1.31 g,
11.9 mmol) in toluene (20 mL) was stirred at reflux for 14 h. A brown oil
formed, which was separated by decantation and washed with toluene
(3 � 20 mL) and Et2O (3 � 20 mL), and then dried in vacuo to give 3 b as
brown solid (1.54 g, 50 %). 1H NMR (500 MHz, [D6]DMSO): d=9.27 (s,
2H, Himi), 6.61 (s, 2H, NCH2N), 3.78 (s, 6H, NCH3), 2.30, 2.24 ppm (2 � s,
12H, Cimi-CH3); 13C{1H} NMR (125 MHz, [D6]DMSO): d=136.0 (Cimi-
H), 128.3, 126.3 (2 � Cimi), 55.3 (CH2), 34.0 (NCH3), 8.3, 7.9 ppm (2 � Cimi-
CH3); elemental analysis calcd (%) for C13H22I2N4 (488.15): C 31.99, H
4.54, N 11.48; found: C: 31.95, H 4.65, N 12.09.

Synthesis of 3 c : A suspension of 3 b (1.09 g, 2.23 mmol) and AgBF4

(0.92 g, 4.73 mmol) in MeCN (20 mL) was stirred at room temperature
for 18 h in the absence of light. The suspension was then filtered through
Celite and the volatiles were removed in vacuo to give 3c as a red oil
(0.87 g, 96 %), which was recrystallized from MeOH/Et2O. 1H NMR
(360 MHz, [D6]DMSO): d =9.18 (s, 2 H, Himi), 6.56 (s, 2H, NCH2N), 3.76
(s, 6 H, NCH3), 2.28 (s, 6H, Cimi-CH3), 2.22 ppm (s, 6 H, Cimi-CH3);
13C{1H} NMR (100 MHz, [D6]DMSO): d=136.3 (Cimi-H), 128.4, 126.4
(2 � Cimi), 55.1 (CH2), 33.8 (NCH3), 8.0, 7.6 ppm (2 � Cimi-CH3); elemental
analysis calcd (%) for C13H22B2F8N4 (407.95): C 38.27, H 5.44, N 13.73;
found: C: 38.45, H 5.31, N 13.43.
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Synthesis 4a : Pd ACHTUNGTRENNUNG(OAc)2 (0.19 g, 0.83 mmol) and excess of KCl (0.31 g,
4.15 mmol) was added to a solution of 3 c (0.34 g, 0.83 mmol) in DMSO
(6 mL). The reaction mixture was heated at 50 8C for 2 h and then at
120 8C for 3 h. After the mixture had been cooled to room temperature,
CH2Cl2 (20 mL) and Et2O (80 mL) were added. A precipitate appeared
which was collected and washed repeatedly by adding CH2Cl2 (20 mL)
followed by precipitation with Et2O (80 mL). After drying in vacuo, 4a
was obtained as an off-white powder (0.28 g, 83 %). An analytically pure
sample was obtained by recrystallization of 4a from CH3NO2/Et2O.
1H NMR (500 MHz, [D6]DMSO): d=6.04, 5.85 (2 � AB, 2JHH =13.8 Hz,
2H, CH2), 3.78 (s, 6 H, NCH3), 2.23, 2.09 ppm (2 � s, 12 H, Cimi-CH3);
13C{1H} NMR (125 MHz, [D6]DMSO): d=155.8 (C-Pd), 125.9, 124.3 (2 �
Cimi), 57.1 (CH2), 40.4 (NCH3), 8.4, 8.2 ppm (2 � Cimi-CH3); elemental
analysis calcd (%) for C13H20Cl2N4Pd (409.65): C 38.12, H 4.92, N 13.68;
found: C: 38.08, H 4.93, N 13.54.

