
lable at ScienceDirect

Tetrahedron 67 (2011) 1523e1529
Contents lists avai
Tetrahedron

journal homepage: www.elsevier .com/locate/ tet
Synthesis and characterization of Palladium(II) complexes of chiral chelating
NHCeN donor hybrid ligands

Wenfeng Wang a, Tao Zhang a, Feijun Wang a, Min Shi a,b,*
aKey Laboratory for Advanced Materials and Institute of Fine Chemicals, School of Chemistry & Molecular Engineering, East China University of Science and Technology,
130 Mei-Long Road, Shanghai 200237, China
b State Key Laboratory of Organometallic Chemistry, Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences, 354 Fenglin Road, Shanghai 200032, China
a r t i c l e i n f o

Article history:
Received 17 November 2010
Received in revised form 24 December 2010
Accepted 28 December 2010
Available online 8 January 2011
* Corresponding author. Fax: þ86 21 64166128; e-m
c.ac.cn (M. Shi).

0040-4020/$ e see front matter � 2011 Elsevier Ltd.
doi:10.1016/j.tet.2011.01.001
a b s t r a c t

A new class of palladium(II) complexes of chelating NHCeN donor hybrid ligands, such as NHCesulfo-
namide (6), NHCephenoxyimine (11), NHCephenylimine (14), and NHCeamine (15) have been suc-
cessfully synthesized in modest yields from 1,10-binaphthyl-2,20-diamine (BINAM). These complexes have
been characterized by all the spectroscopic data, and the structures of 6, 11, and 14 were also confirmed
by single-crystal X-ray diffraction studies, exhibiting a tridentate chelating motif around the palladium
center.

� 2011 Elsevier Ltd. All rights reserved.
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Fig. 1. Bis(NHC)ePd(II) complexes and hybrid NHCeN donor ligands.
1. Introduction

Since Arduengo et al. isolated a stable crystalline N-heterocyclic
carbene (NHC) and first explored its complexation chemistry in the
early 1990s,1 NHCs and their relatives as ancillary ligands for metal-
mediated catalysis have attracted increasing attention recently.2

Thus far, significant advances have been achieved for their applica-
tions in achiral catalytic chemistry particularly in Ru-catalyzed
metathesis3 and Pd-mediated cross-coupling reactions,2j,4 although
the successful examples for their asymmetric catalyzes are still
limited.2e,g,k,5 Previously, we have synthesized a series of axially
chiral chelating bis(NHC)ePd(II) complexes 1 and their derivatives
from 1,10-binaphthyl-2,20-diamine (BINAM) and successfully ap-
plied them in several asymmetric catalytic reactions (Fig. 1).5

However, in agreement with earlier work,2h,6 these bis(NHC)ePd
(II) complexes displayed poor activities in some reactions, such as
asymmetric allylic alkylation,7 which has been developed com-
monly using chiral phosphine ligands. Aiming at improving these
catalysts’ activities and selectivities, theseBINAMbasedNHC ligands
should be subjected to the corresponding modifications, and the
initial work is commenced on the basis of following considerations.

With respect to electronic features, NHCs have typical strong
s-donor but poor p-acceptor properties8 in comparison to those of
widely used phosphine ligands. Firstly, the strong s-donation will
promote oxidative addition to the metal center and stabilize high
oxidation state of metal-containing transition states or the in-
termediates, but as poor p-acceptors NHCs will reduce the rate of
ail address: Mshi@mail.sio-
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reductive elimination or reactions involving an electrophilic in-
termediate (e.g., transmetallation, nucleophilic attack).2h This may
be one potential reason that bis(NHC)ePd(II) complexes 1 could
facilitate the Et2Zn-mediated enantioselective umpolung allylation
of aldehydes but they were ineffective catalysts in the allylic al-
kylation of nucleophiles.5e,6d,7 Secondly, strong s-donation of NHCs
often allows the formation of strong NHCemetal bonds2k,9 and
prevents decomposition of these catalysts during the reaction as
well as the dissociation of NHCemetal bond (usually upon heating).
The resulting stable NHCemetal active species could restrict the
number of accessible transition states in a reaction, which may be
beneficial to understand the mechanistic details and improve the
catalytic activities and selectivities. However, the paucity of a typi-
cal ligand coordinationedissociation process was detrimental to
giving flexible coordination sites for substrates or products on the
metal center, possibly resulting in an inferior catalytic activity.10

