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IPr*Oxa – A New Class of Sterically-Hindered, Wingtip-Flexible N,C-
Chelating Oxazole-Donor N-Heterocyclic Carbene Ligands
Pamela Podchorodecka,a Błażej Dziuk,b Roman Szostak,c Michal Szostak*,d and Elwira Bisz*,a

N-Heterocyclic carbenes (NHCs) have emerged as a major direction in ancillary ligand development for stabilization of 
reactive metal centers in inorganic and organometallic chemistry. In particular wingtip-flexible NHCs have attracted 
significant attention due to their unique ability to provide sterically-demanding environment for transition metals at various 
oxidation states. Herein, we report a new class of sterically-hindered, wingtip-flexible NHC ligands that feature N,C-chelating 
oxazole donors. These ligands are readily accessible through a modular arylation of oxazole derivatives. We report the 
synthesis, full structural and electronic characterization. The evaluation of steric, electron-donating and -accepting 
properties and coordination chemistry to Ag(I), Pd(II) and Rh(I) is described. Preliminary catalytic studies in Ag, Pd and Rh-
catalyzed coupling and hydrosilylation reactions are presented. The study establishes a fluxional behavior of freely-rotatable 
oxazole unit, wherein the oxazolyl ring adjusts to the steric and electronic environment of the metal center. Considering the 
tremendous impact of sterically-hindered NHCs and the potential to stabilize reactive metals by N-chelation, we expect that 
this class of NHC ligands will be of broad interest in inorganic and organometallic chemistry. 

Introduction
Since the seminal studies by Arduengo, N-heterocyclic carbenes 

(NHCs) have emerged as a powerful class of ligands in various fields 
of chemistry.1,2 In particular, in the last two decades, NHCs have 
played a major role in stabilizing reactive metal centers in inorganic 
and organometallic chemistry, where the variable steric bulk and 
strong -donation rendered them ligands of choice to provide 
unique spacial environment around elements.3–5 Furthermore, these 
bulky, wingtip-flexible NHC ligands have been deployed in a broad 
range of catalytic transformations, where their inherent steric and 
electronic properties enable precise control of the reaction 
selectivity in many transformations.6 Other recent applications of 
NHC ligands involve their use in functional materials, polymers, 
metal–organic frameworks, and nanoparticles, among other 
applications.7,8 

The multifaceted applications spanning diverse areas of chemistry 
have spurred extensive research efforts towards the synthesis of new 
classes of N-heterocyclic carbenes. In this respect, studies by Nolan, 
Glorius, Bertrand, Marko and others9–13 have led to the successful 
development of various types of N-heterocyclic carbenes that are 
now routinely utilized in organometallic chemistry. Among various 
classes of NHC ligands, the most prominent are sterically-hindered 
symmetrical ligands based on imidazol-2-ylidene architecture that 
provide kinetic stabilization of metal centers.1–5 In this context, N-

heterocyclic carbene ligands bearing donor substituents that 
stabilize metals by chelation are underdeveloped.14 

As part of our studies on the development of new N-heterocyclic 
carbenes,15 herein, we report a new class of sterically-hindered, 
wingtip-flexible NHC ligands that feature N,C-chelating oxazole 
donors. We report the synthesis, full structural and electronic 
characterization. The evaluation of steric, electron-donating and -
accepting properties and coordination chemistry to Ag(I), Pd(II) and 
Rh(I) is described. We demonstrate a fluxional behavior of freely-
rotatable oxazole unit, wherein the oxazolyl ring adjusts to the steric 
and electronic environment of the metal center. In the context of 
NHC ligand design, these ligands represent a wide avenue towards 
expanding the rich field of applications of symmetrical IPr* class of 
ligands to unsymmetrical, sterically-hindered and chelating IPr*Oxa 
NHCs. Considering the tremendous impact of sterically-hindered 
NHCs9–13 and the potential to stabilize reactive metals by N-
chelation,16,2h we expect that this new class of NHC ligands will be of 
broad interest in inorganic and organometallic chemistry.
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Fig. 1. State-of-the-art of sterically-demanding N-heterocyclic 
carbenes in inorganic and organometallic chemistry.
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Results and Discussion
The synthesis of IPr*Oxa and its MeO analogue featuring CHPh2 

