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Introduction

Nowadays, N-heterocyclic carbenes (NHCs) are ubiquitous
in the literature because of their great applicability in di-
verse catalytic reactions,[1,2] such as cross-coupling reac-
tions,[3–5] olefin metathesis,[6] hydrosilyation,[7] and polymeri-
zation[8] . Biomedical applications based on NHCs are also
being developed.[9,10] Despite their wide use, factors govern-
ing their reactivity are still not fully understood.[11,12] Over
the past few years, our group and others have been focusing
on the development of functionalized NHCs.[13,14] In previ-
ous contributions, we published chelate and nonchelate pal-
ladium complexes[15] as well as their nickel[16] and silver[17]

complexes based on the ligand precursor 1. The monoden-
tate NHC (1’) derived from 1 contains an imidazol-2-ylidene

(unsaturated NHC) moiety. It has been shown that NHC li-
gands based on imidazolin-2-ylidene (saturated NHC) gave
superior coupling activities than the unsaturated ana-
logues,[18] which may be related to the higher donor ability
of the former ligand.[19] For reactions catalyzed by late-tran-
sition-metal complexes, the increased donor ability of the
ligand may play an important role in bond activation. There-
fore, we have been investigating the transition-metal com-
plexes with the saturated carbene ligand (2’) derived from
the ligand precursor 2.

Functionalized NHC ligands have been attracting much
interest.[14,20–22] It has been shown by others[23–26] and our-
selves[27,28] that palladium or nickel complexes with multi-
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dentate ligands containing
NHC and phosphine groups
are effective catalysts for C–C
coupling reactions. The mixed
donor ligand is believed to be
hemilabile; the carbene group
binds to the metal by a strong
s bond, whereas the phosphine
group is labile; vacant coordi-
nation sites are available for
substrates through phosphine
dissociation. Theoretical calcu-
lations by Rçsch et al.[29] have
also shown that a palladium
complex with a bidentate
phosphine/NHC ligand was a
suitable catalyst for Heck reac-
tions; and during the course of
reaction, the Pd�P bond was
reversibly broken. However,
instead of synthesizing multi-
dentate phosphine/carbene li-
gands, the use of monodentate
phosphine co-ligands of differ-
ent electronic and steric prop-
erties should allow fine-tuning
of palladium(II) NHC complexes in a more facile fashion.
An earlier work by Hermann and et al. indicated that [PdI2-ACHTUNGTRENNUNG(NHC) ACHTUNGTRENNUNG(PR3)] is effective in C–C coupling activities.[30]

In this contribution, we report our successful preparation
of a new saturated NHC precursor and a systematic investi-
gation on the ligand properties between the saturated and
the unsaturated NHCs. Notably, we found that the introduc-
tion of bulky, electron-donating PCy3 as the co-ligand cre-
ates a highly electron-rich yet thermally stable cis-[PdCl2-ACHTUNGTRENNUNG(NHC) ACHTUNGTRENNUNG(PR3)] precatalysts that display effective Suzuki cou-
pling activities. In the course of our investigation, we also
noted, in sharp contrast to 1, the high sensitivity of 2 to-
wards water to form ring-opened products. The mechanistic
aspects of this ring-opening reaction is examined with the
help of theoretical calculations.

Results and Discussion

Preparation of ligand precursors : The imidazolium carbene
precursor 1 was previously prepared by us.[15] Scheme 1
shows the synthetic routes for the imidazolinium precursors
2 and 3. The intermediate, 1-benzyl-4,5-dihydroimidazole,
was prepared from the cyclization reaction between triethACHTUNGTRENNUNGyl-ACHTUNGTRENNUNGorthoformate and N-benzylethylenediamine, the latter of
which was obtained easily by refluxing a mixture of 1,2-eth-ACHTUNGTRENNUNGanediamine and benzyl chloride. A simple quaternization re-
action between the dihydroimidazole and 2-chloro-N-
phenyl-acetamide afforded 2 in a pure form in 86 % yield.
The synthetic route for 3 is similar to that for 2. A reaction
between 2-(aminomethyl)pyridine and 2-chloroethylamine

monohydrochloride under basic conditions afforded N’-(pyr-
idin-2-ylmethyl)ethane-1,2-diamine,[31] which was then treat-
ed with triethylorthoformate to produce 2-(4,5-dihydro-1H-
imidazol-1-yl)methyl-pyridine. A similar quaternization re-
action between the dihydroimidazole and benzyl chloride
gave the imidazolinium salt 3 in 72 % yield.

A comparison of the 13C{1H} NMR spectra between 1 and
2 reveals an interesting aspect. The NCN signal in 1 reso-
nates at d=138.0 ppm, whereas the corresponding signal in
2 resonates at d=161.1 ppm. A search of the literature indi-
cates that the downfield shift of the C2 resonance from imi-
dazolium to imidazolinium compounds is a general phenom-
enon.[32,33] For example, Plenio et al. reported the 13C NMR
spectroscopic data for N,N’-bis(2,6-dimethyl-4-diethylamino-
phenyl)imidazolium chloride and N,N’-bis(2,6-dimethyl-4-di-
ethylaminophenyl)imidazolinium chloride.[33] The C2 carbon
atom of the former compound resonates at d= 139.2 ppm,
whereas the corresponding signal for the latter compound
was observed at d=160.8 ppm. Intriguingly, the drastic
downfield shift of d=23.1 ppm for the C2 carbon atom may
correlate with the difference in reactivity between 1 and 2
towards ring-opening reactions (vide infra). The NCN signal
in 3 also resonates at a similar downfield chemical shift of
d= 159.4 ppm.

Unlike common monodentate NHC ligands bearing bulky
N-substituents,[5,6] the monodentate carbene ligands derived
from 1 and 2 contain amido functionalities that display ap-
parent tolerance under the catalytic conditions (vide infra),
demonstrating the potential modifications of the NHC li-
gands for catalyst immobilization on solid support or nano-
particles.[34,35] The carbene ligand derived from 3 contains a

Scheme 1.
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picolyl functionality that we hoped to utilize for trapping
the decomposed product by metal coordination (vide infra).

Heterocyclic ring-opened products and their palladium com-
plexes : As shown in Scheme 2, palladium complexes 4 (cis
and trans) have been prepared by us from the ligand precur-

sor 1.[15] Under the same reaction conditions with K2CO3 in
routinely dried DMF, we hoped to prepare analogous palla-
dium complexes 4 A from 2. However, unlike the reaction
between 1 and PdCl2 that cleanly affords cis- and trans-4,
the corresponding reaction gave a complex mixture of prod-
ucts. The messy 1H NMR spectrum of the mixture, featuring
complex signals in the aliphatic region of d=2.2–4.8 ppm in-
dicates the occurrence of ligand degradation. Efforts were
made to seek suitable complexation conditions by using dif-
ferent bases and solvents. Upon using sodium acetate as the
base in wet acetonitrile, a solid that gave a relatively cleaner
1H NMR spectrum was obtained (Scheme 3). The spectrum
consisted of a downfield signal at approximately d=

10.0 ppm and a broad signal at approximately d= 4.9 ppm.
A small amount of crystals were successfully prepared and
after subsequent structural determination, these signals can
be assigned to the aldehyde and amine protons, respectively.