Synthesis of 4 b : The method was analogous to the one described for the
synthesis of 4 a except for the KCl, which was omitted. Starting from Pd-ACHTUNGTRENNUNG(OAc)2 (0.45 g, 2.0 mmol) and 3b (1.0 g, 2.1 mmol), 4b was obtained as
an off-white solid (0.64 g 55%). An analytically pure sample was ob-
tained by recrystallization of 4 b from DMSO/Et2O. 1H NMR (500 MHz,
[D6]DMSO): d=6.06, 5.91 (2 � AB, 2JHH =14.2 Hz, 2 H, CH2), 3.69 (s, 6 H,
NCH3), 2.24, 2.09 ppm (2 � s, 12 H, Cimi-CH3); 13C{1H} NMR (125 MHz,
[D6]DMSO): d=161.1 (C-Pd), 126.0, 124.7 (2 � Cimi), 57.3 (CH2), 40.4
(NCH3), 8.5, 8.2 ppm (2 � Cimi-CH3); elemental analysis calcd (%) for
C13H20I2N4Pd (592.55)·0.25 Et2O: C 28.51, H 4.20, N 8.99; found: C:
28.20, H 3.93, N 8.81.

Synthesis of 6 : A mixture of acetic anhydride (2.5 g, 25 mmol) and 2,4 di-
methylimidazole 5 (0.93 g, 10 mmol) in benzene (10 mL) was stirred at
80 8C for 2 h. Then MeI (0.6 mL, 9.6 mmol) in benzene (6 mL) was added
and the mixture was stirred at 140 8C in a sealed tube. After 16 h, the re-
action was quenched with water and aqueous KOH (1 m, 100 mL) was
added until pH > 10. The product was extracted with CH2Cl2 (3 �
100 mL). The combined organic phases were washed with aqueous KOH
(1 m, 100 mL), H2O (2 � 100 mL) and brine (2 � 100 mL), dried over
Na2SO4, and evaporated to dryness, thus affording 6 as a colorless oil
(0.70 g, 64 %). An analytically pure sample was obtained from the corre-
sponding HCl salt upon recrystallization from MeOH/Et2O. 1H NMR
(500 MHz, CDCl3): d =6.60 (s, 1H, Himi), 3.38 (s, 3H, NCH3), 2.34,
2.14 ppm (2 � s, 6H, Cimi-CH3); 13C{1H} NMR (125 MHz, CDCl3): d144.3,
127.4 (2 � Cimi), 116.7 (Cimi-H), 29.8 (NCH3), 13.63, 9.92 ppm (2 � Cimi-
CH3); elemental analysis calcd (%) for C6H11ClN2 (146.62)·0.5 H2O: C
46.31, H 7.77, N 18.00; found: C: 46.26, H 7.13, N 17.29.

Synthesis of 7a : A solution of 6 (1.1 g, 10.0 mmol) in CH2Cl2 (5 mL) was
stirred in a sealed tube at 150 8C under microwave irradiation for 30 min.
A red oil formed, which was separated by precipitation with MeOH
(20 mL) and Et2O (80 mL). The residue was washed once more with
MeOH (20 mL) and Et2O (80 mL) to give 7a (1.15 g, 75 %) as a highly
viscous oil. Attempts to crystallize 7 a under various conditions for micro-
analysis have failed thus far. 1H NMR (500 MHz, [D6]DMSO): d=7.85
(s, 2 H, Himi), 6.90 (s, 2H, CH2), 3.66 (s, 6H, NCH3), 2.83, 2.25 ppm (2 � s,
12H, Cimi-CH3); 13C{1H} NMR (125 MHz, [D6]DMSO): d=145.8, 130.7
(2 � Cimi), 117.6 (Cimi-H), 56.4 (CH2), 32.2 (NCH3), 10.9, 9.2 ppm (2 � Cimi-
CH3).

Synthesis of 7b : Neat CH2I2 (1.9 g, 7.2 mmol) was added to 6 (1.40 g,
12.7 mmol) and the mixture was stirred at 140 8C for 16 h. The formed
brown oil was dissolved in MeOH (20 mL). Upon addition of Et2O
(80 mL), crude 7b separated as an reddish oil, which was collected by de-
cantation and dried in vacuo (2.2 g, 63%). Recrystallization from
MeOH/Et2O gave 7b as an analytically pure solid. 1H NMR (500 MHz,
[D6]DMSO): d =7.61 (s, 2 H, Himi), 6.57 (s, 2H, CH2), 3.66 (s, 6H, NCH3),
2.76, 2.26 ppm (2 � s, 12 H, Cimi-CH3); 13C{1H} NMR (125 MHz,
[D6]DMSO): d =145.6, 130.7 (2 � Cimi), 117.4 (Cimi-H), 56.3 (CH2), 32.2
(NCH3), 10.8, 9.1 ppm (2 � Cimi-CH3); elemental analysis calcd (%) for
C13H22I2N4 (488.15): C 31.99, H 4.54, N 11.48; found: C: 32.00, H 4.60, N
11.48.

