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N-Heterocyclic carbenes (NHCs) are among the most versatile ligands in transition metal catalysis with

their steric and electronic properties playing a critical role in governing reactivity and selectivity. In this

area, the wingtip unsymmetrical IPaul ligand introduced by Nelson and co-workers offers a unique

balance of steric bulk and flexibility characterized by spatially-defined steric features. Herein, we report a

new class of IPaul-based ligands bearing benzoxazole and benzothiazole donor wingtips. The synthesis,

application, and structural and electronic characterization are described. These ligands retain the defining

‘bulky yet flexible’ profile of IPaul, while enabling precise control over the catalytic pocket geometry

through N-heteroaryl wingtip substitution. We present their coordination chemistry with Ag(I), Pd(II), Rh(I),

and Se as well as catalytic studies in cross-coupling and hydrosilylation catalyzed by Ag, Pd, and Rh com-

plexes. By combining the steric asymmetry of IPaul with the chelating flexibility of N-azole donors, this

ligand class provides stabilization of reactive metal centers and is well-suited for diverse catalytic appli-

cations. We anticipate that the combination of steric flexibility with N,C-chelation in versatile

N-heterocyclic carbenes will be of broad interest across organometallic, inorganic and catalytic

chemistry.

Introduction

In the past two decades, N-heterocyclic carbenes (NHCs) have
become central ligands in coordination and organometallic
chemistry1,2 due to their strong σ-donating properties and flex-
ible steric features.3 In particular, NHC ligands have attracted
significant attention in catalysis since these ligands have been
shown to stabilize highly reactive metal centers at different oxi-
dation states, while offering a tunable steric environment
around the metal center to optimize catalytic activity and
selectivity.4 Furthermore, N-heterocyclic carbenes have also
found an array of key applications in functional materials, bio-
medicine, polymers, metal–organic frameworks, and nano-
particles, among other fields.5,6 The broad applicability of
N-heterocyclic carbenes across various chemical disciplines

has been the crucial driver in considerable research efforts
towards the design of new classes of N-heterocyclic carbenes.
Notably, contributions by Nolan,7 Glorius,8 Bertrand,9

Nelson,10 and others11 have successfully introduced diverse
sterically-demanding N-heterocyclic carbenes, which are now
widely employed in the toolbox of organometallic chemistry.

In this context, the incorporation of N-heterocyclic donors
into NHC ligands adds an additional level of control by allow-
ing chelation through heteroatoms, thus further enhancing
metal stabilization via hemilabile coordination.12 Recent
studies have demonstrated the synthesis and structural flexi-
bility of N,C-chelating oxazole NHC ligands, showcasing their
utility in catalysis through their unique steric and electronic
adaptability.13 Specifically, oxazole-functionalized NHC
ligands have been shown to feature a freely-rotatable oxazole
moiety, which dynamically adjusts to the steric environment of
the metal center and provides an additional chelating site,
thus significantly impacting the coordination chemistry and
catalytic behavior.

Simultaneously, spatially-defined steric impact has
emerged as a compelling strategy in NHC ligand design,
enabling steric differentiation around the metal center.10a

These ligand architectures balance steric bulk and accessible
coordination sites, permitting precise control of catalytic reac-
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tivity and selectivity. One of the most useful spatially-defined
yet sterically-hindered N-heterocyclic carbenes is the unsym-
metrical IPaul ligand introduced by Nelson and co-workers.10a

The IPaul ligand features a pronounced steric differentiation—
two quadrants providing substantial bulk and two remaining
relatively open quadrants—and this ligand has demonstrated
remarkable catalytic efficiency, including in copper-catalyzed
hydrosilylation,14,10a Ni-catalyzed Suzuki–Miyaura coupling15

and Kumada coupling.16

Considering the demonstrated benefits of NHC ligands fea-
turing chelating heterocyclic donors and the advantages of the
spatially defined steric architecture of IPaul, we envisioned
integrating these two innovative strategies. Herein, we report
the synthesis, application, and structural and electronic
characterization of a novel class of ‘bulky yet flexible’ NHC
ligands, which combine N,C chelating oxazole and thiazole
wingtips with a spatially defined IPaul steric impact. The
steric, electron-donating, and π-accepting characteristics, as
well as coordination chemistry with Ag(I), Pd(II), Se and Rh(I),
are reported. Furthermore, catalytic studies in cross-coupling
and hydrosilylation catalyzed by Ag, Pd, and Rh complexes are
established. Overall, the design of this class of hybrid ligands
exploits robust metal stabilization coupled with enhanced
catalytic activity via sterically controlled hemilabile coordi-
nation and is well-suited for diverse catalytic applications. We
anticipate that the combination of steric flexibility with N,C-
chelation in versatile N-heterocyclic carbenes will be of broad
interest across organometallic, inorganic and catalytic chem-
istry (Fig. 1).

Results and discussion

Our study commenced with the synthesis of IPaulOxa and
IPaulThia imidazolium precursors featuring an IPaul moiety
and N-oxazole or N-thiazole wingtips (Scheme 1). This design
has been selected on the basis of the utility and accessibility of
benzoxazoles and benzothiazoles as among the most versatile
N-heterocyclic motifs in organic synthesis.17 Specifically, ben-
zoxazoles and benzothiazoles provide flexible chelation

through their nitrogen and/or sulfur atoms, enabling tailored
metal coordination environments with distinct steric and elec-
tronic properties.13 Furthermore, many distinct synthetic
routes to benzoxazoles and benzothiazoles are known, offering
wide-ranging applications in coordination chemistry.13 The
developed synthesis follows a two-step modular approach
involving (1) condensation between the corresponding aniline
and diacetyl and (2) arylation with 2-halobenzazoles
(Scheme 1A and B).

After optimization, we found that the desired condensation
with benzoxazole proceeded in toluene under reflux con-
ditions, while the reaction with benzothiazole occurred under
additive-free conditions by heating a mixture of N-aryl imid-
azole and 2-chlorobenzothiazole. This approach is highly
modular and should enable the synthesis of analogues using a
condensation/SNAr arylation sequence. It is worth noting that
backbone 4,5-dimethyl substitution of the imidazole ring is
preferred due to the higher stability of NHC salts and NHC–
metal complexes.18 The developed sequence is highly practical
and permits the preparation of imidazolium precursors on a
gram scale, without the need for chromatographic purification
during the synthesis. Imidazolium salts 3a and 3b were
obtained as bench-stable, crystalline solids, with melting
points of 224–225 °C for 3a and 258–259 °C for 3b.