The structure of compound 5 was revealed by X-ray crys-
tallography (Table 1, Figure 1). Pd1 is in a square-planar co-
ordination environment with two trans organic ligands and
two trans chloride ligands. The organic ligands are bound to
the metal through secondary-amine moieties. The N-formyl
group present on the ligand indicates that it is a ring-opened
product of the imidazolinium salt 2. No such ring-opened

product or its palladium complex were ever observed with
the imidazolium salt 1.[15]

To explain the ring-opening reaction leading to the forma-
tion of 5, two possible pathways were proposed (Scheme 4).
For pathway A, the residual moisture in the solvent can
react with sodium acetate to generate hydroxide ions. Since

the C2 carbon atom in 2 is
quite electrophilic as revealed
by its downfield 13C resonance
(vide supra), it can be attacked
readily by the hydroxide ion
leading to a mixture of ring-
opened products. The ring-
opened product B was eventu-
ally trapped by PdCl2 to form
5. In contrast, the imidazolium
salt 1 is less vulnerable to such
a reaction because its corre-
sponding C2 carbon atom is
much less electrophilic as indi-
cated by its more upfield spec-
troscopic resonance. Conse-

quently, instead of nucleophilic attack, the acidic proton on
the C2 carbon atom will be deprotonated, leading to a car-
bene species that is then trapped by PdCl2 to form the palla-
dium carbene complex 4.[15] For pathway B, the proton on
the C2 carbon atom was initially deprotonated by base. The

transient carbene species was,
however, reacted with water
and subsequently formed the
ring-opened product B. In con-
trast, the reaction of the car-
bene derived from 1 with
water is less favorable. The
contrasting activities displayed
between the saturated and un-

Scheme 2.

Scheme 3.

Table 1. Crystallographic data for compounds 5 and 6.

Compound 5 6

empirical formula C36H42Cl2N6O4Pd C16H19Cl2N3OPd
Fw 800.06 446.64
crystal system orthorhombic monoclinic
space group Pna21 P21/c
a [�] 19.9958(7) 8.0280(5)
b [�] 8.2203(3) 8.5842(5)
c [�] 22.2150(8) 24.7086(16)
a [8] 90 90
b [8] 90 96.797(3)
g [8] 90 90
V [�3] 3651.5(2) 1690.80(18)
Dc [mg m�3] 1.455 1.755
T [K] 150(2) 150(2)
Z 4 4
no. of unique data 9418 3499
no. of parameters refined 443 208
R1

[a] [I>2sI] 0.0440 0.0458
wR2

[b] (all data) 0.0900 0.0987

[a] R1 =�(jjFoj�jFc j j )/� jFo j . [b] wR2 = [�(jFoj2�jFc j 2)2/� ACHTUNGTRENNUNG(Fo
2)]1/2.
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saturated compounds is fully supported by our theoretical
calculations (vide infra).

In fact, the opening of the imidazole ring forming the N-
formyl product is a common phenomenon in biological pro-
cesses,[36–39] such as DNA damage. Even though NHCs based
on the imidazolin-2-ylidene moiety are commonly employed
ligands, reports on their hydrolysis are lacking.[40] Denk

et al. has structurally characterized a relevant ring-opened
product, N-formyl-N,N’-di-tert-butylethylenediamine from
1,3-di-tert-butylimidazolin-2-ylidene.[40] Ring-opening reac-
tions of NHCs has also been observed by Grubbs et al. on a
saturated carbene nickel complex.[41] The cleavage is, howev-
er, carried out by means of an intramolecular attack by a
phenyl group on the coordinated carbene.

Since only a low yield of 5 among other ring-opened
products was obtained from 2, we decided to investigate a
related ring-opening reaction by using the imidazolinium
salt 3. Our hope is based on the coordination ability of the
pyridine group in 3, such that after decomposition, stable
chelate complexes of palladium can be obtained and, hence,
a higher yield of a single ring-opened product favored.
Under similar complexation conditions, however, we ob-
tained a mixture of products according to 1H NMR spectros-
copy. Attempts to separate the mixture were unsuccessful.
However, small amounts of crystals were also successfully
obtained out of this mixture. Structural analysis confirmed
that the compound formed, 6, is a palladium complex featur-
ing a ring-opened product from 3 (Figure 2). Unlike 5, the
ligand is, as anticipated, chelated in a bidentate fashion by
the secondary amine and pyridyl functionalities.

Preparation of mixed phosphine/carbene palladium com-
plexes : Due to the difficulty in obtaining complex 4 A for
comparative studies with complex 4 (Scheme 2), we ex-
plored several conditions and found that mixed phosphine/
carbene palladium complexes featuring different combina-
tions of NHC ligands (saturated vs. unsaturated) and phos-
phine ligands (PPh3 vs. PCy3) can be obtained in a much
easier fashion. Amid low yields, treatment of imidazolium
and imidazolinium salts 1–3 with PdCl2 in the presence of
potassium hexamethyldisilazane (KHMDS)[42] and PPh3 in
acetonitrile allowed us to obtain pure mixed cis PPh3/car-
bene palladium complexes 8, 9, and 7, respectively,
(Schemes 5 and 6). The use of the sterically hindered strong
base KHMDS in the generation of NHCs has been docu-
mented.[43–45] The new complexes are air and moisture stable
and poorly dissolve in common organic solvents. All the
NMR spectra of 7–9 contain sharp signals. The successful

Figure 1. Molecular structure of complex 5. Thermal ellipsoids are given
at the 50 % probability level. Selected bond distances [�]: Pd1�Cl1,
2.2975(10); Pd1�Cl2, 2.3007(10); Pd1�N4, 2.057(3); Pd1�N5, 2.056(3);
selected bond angles [8]: N4-Pd1-Cl1, 88.69(10); N4-Pd1-Cl2, 91.10(10);
N5-Pd1-Cl2, 89.63(10); N5-Pd1-Cl1, 90.58(10); N4-Pd1-N5, 179.26(15);
Cl1-Pd1-Cl2, 179.58(5).

Scheme 4.

Figure 2. Molecular structure of complex 6. Thermal ellipsoids are given
at the 50% probability level. Selected bond distances [�]: Pd1�N1,
2.020(4); Pd1�N2, 2.032(4); Pd1�Cl1, 2.2903(14); Pd1�Cl2, 2.2984(13);
selected bond angles [8]: N1-Pd1-Cl2, 94.53(12); N1-Pd1-N2, 82.15(17);
Cl1-Pd1-Cl2, 92.49(5); Cl1-Pd1-N2, 90.84(12); N1-Pd1-Cl1, 172.97(12);
N2-Pd1-Cl2, 175.35(12).
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formation of 7–9 is indicated by the disappearance of the
signal due to the proton upon the C2 carbon atom and the
downfield coordination shift of the PPh3 signal (for example,
from ca. d=�6 ppm in the free ligand to ca. d=28 ppm in
7). The downfield NH signals at approximately d= 10–
11 ppm in 8 and 9 indicate that the ligands are coordinated
in a monodentate fashion. Intriguingly, the carbene carbon
atom signals in 7 and 9 resonate at approximately d=

190 ppm, that is very downfield relative to those of unsatu-
rated carbene palladium complexes. The carbene carbon
atom in 8 with the unsaturated NHC resonates d= 30 ppm
more upfield at d=160 ppm (vide infra) and in the trans-
pyridine dichloride palladium complex with the same unsa-
turated ligand d= 39 ppm more upfield at approximately
d= 151 ppm.[15] Similar to the situation of the ligand precur-
sors described above, the more downfield carbene carbon
atom in saturated carbene complexes indicates that the car-
bene carbon atom is much more electrophilic, such that in-
tramolecular nucleophilic attack might occur readily.[41] No-
ticeably, these carbene signals are all singlets; the zero 2J
coupling constants strongly indicate that they are cis com-

plexes, which was confirmed subsequently by X-ray structur-
al studies.

The PCy3/carbene palladium complexes 10 and 11 were
readily prepared by ligand substitution reactions with 8 and
9 by PCy3, respectively. All the NMR spectroscopic signals
are also sharp. The successful formation of 10 and 11 was
clearly indicated by the downfield shift of the 31P NMR
spectroscopic signals. For example, the 31P NMR signal shifts
from d= 27.6 in 9 to 49.4 ppm in 11. Similar to their parent
compounds, the carbene resonances are all singlets, which
also implies the formation of cis complexes. The carbene
carbon atom in 10 resonates at d=164.1 ppm, whereas that
in 11 resonates d= 30 ppm more downfield at 194.1 ppm.
Both complexes exhibit poor solubility in common organic
solvents. The solubility of 10 in polar solvents is slightly
better than that of 11.