Synthesis of 7c : A suspension of 7 a (2.21 g, 4.53 mmol) and AgBF4

(1.86 g, 9.55 mmol) in MeCN (20 mL) was stirred at room temperature
for 16 h in the absence of light. The suspension was then filtered through

Celite and the volatiles were removed in vacuo to give 7c as a red oil
(1.57 g, 85%). Microanalytically pure material formed upon crystalliza-
tion of 7c from MeOH/Et2O. 1H NMR (360 MHz, [D6]DMSO): d =7.52
(s, 2 H, Himi), 6.50 (s, 2 H, CH2), 3.59 (s, 6H, NCH3), 2.71 (s, 6 H, Cimi-
CH3), 2.24 ppm (s, 6H, Cimi-CH3); 13C{1H} NMR (125 MHz, [D6]DMSO):
d=145.7, 130.9 (2 � Cimi), 117.4 (Cimi-H), 56.2 (CH2), 31.9 (NCH3), 10.2,
8.9 ppm (2 � Cimi-CH3); elemental analysis calcd (%) for C13H22B2F8N4-ACHTUNGTRENNUNG(407.95)·H2O: C 36.66, H 5.68, N 13.15; found: C: 36.25, H 5.36, N 12.76.

Synthesis of 8a : Solid Pd ACHTUNGTRENNUNG(OAc)2 (0.75 g, 3.36 mmol) was added to a solu-
tion of 7 a (0.56 g, 1.84 mmol) in DMSO (6 mL). The reaction mixture
was stirred at 50 8C for 2 h and then at 120 8C for 3 h. After the mixture
had been cooled to room temperature, CH2Cl2 (20 mL) and Et2O
(80 mL) were added to give a precipitate which was collected and
washed repeatedly by adding CH2Cl2 (20 mL) followed by precipitation
with Et2O (80 mL) and dried in vacuo. This afforded 8a as a yellow
powder (0.49 g, 65 %). An analytically pure sample of 8a was obtained
by recrystallization from CH3NO2/Et2O. 1H NMR (500 MHz,
[D6]DMSO): d=6.33, 5.93 (2 � AB, 2JHH =12.9 Hz, 2 H, CH2), 3.50 (s, 6 H,
NCH3), 2.63 (s, 6 H, Cimi-CH3), 2.31 (s, 3 H, Cimi-CH3), 2.21 ppm (s, 3H,
Cimi-CH3); 13C{1H} NMR (125 MHz, [D6]DMSO): d=145.6, 130.7 (2 �
Cimi), 117.4 (C-Pd), 56.3 (CH2), 32.2 (NCH3), 10.8, 9.1 ppm (2 � Cimi-CH3);
elemental analysis calcd (%) for C13H20Cl2N4Pd ACHTUNGTRENNUNG(409.65)·H2O·CH3NO2: C
35.39, H 5.17, N 13.76; found: C: 35.14, H 4.91, N 13.51.

Synthesis of 8b : Excess NBu4I (0.52 g, 1.41 mmol) was added to a solu-
tion of 12 (0.21 g, 0.35 mmol) in MeCN (20 mL) and the mixture was
stirred at room temperature for 1 h. Addition of Et2O (80 mL) induced
the formation of a red precipitate, which was washed repeatedly by
adding MeCN (20 mL) followed by precipitation with Et2O (80 mL).
After drying in vacuo, 8b was obtained as a reddish solid (0.16 g, 77%).
An analytically pure sample was obtained by recrystallization of 8 b from
DMSO/Et2O. 1H NMR (500 MHz, [D6]DMSO): d =6.32, 5.96 (2 � AB,
2JHH =13.5 Hz, 2H, CH2), 3.46 (s, 6 H, NCH3), 2.60, 2.19 ppm (2 � s, 6 H,
Cimi-CH3); 13C{1H} NMR (125 MHz, [D6]DMSO): d=145.3, 131.6 (2 �
Cimi), 123.3 (C-Pd), 60.3 (CH2), 32.1 (NCH3), 15.6 (C5imi-CH3), 11.6
(C5’imi-CH3), 10.5 ppm (Cimi-CH3); the two signals at dC =15.6 and
11.6 ppm coalesce to a singlet at 338 K (dC =13.0 ppm); elemental analy-
sis calcd (%) for C13H20I2N4Pd ACHTUNGTRENNUNG(592.55)·0.5 DMSO: C 26.62, H 3.67, N
8.87; found: C: 26.30, H 3.66, N 8.67.