In addition, chiral NHCs have been most commonly prepared by
incorporating chirality at the N-substituents or at the C4 and C5
positions of the N-heterocyclic framework.2 While the latter
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expresses chirality via the bulky N-substituents exerting steric in-
fluence at the metal center, the chiral information at the N-sub-
stituents may be imparted to the metal complex by itself (e.g.,
monodentate NHC) or via chelating motif (e.g., chelating di-NHCs
or NHCehybrid ligands). Since bis(NHC)emetal complexes tended
to exhibit poor catalytic activities in some reactions, NHCehybrid
ligands with adjustable electronic diversity may be a better choice
as privileged ancillary ligands to improve the catalytic efficiency of
their chelating derivatives.2h,11 Previously, we have synthesized
chelating hybrid NHCesulfonamideePd(II) complexes 2 and found
that they displayed more promising catalytic activities than bis
(NHC)ePd(II) counterpart 1a in Suzuki coupling reaction.12a Herein
we wish to report the synthesis and characterization of palladium
(II) complexes of chiral chelating NHCeN donor hybrid ligands 3
(Fig. 1), with N-donors, such as sulfonamide, imine, and amine.
Fig. 2. ORTEP drawing of NHCePd(II) complex 6 with thermal ellipsoids at the 30%
probability level. Selected bond distances (�A) and angles (deg): PdeC1¼1.931(8),
PdeN3¼2.013(7), PdeO1¼2.231(5), PdeBr¼2.3978(10), S1eO2¼1.418(6), S1eO1¼1.444
(6), S1eN3¼1.593(6), N3eC15¼1.413(9); C1ePdeN3¼96.1(3), C1ePdeO1¼162.0(3),
N3ePdeO1¼66.2(2), C1ePdeBr¼90.5(3), N3ePdeBr¼173.21(18), O1ePdeBr¼107.28
(16), N1eC1eN2¼108.0(7).
2. Results and discussion

2.1. Synthesis of palladium(II) complex of NHCesulfonamide
hybrid ligand

Mono-benzimidazole compound (S)-4 was prepared from
(S)-binaphthyl-2,20-diamine (BINAM) according to our previously
reported procedures with a sequence of palladium catalyzed cou-
pling, methanesulfonylation of primary amine, palladium catalyzed
hydrogenation of nitro group, and ring closing with triethyl
orthoformate (see the Supplementary data).12a By refluxing of 4
(139 mg, 0.3 mmol) and benzylbromide (0.36 mL, 10 equiv) in
1,4-dioxane (3 mL) for several hours, lots of white solids were
precipitated in the reaction system. After completely consuming 4,
the resulting suspension was cooled to room temperature and fil-
tered through Celite. The obtained solids were washed with n-
hexane for three times to give mono-benzimidazolium salt 5
without any further purification. When NHC precursor 5 (160 mg,
0.25 mmol) and Pd(OAc)2 (57 mg, 0.25 mmol) were stirred at room
temperature in THF (12 mL) in the presence of Cs2CO3 (82 mg,
0.25 mmol), palladium(II) complex 6 of chelating NHCesulfona-
mide hybrid ligands was successfully obtained in 38% yield. The low
isolated yield was possibly attributed to the side reaction of Pd
(OAc)2 with excessive benzylbromide inevitably incorporated in
the solids of 5 (Scheme 1).
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Scheme 1. General procedure for the synthesis of palladium(II) complex 6.
This NHCePd(II) complex 6 was air and moisture stable in solid
or solution state and even under the heating conditions. Charac-
teristic 1H NMR spectroscopic data for complex 6 included one
singlet signal at d 2.17 ppm attributable to CH3 group and two
doublet signals at d 5.35 and 6.54 ppm for the two PhCH2 protons,
which were separated and coupled mutually due to the restricted
rotation about the NeCH2Ph bond. Single crystals of complex 6
suitable for an X-ray diffraction study were grown from solutions of
(R)-6 in mixed petroleum ether/CH2Cl2 (1/1). The molecular
structure and selected data are shown in Fig. 2,13 which reveals
a similar distorted-square-planar geometry around the metal cen-
ter in comparison to complex 2a. The S(1)eO(1) bond length (1.444
(6)�A) is longer than that of S(1)eO(2) (1.418(6)�A, a typical S]O
double bond length), suggesting partial p-conjugation between O
(1), S(1), and N(3) atoms (S(1)eN(3) bond length: 1.593(6)�A). This
NHCesulfonamide ligand is definitely chelating and coordinates to
palladium center through NHC carbon, sulfonamide nitrogen, and
one of two oxygen atoms. Although all structural parameters of
complex 6 are similar to the analogue 2a, the bond lengths of PdeC
(1) (1.931(8)�A) and PdeBr (2.3978(10)�A) are clearly shorter than
that of bis(NHC)ePd(II) complex 1c, with a length of 1.997(7)�A and
2.4876(11)�A for the cis bonds Pd(1)eC(1) and Pd(1)eBr(1),
respectively.5e This may reflect the stronger trans-influence exerted
by the NHC moiety relative to the sulfonamide due to their elec-
tronic differentiation.