With the access to IPauHet imidazolium precursors secured,
we next evaluated the coordination chemistry of these
spatially-defined, chelating azole-donor N-heterocyclic carbene
ligands (Schemes 2–5). As shown in Scheme 2, we synthesized
dimeric Ag(I)–NHC complexes 4a–4b using imidazoliums 3a–
3b. Thus, [Ag(IPaulOxa)(µ-Cl)]2 (4a) and [Ag(IPaulThia)(µ-Cl)]2
(4b) were synthesized in 64–72% yields through the procedure
reported by Gimeno and co-workers using AgNO3/K2CO3 in
CH2Cl2 at room temperature (Scheme 2).19 The complexes were
found to be stable in air and moisture.

Next, we also prepared chelating Pd(II)–NHC complexes, [Pd
(IPaulOxa)Cl2] (5a) and [Pd(IPaulThia)Cl2] (5b), to evaluate the
N,C coordination of these hemilabile N-azolyl-imidazol-2-

Fig. 1 State-of-the-art of sterically-demanding N-heterocyclic car-
benes in inorganic and organometallic chemistry.

Scheme 1 Synthesis of imidazolium precursors. (A) Synthesis of 1-aryli-
midazole 2; (B) synthesis of imidazolium salts 3a–3b.
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ylidene ligands (Scheme 3). Thus, [Pd(IPaulOxa)Cl2] (5a) and
[Pd(IPaulThia)Cl2] (5b) were synthesized by transmetallation of
dimeric Ag(I) complexes 4a–4b with [Pd(cod)Cl2] at room temp-
erature.20 Pd(II)–NHC complexes 5a and 5b were obtained as
air-stable solids in 79% and 82% yields, respectively.

To evaluate the electronic properties of this class of N,C-
chelating ligands, we prepared selenourea adducts 6a and 6b
(Scheme 4). π-Backbonding was assessed from the 77Se NMR
spectra of these selenoadducts using the standard procedure
developed by Nolan et al.21 In our experience, 77Se measure-
ments are strongly affected by the type of N-heterocyclic

carbene system, as expected on the basis of the previous
study.21 The δSe value of 92 ppm for [Se(IPaulOxa)] (6a) and
128 ppm for [Se(IPaulThia)] (6b) can be compared with that of
IPaul (δSe = 51 ppm for rotamer A and 64 ppm for rotamer B)
and IPr* (δSe = 106 ppm).22 In addition, 6a and 6b can be com-
pared with their IPr* analogues: [Se(IPr*Oxa)] (δSe =
119 ppm)13a and [Se(IPr*Thia)] (δSe = 152 ppm).23 It can there-
fore be concluded that both the increased N-steric substitution
and N-heterocyclic substitution enhance the π-acceptor charac-
ter of these ligands.

We also synthesized the chelating cationic [Rh(IPaulOxa)
(CO)Cl] (7a) and [Rh(IPr*Thia)(CO)Cl] (7b) complexes to further
evaluate the electronic properties of this class of ligands. The
Rh(I) complexes were prepared by the direct reaction of the
imidazolium precursors 3a or 3b with [Rh(acac)(CO)2]
(Scheme 5). These Rh(I)–NHC 7a and 7b complexes are charac-
terized by the CO stretching at 1988 and 1982 cm−1, respect-
ively. These values indicate an enhancement of π-backbonding
of the ligands.24

Complexes 4a–4b and 5b were characterized by X-ray crystal-
lographic analysis (Fig. 2). Despite many attempts we were
unable to obtain X-ray quality crystals of 5a; in this case, all
assignments are based on analogy to 5b. The silver complexes
[Ag(IPaulOxa)(µ-Cl)]2 and [Ag(IPaulThia)(µ-Cl)]2 were found to be
dimeric, while the palladium complex [Pd(IPaulThia)Cl2] was
monomeric. Single-crystal diffraction of [Ag(IPaulOxa)(µ-Cl)]2
(Fig. 2I.A and B) shows that the complex crystallizes as a
centrosymmetric chloride-bridged dimer in the monoclinic
space group I2/a. The two Ag(I) centers are linked by a pair of
bridging chlorides to yield an almost planar Ag2Cl2 four-mem-
bered ring (Cl1–Ag1–Cl1′ 93.88(3)°; Ag1–Cl1–Ag1′ 86.12(3)°).
Each silver atom adopts a distorted T-shaped environment
composed of the N-heterocyclic carbene carbon (C1), one term-
inal chloride and one bridging chloride (Ag1–C1(carbene) =
2.102(3) Å, Ag1–Cl1(terminal) = 2.3786(8) Å, Ag1–Cl1′(bridging)
= 2.9283(8) Å, C1–Ag1–Cl1(quasi-linear) = 161.15(8)°, C1–Ag1–
Cl1′ = 103.19(8)°, and Cl1–Ag1–Cl1′ 93.88(3)°). The benzoxazole
ring remains essentially coplanar with the imidazolyl core
(torsion C1–N1–C2–O1 ≈ 6°) and the oxygen atom is posi-
tioned away from the metal, mirroring the behavior observed
previously in IPr*Oxa complexes.13a The crystallographic
metrics of [Ag(IPaulThia)(µCl)]2 (Fig. 2II.A and B) are closely
comparable to those in the oxazole analogue; however, the Ag–
Cl(bridge) distance is slightly shorter, indicating a marginally
more compact Ag2Cl2 core (Ag1–C1(carbene) = 2.104(6) Å, Ag1–
Cl1(terminal) = 2.387(2) Å, Ag1′–Cl1(bridging) = 2.8464(18) Å,
C1–Ag1–Cl1 = 156.68(15)°, and C1–Ag1–Cl1′ = 107.89(15)°).
The thiazolyl ring is essentially coplanar with the imidazol-2-
ylidene backbone (C1(carbene)–N1–C2–S1 torsion ≈ 9°). The
sulfur atom points toward the silver centre and forms a weak
secondary contact (Ag⋯S ≈ 3.5 Å), indicating modest Ag⋯S
interaction as also observed in related IPr*Thia systems.23

The X-ray crystal structure analysis of [Pd(IPaulThia)Cl2]
(Fig. 2III.B) revealed that the complex crystallizes as a mono-
meric species in the triclinic space group P1̄. The palladium
atom adopts the expected square-planar coordination defined

Scheme 3 Synthesis of Pd(II)–NHC complexes 5a–5b.