The behavior of 8–11 in solution is in sharp contrast to
that of [PdI2ACHTUNGTRENNUNG(NHC)ACHTUNGTRENNUNG(PR3)], which exhibits a cis/trans isomer-
ization in solution.[30] They appear to be rigid in solution as
only sharp signals are observed in all their spectra and
signal broadening is not observed according to a variable-
temperature NMR spectroscopic study. Subsequent DFT
calculations indicated that these compounds are cis isomers
in polar solvents (vide infra). All 1H and 13C{1H} NMR spec-
troscopic assignments of the complexes have been con-
firmed by HMBC spectra (see the Supporting Information
for an example).

Structural analyses of mixed phosphine/carbene palladium
complexes : The structures of 7–11 were unambiguously de-
termined by X-ray crystallography (Table 2, Figures 3–7).
Each of these complexes contains a monodentate NHC and
a phosphine ligand; the palladium center adopts closely a
square-planar coordination geometry with the two ligands
coordinating in a cis fashion. There are several examples of
cis PPh3/carbene PdII complexes in the literature.[46–49] Exam-
ples of trans phosphine/carbene Pd0[50] and PdII[30] complexes
are also known. However, cis PCy3/carbene PdII complexes,
such as 10 and 11 are unprecedented in the literature. De-
spite the large differences in the electronic properties be-
tween PPh3 and PCy3, the Pd–carbene distances in 7–11
span a narrow range of d=1.960–1.980 �. A related cis
PPh3/carbene Pd complex has a Pd–carbene distance of
1.981(2) �.[46] Notably, the structure 8 contains two inde-
pendent molecules in an asymmetric unit. The two Pd–car-
bene distances (1.960(3) and 1.973(2) �) vary slightly. The
Pd–phosphine distances are also in a narrow range (2.258–
2.269 �) with the Pd�PPh3 bonds in 8 and 9 slightly shorter
than the Pd�PCy3 bonds in 10 and 11. Except in 7, the Pd�
Cl bonds trans to the phosphine atoms are generally longer
than those trans to the carbene moieties, which indicates the
higher trans influence exerted by the phosphine relative to
the carbene groups in 8–11. This is surprising for 8 and 9
since PPh3 is believed to be a weaker donor than NHC.

The steric effect of phosphine ligands (PCy3 vs. PPh3) on
the cis coordination of the carbene ligands are carefully ex-
amined. As expected, the steric bulk of PPh3 in 7–8 imposes

Scheme 5.

Scheme 6.
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no significant steric hindrance on the adjacent NHC ligands
as suggested by the aC-Pd-P angles being close to the ideal
908. The angles are 91.72(10) in 7, 92.59(7) and 90.21(7) in
8, and 93.658 in 9. Contrastingly, a large steric hindrance im-
posed by the cis disposition of the bulky PCy3 ligand and
the NHC ligand exists in 10 and 11. There is a pronounced
expansion of aC-Pd-P from the ideal 90 to 98.16(6)8 in 11.
The structure of 10 is isomorphous to that of 11. Unlike the
structure of 11, there are two orientations for the disordered
imidazole ring in 10. The site for C10 is shared between the
two orientations. The aC-Pd-P of 97.42(9)8 in 10 is similar
to that in 11, which indicates a similar level of steric crowd-
ing between the carbene and the PCy3 ligands. But the two
different possible orientations for the unsaturated ring in 10
suggests a higher degree of freedom for the ligand, which is
consistent with the smaller steric bulkiness of the unsaturat-
ed relative to the saturated carbene.[19] The effect of the

Table 2. Crystallographic data for compounds 7–11.

Compound 7 8 9 10 11

empirical formula C34H32Cl2N3PPd C36H32Cl2N3OP Pd C36H34Cl2N3OPPd·CHCl3 C36H50Cl2N3OPPd C36H52Cl2N3OPPd
Fw 690.90 730.92 852.30 749.06 751.08
crystal system monoclinic triclinic triclinic triclinic triclinic
space group P21/n P1̄ P1̄ P1̄ P1̄
a [�] 11.5605(10) 9.3137(7) 9.6182(3) 9.6321(4) 9.4734(6)
b [�] 18.4609(16) 13.7827(11) 13.3049(5) 14.0027(5) 14.0152(8)
c [�] 14.9203(13) 25.6578(19) 15.0616(5) 14.3449(6) 14.4231(9)
a [8] 90 79.7670(10) 76.470(2) 98.303(2) 97.930(2)
b [8] 104.207(2) 84.039(2) 82.146(2) 107.497(2) 107.519(2)
g [8] 90 84.7470(10) 85.054(2) 104.217(2) 103.743(2)
V [�3] 3086.9(5) 3214.7(4) 1853.41(11) 1738.19(12) 1727.92(18)
Dc [mg m�3] 1.487 1.510 1.527 1.431 1.444
T [K] 150(2) 150(2) 150(2) 150(2) 150(2)
Z 4 4 2 2 2
no. of unique data 7970 16 604 9477 10 047 8848
no. of parameters refined 379 793 481 425 397
R1

[a] [I>2sI] 0.0442 0.0365 0.0502 0.0434 0.0322
wR2

[b] (all data) 0.1145 0.0786 0.1142 0.0986 0.0832

[a] R1 =�(jjFoj�jFc j j )/� jFo j . [b] wR2 = [�(jFoj2�jFc j 2)2/� ACHTUNGTRENNUNG(Fo
2)]1/2.

Figure 3. Molecular structure of complex 7. Thermal ellipsoids are given
at the 50 % probability level. The picolyl group is disordered with two
different orientations. Only the major orientation (occupancy factor =

64%) is shown. Selected bond distances [�]: Pd1�C1, 1.977(4); Pd1�P1,
2.2625(9); Pd1�Cl1, 2.3649(8); Pd1�Cl2, 2.3504(9); C2�C3, 1.491(8); se-
lected bond angles [8]: C1-Pd1-P1, 91.72(10); C1-Pd1-Cl2, 86.79(10); P1-
Pd1-Cl1, 89.82(3); Cl1-Pd1-Cl2, 91.91(3); C1-Pd1-Cl1, 176.39(13); P1-
Pd1-Cl2, 175.53(4).

Figure 4. Molecular structure of complex 8. Thermal ellipsoids are given
at the 50 % probability level. Only one of the independent molecules in
an asymmetric unit is shown (the other molecule is shown in the Support-
ing Information). Selected bond distances [�]: Pd1�C1, 1.973(2); Pd1�
P1, 2.2572(6); Pd1�Cl1, 2.3583(6); Pd1�Cl2, 2.3459(6); C9�C10, 1.344(3);
selected bond angles [8]: C1-Pd1-P1, 92.59(7); C1-Pd1-Cl1, 87.03(7); P1-
Pd1-Cl2, 89.68(2); Cl1-Pd1-Cl2, 90.60(2); C1-Pd1-Cl2, 176.41(7); P1-Pd1-
Cl1, 177.92(2).

Figure 5. Molecular structure of complex 9. Thermal ellipsoids are given
at the 50% probability level. Selected bond distances [�]: Pd1�C1,
1.980(4); Pd1�P1, 2.2577(10); Pd1�Cl1, 2.3357(10); Pd1�Cl2, 2.3526(10);
C2�C3, 1.523(6); selected bond angles [8]: C1-Pd1-P1, 93.65(10); C1-Pd1-
Cl2, 83.36(10); P1-Pd1-Cl1, 89.49(4); Cl1-Pd1-Cl2, 90.49(3); C1-Pd1-Cl1,
175.83(11); P1-Pd1-Cl2, 179.79(4).
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steric bulkiness from the cis site on the carbene coordina-
tion in 7–11 can be collectively visualized in Figure 8. It
clearly illustrates the flexibility of the carbene ligands in ac-
commodating the steric change around the Pd center. With
the bulky PCy3 ligand, the NHC ligands are tilted signifi-
cantly to release the steric strain. Because of the steric hin-
drance in 10 and 11, it is quite surprising that the cis instead
of the trans complexes are prevailing. Another noticeable
feature is the puckering of the saturated ring in 11, whereas
the rings in 7 and 9 are more planar; the N1-C7-C8-C10 unit
in 11 is pyramidal with the N1 atom 0.244(2) � out of the
plane of the three carbon atoms.