In comparison to sulfonamide anion, N]C double bond is
a prominent N-donor with unchanging the valance of metal center,
which is generally introduced in ancillary ligands, such as Schiff
base analogues,14 oxazoline,15 and pyridyl pincer-type ligands16.
Herein the subsequent aim was to prepare NHCephenolimine and
NHCephenylimine hybrid ligands and their palladium complexes
based on the BINAM scaffold (vide infra).
2.2. Synthesis of palladium(II) complex of
NHCephenoxyimine hybrid ligand

Under the acidic conditions, benzimidazoleeprimary amine 8
was prepared by the hydrolysis of acetyl compound 7, which was
synthesized according to the reported literature (see the
Supplementary data).12b Refluxing of compound 8 (578 mg,
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1.5 mmol) and salicylaldehyde (0.19 mL, 1.8 mmol) conveniently
afforded phenolimine 9, which can be purified by a silica gel flash
column chromatography without decomposition. The 1H NMR
spectra of compound 9 exhibited a signal at ca. d 12 ppm indicating
an intramolecular hydrogen bonding between the phenol OH and
imine nitrogen atom.11f,17 Benzimidazolium salt 10 was obtained
via a similar work-up for 5 (see the Supplementary data), and
without using benzylbromide to avoid a possible substitution at the
phenol hydroxy group. Then the reaction of 10 (185 mg, 0.3 mmol)
and Pd(OAc)2 (81 mg, 0.36 mmol) occurred smoothly to give pal-
ladium(II) complex 11 as a yellow solid in 45% yield, where Pd
(OAc)2 provided acetate anion as aweak base for the deprotonation
of benzimidazolium and phenol moieties.

The structure of complex 11 was characterized by all the spectro-
scopic data, and 1HNMR spectra showed several typical features. Two
CH2Ph protons were also separated at different chemical shift (d 5.36
and 6.66 ppm) and coupled mutually with a coupling constant of
16.0 Hz. The absence of a signal at ca. d 12 ppm of compound 9 sug-
gestedacleavageof thehydrogenbonding interactionbetween theOH
and imine nitrogen atoms. The ESI-MS signal at 684.1 for [Mþ�Cl] of
complex 11 was consistent with the structure depicted in Scheme 2,
with the phenoxy group participating in the coordination about the
metal center.
N

NH2

N

8

N

N

N

9

EtOH, reflux
24 h, 89%

N

N

11

THF, reflux
24 h, 45 %

N

OHOHC

HO

BnCl (10 equiv)

1,4-dioxane,100 oC
60 h, 90%

N

N

10

N Bn
Cl

HO Pd
Cl

Ph

O

N

NHAc

7

N

EtOH, 100 oC
48 h, 95%

4 M HCl (1.2 equiv)

Pd(OAc)2
(1.2 equiv)

Scheme 2. General procedure for the synthesis of palladium(II) complex 11.
Furthermore, a single-crystal X-ray diffraction study con-
firmed this coordination motif of complex 11, and the molecular
structure was shown in Fig. 3.18 Two molecules of 11 and one
molecule of H2O are present in the asymmetrical unit of single
crystals. The geometry around the palladium center is also dis-
torted-square-planar comprising trans CNHCeOPh and NimineeCl
moieties with angles of C(1)ePd(1)eO(1)¼169.8(6)� and N(3)ePd
(1)eCl(1)¼174.1(5)�, respectively. While both bond length and
angle data of the NHC moiety are similar to that of previously
reported NHCePd(II) complexes, those for the palladacycle of the
phenoxyimine moiety are also unexceptional as compared with
that of known palladium(II) Schiff base complexes,11f,19 for ex-
ample, Pd(1)eN(3)¼2.027(14)�A, Pd(1)eO(1)¼2.040(10)�A, N(3)eC
(28)¼1.32(2)�A, O(1)eC(30)¼1.315(15)�A, and N(3)eC(28)eC(29)¼
125.9(17)�.

Since the tridentate chelating NHCeimineeOphenoxy palladium
(II) complex 11 commonly could provide only one coordination site
for the reaction, bidentate chelating NHCeimine hybrid ligand may
be a promising alternative in the reactions where flexible co-
ordination sites at metal center for substrates or products are re-
quired to achieve good activity and selectivity.2h,11b Thus we next
attempted to prepare NHCephenylimine hybrid ligands and their
palladium complexes.
2.3. Synthesis of palladium(II) complex of NHCephenylimine
hybrid ligand

In the presence of 4�A MS (1.0 g), refluxing of the primary amine
8 (385 mg, 1.0 mmol) and benzaldehyde (0.13 mL, 1.3 mmol) in
5 mL of dry toluene offered phenylimine 12 without further puri-
fication until the completion of 8 by 1H NMR spectroscopic moni-
toring. Then the benzimidazolium salt 13was obtained from 12 via
a similar work-up for 10 and using benzylbromide instead (see the
Supplementary data). It should be noted that to some extent the
imine moiety of 12 or 13 was inevitably hydrolyzed under the re-
action conditions. We next subjected benzimidazolium salt 13
(193 mg, 0.3 mmol) to react with Pd(OAc)2 (101 mg, 0.45 mmol)
under the modified standard conditions and fortunately a palla-
dium complex 14was successfully isolated in up to 45% yield during
our initial experiments. The addition of KBr (143 mg, 4 equiv) was
intended to circumvent the potential ligand exchange between
acetate and bromide anions and subsequent separation problems in
the reaction. However, it was found that in the subsequent in-
vestigations, complex 14 was obtained in only 18% yield and the
major product of the reactionwas an another palladium complex 15
isolated in 31% yield with a higher polarity than 14. After carefully
examining the experimental results, such as the thin layer chro-
matography, it was suggested that complexes 14 and 15 were ac-
tually always present in all reaction systems along with varying
ratios of 14/15. Aiming at clearly understanding the process, the
next important work was to determine the structures of complexes
14 and 15.