Scheme 4 Synthesis of Se–NHC complexes 6a–6b.

Scheme 5 Synthesis of Rh(I)–NHC complexes 7a–7b.

Scheme 2 Synthesis of Ag(I)–NHC complexes 4a–4b.
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by the N-heterocyclic carbene carbon (C1), the thiazolyl nitro-
gen (N1), and two mutually trans chloride ligands (C1
(carbene)–Pd1 1.968(7) Å, N3(thiazolyl)–Pd1 2.092(5) Å, Pd1–
Cl1 2.2655(18) Å, Pd1–Cl2 2.3492(18) Å, C1–Pd1–N3 bite angle
79.4(2)°, C1–Pd1–Cl2 175.38 (19)°, and N3–Pd1–Cl1 172.51
(15)°). Importantly, the thiazolyl ring is essentially coplanar
with the imidazolyl core (torsion C1–N2–C3–N1 ≈ 1°), allowing
efficient N,C-chelation. The benzhydryl IPaul wingtips adopt
the characteristic syn-orientation. In this geometry, both trans
axes are sterically-encumbered with the N–Pd–Cl axis being
slightly more crowded than the C–Pd–Cl axis.

The geometry of complexes 4a–4b was further analyzed
using the method developed by Nolan, Cavallo and co-
workers25 to evaluate catalytic pockets (Fig. 2). The % buried
volume (%Vbur) of [Ag(IPaulOxa)(µ-Cl)]2 (4a) revealed a total
buried volume of 41.4%, with the following quadrant distri-
bution: SW, 51.9%; NW, 50.4%; NE, 31.8%; and SE, 31.6% for
each quadrant (Fig. 2I.C; Ag2: (%Vbur) of 41.4% with 50.4%,
51.9%, 31.6%, and 31.8% for each quadrant). The %Vbur value
of the [Ag(IPaulThia)(µ-Cl)]2 (4b) complex is 45.8% with a quad-
rant distribution of SW, 50.3%; NW, 50.4%; NE, 37.8%; and
SE, 44.8% (Fig. 2II.C; Ag2: (%Vbur) of 45.8% with 49.3%,
40.3%, 54.8%, and 39.0% for each quadrant). It is worth
noting that the classic IPaul ligand delivers IPr-class steric
bulk,26 but distributes it asymmetrically: the SW and SE quad-
rants form a rigid steric barrier (>50% coverage), with the
quadrant distribution of NW, 29.6%, and NE, 32.9% (Fig. 2IV.
C).10a It should be noted that the IPaul scaffold in 4a and 4b
complexes also delivers IPaul-level bulk combined with pro-
nounced quadrant asymmetry: a steric shielding in the
western half and a tunable pocket to the east. Oxazole and
thiazole wingtips offer a convenient handle for fine-tuning the
pocket width, while retaining the hallmark bulky-yet-flexible
character that underpins the catalytic success of the IPaul
ligand class.

The % buried volume analysis of [Pd(IPaulThia)Cl2] (5b)
shows a total %Vbur of 40.9% (SW 38.2%, NW 24.3%, NE
46.5%, and SE 54.6%). Compared with the Ag(I) [Ag(IPaulThia)
(µ-Cl)]2 dimer (4b), the thiazole wingtip in 5b rotates to lie
almost coplanar with the square-planar Pd centre. This
rotation transfers steric bulk from the western to the eastern
hemisphere, narrowing the NW quadrant and enlarging the
NE/SE quadrants, as clearly reflected in the quadrant distri-
bution of the topographical steric map (Fig. 2III.C).

We briefly evaluated the catalytic activity of these spatially-
defined N,C-chelating azolyl-donor ligands in Ag(I), Pd(0) and
Rh(I) catalysis (Scheme 6). As shown, [Ag(IPaulOxa)(µ-Cl)]2 (4a)
and [Ag(IPaulThia)(µ-Cl)]2 (4b) exhibit promising activity in
Ag(I)-catalyzed A3-coupling, which is slightly lower than that
observed with [Ag(IPr)Cl] (98% yield)27 but comparable to
those observed with [Ag(IPr*)Cl] (80% yield) and [Ag(IPaul)Cl]
(86% yield) (not shown). In contrast, in the alkynylation of
isatins, complex 4a demonstrated higher activity than [Ag(IPr)
Cl] (93% yield),28 [Ag(IPr*)Cl] (74% yield), and [Ag(IPaul)Cl]
(66% yield) (not shown). The complexes [Pd(IPaulOxa)Cl2] (5a)
and [Pd(IPaulThia)Cl2] (5b) performed well in the Heck coup-

Fig. 2 X-ray crystal structures of complexes 4a (I), 4b (II), 5b (III) and Ag
(IPaul)Cl(IV).10a Two views of 4a and 4b: front (A); side (B). Hydrogen
atoms have been omitted for clarity. Selected bond lengths [Å] and
angles [°], see the SI. (C) Topographical steric map of complexes 4a, 4b,
5b and Ag(IPaul)Cl showing %Vbur per quadrant. 4a: CCDC 2452824, 4b:
CCDC 2452825 and 5b: CCDC 2452826.
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ling, showing similar reactivity and selectivity to oxazole and
thiazole analogues with IPr* and IPr*MeO moieties.13a,24

Finally, [Rh(IPaulOxa)(CO)Cl] (7a) and [Rh(IPaulThia)(CO)Cl]
(7b) were found to efficiently catalyze hydrosilylation of term-
inal alkynes. Complexes 7a–7b should be compared with Rh
(I)–NHCs containing hemilabile N-donors, which typically
exhibit higher E-selectivity.29 These results indicate a high
degree of generality of this class of ligands in valuable C–N, C–
C and C–Si bond forming reactions. Our ongoing research
focuses on the synthetic applications of this class of unsymme-
trical ligands. The results will be reported in due course.