Electronic aspect probed by X-ray photoelectron spectros-
copy (XPS): Complexes 8–11 feature different combinations
of NHC ligands (saturated vs. unsaturated) and phosphine

ligands (PPh3 vs. PCy3). We tried to probe the donating
properties of each set of ligand combinations in 8–11 by X-
ray photoelectron spectroscopic studies. Markedly for 8–11,
the binding energies of Pd electrons in the core 3d3/2 and
3d5/2 orbitals are about 343 and 337 eV, respectively, which
are exceptionally low. For comparison, the corresponding
binding energies in PdII complexes with a bidentate carbene
of abnormal binding are much higher at approximately
348.0 and 342.6 eV.[51] In fact, the binding energies for the
new PdII complexes are very close to those of 340.5 and
335.1 eV in Pd0.[52] The low electron binding in 8–11 indi-
cates that their PdII centers are highly electron-rich due to
the very strong electron-donating nature of the phosphine/
carbene ligand set. The order of the binding energies for the
3d5/2 electron follows the order 8 (336.937 eV)>9
(336.818 eV)>10 (336.735 eV)>11 (336.721 eV) (Figure 9),
reflecting that 8 with PPh3 and the unsaturated NHC ligand
is the least electron-rich complex. A comparison of the bind-
ing energies in 8 and 9 shows that the saturated NHC is
more electron donating than the unsaturated carbene
ligand. The difference, however, becomes less pronounced
in the electron-rich complexes 10 and 11 containing the
strong donating PCy3 ligand.

Computational studies : There is a higher propensity of 2 to
undergo a ring-opening reaction than its unsaturated ana-
logue 1 (Scheme 4). The more electrophilic nature of the C2

Figure 6. Molecular structure of complex 10 showing two orientations of
the imidazole ring. Thermal ellipsoids are given at the 50 % probability
level. Selected bond distances [�]: Pd1�C10, 1.976(3); Pd1�P1,
2.2692(7); Pd1�Cl1, 2.3691(7); Pd1�Cl2, 2.3532(7); C8�C9, 1.336(8); se-
lected bond angles [8]: C10-Pd1-P1, 97.42(9); P1-Pd1-Cl2, 91.08(2); C10-
Pd1-Cl1, 80.88(10); Cl1-Pd1-Cl2, 90.73(3); C10-Pd1-Cl2, 170.80(9); P1-
Pd1-Cl1, 177.64(3).

Figure 7. Molecular structure of complex 11. Thermal ellipsoids are given
at the 50% probability level. Selected bond distances [�]: Pd1�C10,
1.975(2); Pd1�P1, 2.2671(6); Pd1�Cl1, 2.3737(5); Pd1�Cl2, 2.3620(6);
C8�C9, 1.511(3); selected bond angles [8]: C10-Pd1-P1, 98.16(6); P1-Pd1-
Cl2, 91.24(2); C10-Pd1-Cl1, 79.10(6); Cl1-Pd1-Cl2, 91.65(2); C10-Pd1-
Cl2, 169.92(6); P1-Pd1-Cl1, 176.32(2).

Figure 8. Ball and stick representations of 7 and 9–11 illustrating the
severe distortion of the heterocyclic ring in 10 and 11. The N-substitu-
tions were removed for clarity.
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carbon atom in 2 as indicated by 13C{1H} NMR spectroscopy
may explain the difference. More evidence for this trend
was obtained from theoretical calculations. Natural bond-or-
bital analysis by using the B3LYP method was applied for
this purpose. Indeed, the natural charge on the NCN carbon
atom of 2 was computed to be 0.352, which is higher than
that of 0.266 on 1. For pathway B, the natural charges on
the carbenic carbon atom on 2’ are also higher and about
two times that of 1’ (0.170 vs. 0.084), reflecting the higher
vulnerability of 2’ to be attacked by H2O. Moreover, the
higher tendency of 2 to undergo ring-opening reactions is
clearly reflected from the thermodynamics (Scheme 7). The
transient carbene 2’ reacts with H2O to form A with a DH
of �35.2 kcal mol�1, that is, approximately 2.9 kcal mol�1

more negative than the corresponding reaction with the car-
bene 1’. The difference in the DH values becomes even
more obvious in the presence of PdCl2. The DH of
�114.2 kcal mol�1 for the formation of 5 is about 1.5 times
that of the corresponding reaction from the unsaturated car-
bene.

Intriguingly, only the cis complexes were observed for 7–
11, despite the fact that considerable steric hindrance exists
in these isomers, especially for 10 and 11. Therefore, we
sought to determine the relative energies between the cis
and trans isomers by computational studies with the B3LYP
functional. In contrast to our experimental findings, the gas-
phase computations showed that the trans complexes 8’, 9’,
10’, and 11’ (see Figure 3S in the Supporting Information)
are more stable than their cis counterparts by 0.8, 1.1, 12.6,
and 6.1 kcal mol�1, respectively. Since polar solvents (aceto-
nitrile and dichloromethane) were used for the preparation
of these compounds, solvent effects may play a vital role in
the predominant formation of the cis complexes.[16] The sol-
vation effects might favor the more polar cis isomers (the
dipole moments of 8, 9, 10, and 11 are 9.98, 10.69, 11.92, and
11.09 D, whereas the corresponding trans complexes are
only 2.84, 2.39, 4.03, and 1.62 D, respectively). Therefore,
the solvation effects of compounds in acetonitrile are includ-
ed by using the CPCM model.[53] We found indeed that the
cis complexes become more stable than their trans counter-
parts by 4.6, 10.4, 4.2, and 7.3 kcal mol�1, respectively.

Even though complex 4 A was not achieved under our ex-
perimental conditions, we did a DFT calculation by using
the B3LYP density functional to understand the difference
between the binding energies of carbenes 1’ and 2’ for the
formation of their corresponding bis-chelate complexes. The
�DH values for 1’ to form cis- and trans-4 are found to be
15.9 and 17.3 kcal mol�1, respectively. Surprisingly, the �DH
values for the saturated 2’ to form cis- and trans-4 A are ap-
proximately 0.3 and 1.1 kcal mol�1 smaller (15.6 and
16.2 kcal mol�1), which indicates that, in contrast to our XPS
findings, the unsaturated carbene binds to PdII even better
than the saturated analogue. In fact, it has been reported
that the difference in experimental enthalpies between satu-
rated and unsaturated carbenes in metal binding is quite
small.[19] For example, the difference in bond dissociation
energies between IMes and SIMes is also approximately
+1 kcal mol�1. In the case of IPr and sIPr, the former ligand

binds even better than the sa-
turated analogue.[19] The lower
�DH value for the formation
of cis complexes can be attrib-
uted to steric reasons.

Thermal stability : For catalytic
applications, high stability of
the precatalyst towards air,
moisture, and heat are desira-
ble characteristics. The ques-
tion as to whether the highly
electron-rich compounds 8–11,
especially those containing the
electron-rich PCy3, are ther-
mally stable or not needs to be
addressed. As an illustrative
example, a [D7]DMF solution
of 10 was prepared in air and a

Figure 9. XPS spectra (3d level) of 8–11.