While the 1H NMR spectra of complex 14 only provided two
characteristic doublet signals at d 5.23 and 6.57 ppm attributable to
the two separated CH2Ph protons, its MS spectroscopic data sug-
gested that 14 was not the simple NHCeimine chelating moiety
with two bromide anion coordinating at the palladium center.11b

The ESI-MS signal at 668.1 for [Mþ�Br] of complex 14 was con-
sistent with the structure depicted in Scheme 3, where an
NHCeimineeCphenyl chelating moiety about the metal center was
assumed with one coordinated bromine atom. This structure was
further confirmed by an X-ray diffraction study of the single crys-
tals grown from evaporation of a mixed petroleum ether/EtOAc (4/
1) solution of 14. The molecular structure and selected bond dis-
tances and angles are shown in Fig. 4.20 In comparison to the
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Fig. 3. ORTEP drawing of NHCePd(II) complex 11 with thermal ellipsoids at the 30%
probability level. Selected bond distances (�A) and angles (deg): Pd1eC1¼1.941(16),
Pd1eN3¼2.027(14), Pd1eO1¼2.040(10), Pd1eCl1¼2.312(5), C1eN1¼1.40(2),
C1eN2¼1.328(18), N3eC28¼1.32(2), N3eC27¼1.502(19), O1eC30¼1.315(15);
C1ePd1eN3¼99.1(6), C1ePd1eO1¼169.8(6), N3ePd1eO1¼91.0(5), C1ePd1eCl1¼82.5
(5), N3ePd1eCl1¼174.1(5), O1ePd1eCl1¼87.5(4), N1eC1eN2¼102.9(14),
N3eC28eC29¼125.9(17).

Fig. 4. ORTEP drawing of NHCePd(II) complex 14 with thermal ellipsoids at the 30%
probability level. Selected bond distances (�A) and angles (deg): Pd1eC1¼2.040(12),
Pd1eN3¼2.044(10), Pd1eC30¼2.054(12), Pd1eBr1¼2.4104(17), C1eN1¼1.400(15),
C1eN2¼1.366(16), N3eC28¼1.277(14), N3eC27¼1.429(19); C1ePd1eN3¼97.4(4),
C1ePd1eC30¼175.4(5), N3ePd1eC30¼78.4(5), C1ePd1eBr1¼87.5(3), N3ePd1eBr1
¼174.9(3), C30ePd1eBr1¼96.6(4), N2eC1eN1¼102.2(9), N3eC28eC29¼115.9(11).
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chelating NHCeimineeOphenoxy palladium(II) complex 11, complex
14 has a more crowded palladacycle including the angles for N(3)e
Pd(1)eC(30) of 78.4(5)� and N(3)eC(28)eC(29) of 115.9(11)�, with
that of 11 showing N(3)ePd(1)eO(1)¼91.0(5)� and N(3)eC(28)eC
(29)¼125.9(17)�, respectively. Other bond lengths and angles are
not considered exceptionally, for example, with Pd(1)eN(3)¼2.044
(10)�A and N(3)eC(28)¼1.277(14)�A similar to related PdCl
(NHCeimineeOphenoxy) complex 11, and with the Pd(1)eC(1)¼
2.040(12)�A and Pd(1)eC(30)¼2.054(12)�A distances being similar
to the previously reported cyclometalated cis-chelated bis(NHC)e
Cphenyl palladium(II) complexes.21 The formation of this palladium
(II) complex 14 of tridentate chelating NHCeimineeCphenyl ligand
was possibly attributed to a metalation process involving an ortho-
mediated CeH activation of the phenylimine moiety in the pres-
ence of Pd(OAc)2.22 Complex 14was an air andmoisture stable solid
and soluble in common organic solvents except saturated hydro-
carbons without obvious decomposition observed even in 6
months.

Since the coordination moiety of 14 was unambiguously de-
termined, it was much easier to determine the structure of complex
15 from the spectroscopic data. Being similar to complex 14, the 1H
NMR spectra of 15 also provided two characteristic doublet signals
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at d 5.30 and 6.46 ppm for the two separated CH2Ph protons with
a coupling constant of 16.0 Hz. Integrations of 1H NMR spectra for
15 significantly displayed that the imine moiety has been decom-
posed in comparison to 14, along with two broad signals at d 4.66
and 5.42 ppm present for the generated NH2 group. Being different
from the precursor 8with NH2 signal at d 3.55 ppm as a singlet, the
obvious downfield shift and separation of the two NH2 protons
indicated a coordination of NH2 moiety to the metal center for
complex 15. Therefore, a structure of 15 was initially proposed as
shown in Scheme 3, which was further corroborated by an ESI-MS
signal at 660.0 for [Mþ�Br]. Complex 15 was soluble in common
organic solvents, such as ethyl acetate except saturated hydrocar-
bons, indicating that an intermolecular hydrogen bonding was not
present here for the NH2 group, which may result in a one-di-
mensional chain motif with poor solubility as reported in the lit-
erature.11d Unfortunately, the growth of single crystals of 15
suitable for an X-ray diffraction study has not been successful to
date. The still unclear details for the formation of 15 and the syn-
thesis of other NHCeamine derivatives as hybrid ligands for pal-
ladium(II) complexes are currently under investigation in our
laboratory. We believe that imine was not stable before it co-
ordinated with Pd salt. Therefore, the amine derived from the de-
composition of imine coordinated to the Pd center to give the
corresponding complex 15.