Synthesis of 9 : Pd ACHTUNGTRENNUNG(OAc)2 (0.50 g, 2.23 mmol) was added to a solution of
7c (0.91 g, 2.23 mmol) and KCl (0.83 g, 11.1 mmol) in DMSO (6 mL),
and the reaction mixture was stirred at 50 8C for 2 h and then at 120 8C
for 3 h. After the mixture had been cooled to room temperature, CH2Cl2

(20 mL) and Et2O (80 mL) were added and the formed precipitate was
collected. Repeated precipitation from CH2Cl2 (20 mL) and Et2O
(80 mL) and subsequent drying yielded 9 as an off-white powder (0.73 g,
89%). Analytically pure material was obtained by recrystallization from
CH3NO2/Et2O. 1H NMR (500 MHz, [D6]DMSO): d =6.33, 5.94 (2 � AB,
2JHH =13.2 Hz, 2H, CH2), 3.50 (s, 6 H, NCH3), 2.63 (s, 6H, Cimi-CH3), 2.31
(s, 3H, Cimi-CH3), 2.21 ppm (s, 3H, Cimi-CH3); 13C{1H} NMR (100 MHz,
[D6]DMSO): d=141.8, 141.7, 131.2, 130.5, 129.5 (5 � Cimi), 126.8 (br, Cimi),
59.6 (CH2), 31.5 (NCH3), 11.2, 10.0 ppm (2 � Cimi-CH3); elemental analysis
calcd (%) for C26H48B2Cl2F8N8Pd2 ACHTUNGTRENNUNG(922.00)·0.25 Et2O: C 34.48, H 4.55, N
11.91; found: C: 34.30, H 4.91, N 11.72.

Synthesis of 10 : A suspension of 4 b (0.10 g, 0.17 mmol) and AgBF4

(0.099 g, 0.51 mmol) in MeCN (20 mL) was stirred for 18 h in the absence
of light. The suspension was filtered through Celite and the volatiles
were evaporated, yielding 10 as an orange solid (0.10 g, 99 %). Recrystal-
lization of 10 from MeCN/Et2O gave an analytically pure sample.
1H NMR (500 MHz, [D6]DMSO): d=6.24, 5.92 (2 � AB, 2JHH =14.0 Hz,
2H, CH2), 3.70 (s, 6H, NCH3), 2.26, 2.12 ppm (2 � s, 6 H, Cimi-CH3);
13C{1H} NMR (100 MHz, [D6]DMSO): d=144.5 (C-Pd), 127.0, 126.0 (2 �
Cimi), 57.0 (CH2), 34.5 (NCH3), 8.3, 8.3 ppm (2 � Cimi-CH3); elemental
analysis calcd (%) for C17H26B2F8N6PdACHTUNGTRENNUNG(594.46)·0.25 Et2O: C 35.27, H
4.69, N 13.71; found: C: 35.07, H 4.69, N 13.43.

Synthesis of 11: A suspension of 8 a (0.15 g, 0.36 mmol) and AgBF4

(0.24 g, 1.10 mmol) in MeCN (20 mL) was stirred for 18 h at room tem-
perature in the dark. The suspension was filtered through Celite and the
volatiles were removed to leave 11 as an orange oil (0.31 g, 94%), which
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was recrystallized from MeCN/Et2O. 1H NMR (400 MHz, CD3CN): d=

6.76 (bs, 2H, CH2), 3.45 (s, 6H, NCH3), 2.50, 2.21 ppm (2 � s, 6 H, Cimi-
CH3); 13C{1H} NMR (100 MHz, [D6]DMSO): d=143.5 (Cimi), 138.3 (C-
Pd), 122.6 (Cimi), 40.6 (CH2), 32.0 (NCH3), 10.7, 10.3 (2 � Cimi-CH3).