Scheme 7.
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variable-temperature 31P{1H} NMR spectroscopic study was
performed. On heating up to 80 8C, the singlet at d=

46.0 ppm remained intact with no new peak observed, which
indicated the stability of the cis complex. This result is in
contrast to that reported for [PdI2ACHTUNGTRENNUNG(NHC)ACHTUNGTRENNUNG(PR3)], which ex-
hibits cis/trans isomerization exchange and ligand exchange
equilibrium as well.[30] The latter process produced bis(phos-
phine) palladium and bis ACHTUNGTRENNUNG(NHC) palladium species in the so-
lution.[30] In addition, thermal gravimetric analyses (TGA)
on solid samples of 8–11 under N2 were performed, which
indicated that all the complexes are highly stable
(Figure 10). Their onset temperatures of decomposition are
in the range of 272–300 8C.

Catalytic studies : The palladium(II) complexes were tested
in benchmark Suzuki coupling reactions of aryl halides with
phenylboronic acid (Table 3). While all complexes deliver

excellent coupling activities with aryl bromides as substrates,
entries 1–4 indicate that only the PCy3 complexes 10 and 11
can effectively catalyze the reactions with unreactive aryl
chlorides as substrates. Quantitative yields of 4-acetobiphen-
yl can be achieved with a mere 1 mol% catalyst loading in
2 h. Complexes 10 and 11 were also efficient in utilizing un-
reactive electron-neutral 4-chlorotoluene (entries 5 and 6).
A comparison of the time/yield characteristics of 10 and 11
indicates that the unsaturated and saturated carbene com-
plexes deliver the same level of activities (see also Figure S4
in the Supporting Information). Both complexes afford good
yields of 4-phenyltoluene (ca. 80 %) with a 2 mol% of cata-
lyst loading in approximately 6 h. The two complexes are
also effective in delivering good coupling activities with the
highly unreactive 4-chloroanisole (entries 7 and 8). Their ac-
tivities are higher than those reported for [PdI2 ACHTUNGTRENNUNG(NHC) ACHTUNGTRENNUNG(PR3)]
by Herrmann et al. , in which a higher temperature and a
longer reaction time were required.[30] Notably, the dangling
N-amido functionality on the ligand shows tolerance under
the catalytic conditions, which allows future immobilization
of catalyst on solid supports.[54–56]

To probe the possible catalytic species responsible for the
activity, we performed catalytic runs in which two equiva-
lents of PR3 (with respect to the catalyst) were added initial-
ly (Table 4). In comparison with the control run (entry 1),

excess PR3 slowed down the catalytic reactions prominently
(entries 2 and 3), which reflects the involvement of phos-
phine dissociation for the formation of an active homogene-
ous (NHC)–Pd0 species.[4,23, 50,57] The higher activities of the
PCy3/carbene complexes relative to the PPh3/carbene com-
plexes can be attributed to the faster de-coordination of the
labile PCy3 ligand and facile formation of Pd0 species due to
the more electron-rich nature of the PdII centers. After the
formation of the active (NHC)–Pd0 complex, the addition of
PPh3 gives only a slightly lower yield (entry 4).

It is unlikely that the catalytic system involves a heteroge-
neous nanocluster Pd0 as the active catalyst.[58] It has been
demonstrated that if less than one equivalent of the added
ligand (per metal atom) poisons the catalyst completely,
then it is highly suggestive of a heterogeneous catalyst.[59]

Since complex 11 contains one equivalent of PCy3, if the

Figure 10. The high thermal stability of 10 displayed by TGA analysis.

Table 3. Suzuki coupling with aryl chlorides.[a]

Entry Cat. mol % R t [h] Yield [%]

1 8 1 COMe 2 8
2 9 1 COMe 2 4
3 10 1 COMe 2 100
4 11 1 COMe 2 100 (90)[b]

5 10 2 Me 0.5 30
2 Me 1 67
2 Me 2 78
2 Me 4 81
2 Me 6 81
2 Me 12 82

6 11 2 Me 0.5 56
2 Me 1 62
2 Me 2 75
2 Me 4 77
2 Me 6 79
2 Me 12 80

7 10 3 OMe 12 83
8 11 3 OMe 12 79

[a] Reaction conditions: aryl chloride (1 mmol), of PhB(OH)2

(1.5 mmol), Cs2CO3 as base (2.0 mmol), catalyst (1–3 mol %), 1,4-dioxane
(3 mL), 80 8C, GC yield. [b] Isolated yield.

Table 4. The effect of excess PR3 and Hg0 on the Suzuki coupling.[a]

Entry PR3 or Hg mol % t [h] Yield [%]

1 – – 4 75
2 PPh3 4 4 2[b]

3 PCy3 4 4 20[b]

4 PPh3 4 4 60[c]

5 Hg0 600 4 0[b]

6 Hg0 600 4 64[c]

[a] Reaction conditions: aryl chloride (1 mmol), PhB(OH)2 (1.5 mmol),
Cs2CO3 as base (2.0 mmol), catalyst (2 mol %), PR3 (0–4 mol %), 1,4-di-
oxane (3 mL), 80 8C, GC yield. [b] Initial addition of PR3 or Hg0. [c] Ad-
dition of PR3 or Hg0 after 15 min at 80 8C.
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active nanocluster Pd0 is formed during the reaction, the dis-
sociated PCy3 in the vessel should suppress its catalytic ac-
tivity. Moreover, the mercury test is a facile way to distin-
guish homogeneous, single-metal-complex catalysts from
nanocluster or colloid catalysts.[59,60] Entry 5 shows that the
initial addition of excess Hg0 stopped the catalytic reaction,
possibly due to the reaction of Hg0 with the PdII complex
11.[61] If excess Hg0 was added after 15 minutes, allowing the
formation of the active species, an overall yield of 64 % can
still be obtained (entry 6). This result strongly indicates the
significant role of a homogenous (NHC)–Pd0 complex,
rather than a heterogeneous Pd0 as the active catalyst.

Complexes 10 and 11 contain the bulky PCy3 ligand and
its dissociation to generate {Pd0 ACHTUNGTRENNUNG(NHC)} species should allow
coordination of bulky substrates. Therefore, we also tested
8–11 in the coupling activities with sterically demanding 2-
meth ACHTUNGTRENNUNGoxy ACHTUNGTRENNUNGphenylboronic acid and 2,4-methoxyphenyboronic
acid (Table 5). In general, excellent yields of mono-ortho-
substituted biaryl products can be achieved with 8–11 (en-
tries 1–5). With the highly sterically demanding 2,4-meth-
oxyphenyboronic acid as the substrate, a higher catalyst
loading of 3 mol % is required to produce a much lower
yield of 20 % (entries 6).

For the production of fine chemicals by using palladium-
catalyzed reactions, the amount of Pd metal remaining in
the biphenyl product is an important concern. The content
of Pd0 in the products from entry 4 in Table 3 prior to and
after purification with column chromatography were 777.5
and 57.16 ppm, respectively, as determined by ICP-MS.

Conclusion

While homoleptic palladium complex 4 was easily obtained,
the difficulty to obtain the corresponding saturated carbene
analogue 4 A can be related to a facile ring-opening reaction
even with a trace amount of moisture. Two palladium com-
plexes with the ring-opened products were structurally char-
acterized. The higher vulnerability of imidazolinium salt 2
than imidazolium salt 1 to ring-opening reactions is, as

shown by the theoretical calculations, related to the more
electropositive C2 carbon atom in 2 or 2’, which facilities
the nucleophilic attack by water.