To gain insight into the electronic structure of these
spatially-defined N,C-chelating IPaulHet ligands, HOMO and
LUMO energy levels were determined at the B3LYP 6-311++g(d,
p) level (Fig. 3). It is now well established that the computed
HOMO and LUMO provide the most accurate determination of
the nucleophilicity and electrophilicity of N-heterocyclic
carbene ligands. The σ-donor orbital of IPaulOxa (HOMO−1 due
to required symmetry, −6.20 eV) can be compared with the
sterically-hindered IPr* (−6.12 eV) and the classical IPr (−6.01
eV) as well as with the parent IPaul (−6.04 eV). The HOMO−1
of IPaulThia is in the same range (−6.36 eV). The π-accepting
orbital of IPaulOxa (LUMO+6 due to required symmetry, −0.30
eV) and IPaulThia (LUMO+4 due to required symmetry, −0.49
eV) can be compared with the sterically-hindered IPr* (−0.90

eV), the classical IPr (−0.48 eV) and the parent IPaul (−0.73 eV).
The LUMO of IPaulOxa (−1.12 eV) and the LUMO of IPaulThia

(−1.25 eV) are located on the benzoxazole and benzothiazole
rings, as expected. The π-donating orbital of IPaulOxa (HOMO,
−6.15 eV) and the π-donating orbital of IPaulThia (HOMO, −6.07
eV) can be compared with those of the sterically-hindered IPr*
(−6.28 eV) and the classical IPr (−6.55 eV) as well as with that
of the parent IPaul (−6.29 eV). Overall, these results confirm
IPaulOxa and IPaulThia as strongly σ-nucleophilic, spatially-dis-
tinct N-heterocyclic carbenes with electronic properties affected
by the coordinating benzoxazole and benzothiazole rings. The
combination of spatially-flexible IPaul substitution with coordi-
nating N,C-heterocycles provides a sterically-unique chelating
environment around the metal centers.

Conclusions

In summary, IPaul has emerged as a highly attractive spatially-
defined N-heterocyclic carbene ligand that retains the pro-
perties of sterically-hindered IPr*, while providing a flexible
environment featuring a pronounced steric differentiation.
The utility of IPaul in an organometallic toolbox is reflected by
its commercial availability. In this study, we reported a new
class of IPaul-based ligands bearing benzoxazole and ben-
zothiazole donor wingtips. These ligands retain the defining
‘bulky yet flexible’ profile of IPaul, while enabling precise
control over the catalytic pocket geometry through
N-heteroaryl wingtip substitution. We presented their coordi-
nation chemistry with Ag(I), Pd(II), Rh(I) and Se as well as cata-
lytic studies in cross-coupling and hydrosilylation catalyzed by
Ag, Pd, and Rh complexes. By combining the steric wingtip
asymmetry of IPaul with the chelating flexibility of N-azole

Scheme 6 Catalytic activity of [IPaulHet–M] complexes: (A) A3-coupling,
(B) alkynylation of isatins, (C) Heck coupling, (D) hydrosilylation of term-
inal alkynes.

Fig. 3 (A) HOMO and LUMO energy levels (eV). (B) HOMO−1, LUMO+6
and LUMO (eV) of IPaulOxa calculated at B3LYP 6-311++g(d,p). See the
SI.
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donors, this ligand class provides stabilization of reactive
metal centers and is well-suited for diverse catalytic appli-
cations. The combination of steric flexibility with N,C-chela-
tion in versatile N-heterocyclic carbenes will be of broad inter-
est across organometallic, inorganic and catalytic chemistry.

Experimental
General methods

All experiments involving metal complexes were performed
using standard Schlenk techniques under nitrogen or argon
unless stated otherwise. All solvents were of the highest commer-
cial grade and used as received or after purification by distilla-
tion from sodium/benzophenone under nitrogen. All solvents
were deoxygenated prior to use. All other chemicals were of the
highest commercial grade and used as received. Compounds
1a10a and 2a30 have been previously reported in the literature.
Their spectroscopic properties matched literature data. 1H NMR
and 13C NMR spectra were recorded using Bruker spectrometers
at 400 (1H NMR) and 100 MHz (13C NMR). Infrared spectra were
recorded using a Nicolet Nexus 2002 FTIR spectrometer. High-
resolution mass spectroscopy (HRMS) and elemental analyses
were performed using a 7T Bruker Daltonics FT-MS and a Vario
EL II (CHNS) instrument, respectively.

Procedure for the synthesis of 2-(diphenylmethyl)-4,6-
dimethylaniline (1a)

Aniline was synthesized according to a literature procedure.10a

The product was obtained in 73% yield (22.00 g, 76.5 mmol) as a
white solid. 1H NMR (400 MHz, CDCl3) δ 7.28 (dd, J = 7.9, 6.4 Hz,
4H), 7.22 (t, J = 6.2 Hz, 2H), 7.14–7.11 (m, 4H), 6.81 (s, 1H), 6.34
(d, J = 1.3 Hz, 1H), 5.47 (s, 1H), 3.33 (s, 2H), 2.12 (s, 3H), 2.11 (s,
3H). 13C NMR (101 MHz, CDCl3) δ 142.91, 139.99, 129.71, 129.66,
128.75, 128.66, 128.54, 127.02, 126.71, 122.74, 52.54, 20.85, 17.88.

Procedure for the synthesis of 1-(2-benzhydryl-4,6-
dimethylphenyl)-4,5-dimethyl-1H-imidazole (2a)

N-Aryl imidazole was synthesized according to a modified lit-
erature procedure.18b To an aniline derivative (12 mmol) in dry
CHCl3 (20 mL), diacetyl (10 mmol), acetic acid (50 mmol),
NH4OAc (12 mmol), paraformaldehyde (10 mmol), and H2O
(0.5 mL) were added and the mixture was refluxed for 48 h.
After removal of the solvent, the dark residue was dissolved in
Et2O and basified to pH 14 in an ice bath with aqueous 40%
KOH solution. The resulting mixture was extracted with Et2O,
and the combined organic layers were washed with H2O and
dried over Na2SO4. Concentration and purification through
silica gel column chromatography yielded the desired product.
The product was obtained in 70% yield (3.50 g, 9.54 mmol) as
a pale brown solid after purification by flash chromatography
(hexane/AcOEt = 2/1). 1H NMR (400 MHz, CDCl3) δ 7.25–7.18
(m, 6H), 7.01 (s, 1H), 6.95 (d, J = 7.8 Hz, 4H), 6.92 (s, 1H), 6.80
(s, 1H), 5.09 (s, 1H), 2.29 (s, 3H), 2.20 (s, 3H), 1.89 (s, 3H), 1.59
(s, 3H). 13C NMR (101 MHz, CDCl3) δ 142.86, 142.65, 142.40,
138.83, 136.66, 135.01, 133.82, 132.43, 129.79, 129.55, 129.29,

128.87, 128.50, 128.31, 126.61, 126.56, 123.05, 51.45, 21.54,
17.61, 13.07, 8.09. HRMS (ESI/Q-TOF) m/z: [M + H]+ calcd for
C26H26N2 367.2095, found 367.2175.