Synthesis of 12 : Compound 11 (0.31 g, 0.36 mmol) was stirred in MeOH
(20 mL) for 5 min at room temperature. The resulting suspension was fil-
tered through Celite. Upon addition of Et2O (80 mL) complex 12 sepa-

rated as a red oil that was collected, dried (0.13 g, 62 %). 1H NMR
(500 MHz, [D6]DMSO): d=6.2 (bs, 2H, CH2), 3.51 (s, 6H, NCH3), 2.63,
2.21 ppm (2 � s, 6H, Cimi-CH3); 13C{1H} NMR (100 MHz, [D6]DMSO): d=

142.6 (Cimi), 130.5 (C-Pd), 118.2 (Cimi), 59.4 (CH2), 31.6 (NCH3), 10.5,
10.2 ppm (2 � Cimi-CH3).

Synthesis of 13a : Gaseous Cl2 was passed through a solution of complex
13b (0.14 g, 0.24 mmol) in MeCN (20 mL) for 5 min. After addition of

Table 2. Crystallographic data for the reported complexes.

4 a 4 b 8a 8b 9

color, shape colorless block light yellow block light yellow block yellow plate colorless block
crystal size [mm] 0.45 � 0.40 � 0.25 0.45 � 0.40 � 0.35 0.15 � 0.15 � 0.10 0.05 � 0.13 � 0.15 0.45 � 0.40 � 0.35
formula C13H20Cl2N4Pd·NO2CH3 C13H20I2N4Pd·0.5 C5H10O C13H20Cl2N4Pd·C2H6OS C13H20I2N4Pd·C2H6OS C26H40B2Cl2F8N8Pd2

3·C2H6OS
Mr 470.67 629.59 487.76 670.66 1156.36
T [K] 173(2) 173(2) 173(2) 173(2) 173(2)
crystal system monoclinic monoclinic orthorhombic monoclinic triclinic
space group P21/n (no. 14) C2/c (no. 15) Pbcn (no. 60) P21/c (no. 14) P1̄ (no. 2)
unit cell
a [�] 14.2930(18) 25.710(2) 15.7970(15) 9.5887(8) 7.4897(10)
b [�] 10.7619(10) 10.3113(8) 14.0280(16) 16.8738(14) 10.9460(14)
c [�] 14.4646(18) 19.5043(18) 17.6586(15) 14.0823(12) 15.312(2)
a [8] 90 90 90 90 103.614(15)
b [8] 90.482(15) 130.291(5) 90 108.189(7) 90.211(16)
g [8] 90 90 90 90 104.008(15)
V [�3] 2194.5(4) 3944.1(6) 3913.2(7) 2164.6(3) 1181.3(3)
Z 4 8 8 4 1
1calcd [gcm�3] 1.425 2.121 1.656 2.058 1.626
m [mm�1] (MoKa) 1.104 4.078 1.339 3.816 1.080
no. total/
unique reflections

13 813/4336 28 778/5351 31563/3497 10488/2916 8519/3921

Rint 0.0552 0.033 0.1714 0.046 0.0491
transmission range 0.690–0.748 0.265–0.376 0.655–0.697 0.934–1.042 0.712–0.747
no. parameters/
restraints

187/0 212/0 208/0 236/0 262/11

R[a]/Rw[b] 0.0396/0.0929 0.0359/0.0890 0.0638/0.1263 0.0370/0.0845 0.0594/0.1554
GOF 0.820 1.072 0.928 0.94 0.958
min/max resid density
[e��3]