3. Conclusion

In conclusion, we have successfully synthesized a new class of
palladium(II) complexes of NHCeN donor hybrid ligands, such as
NHCesulfonamide (6), NHCephenoxyimine (11), and NHCepheny-
limine (14), which were characterized by all the spectroscopic data
and confirmed by single-crystal X-ray diffraction studies, where all of
them displayed a tridentate chelating motif around the palladium
center exhibiting NHCeNeO (Pd), NHCeimineeOphenoxy (Pd) and
NHCeimineeCphenyl (Pd), respectively. During the preparation for 14,
a palladium(II) complex 15 of NHCeamine hybrid ligand was also
obtained with a proposed bidentate chelating motif about the metal
center. Efforts are underway for the synthesis of other NHCeamine
derivatives as hybrid ligands and the application of all these palla-
dium(II) complexes of chelating NHCeN donor ligands in metal-
mediated transformations as well as asymmetric catalysis.

4. Experimental section

4.1. General remarks

Unless otherwise stated, all reactions and manipulations were
performed using standard Schlenk techniques. Using standard
methods, THF and toluene were dried by distillation over sodium,
and dry CH3CN and CH2Cl2 were distilled over CaH2. Other com-
mercially obtained solvents and reagents were used without fur-
ther purification. 1H NMR and 13C NMR spectra were recorded by
using a Varian Mercury vx 300 MHz or Bruker 400 MHz spec-
trometer in CDCl3 with tetramethylsilane (TMS) as an internal
standard. 1H NMR and 13C NMR chemical shifts were referenced to
0.00 ppm (TMS) and 77.0 ppm (CDCl3), respectively. Coupling
constants (J) are given in hertz. Mass spectra were recorded on the
HP-5989 instrument by ESI/MALDI methods. Infrared spectra were
recorded on a PerkineElmer PE-983 spectrometer with absorption
in cm�1. Melting points were measured on a Yanagimoto micro
melting apparatus and uncorrected. Optical rotations were de-
termined at 589 nm (sodium D line) by using a PerkineElmer 341
MC digital polarimeter with a 10 cm cell (c given in g per 100 mL)
and [a]D values are given in 10�1 deg cm2 g�1. Single-crystal X-ray
diffraction analysis was performed by using a Bruker Smart-1000
X-ray diffractometer. All reactions were monitored by TLC with
Huanghai GF254 silica gel coated plates. Flash column chroma-
tography was carried out by using 300e400 mesh silica gel at in-
creased pressure.

4.2. General procedure for the synthesis of palladium(II)
complex 6

The precursor ofmono-benzimidazole compound 4was prepared
from chiral binaphthyl-2,20-diamine (BINAM) according to our pre-
viously reported procedures.12a It is a known compound.12a White
solid; mp 136e138 �C; [a]D20 �244 (c 0.25, CHCl3); IR (direct irradia-
tion) n2919,2850,1488,1454,1320,1235,1155, 984,819,743 cm�1; 1H
NMR (400 MHz, CDCl3, TMS) d 1.91 (s, 3H), 5.99 (br, 1H), 7.15 (d,
J¼8.4 Hz,1H), 7.19 (d, J¼8.4 Hz,1H), 7.25e7.31 (m, 2H), 7.34e7.47 (m,
4H), 7.52 (d, J¼8.0 Hz, 1H), 7.63e7.67 (m, 1H), 7.69 (d, J¼7.6 Hz, 1H),
7.76 (d, J¼9.2 Hz,1H), 7.82 (d, J¼8.8 Hz,1H), 7.89 (d, J¼7.6 Hz,1H), 7.93
(d, J¼8.8 Hz, 1H), 8.10 (d, J¼8.0 Hz, 1H), 8.27 (d, J¼9.2 Hz, 1H).

Compound 4 (139 mg, 0.3 mmol) and benzylbromide (0.36 mL,
10 equiv) were refluxed in 1,4-dioxane (3 mL) until that 4 was
completely consumed by TLC monitoring. If lots of white solids
were precipitated in the reaction system, the resulting suspension
was cooled to room temperature and filtered through Celite to
obtain solids. Alternatively, the resulting reaction mixture could be
concentrated and dissolved in ca. 0.5 mL of CH2Cl2, then the solu-
tion was dropped into 30 mL of petroleum ether with vigorously
stirring to precipitate lots of white solids followed by the filtration
through Celite. The obtained solids via above-mentioned two ap-
proaches were washed with n-hexane for three times to give
benzimidazolium salt 5 in almost quantitative yield without any
further purification.