wingtips was selected as our starting point (Schemes 1-2, 3a–3b). 
This synthesis has been selected on the basis that IPr* and IPr*MeO 
bearing 2,6-bis(diphenylmethyl)-4-methylphenyl and 2,6-
bis(diphenylmethyl)-4-methoxyphenyl wingtips are the two most 
useful sterically-hindered, wingtip-flexible symmetrical imidazol-2-
ylidenes in organometallic chemistry.12 It is worth noting that IPr*MeO 
is more nucleophilic than its IPr* counterpart (TEP, Tolman electronic 
parameter, CO IPr*MeO = 2051.1 cm-1; CO IPr* = 2052.7 cm-1).17 
Furthermore, the use of 2,6-bis(diphenylmethyl)-4-methoxyphenyl 
substitution offers synthetic advantages in isolation and 
crystallization of intermediates and complexes in select cases.17 The 
developed synthesis follows a two-step modular approach involving 
(1) condensation between the corresponding aniline and diacetyl, (2) 
arylation with 2-halo-benzoxazole (Schemes 1–2). 4,5-Dimethyl 
substitution of the imidazole ring is preferred due to higher stability 
of NHC salts and NHC–metal complexes.18 The developed sequence 
permits for the preparation of imidazolium precursors 3a–3b on a 
gram scale, avoiding chromatographic purification during the 
synthesis. The imidazolium salts 3a–3b were obtained as bench-
stable, crystalline solids (3a, mp = 252-254 °C; 3b: mp = 197-199 °C). 
The approach is highly modular enabling the synthesis of analogues 
by condensation/SNAr arylation sequence.  

Scheme 1 Synthesis of 1-Arylimidazoles 2a–2b
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Scheme 2 Synthesis of Imidazolium Salts 3a–3b
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With the access to imidazolium precursors secured, we next 
evaluated coordination chemistry of these wingtip-flexible, chelating 
oxazole-donor N-heterocyclic carbene ligands (Schemes 3–6). As 
shown in Scheme 3, the linear silver complexes [Ag(IPr*Oxa)Cl] (4a) 
and [Ag(IPr*MeOOxa)Cl] (4b) were prepared using method by Gimeno 
with AgNO3 in the presence of K2CO3 at room temperature.19 The 
complexes 4a–4b were found to be stable to air and moisture. The 
complexes were characterized by X-ray crystallography (Figure 2). 

Complexes 4a–4b are monomeric. Complex 4a crystallized with 
three molecules in the unit cell. The coordination around silver is 
linear ([Ag(IPr*Oxa)Cl], C–Ag–Cl, 175.5(15)°, C–Ag, 2.079(5) Å; C–Ag–
Cl, 172.4(18)°, C–Ag, 2.074(6) Å; C–Ag–Cl, 178.74(16)°, C–Ag, 
2.087(5) Å; [Ag(IPr*MeOxa)Cl], C–Ag–Cl, 173.09(18)°; C–Ag, 2.075(6) Å). 
Interestingly, the oxazolyl ring is close to coplanar with the imidazolyl 
ring with the oxygen atom oriented towards the metal in 
[Ag(IPr*Oxa)Cl] ([Ag(IPr*Oxa)Cl], O–Ag, 3.055(4) Å; O–Ag, 2.875(4) Å; 

Scheme 3 Synthesis of Ag(I)–NHC Complexes 4a–4b
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Fig. 2. X-ray crystal structures of complexes 4a–4b. CCDC 2180038, 4a; CCDC 
2180039, 4b. See SI for selected bond lengths and angles. 