Procedure for the synthesis of 1-(benzoxazol-2-yl)-3-IPaul
imidazolium chloride (3a)

The product was synthesized according to a literature proce-
dure.13a 1-Arylimidazole 2a was added to a solution of 2-chlor-
obenzoxazole in toluene, and the mixture was heated at reflux
overnight. During the course of the reaction, a white precipi-
tate formed and the product was isolated by filtration. The
solid was washed twice with Et2O and dried in vacuo, affording
the desired imidazolium salt.

New compound. The product was obtained in 71% yield
(1.0 g, 1.92 mmol) as a white powder of mp 224–225 °C. 1H
NMR (400 MHz, CDCl3) δ 11.23 (s, 1H), 7.80–7.77 (m, 1H), 7.73
(dd, J = 6.3, 2.6 Hz, 1H), 7.47–7.44 (m, 2H), 7.24 (d, J = 5.7 Hz,
7H), 7.18–7.15 (m, 1H), 7.12 (s, 1H), 6.99–6.96 (m, 2H), 6.70 (s,
1H), 5.43 (s, 1H), 2.66 (s, 3H), 2.29 (s, 3H), 2.15 (s, 3H), 1.64 (s,
3H). 13C NMR (101 MHz, CDCl3) δ 149.25, 148.77, 141.75,
141.14, 140.99, 140.57, 139.87, 138.58, 135.64, 130.98, 129.78,
129.50, 129.46, 128.82, 128.75, 128.28, 127.25, 127.01, 126.93,
126.02, 120.74, 111.94, 52.19, 21.64, 18.16, 11.01, 8.07. HRMS
(ESI/Q-TOF) m/z (%) [M]+ calcd for C33H30N3O

+ 484.2388,
found 484.2389.

Procedure for the synthesis of 1-(benzothiazol-2-yl)-3-IPaul
imidazolium chloride (3b)

The product was synthesized according to a modified literature
procedure.13c 1-Arylimidazole 2a and 2-chlorobenzothiazole
were stirred in a closed pressure tube for 20 h at 140 °C. The
reaction mixture was then allowed to cool to room temperature
and washed with diethyl ether until the supernatant became
colorless. Product 3b was then dried in vacuo to afford the
desired imidazolium salt.

New compound. The product was obtained in 76% yield
(0.35 g, 0.65 mmol) as a beige powder of mp 258–259 °C. 1H
NMR (400 MHz, CDCl3) δ 11.18 (s, 1H), 8.05 (d, J = 8.1 Hz, 1H),
7.95 (d, J = 8.1 Hz, 1H), 7.59 (dd, J = 11.3, 4.2 Hz, 1H),
7.55–7.50 (m, 1H), 7.30–7.21 (m, 8H), 7.15 (td, J = 5.8, 3.2 Hz,
1H), 7.11 (s, 1H), 6.99 (d, J = 6.4 Hz, 2H), 5.51 (s, 1H), 2.54 (s,
3H), 2.28 (s, 3H), 2.17 (s, 3H), 1.66 (s, 3H). 13C NMR (101 MHz,
CDCl3) δ 153.19, 149.70, 141.58, 141.31, 140.96, 140.93, 138.78,
135.79, 134.70, 130.98, 129.75, 129.58, 129.50, 129.01, 128.89,
128.75, 128.44, 127.71, 127.42, 127.16, 123.89, 122.47, 52.25,
21.64, 18.26, 10.96, 8.21. HRMS (ESI/Q-TOF) m/z (%) [M]+ calcd
for C33H30N3S

+ 500.2160, found 500.2137.

General procedure for the synthesis of [Ag(NHC)(µ-Cl)]2
complexes

Ag(I)–NHC complexes were synthesized according to a modi-
fied literature procedure.19 A mixture of an imidazolium salt
(3a or 3b) and AgNO3 in dichloromethane was stirred for
2 min and then K2CO3 was added. After 24 h, the mixture was
filtered through Celite and the solvent was removed in vacuo
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until 2 mL remained (ca.). The product was precipitated with
ether and washed to afford a white solid.

[Ag(IPaulOxa)(µ-Cl)]2 (4a)

New compound. The product was obtained in 64% yield
(0.24 g, 0.19 mmol) as a white solid. Crystallization from
CH2Cl2/Et2O at RT yielded suitable crystals for X-ray diffraction
studies. 1H NMR (400 MHz, CDCl3) δ 7.81–7.78 (m, 1H),
7.69–7.65 (m, 1H), 7.45–7.42 (m, 2H), 7.27–7.18 (m, 6H), 7.08
(d, J = 7.8 Hz, 3H), 6.97–6.94 (m, 2H), 6.76 (s, 1H), 5.37 (s, 1H),
2.48 (s, 3H), 2.32 (s, 3H), 1.97 (s, 3H), 1.38 (s, 3H). 13C NMR
(101 MHz, CDCl3) δ 184.98, 182.26, 152.97, 149.37, 141.72,
141.13, 140.34, 140.22, 135.32, 133.47, 130.69, 130.12, 129.87,
129.68, 129.45, 128.99, 128.64, 127.10, 127.02, 126.43, 126.37,
126.29, 125.76, 120.57, 111.43, 51.95, 21.68, 18.04, 11.09, 8.46.
Anal. calc. for C66H58Ag2Cl2N6O2 (1253.87): C, 63.22; H, 4.66;
N, 6.70. Found: C, 63.60; H, 4.69; N, 6.67.