To a flame-dried Schlenk tube equipped with a septum and
stirring bar were added NHC precursor 5 (160 mg, 0.25 mmol), Pd
(OAc)2 (57 mg, 0.25 mmol), and Cs2CO3 (82 mg, 0.25 mmol). The
tubewas placed under argon atmosphere and then dry THF (12 mL)
was added. After stirring at room temperature for 20 h followed by
filtering through Celite, volatiles were removed under reduced
pressure and the residue was purified by a silica gel flash column
chromatography (eluent: petroleum ether/EtOAc, 3/1) to give 6 as
a yellow solid in 38% yield. Single crystals of complex 6 suitable for
an X-ray diffraction study were grown from the solution of (R)-6 in
mixed petroleum ether/CH2Cl2 (1/1). Mp>300 �C (dec); [a]D20 �275
(c 0.25, CHCl3); IR (direct irradiation) n 3065, 2923, 2853,1415,1402,
1268, 1052, 1041, 883, 752, 739, 701, 691 cm�1; 1H NMR (400 MHz,
CDCl3, TMS) d 2.17 (s, 3H), 5.35 (d, J¼16.0 Hz,1H), 6.54 (d, J¼15.6 Hz,
1H), 6.96e7.04 (m, 7H), 7.11 (t, J¼8.4 Hz, 2H), 7.21e7.31 (m, 4H),
7.36 (t, J¼8.0 Hz, 1H), 7.55 (d, J¼8.8 Hz, 1H), 7.62e7.68 (m, 2H), 7.72
(d, J¼8.8 Hz, 1H), 7.86 (d, J¼8.8 Hz, 1H), 8.15 (d, J¼8.4 Hz, 1H), 8.35
(d, J¼8.8 Hz, 1H); LRMS (ESI) m/e 658.0 [Mþ�Br]; HRMS (MALDI)
calcd for [C35H26BrN3O2S102Pd�Br] requires 654.0802, found
654.0796 [Mþ�Br].

4.3. General procedure for the synthesis of palladium(II)
complex 11

The precursor of mono-benzimidazole compound (S)-7 was
prepared from (S)-BINAM according to our previously reported
procedures.12b It is a known compound.12b White solid; mp
228e230 �C; [a]D20 �218 (c 0.25, CHCl3); IR (direct irradiation) n

3223, 3052, 2929, 1656, 1597, 1500, 1488, 1453, 1364, 1275, 1232,
865, 812, 742, 715 cm�1; 1H NMR (400 MHz, CDCl3, TMS) d 1.64 (s,
3H), 6.66 (s, 1H), 7.09e7.11 (m, 1H), 7.24e7.30 (m, 5H), 7.37e7.43
(m, 3H), 7.62e7.68 (m, 2H), 7.79 (d, J¼8.8 Hz, 1H), 7.83e7.88 (m,
2H), 8.08 (d, J¼8.0 Hz, 1H), 8.22e8.28 (m, 2H).

Acetyl compound 7 (2.14 g, 5.0 mmol) was refluxed in 4 M HCl
(50 mL) and ethanol (80 mL) for 1e2 days. The reaction systemwas
cooled to roomtemperature andneutralized topH>7with saturated
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NaOH, which was followed by the extractionwith CH2Cl2 and dried
over anhydrous sodium sulfate. The crude product was purified by
the flash column chromatography (eluent: petroleum ether/EtOAc,
1/1) to give benzimidazoleeprimary amine 8 as awhite solid in 95%
yield. Mp 134e136 �C; [a]D20 �27 (c 0.25, CHCl3); IR (direct irradia-
tion) n 3461, 3370, 3318, 3196, 2956, 2925, 2853, 1619, 1488, 1453,
1382, 1285, 1235, 1146, 816, 740, 623 cm�1; 1H NMR (400 MHz,
CDCl3, TMS) d 3.55 (s, 2H), 6.89e6.93 (m, 2H), 7.04e7.12 (m, 2H),
7.17e7.23 (m, 2H), 7.38e7.45 (m, 3H), 7.58e7.68 (m, 5H), 7.77 (d,
J¼8.8 Hz, 1H), 8.05 (d, J¼8.4 Hz, 1H), 8.17 (d, J¼8.8 Hz, 1H); 13C NMR
(75 MHz, CDCl3, TMS) d109.7,111.4,117.7,120.0,122.09,122.14,123.0,
124.4,126.4,126.6,127.1,127.6,128.1,128.3,129.8,129.9,130.3,133.1,
133.3, 133.5, 133.7, 134.2, 142.5, 142.9, 143.0; LRMS (ESI) m/e 386.2
[MþþH]; HRMS (ESI) calcd for [C27H19N3þH] requires 386.1657,
found 386.1660 [MþþH].