The cis phosphine/carbene palladium(II) complexes 8–11
can be easily prepared from 1 and 2. The XPS study shows
that these complexes are highly electron rich. The binding
energies of the core 3d electrons are close to that of Pd0.
Despite the electron-rich nature of these complexes, TGA
analysis indicated that they are of high thermal stability (ca.
272–300 8C). As an alternative to the existing systems of
[PdCl ACHTUNGTRENNUNG(allyl) ACHTUNGTRENNUNG(NHC)][18] and [PdCl2(3-chloropyridine)-ACHTUNGTRENNUNG(NHC)],[62] cis-[PdCl2ACHTUNGTRENNUNG(NHC) ACHTUNGTRENNUNG(PCy3)] represents a viable PdII

precatalyst that delivers competent coupling activities. Un-
reactive aryl halides can be applied as substrates. The higher
activities of PCy3/carbene complexes than the PPh3/carbene
complexes can be attributed to the faster dissociation of
labile PCy3 and the facile formation of an active {Pd0ACHTUNGTRENNUNG(NHC)}
species from the more electron-rich PdII precatalysts. The sa-
turated and unsaturated carbene complexes show no differ-
ence in activities. As revealed by structural studies, the car-
bene ligand derived from 1 and 2 can accommodate steric
bulkiness in their vicinity. Correspondingly, 10 and 11 exhib-
it coupling activities with bulky substrates albeit with inferi-
or yields. Further tuning of the N-substitutions on the car-
bene ligands is under investigation.

Experimental Section

General : All reactions were performed under a dry nitrogen atmosphere
by using standard Schlenk techniques.[63] All solvents used were purified
according to standard procedures. Commercially available chemicals
were purchased from Aldrich or Acros. 1H and 13C{1H} NMR spectra
were generally recorded at 300.13 and 75.48 MHz, respectively, on a
Bruker AV-300 spectrometer. The 13C{1H} NMR spectrum of 11, because
of its limited solubility, was collected at 150.87 MHz on a Varian Inova
600 spectrometer at the Instrument Center of National Chung Hsing
University. 31P{1H} NMR spectra were recorded at 121.49 MHz. Chemical
shifts for 1H and 13C spectra were recorded in ppm relative to the residu-
al proton of CDCl3 (1H: d =7.24, 13C: 77.0 ppm), CD2Cl2 (1H: d =5.32,
13C: 53.8 ppm), and [D6]DMSO (1H: d= 2.50, 13C: 39.5 ppm). Elemental
analyses, HRMS, and ESMS were performed on a Heraeus CHN-OS-
Rapid elemental analyzer, a Finnigan/Thermo Quest MAT 95XL mass
spectrometer, and a Finnigan/Thermo TSQ Quantum triple quadrupole
mass spectrometer, respectively, at the Instrument Center of the National
Chung Hsing University (Taiwan). Inductively coupled plasma-mass spec-
trometry (ICP-MS) was performed on a Perkin–Elmer SCIEX ELAN
5000 instrument at the Instrument Center of the National Tsing Hua
University (Taiwan). GC analyses were performed on a Varian CP3800
GC system with a CP-Sil 5CB fused silica column (length: 30 mm, ID:
0.32 mm, film thickness: 1 mm). The syntheses of imidazolium salt 1 was
carried out according to a literature procedure.[15] X-ray photoelectron
spectroscopy was performed on a ESCA PHI 1600 system by using MgKa

radiation (hn=1253.6 eV) at the National Tsing Hua University. Cyclic
voltammograms were recorded on a CHI 611C electrochemical analyzer.

Synthesis of 2 : A mixture of 1-benzyl-1H-imidazole (2.81 g, 17.8 mmol)
and 2-chloro-N-phenyl-acetamide (3.01 g, 17.8 mmol) in THF (40 mL)
was refluxed at 75 8C for 2 days. After cooling, the white solid was fil-
tered, washed with THF twice, and then dried under vacuum. Yield:
5.01 g, 86 %; m.p. 186 8C; 1H NMR ([D6]DMSO): d =3.87 (m, 4H;
NCH2CH2N), 4.53 (s, 2H; CH2C=O), 4.77 (s, 2H; PhCH2), 7.08 (t, J=

7.4 Hz, 1H; Ph-H), 7.33 (t, J =7.4 Hz, 2 H; Ph-H), 7.43–7.48 (m, 5 H; Ph-

Table 5. Suzuki coupling with bulky arylboronic acid.[a]

Entry Cat. R1 R2 R3 X t [h] Yield [%][a]

1 8 OMe H OMe Br 2 86
2 9 OMe H OMe Br 2 87
3 10 OMe H OMe Br 2 92
4 11 OMe H OMe Br 2 93
5 11 OMe H COMe Cl 12 85
6 11 OMe OMe OMe Br 2 20[b]

[a] Reaction conditions: aryl halides (1 mmol), ArB(OH)2 (1.5 mmol),
Cs2CO3 as base (2.0 mmol), catalyst (1 mol %), 1,4-dioxane (3 mL), 80 8C,
isolated yield. [b] Catalyst (3 mol %).
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H), 7.67 (d, J= 7.4 Hz, 2H; Ph-H), 8.88 (s, 1H; NCHN), 10.94 ppm (s,
1H; NH); 13C{1H} NMR ([D6]DMSO): d=48.4 (CH2), 49.8 (CH2), 50.4
(CH2), 51.1 (CH2), 119.6 (CH), 124.1 (CH), 128.9 (CH), 129.2 (CH),
129.3 (CH), 134.2 (CH2C), 139.0 (O=CNC), 160.0 (NCHN), 165.2 ppm
(C=O); positive mode ESMS m/z : 294.23 [M�Cl]+ ; elemental analysis
calcd (%) for C18H20N3OCl: C 65.55, H 6.11, N 12.74; found: C 65.39, H
6.03, N 12.87.

Synthesis of 3 : A mixture of 2-(4,5-dihydro-1H-imidazol-1-yl)methylpyri-
dine (2.41 g, 14.9 mmol) and benzyl chloride (1.72 mL, 14.9 mmol) in
DMF (8 mL) was allowed to react at 80 8C for 2 days. After cooling, the
solvent was completely removed under vacuum. The brown residue was
washed several times with THF and diethyl ether, filtered on a frit under
nitrogen, and dried under vacuum. The compound is highly hygroscopic.
Yield: 3.12 g, 72%; 1H NMR (CDCl3): d=3.80 (m, 4 H; NCH2CH2N),
4.80 (s, 2H; CH2C=O), 4.93 (s, 2H; PhCH2), 7.17 (dd, J =7.5, 5.1 Hz, 1H;
py-H), 7.24–7.35 (m, 5H; Ph-H), 7.45 (d, J =7.4 Hz, 1 H; py-H), 7.63 (t,
J =7.7 Hz, 1 H; py-H), 8.44 (d, J= 4.2 Hz; py-H), 10.34 ppm (s, 1H;
NCHN); 13C{1H} NMR (CDCl3): d=47.6 (CH2), 48.4 (CH2), 52.0 (CH2),
52.5 (CH2), 123.2 (py-CH), 123.3 (py-CH), 128.6 (Ph-CH), 128.7 (Ph-
CH), 129.0 (Ph-CH), 132.4 (Ph-C), 137.3 (py-CH), 149.4 (py-CH), 152.6
(py-C), 159.4 ppm (NCHN); positive mode ESMS m/z : 252.15 [M�Cl]+ ,
270.14 [M�Cl+H2O]+ ; HRMS (FAB+): calcd for C16H18N3: 252.1501;
found: 252.1498.

Synthesis of 5 : A mixture of 2 (0.164 g, 0.353 mmol), NaOAc (0.0289 g,
0.353 mmol), and PdCl2 (0.0313 g, 0.176 mmol) in acetonitrile (initial
water content ca. 1–2 %; 15 mL) was allowed to react at room tempera-
ture for 1 day. The yellow precipitate was collected on a frit, washed with
CH3CN and methanol, and then dried under vacuum. Crystals suitable
for X-ray diffraction studies were grown by vapor diffusion of diethyl
ether into a 1:1 DMF/MeOH solution of the compound. Yield: 0.0167 g,
12%; m.p. 210 8C (dec).