[Ag(IPaulThia)(µ-Cl)]2 (4b)

New compound. The product was obtained in 72% yield
(0.26 g, 0.2 mmol) as a beige solid. Crystallization from
CH2Cl2/Et2O at RT yielded suitable crystals for X-ray diffraction
studies. 1H NMR (400 MHz, CDCl3) δ 8.00 (dd, J = 8.1, 0.5 Hz,
1H), 7.88 (d, J = 7.5 Hz, 1H), 7.54 (dd, J = 7.6, 6.5 Hz, 1H),
7.48–7.45 (m, 1H), 7.32 (d, J = 7.5 Hz, 2H), 7.28–7.23 (m, 4H),
7.08 (s, 1H), 7.03 (d, J = 7.2 Hz, 2H), 6.97 (d, J = 6.6 Hz, 2H),
6.74 (s, 1H), 5.23 (s, 1H), 2.57 (s, 3H), 2.32 (s, 3H), 1.98 (s, 3H),
1.64 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 184.18, 181.67,
158.87, 150.39, 141.65, 141.60, 141.44, 140.26, 135.53, 133.31,
133.11, 130.80, 129.76, 129.56, 129.37, 129.28, 128.64, 128.49,
128.42, 127.25, 127.12, 127.04, 126.44, 123.39, 122.15, 52.23,
21.67, 18.14, 11.68, 8.83. Anal. calc. for C66H58Ag2Cl2N6S2
(1285.99): C, 61.64; H, 4.55; N, 6.54. Found: C, 61.97; H, 4.57;
N, 6.59.

General procedure for the synthesis of [Pd(NHC)Cl2]
complexes

Palladium complexes were synthesized according to a modi-
fied literature procedure.20 [PdCl2(1,5-COD)] was added to a
solution of the Ag(I)–NHC complex (4a or 4b) in CH2Cl2 with
exclusion of light. The mixture became cloudy immediately.
After one night at room temperature, the solution was filtered
through Celite. The solvent was removed in vacuo.

[Pd(IPaulOxa)Cl2] (5a)

New compound. The product was obtained in 79% yield
(0.15 g, 0.22 mmol) as a yellow solid. Crystallization from
CH2Cl2/Hex at RT yielded suitable crystals for X-ray diffraction
studies. 1H NMR (400 MHz, CDCl3) δ 8.70 (d, J = 7.4 Hz, 1H),
7.55 (d, J = 8.2 Hz, 1H), 7.50 (dd, J = 7.7, 6.9 Hz, 1H), 7.45–7.41
(m, 1H), 7.32 (d, J = 7.5 Hz, 4H), 7.27–7.18 (m, 4H), 7.11–7.02
(m, 1H) 6.96 (dd, J = 6.1, 3.3 Hz, 2H), 6.73 (s, 1H), 5.73 (s, 1H),
2.32 (s, 3H), 2.26 (s, 3H), 2.01 (s, 3H), 0.94 (s, 3H). 13C NMR
(101 MHz, CDCl3) 149.31, 141.82, 141.45, 140.78, 140.05,
136.43, 134.61, 131.95, 131.40, 130.07, 130.00, 129.24, 128.51,
128.38, 126.99, 126.62, 126.45, 121.19, 111.41, 52.07, 21.77,

18.23, 9.34, 7.77. Anal. calcd for C33H29Cl2N3OPd (660.94): C,
59.97; H, 4.42; N, 6.36. Found: C, 59.20; H, 4.39; N, 6.33.

[Pd(IPaulThia)Cl2] (5b)

New compound. The product was obtained in 82% yield
(0.31 g, 0.45 mmol) as a yellow solid. Crystallization from
CH2Cl2/Hex at RT yielded suitable crystals for X-ray diffraction
studies. 1H NMR (400 MHz, CD2Cl2) δ 9.81 (d, J = 8.2 Hz, 1H),
7.89–7.85 (m, 1H), 7.63–7.59 (m, 1H), 7.51 (dd, J = 8.2, 1.0 Hz,
1H), 7.23–7.18 (m, 4H), 7.14–7.10 (m, 4H), 7.00 (s, 1H), 6.87
(dd, J = 6.4, 3.1 Hz, 2H), 6.62 (s, 1H), 5.69 (s, 1H), 2.29 (s, 3H),
2.24 (s, 3H), 1.98 (s, 3H), 0.96 (s, 3H). 13C NMR (101 MHz,
CD2Cl2) δ 147.41, 144.36, 142.09, 141.27, 140.65, 139.71,
134.97, 132.57, 131.00, 129.76, 129.50, 128.87, 128.71, 128.34,
128.25, 126.88, 126.52, 124.42, 121.83, 52.01, 21.32, 17.83,
9.88, 7.74. Anal. calcd for C33H29Cl2N3OPdS (677.00): C, 58.55;
H, 4.32; N, 6.21. Found: C, 57.82; H, 4.29; N, 6.20.

General procedure for the synthesis of [Se(NHC)] complexes

The selenium complex was synthesized according to a modi-
fied literature procedure.22 A 7 mL screwcap vial equipped
with a septum cap and a stirring bar was charged with an imi-
dazolium salt (3a) (0.16 g, 0.235 mmol, 1 equiv.), Se (0.02 g,
1.1 equiv.) and acetone (1 mL). The mixture was stirred at
40 °C for 15 min. NEt3 (0.1 mL, 3 equiv.) was then added in
one portion and the mixture was stirred overnight at 60 °C.
Afterwards, the mixture was filtered through a plug of silica gel
and washed with DCM (20 mL). All volatiles were then
removed under vacuum. The product was obtained as a yellow
microcrystalline material.

[Se(IPaulOxa)] (6a)

New compound. The product was obtained in 84% yield
(0.18 g, 0.32 mmol) as a yellow solid. Crystallization from
CH2Cl2/Et2O at −20 °C afforded suitable crystals for X-ray diffr-
action studies. 1H NMR (400 MHz, CDCl3) δ 7.90–7.86 (m, 1H),
7.70–7.66 (m, 1H), 7.45 (dd, J = 9.3, 3.5 Hz, 2H), 7.34 (d, J = 7.5
Hz, 2H), 7.22 (dd, J = 16.2, 9.2 Hz, 6H), 7.11 (d, J = 7.1 Hz, 2H),
7.06 (s, 1H), 6.77 (s, 1H), 5.67 (s, 1H), 2.29 (s, 3H), 2.04 (s, 3H),
2.01 (s, 3H), 0.93 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 159.50,
151.35, 150.62, 143.39, 142.80, 140.99, 140.59, 139.68, 135.89,
131.93, 130.28, 130.11, 129.63, 129.57, 128.46, 128.13, 126.84,
126.57, 126.45, 126.39, 125.28, 123.86, 121.07, 111.53, 51.85,
21.69, 18.11, 9.56, 8.34. Anal. calc. for C33H29N3OSe (562.58):
C, 70.46; H, 5.20; N, 7.47. Found: C, 70.14; H, 5.12; N, 7.40,
77Se NMR (114 MHz, CDCl3) δ 92.07.