Compound 8 (578 mg, 1.5 mmol) and salicylaldehyde (0.19 mL,
1.8 mmol) were refluxed in ethanol (40 mL) for 24 h and then
cooled to room temperature. After removing the solvent under
reduced pressure, the crude product was conveniently purified by
a silica gel column chromatography (eluent: petroleum ether/
EtOAc, 2/1) to afford phenolimine 9 as a yellow solid in 89% yield.
Mp 133e135 �C; [a]D20 �197 (c 0.25, CHCl3); IR (direct irradiation) n
3054, 2924, 2852, 1607, 1568, 1487, 1452, 1281, 1235, 1203, 1189,
1150, 818, 799, 742, 696 cm�1; 1H NMR (400 MHz, CDCl3, TMS)
d 6.67e6.74 (m, 3H), 6.86 (d, J¼6.8 Hz, 1H), 7.00 (t, J¼7.6 Hz, 1H),
7.17e7.19 (m, 3H), 7.26e7.29 (m, 3H), 7.35e7.38 (m, 3H), 7.47e7.48
(m, 1H), 7.56 (d, J¼7.6 Hz, 1H), 7.64 (d, J¼8.8 Hz, 1H), 7.74e7.78 (m,
2H), 7.97e7.99 (m, 2H), 8.12 (d, J¼8.8 Hz,1H), 11.97 (s, 1H); 13C NMR
(100 MHz, CDCl3, TMS) d 110.4, 116.6, 116.7, 118.6, 119.0, 119.5, 122.0,
122.8, 124.2, 125.8, 125.9, 126.6, 126.9, 127.2, 127.3, 127.4, 128.3,
128.4, 130.0, 130.5, 131.5, 132.1, 132.2, 132.8, 132.9, 133.0, 133.3,
133.7, 134.1, 142.4, 142.6, 143.5, 160.4, 162.5; LRMS (ESI) m/e 490.2
[MþþH]; HRMS (ESI) calcd for [C34H23N3OþH] requires 490.1919,
found 490.1902 [MþþH].

Compound 9 (196 mg, 0.4 mmol) and benzylchloride (0.46 mL,
10 equiv) were refluxed in 1,4-dioxane (2 mL) until that 9 was
completely consumed by TLC monitoring. Benzimidazolium salt 10
as a yellow solid was obtained in 90% yield via a similar work-up for
5 from the resulting reaction mixture without any further
purification.

Under argon atmosphere, to a flame-dried Schlenk tube equip-
ped with a septum and stirring bar were added NHC precursor 10
(185 mg, 0.3 mmol) and Pd(OAc)2 (81 mg, 0.36 mmol) followed by
the addition of dry THF (10 mL) as the solvent. After refluxing at
70 �C for 24e36 h, the reaction mixture was cooled to room tem-
perature followed by filtering through Celite. Then the volatiles
were removed under reduced pressure and the residue was puri-
fied by a silica gel flash column chromatography (eluent: petroleum
ether/EtOAc, 2/1) to give 11 as a yellow solid in 45% yield. Single
crystals of complex 11 suitable for an X-ray diffraction study were
grown from the solution of 11 in mixed petroleum ether/EtOAc/
CH2Cl2 (1/1/2). Mp >300 �C; [a]D20 �218 (c 0.25, CHCl3); IR (direct
irradiation) n 3057, 2958, 2923, 2852, 1607, 1583, 1527, 1507, 1485,
1457, 1439, 1410, 1396, 1332, 1254, 1184, 1152, 965, 838, 808, 737,
700 cm�1; 1H NMR (400 MHz, CDCl3, TMS) d 5.36 (d, J¼16.0 Hz,1H),
6.39 (t, J¼7.2 Hz, 1H), 6.66 (d, J¼16.0 Hz, 1H), 6.86e6.98 (m, 9H),
7.04e7.13 (m, 3H), 7.19e7.36 (m, 6H), 7.55e7.59 (m, 2H), 7.70 (t,
J¼9.6 Hz, 2H), 7.98 (d, J¼8.8 Hz, 1H), 8.07 (d, J¼8.0 Hz, 1H), 8.29 (d,
J¼8.0 Hz, 1H); LRMS (ESI) m/e 684.1 [Mþ�Cl]; HRMS (ESI) calcd for
[C41H28ClN3OPd�Cl] requires 684.1267, found 684.1286 [Mþ�Cl].