�0.944/0.630 �1.036/1.486 �1.464/1.254 �1.06/0.71 �1.113/1.571

10 11 14 16

color, shape colorless rod colorless rod orange block colorless rod
crystal size [mm] 0.45 � 0.40 � 0.35 0.35 � 0.20 � 0.15 0.50 � 0.45 � 0.40 0.30 � 0.15 � 0.10
formula C17H26B2F8N6Pd � CH3CN C23H35AgB3F12N9Pd C30H52Cl14N8O2Pd3S2 C32H54Cl9N8OPd2.5S·H2O
Mr 635.51 912.3 1436.42 1201.96
T [K] 173(2) 173(2) 173(2) 173(2)
crystal system orthorhombic monoclinic monoclinic monoclinic
space group Pnma (no. 62) P21/c (no. 14) P21/c (no. 14) P21/n (no. 14)
unit cell
a [�] 8.5260(7) 13.2455(12) 12.2432(9) 19.0030(12)
b [�] 12.4423(10) 22.5844(17) 11.9193(10) 10.6288(6)
c [�] 24.696(3) 13.3309(10) 36.348(2) 24.0690(18)
a [8] 90 90 90 90
b [8] 90 116.575(6) 95.393(8) 101.050(6)
g [8] 90 90 90 90
V [�3] 2619.8(4) 3566.5(5) 5280.8(7) 4771.3(5)
Z 4 4 4 4
1calcd [gcm�3

] 1.611 1.699 1.807 1.673
m [mm�1] (MoKa) 0.788 1.146 1.836 1.522
no. total/unique reflections 19660/2720 24876/6285 35447/8828 33458/8322
Rint 0.0439 0.0770 0.0757 0.1077
transmission range 0.772–0.821 0.740–0.811 0.480–0.561 0.639–0.878
no. parameters/restraints 179/5 394/8 465/0 495/0
R[a]/Rw[b] 0.0469/0.1286 0.0601/0.1515 0.0740/0.1987 0.0783/0.2087
GOF 1.070 0.948 0.902 0.983
min/max resid density [e ��3] �1.391/1.235 �1.523/1.377 �1.200/3.249 �3.574/3.821

[a] R1 =� j jFO j� jFC j j /� jFO j for all I>2s(I). [b] wR2 = [�w ACHTUNGTRENNUNG(FO
2�FC

2)2/�(w ACHTUNGTRENNUNG(FO
4)]1/2.
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Et2O (80 mL), an orange precipitate appeared that was collected by de-
cantation and dried in vacuo. The crude title product (92 mg, 92 %) was
recrystallized from MeOH/DMSO/Et2O. 1H NMR (360 MHz,
[D6]DMSO): d=7.61 (s, 2H, Himi), 7.51 (s, 2H, Himi) 6.30, 6.22 (2 � AB,
2JHH =12.9 Hz, 2 H, CH2), 5.52 (m, 2H, CHMe2), 1.42 (d, 3JHH =6.6 Hz,
6H, CACHTUNGTRENNUNG(CH3)Me), 1.24 ppm (d, 3JHH =6.9 Hz, 6 H, CH ACHTUNGTRENNUNG(CH3)2); 13C{1H}
NMR (125 MHz, [D6]DMSO): d=156.5 (C-Pd), 122.0, 118.1 (2 � Cimi),
62.3 (CH2), 51.7 (CHMe2), 23.8, 21.8 ppm (2 � CH ACHTUNGTRENNUNG(CH3)2); elemental
analysis calcd (%) for C13H20Cl2N4Pd ACHTUNGTRENNUNG(409.65)·DMSO: C 36.93, H 5.37, N
11.49; found: C: 37.16, H 5.11, N 11.56.

Synthesis of 14 : Using an identical procedure as for the preparation of
13a, saturation of a solution of 8b (40 mg, 0.10 mmol) in MeCN (20 mL)
with gaseous Cl2 for 5 min and subsequent precipitation with Et2O, gave
14 as an orange solid (38 mg, 48%). Recrystallization from MeOH/
DMSO/Et2O afforded an analytically pure sample. 1H NMR (500 MHz,
[D6]DMSO): d= 6.82 (s, 2 H, CH2), 3.77 (s, 6 H, NCH3), 2.89, 2.29 ppm
(2 � s, 6H, Cimi-CH3); 13C{1H} NMR (100 MHz, [D6]DMSO): d =147.0
(Cimi), 128.4 (C-Cl), 116.0 (Cimi), 55.0 (CH2), 33.5 (NCH3), 11.7, 8.4 ppm
(2 � Cimi-CH3); elemental analysis calcd (%) for C30H52Cl14N8O2Pd3S2

(1436.52): C 25.08, H 3.65, N 7.80; found: C: 24.82, H 3.80, N 7.57.