[Se(IPaulThia)] (6b)

New compound. The product was obtained in 70% yield
(0.15 g, 0.26 mmol) as a yellow solid. Crystallization from
CH2Cl2/Et2O at −20 °C yielded suitable crystals for X-ray diffr-
action studies. 1H NMR (400 MHz, CDCl3) δ 8.03 (dd, J = 8.0,
0.5 Hz, 1H), 7.91 (dd, J = 7.9, 0.7 Hz, 1H), 7.54–7.50 (m, 1H),
7.47–7.43 (m, 1H), 7.33 (d, J = 7.5 Hz, 2H), 7.26–7.21 (m, 5H),
7.18 (d, J = 7.2 Hz, 1H), 7.07–7.04 (m, 3H), 6.78 (s, 1H), 5.58 (s,
1H), 2.30 (s, 6H), 2.01 (s, 3H), 0.97 (d, J = 0.7 Hz, 3H). 13C NMR
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(101 MHz, CDCl3) δ 158.32, 157.09, 148.89, 143.34, 142.90,
140.99, 139.61, 135.97, 134.67, 132.41, 130.31, 130.13, 129.64,
128.49, 128.21, 126.85, 126.71, 126.45, 126.36, 125.92, 124.93,
123.25, 121.72, 51.93, 21.74, 18.18, 11.94, 8.42. Anal. calc. for
C33H29N3SSe (578.64): C, 68.50; H, 5.05; N, 7.26. Found: C,
68.19; H, 5.00; N, 7.20, 77Se NMR (114 MHz, CDCl3) δ 127.61.

General procedure for the synthesis of [Rh(NHC)(CO)Cl]
complexes

The rhodium complex was synthesized according to a modi-
fied literature procedure.13 Solid Rh(acac)(CO)2 (0.05 g,
0.194 mmol) and an imidazolium salt (3a) (0.05 g,
0.194 mmol) were weighed in a Schlenk tube in a glovebox.
THF (10 mL) was then added, and the colour of the solution
immediately turned yellow. After stirring for 2 h at room temp-
erature, the solvent was removed in vacuo, and the crude
product was washed twice with Et2O, affording the rhodium
complex as a yellow solid.

[Rh(IPaulOxa)(CO)Cl] (7a)

New compound. The product was obtained in 64% yield
(0.15 g, 0.23 mmol) as an orange solid. Crystallization from
CH2Cl2/Et2O at RT yielded suitable crystals for X-ray diffraction
studies. 1H NMR (400 MHz, CDCl3) δ 8.69 (d, J = 7.8 Hz, 1H),
7.55 (d, J = 8.1 Hz, 1H), 7.40 (d, J = 7.6 Hz, 1H), 7.35 (t, J = 7.3
Hz, 1H), 7.27–7.23 (m, 4H), 7.20–7.16 (m, 4H), 7.02 (s, 1H),
6.96–6.93 (m, 2H), 6.76 (s, 1H), 5.73 (s, 1H), 2.32 (s, 3H), 2.26
(s, 3H), 2.01 (s, 3H), 0.94 (s, 3H). 13C NMR (101 MHz, CDCl3) δ
188.36, 187.55, 182.95, 182.36, 158.44, 149.69, 142.13, 142.04,
141.17, 140.59, 137.85, 135.86, 132.53, 130.28, 129.96, 129.72,
129.65, 128.55, 128.47, 127.13, 126.98, 126.72, 125.27, 121.01,
120.46, 110.76, 51.78, 21.74, 18.02, 9.54, 7.96. FT-IR (KBr):
1988 cm−1 (ν(CvO)), 1625 cm−1 (ν(CvN)). Anal. calc. for
C34H29ClN3O2Rh (649.98): C, 62.23; H, 4.50; N, 6.46. Found: C,
62.82; H, 4.50; N, 6.39.

[Rh(IPaulThia)(CO)Cl] (7b)

New compound. The product was obtained in 75% yield
(0.14 g, 0.21 mmol) as an orange solid. Crystallization from
CH2Cl2/Et2O at RT yielded suitable crystals for X-ray diffraction
studies. 1H NMR (400 MHz, CDCl3) δ 9.75 (d, J = 8.5 Hz, 1H),
7.80 (d, J = 7.9 Hz, 1H), 7.59 (t, J = 7.1 Hz, 1H), 7.45–7.40 (m,
1H), 7.31–7.26 (m, 4H), 7.19 (s, 4H), 7.05 (s, 1H), 6.97 (s, 2H),
6.79 (s, 1H), 5.82 (s, 1H), 2.32 (d, J = 15.8 Hz, 6H), 2.06 (s, 3H),
0.99 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 188.02, 187.21,
183.90, 183.31, 161.65, 148.95, 142.27, 142.14, 141.29, 140.53,
136.01, 133.07, 130.29, 129.99, 129.75, 129.70, 129.32, 129.17,
128.56, 128.41, 126.90, 126.69, 125.96, 124.61, 121.28, 119.85,
51.85, 21.76, 18.09, 10.31, 8.28. FT-IR (KBr): 1982 cm−1

(ν(CvO)), 1666 cm−1 (ν(CvN)). Anal. calc. for C34H29ClN3ORhS
(666.04): C, 61.31; H, 5.32; N, 6.31. Found: C, 61.75; H, 5.30; N,
6.34.

General procedure for the three-component coupling reaction

A previously reported procedure was followed.27,31 The reaction
mixture was prepared according to the procedure using catalyst

4a or 4b (2 mol%), aldehyde (0.5 mmol), amine (0.55 mmol),
alkyne (0.55 mmol) and MeOH (0.25 mL) and stirred at room
temperature for 1 hour. After the desired time, the conversion
was determined by 1H NMR or GC analysis. The mixture was
diluted with Et2O and filtered over a pad of silica.

1-(1-Cyclohexyl-3-phenyl-2-propynyl)piperidine

The product was obtained in 82% yield (115.38 mg, 0.5 mmol)
as a yellow liquid after purification by flash chromatography
(petroleum ether/AcOEt = 10/1).