4.4. General procedure for the synthesis of palladium(II)
complexes 14 and 15

In the presence of 4�A MS (1.0 g), refluxing of primary amine 8
(385 mg, 1.0 mmol) and benzaldehyde (0.13 mL, 1.3 mmol) in dry
toluene (5 mL) for about 3 days successfully offered phenylimine 12
until completely consuming of 8 by 1H NMR monitoring. After the
volatiles were removed under reduced pressure,12 as a yellow solid
was directly used for the next step without further purification. Mp
129e131 �C; [a]D20 �209 (c 0.25, CHCl3); IR (direct irradiation) n

3053, 2961, 2923, 2853, 1612, 1487, 1451, 1283, 1234, 1202, 1100,
1024, 815, 740, 691 cm�1; 1H NMR (400 MHz, CDCl3, TMS) d 6.82 (t,
J¼7.6 Hz, 1H), 7.06e7.16 (m, 3H), 7.21e7.37 (m, 10H), 7.52e7.56 (m,
2H), 7.60 (d, J¼8.4 Hz, 1H), 7.64 (d, J¼8.4 Hz, 1H), 7.82e7.88 (m, 3H),
8.01 (d, J¼8.4 Hz, 1H), 8.09 (d, J¼8.4 Hz, 1H); 13C NMR (100 MHz,
CDCl3, TMS) d 110.7, 118.7, 119.7, 122.1, 122.8, 124.0, 124.9, 125.2,
125.5, 126.6, 127.1, 127.2, 128.1, 128.3, 128.4, 128.7, 129.4, 130.3, 131.1,
131.7,132.0,132.8,133.1,133.7,134.1,135.8, 142.9,148.0,160.7; LRMS
(ESI) m/e 474.2 [MþþH]; HRMS (ESI) calcd for [C34H23N3þH] re-
quires 474.1970, found 474.1975 [MþþH].

Compound 12 (189 mg, 0.4 mmol) and benzylbromide (0.47 mL,
10 equiv) were refluxed in 1,4-dioxane (4 mL) until that 12 was
completely consumed by TLC monitoring. Benzimidazolium salt 13
as a yellow solid was obtained in 91% yield via a similar work-up for
5 from the resulting reaction mixture without any further
purification.

Under argon atmosphere, to a flame-dried Schlenk tube equip-
ped with a septum and stirring bar were added NHC precursor 13
(193 mg, 0.3 mmol), Pd(OAc)2 (101 mg, 0.45 mmol), and KBr
(143 mg, 1.2 mmol) followed by the addition of dry THF (15 mL) as
the solvent. After refluxing at 70 �C for 2e3 days, the reaction mix-
ture was cooled to room temperature followed by filtering through
Celite. Then the volatileswere removedunder reducedpressure and
the residuewas purified bya silica gelflash column chromatography
to give 14 (eluent: petroleum ether/EtOAc, 4/1) and 15 (eluent: pe-
troleum ether/EtOAc, 2/1) both as yellow solids, and in a represen-
tative yield of 18% and 31%, respectively. Single crystals of complex
14 suitable for an X-ray diffraction study were grown from the so-
lution of 14 in mixed petroleum ether/EtOAc (4/1). For complex 14:
mp>300 �C (dec); [a]D20�60 (c 0.25, CHCl3); IR (direct irradiation) n
3054, 2957, 2923, 2852,1713,1587,1467,1402,1260,1206,1189,1081,
1017, 967, 816, 803, 744 cm�1; 1HNMR (400 MHz, CDCl3, TMS) d 5.23
(d, J¼16.0 Hz, 1H), 6.57 (d, J¼15.6 Hz, 1H), 6.66e6.70 (m, 2H),
6.95e7.01 (m, 6H), 7.11e7.21 (m, 6H), 7.23e7.33 (m, 4H), 7.54 (t,
J¼7.6 Hz, 1H), 7.75 (d, J¼8.0 Hz, 1H), 7.87 (d, J¼8.8 Hz, 1H), 7.91 (d,
J¼8.4 Hz, 1H), 8.04 (d, J¼8.4 Hz, 1H), 8.09e8.16 (m, 2H), 8.23 (d,
J¼8.8 Hz, 1H); LRMS (ESI) m/e 668.1 [Mþ�Br]; HRMS (ESI) calcd for
[C41H28BrN3Pd�Br] requires 668.1318, found 668.1333 [Mþ�Br]. For
complex 15: mp>300 �C (dec); [a]D20�122 (c 0.25, CHCl3); IR (direct
irradiation) n 3191, 3059, 2956, 2921, 2851, 1712, 1463, 1411, 1277,
1250,1187,1080, 965, 818, 742, 700 cm�1; 1HNMR (400 MHz, CDCl3,
TMS) d 4.66 (br, 1H), 5.30 (d, J¼16.0 Hz, 1H), 5.42 (br, 1H), 6.46 (d,
J¼16.0 Hz, 1H), 6.89e6.93 (m, 5H), 6.98 (d, J¼6.8 Hz, 2H), 7.08e7.12
(m, 2H), 7.17e7.23 (m, 2H), 7.31e7.37 (m, 3H), 7.43 (t, J¼8.0 Hz, 1H),
7.61 (d, J¼8.4 Hz, 2H), 7.71 (t, J¼8.0 Hz, 1H), 7.99 (d, J¼8.8 Hz, 1H),
8.19 (d, J¼8.4 Hz, 1H), 8.40 (d, J¼8.4 Hz, 1H); LRMS (ESI) m/e 660.0
[Mþ�Br]; HRMS (ESI) calcd for [C34H25Br2N3Pd�Br] requires
660.0267, found 660.0273 [Mþ�Br].
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