Synthesis of 6 : A mixture of 3 (0.0559 g, 0.309 mmol), NaOAc (0.0253 g,
0.309 mmol), and PdCl2 (0.0548 g, 0.309 mmol) in CH3CN (10 mL) was
allowed to react at room temperature overnight. The solution was de-ACHTUNGTRENNUNGcanted and the residual solid was washed with wet methanol twice. The
solid was then filtered under nitrogen and dried under vacuum. The
1H NMR spectrum indicates a mixture of products. Small amounts of
crystals of 6 can be obtained by vapor diffusion of diethyl ether into a
DMF solution containing the mixture.

Synthesis of 7: A mixture 3 (0.129 g, 0.488 mmol), KHMDS (0.109 g,
0.448 mmol), PdCl2 (0.079 g, 0.448 mmol), and PPh3 (0.1176 g,
0.448 mmol) in acetonitrile (20 mL) was stirred at room temperature
overnight. The solution was filtered through a plug of Celite. The solvent
was then removed under vacuum. The residue was re-dissolved in THF
(20 mL) and the solution was filtered through a plug of Celite. The sol-
vent was reduced to approximately 3 mL. Upon the addition of diethyl
ether, a pale-yellow precipitate was formed. The solid was filtered on a
frit, washed with diethyl ether and toluene, and dried under vacuum.
Crystals suitable for X-ray diffraction studies were grown by vapor diffu-
sion of diethyl ether into a MeOH solution of the compound. Yield:
0.053 g, 17%; m.p. 227 8C; 1H NMR (CDCl3): d=2.80 (virtual q, J =

10.0 Hz, 1H; NCHaHbCHcHdN), 3.09 (virtual q, J =10.0 Hz, 1H;
NCHaHbCHcHdN), 3.26 (m, 2 H; NCHaHbCHcHdN), 3.68 (d, J =14.0 Hz,
1H; NCHaHbPh), 4.69 (d, J=15.0 Hz, 1H; NCHaHbPy), 5.39 (d, J=

14.0 Hz, 1 H; NCHaHbPh), 5.50 (d, J =15.0 Hz, 1 H; NCHaHbPy), 7.04–
7.76 (m, 22H; py-H, PPh-H, Ph-H), 7.89 (d, J =7.8 Hz, 1H; py-H),
8.48 ppm (d, J =4.2 Hz, 1 H; py-H); 13C{1H} NMR (CDCl3): d=47.8
(NCH2CH2N), 48.9 (NCH2CH2N), 54.2 (CH2Ph), 55.8 (CH2Py), 123.5
(py-CH), 124.4 (py-CH), 128.5–128.8 (PPh-CH, PPh-C, Ph-CH), 129.1
(Ph-CH), 129.8 (Ph-CH), 131.6 (unresolved d; PPh-C), 133.8 (Ph-C),
134.4 (d, 2JPC =11.2 Hz; PPh-CH), 138.0 (py-CH), 149.6 (py-CH), 154.4
(py-C), 192.6 ppm (NCN); 31P{1H} NMR (121.49 MHz, CDCl3): d=

27.8 ppm; elemental analysis calcd (%) for C34H32Cl2N3PPd: C 59.10, H
4.67, N 6.08; found: C 59.20, H 4.75, N 6.01.

Synthesis of 8 : A mixture of 1 (0.172 g, 0.530 mmol), KHMDS (0.105 g,
0.530 mmol), PdCl2 (0.0931 g, 0.530 mmol), and PPh3 (0.138 g,
0.530 mmol) in acetonitrile (20 mL) was allowed to react at room temper-
ature overnight. The precipitate was then collected on a frit, washed with

CH3CN (10 mL), THF (15 � 4mL), and H2O/MeoH (1:1), and then dried
under vacuum. Crystals suitable for X-ray diffraction studies were grown
by layer diffusion of dichloromethane into a dichloromethane solution of
the compound. Yield: 0.120, 31 %; m.p. 298 8C (dec); 1H NMR
([D6]DMSO): d=3.78 (d, J =14.4 Hz, 1 H; NCHaHbC=O), 5.00 (d, J=

17.0 Hz, 1 H; NCHaHbPh), 5.47 (d, J=14.4 Hz, 1H; NCHaHbC=O), 5.74
(d, J =17.0 Hz, 1H; NCHaHbPh), 6.82 (d, J =1.8 Hz, 1 H; imi-H), 7.07 (t,
J =7.1 Hz; Ph-H), 7.26–7.53 (t, 25H; Ph-H, imi-H), 10.35 ppm (s, 1H;
NH); 13C{1H} NMR ([D6]DMSO): d=53.2 (CH2), 53.5 (CH2), 119.6
(CH), 121.8 (CH), 123.8 (CH), 126.2 (CH), 128.6 (CH), 128.8 (CH),
128.9–129.4 (overlapping signals CH), 128.8 (CH), 129.4 (CH), 130.2
(CH), 131.4 (unresolved, PC), 134.3 (d, 2JPC = 11.1 Hz; PPh-CH), 135.8
(CH2C), 138.8 (O=CNC), 160.1 (NCN), 164.8 ppm (C=O); 31P{1H} NMR
([D6]DMSO): d=28.0 ppm; elemental analysis calcd (%) for
C36H32Cl2N3OPPd·0.75 CH3OH: C 58.46, H 4.67, N 5.56; found: C 58.53,
H 4.92, N 5.69.

Synthesis of 9 : A mixture of 2 (0.269 g, 0.814 mmol), KHMDS (0.162 g,
0.814 mmol), PdCl2 (0.144 g, 0.814 mmol), and PPh3 (0.214 g, 0.814 mmol)
was stirred in acetonitrile (25 mL) at room temperature for 1 day. The in-
soluble solid was collected on a frit, washed with acetonitrile (10 mL)
and THF (15 mL � 4). The solid was then extracted with dichloromethane
(50 mL). The solvent was reduced to ca. 3 mL under vacuum. Upon addi-
tion of diethyl ether, a white solid was formed. Crystals suitable for X-
ray diffraction studies were grown by slow evaporation from its chloro-
form solution. Yield: 0.15, 26%; m.p. 268 8C (dec); 1H NMR (CDCl3):
d=2.80 (virtual q, J=9.7 Hz, 1H; NCHaHbCHcHdN), 2.96 (virtual q, J=

9.7 Hz, 1H; NCHaHbCHcHdN), 3.18 (virtual q, J =9.7 Hz, 1 H;
NCHaHbCHcHdN), 3.39 (virtual q, J=9.7 Hz, 1H; NCHaHbCHcHdN),
3.45 (d, J =15.0 Hz, 1 H; NCHaHbC=O), 4.08 (d, J=14.0 Hz, 1H;
NCHaHbPh), 5.45 (d, J=15.0 Hz, 1H; NCHaHbC=O), 5.55 (d, J=

14.0 Hz, 1H; NCHaHbPh), 7.06 (t, J=7.8 Hz, 1 H; Ph-H), 7.23–7.29 (m,
7H; Ph-H), 7.42–7.52 (m, 9H; Ph-H), 7.68–7.80 (m, 8H; Ph-H), 9.74 ppm
(s, 1 H; NH); 13C{1H} NMR (CD2Cl2): d=47.9 (NCH2CH2N), 48.1
(NCH2CH2N), 54.5 (PhCH2), 55.8 (CH2CO), 119.9 (CH), 124.2 (CH),
128.5 (CH), 128.6 (d, 3JPC =2.1 Hz, PPh�CH), 128.8 (CH), 129.1 (CH),
129.8 (CH), 131.7 (d, 1JPC = 2.6 Hz; PC), 133.5 (CH2C), 134.3 (d, 2JPC =

11.0 Hz; PPh-CH), 138.2 (O=CNC), 164.9 (C=O), 193.3 ppm (NCN);
31P{1H} NMR (CDCl3): d=27.6 ppm; elemental analysis calcd (%) for
C36H34Cl2N3OPPd: C 58.99, H 4.67, N 5.73; found: C 58.79, H 4.75, N
5.63.