Synthesis of 16 : By using the same procedure as for the preparation of
13a, complex 15 (0.15 g, 0.24 mmol) in MeCN (20 mL) was transformed
in the presence of Cl2 to complex 16, which was isolated as an orange
solid (0.10 g, 50%). Recrystallization of 16 from MeOH/DMSO/Et2O
gave an analytically pure sample of [diimidazolium] ACHTUNGTRENNUNG[PdCl3 ACHTUNGTRENNUNG(DMSO)]2.
1H NMR (360 MHz, [D6]DMSO): d=8.36 (s, 2 H, Him), 6.66 (s, 2 H, CH2),
4.79 (sept, 3JHH =6.7 Hz, 2 H, CHMe2), 2.81 (s, 6H, Cimi-CH3), 1.52 ppm
(d, 3JHH =6.7 Hz, 12H, CH ACHTUNGTRENNUNG(CH3)2); 13C{1H} NMR (100 MHz,
[D6]DMSO): d=142.0, 123.5 (2 � Cimi-C), 111.9 (Cimi-H), 63.2 (CH2), 51.5
(CHMe2), 21.9 (C ACHTUNGTRENNUNG(CH3)2), 10.8 ppm (Cimi-CH3); elemental analysis calcd
(%) for C19H36Cl6N4O2Pd2S2 (842.20): C 27.10, H 4.31, N 6.65; found: C:
27.20, H 4.39, N 6.51.

Crystal structure determinations : Suitable single crystals were mounted
on a Stoe Mark II-Imaging Plate Diffractometer System (Stoe & Cie,
2002) equipped with a graphite monochromator. Data collection was per-
formed using MoKa radiation (l =0.71073 �). All structures were solved
by direct methods using the program SHELXS-97 and refined by full
matrix least squares on F2 with SHELXL-97.[29] All hydrogen atoms were
included in calculated positions and treated as riding atoms using
SHELXL-97 default parameters. All non-hydrogen atoms were refined
anisotropically. For all structures, a semiempirical absorption correction
was applied using MULscanABS as implemented in PLATON03.[30]

Complex 4a cocrystallized with one molecule of CH3NO2, which was
strongly disordered over three positions. Therefore, the SQUEEZE
option in PLATON was used to calculate the accessible void for the sol-
vent in the unit cell. Nevertheless, the solvent was included for final cal-
culations. Crystals of complex 4b contained also half a molecule of Et2O
in the asymmetric unit, and complex 8a cocrystallized with one disor-
dered DMSO molecule. Crystals of complex 8 b also contained one mole-
cule of DMSO in the asymmetric unit, which was disordered over two
positions with occupancies of 0.69(1) and 0.31(1), respectively. In addi-
tion, the crystal was a twin. The principle HKL file was used. There were
approximately 25 % overlapped reflections, which were eliminated from
the HKL file used. Complex 9 contained one half complex cation, one
disordered BF4

� ion, and 1.5 disordered DMSO molecules per asymmet-
ric unit. The asymmetric unit of compound 14 contains two organic dicat-
ions, one [PdCl4]

2� and two [PdCl3 ACHTUNGTRENNUNG(DMSO)]� ions, while 16 contains two
organic dications, 1.5 [PdCl4]

2� and one [PdCl3 ACHTUNGTRENNUNG(DMSO)]� ion, and one
water molecule. Details of data collection and refinement parameters are
collected in Table 2.

CCDC-717906, CCDC-717907, CCDC-717908, CCDC-717909, CCDC-
717910, CCDC-717911, CCDC-717912, CCDC-717913, CCDC-717914
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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On the Electronic Impact of Abnormal
C4-Bonding in N-Heterocyclic
Carbene Complexes

A world of a difference: While the two
diimidazolylidene complexes (see pic-
ture) are structurally identical, they
feature either abnormal C4-bound
(top) or normal C2-bound heterocyclic
carbene ligands. This different carbene
bonding mode has a marked influence
on the stability, reactivity, and catalytic
activity of the coordinated metal. The
approach presented here allows for an
unambiguously differentiation of the
electronic impact of abnormal versus
normal carbene bonding.
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