1H NMR (400 MHz, CDCl3) δ 7.47–7.40 (m, 2H), 7.31–7.24
(m, 3H), 3.11 (d, J = 9.9 Hz, 1H), 2.63 (dd, J = 12.5, 5.5 Hz, 2H),
2.40 (d, J = 6.5 Hz, 2H), 2.08 (dd, J = 28.6, 13.7 Hz, 2H), 1.77 (d,
J = 12.8 Hz, 2H), 1.60 (dd, J = 16.1, 4.8 Hz, 6H), 1.48–1.40 (m,
2H), 1.22 (dd, J = 20.7, 11.2 Hz, 3H), 1.07–0.90 (m, 2H). 13C
NMR (101 MHz, CDCl3) δ

13C NMR (101 MHz, CDCl3) δ 131.92,
128.39, 127.81, 124.00, 87.99, 86.32, 64.59, 50.94, 39.79, 31.55,
30.64, 27.02, 26.51, 26.32, 24.94.

General procedure for alkynylation

A previously reported procedure was followed.28 The reaction
mixture was prepared according to the procedure using
N-benzylisatin (0.5 mmol) and catalyst 4a or 4b (5 mol%) in
water (2 ml), followed by the addition of phenylacetylene
(1.0 mmol) and DIPEA (10 mol%). The reaction mixture was
stirred for 24 hours at 60 °C and extracted with DCM (2 ×
15 mL). After the desired time, the conversion was determined
by 1H NMR or GC analysis. The mixture was diluted with DCM
and filtered over a pad of silica.

1-Benzyl-3-hydroxy-3-(phenylethynyl)indolin-2-one

The product was obtained in 97% yield (82 mg, 0.25 mmol) as
a yellow liquid after purification by flash chromatography (pet-
roleum ether/AcOEt = 4/1). 1H NMR (400 MHz, CDCl3) δ 7.64
(d, J = 8.1 Hz, 1H), 7.47 (d, J = 9.6 Hz, 2H), 7.34–7.24 (m, 9H),
7.14 (t, J = 8.0 Hz, 1H), 6.74 (d, J = 7.8 Hz, 1H), 4.95 (s, 2H),
3.89 (s, 1H). 13C NMR (101 MHz, CDCl3) δ 174.40, 142.33,
135.15, 132.26, 130.63, 129.25, 129.11, 128.36, 127.62, 127.34,
124.07, 123.41, 121.73, 110.14, 86.79, 85.57, 69.81, 44.24.

General procedure for the Heck cross-coupling reaction

A previously reported procedure was followed.21 According to the
procedure, catalyst 5a or 5b (0.2 mol%), base (1.50 mmol), and
Bu4NBr (0.2 mmol) were placed in a Schlenk tube containing a
small stirring bar. The Schlenk tube was subjected to evacua-
tion/backfilling cycles with argon, and then styrene (2.0 mmol),
di(ethylene glycol) dibutyl ether (0.50 mmol), DMA (2.5 mL),
and the haloarene (1.0 mmol) were added. The mixture was then
heated at 135 °C for 2–24 h. After the desired time, the conver-
sion was determined by 1H NMR or GC analysis. The mixture
was diluted with Et2O and filtered over a pad of silica.

E-1-(4-Styrylphenyl)ethenone

The product was obtained in 98% yield (108.92 mg, 0.5 mmol)
as a yellow liquid after purification by flash chromatography
(hexane/AcOEt = 10/1). 1H NMR (400 MHz, CDCl3) δ 7.93 (d,
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J = 8.4 Hz, 2H), 7.58–7.56 (m, 2H), 7.53–7.51 (m, 2H), 7.38–7.34
(m, 2H), 7.30–7.26 (m, 1H), 7.21 (d, J = 16.4 Hz, 1H), 7.11 (d, J
= 16.4 Hz, 1H), 2.57 (s, 3H). 13C NMR (101 MHz, CDCl3) δ

197.70, 142.17, 136.85, 136.09, 131.62, 129.06, 128.98, 128.50,
127.60, 126.99, 126.67, 26.80.

(E)-1-Methoxy-4-styrylbenzene

The product was obtained in 84% yield (88.32 mg, 0.5 mmol)
as a yellow liquid after purification by flash chromatography
(hexane/AcOEt = 10/1). 1H NMR (400 MHz, CDCl3) δ 7.52–7.45
(m, 9H), 7.35 (dd, J = 10.8, 4.5 Hz, 4H), 7.27–7.23 (m, 3H), 7.03
(dd, J = 38.2, 16.3 Hz, 5H), 6.93–6.89 (m, 4H), 3.84 (s, 6H). 13C
NMR (101 MHz, CDCl3) δ 159.50, 137.84, 130.34, 128.86,
128.41, 127.93, 127.43, 126.81, 126.46, 114.33, 55.55.

General procedure for the hydrosilylation reaction

A previously reported procedure was followed.13 According to
the procedure, in a Schlenk tube, a solution of complex 7a
(0.005 mmol) in dry toluene (1.5 mL) was prepared, and
phenylacetylene (0.5 mmol), triethylsilane (0.55 mmol), and
n-dodecane (100 µL) were added in quick succession via a
syringe. The bright yellow reaction mixture was stirred at
100 °C for 24 h. The crude mixture was filtered through
alumina and analyzed by GC-MS. The solvent was evaporated
and the products were purified by flash chromatography
through a short plug of silica and analyzed by 1H NMR spec-
troscopy. The three reaction products were determined on the
basis of the olefinic coupling constants in the 1H NMR
(400 MHz, CDCl3) spectra: (7a) β-(Z)-isomer: 7.44 (d, J = 9.2
Hz), 5.76 (d, J = 15.2 Hz); β-(E)-isomer: 6.89 (d, J = 19.4 Hz),
6.43 (d, J = 19.3 Hz); and α-isomer: 1H NMR 5.87 (d, J = 3.1
Hz), 5.57 (d, J = 3.1 Hz). 1H NMR (400 MHz, CDCl3) spectra:
(7b) β-(Z)-isomer: 7.44 (d, J = 8.3 Hz), 5.76 (d, J = 15.2 Hz);
β-(E)-isomer: 6.84 (d, J = 19.2 Hz), 6.43 (d, J = 19.2 Hz); and
α-isomer: 1H NMR 5.87 (d, J = 3.1 Hz), 5.57 (d, J = 3.1 Hz).
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