Synthesis of 10 : A mixture of 8 (0.105 g, 0.143 mmol) and PCy3 (0.0603 g,
0.215 mmol) was stirred in dichloromethane (20 mL) at room tempera-
ture overnight. The solution was allowed to filter through a small plug of
Celite. The solvent was then completely removed under vacuum. The res-
idue was washed with THF (15 mL). The white powder was collected on
a frit and dried under vacuum. Crystals suitable for X-ray diffraction
studies were grown by layer diffusion of MeOH into a dichloromethane
solution of the compound. Yield: 0.0559 g, 52.0 %; m.p. 277–279 8C;
1H NMR (CD2Cl2): d =1.25–1.97 (m, 24H; Cy-H), 2.17–2.25 (m, 9 H; Cy-
H), 4.63 (d, J =14.5 Hz, 1 H; NCHaHbC=O), 5.09 (d, J =14.1 Hz, 1 H;
NCHaHbPh), 5.96 (d, J=14.5 Hz, 1H; NCHaHbC=O), 6.11 (d, J=

14.1 Hz, 1H; NCHaHbPh), 6.84 (d, J=2.0 Hz, 1 H; imi-H), 7.08 (t, J=

7.4 Hz, 1H; Ph-H), 7.20 (d, J=2.0 Hz, 1 H; imi-H), 7.29 (t, J =8.0 Hz,
2H; Ph-H), 7.40–7.44 (m, 3 H; Ph-H), 7.52–7.55 (m, 2 H; Ph-H), 7.66 (d,
J =7.4 Hz, 2 H; Ph-H), 9.72 ppm (br s, 1H; NH); 13C{1H} NMR (CD2Cl2):
d=26.0 (Cy-CH2), 27.2 (d, 2JPC = 11.2 Hz; Cy-CH2), 30.3 (d, 3JPC =7.9 Hz;
Cy-CH2), 37.4 (d, 1JPC =24.3 Hz; Cy-CH), 55.6 (CH2), 57.0 (CH2), 119.8
(CH), 121.8 (imi-CH), 122.9 (imi-CH), 124.2 (CH), 128.6 (CH), 128.9
(CH), 129.0 (CH), 129.3 (CH), 134.0 (CH2C), 138.1 (O=CNC), 163.2
(NCN), 164.1 ppm (C=O); 31P{1H} NMR (CD2Cl2): d=50.8 ppm; elemen-
tal analysis calcd (%) for C36H50Cl2N3OPPd: C 57.72, H 6.73, N 5.61;
found: C 57.88, H 6.73, N 5.69.

Synthesis of 11: A mixture of 9 (0.123 g, 0.168 mmol) and PCy3 (0.094 g,
0.336 mmol) was stirred in dichloromethane (25 mL) at room tempera-
ture overnight. The solvent was then completely removed under vacuum.
Diethyl ether (30 mL) and THF (5 mL) were added to wash the residual
solid. The white powder was collected on a frit and dried under vacuum.
Crystals suitable for X-ray diffraction studies were grown by vapor diffu-
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sion of diethyl ether into a dichloromethane solution of the compound.
Yield: 0.125 g, 99%; m.p. 279 8C (dec); 1H NMR (CDCl3): d=1.16–1.83
(m, 24 H; Cy-H), 2.13–2.29 (m, 9H; Cy-H), 3.44–3.61 (m, 4H;
NCH2CH2N), 3.80 (d, J =14.4 Hz, 1 H; NCHaHbC=O), 4.67 (d, J=

14.1 Hz, 1 H; NCHaHbPh), 5.64 (d, J=14.4 Hz, 1H; NCHaHbC=O), 5.81
(d, J =14.4 Hz, 1H; NCHaHbPh), 7.08 (t, J =7.5 Hz, 2 H; Ph-H), 7.24–
7.36 (m, 4H; Ph-H), 7.51 (d, J =7.5 Hz, 2H; Ph-H), 7.74 (d, J =8.1 Hz,
2H; Ph-H), 10.1 ppm (s, 1 H; NH); 13C{1H} NMR (CDCl3): d =26.1 (Cy-
CH2), 27.4 (d, 2JPC =10.4 Hz; Cy-CH2), 30.4 (d, 3JPC =51.3 Hz; Cy-CH2),
37.3 (d, 1JPC =23.7 Hz; Cy-CH), 47.9 (NCH2CH2N), 48.1 (NCH2CH2N),
55.8 (CH2), 57.4 (CH2), 120.1 (CH), 124.4 (CH), 128.6 (CH), 128.7 (CH),
129.0 (CH, two overlapping signals), 133.6 (CH2C), 138.0 (O=CNC),
165.0 (C=O), 194.1 ppm (NCN); 31P{1H} NMR (CDCl3): d= 49.4 ppm; el-
emental analysis calcd (%) for C36H52Cl2N3OPPd: C 57.56, H 6.98, N
5.59; found: C 57.26, H 7.37, N 5.29.

X-ray crystallographic data collection : Typically, the crystals were re-
moved from the vial with a small amount of mother liquor and immedi-
ately coated with silicon grease on a weighting paper. A suitable crystal
was mounted on a glass fiber with silicone grease and placed in the cold
stream of a Bruker APEX II with graphite-monochromated MoKa radia-
tion (l=0.71073 �) at 150(2) K. Crystallographic data are listed in
Table 1.

Solution and structure refinements : All structures were solved by direct
methods by using SHELXS-97 and refined by full-matrix least-squares
methods against F 2 with SHELXL-97.[64] Tables of neutral atom scatter-
ing factors, f’ and f’’, and absorption coefficients are from a standard
source.[65] There are two independent molecules of 8 in an asymmetric
unit. The asymmetric unit of 9 contains a disordered CHCl3 solvent mole-
cule. A suitable model with three orientations (occupancy factor =0.45,
0.4, and 0.15) was obtained by rigid-group refinement. Two orientations
of the picolyl group in 7 (occupancy factor =0.64 and 0.36) and two ori-
entations of the imidazole ring in 10 (occupancy factor =0.55 and 0.45)
were located from the electron-density map. All atoms except hydrogen
atoms were refined with anisotropic displacement parameters. In general,
hydrogen atoms were fixed at calculated positions, and their positions
were refined by a riding model. CCDC-687496 (5), 687497 (6), 687498
(7), 689768 (8), 687499 (9), 687494 (10), and 687495 (11) contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif

Suzuki coupling reactions : In a typical reaction, a mixture of aryl halides
(1.0 mmol), phenylboronic acid (1.5 mmol), Cs2CO3 (2.0 mmol), and pal-
ladium(II) precatalyst (1 mol %) in 1,4-dioxane (3 mL) was stirred at
80 8C for 2 h under nitrogen. The solution was allowed to cool to ambient
temperature for GC analysis. GC yields were calculated by using benzo-
phenone as the internal standard. For isolated yields, the products were
purified by column chromatography on a silica-gel column.

Computational details : We used the three-parameter hybrid of exact ex-
change and Becke�s exchange energy functional,[66] plus Lee, Yang, and
Parr�s gradient-corrected correlation energy functional (B3LYP).[67] For
the optimization of molecular geometries, we used the 6-31G basis sets
for H, C, N, and O. For Pd we used the LANL2DZ effective core poten-
tial plus basis functions.[68] The solvation free energies were computed by
using the Conductor-like Polarizable Continuum Model (CPCM) of
Barone and Cossi.[53] With this method the solvation free energy of the
solute embedded in a continuum medium is computed. In the CPCM
model, the polarization of the solute by the solvent, and the solute–sol-
vent dispersion–repulsion effects are included. The structures optimized
in the gas-phase were used in the CPCM calculations, whereas the 6-
31G(d) basis set is used for atoms other than Pd. We incorporated the di-
electric constant of acetonitrile (e =36.64) in the CPCM computations.
The Gaussian 03 suite of programs were used in our study.[69]
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