Scheme 4 Synthesis of Pd(II)–NHC Complexes 5a–5b
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Fig. 3. X-ray crystal structures of complexes 5a–5b. CCDC 2180040, 5a; CCDC 
2180041, 5b. See SI for selected bond lengths and angles. 

O–Ag, 3.114(3) Å), while the oxazolyl ring is tilted with respect to the 
imidazolyl ring in [Ag(IPr*MeOOxa)Cl] with the nitrogen atom pointing 
towards the metal ([Ag(IPr*MeOOxa)Cl], N–Ag, 3.264(6) Å). The 
dihedral angle in [Ag(IPr*Oxa)Cl] of C(carbene)–N–C–O is 23.0(7)°, 
18.1(8)°, 40.2(7)° for the three molecules in the until cell, and the 
angle between the planes of the oxazolyl and imidazolyl ring is 
23.8(2)°, 17.5(2)°, 37.8(2)°. The dihedral angle in [Ag(IPr*MeOOxa)Cl] of 
C(carbene)–N–C–N is 44.7(11)° and the angle between the planes of the 
oxazolyl and imidazolyl ring is 44.3(1)°. The geometry of complexes 
4a–4b was analyzed using the method by Cavallo20 to determine 
catalytic pockets (Chart 1A–1B). The % buried volume (%Vbur) of 
[Ag(NHC)Cl] complexes 4a–4b is 43.3%, 42.7%, 39.6% (4a, 3 
molecules in the unit cell) and 40.7% (4b). These values can be 
compared with [Ag(IPr*)Cl] of 53.5%12 and [Ag(IPr)Cl] of 43.8%.21 It 
should be noted that the classical imidazol-2-ylidenes feature a more 
symmetrical quadrant distribution, while IPr*Oxa ligands have a clear 
steric differentiation between SW/NW vs. NE/SE quadrants (Chart 1).

Scheme 5 Synthesis of Se–NHC Complex 6a

Page 2 of 8Dalton Transactions
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Fig. 4. X-ray crystal structure of complex 6a. CCDC 2180042, 6a. See SI for 
selected bond lengths and angles.

Scheme 6 Synthesis of [RhCl(NHC)(CO)] Complex 7a
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Fig. 5. X-ray crystal structure of complex 7a. CCDC 2180043, 7a. See SI for 
selected bond lengths and angles.

Next, we synthesized chelating [Pd(IPr*Oxa)Cl2] (5a) and 
[Pd(IPr*MeOxa)Cl2] (5b) complexes by transmetallation of 4a–4b with 
[Pd(cod)Cl2] (Scheme 4). The structures of complexes 5a–5b were 
determined by x-ray crystallography (Figure 3). The geometry around 
palladium is square planar with the oxazolyl and imidazolyl rings 
coplanar ([Pd(IPr*Oxa)Cl2], C(carbene)–N–C–N, 0.0°; [Pd(IPr*MeOOxa)Cl2], 
C(carbene)–N–C–N, 0.0°). In [Pd(IPr*Oxa)Cl2], the bond lengths of 
C(carbene)–Pd, 1.993(3) Å; N(oxazolyl)–Pd, 2.047(3) Å are in the range for 
N,C chelating Pd(II)–NHC complexes.14f,g There is a strong trans 
influence of the NHC ligand, C(carbene)Pd–Cl, 2.3256(12) Å; N(oxazolyl)Pd–
Cl, 2.2675(11) Å. Similar bond lengths are observed in 
[Pd(IPr*MeOOxa)Cl2] of C(carbene)–Pd, 1.985(10) Å;  N(oxazolyl)–Pd, 2.067(8) 
Å; C(carbene)Pd–Cl, 2.311(3) Å; N(oxazolyl)Pd–Cl, 2.267(3) Å. 

The geometry of complexes 5a–5b was further analyzed using the 
method by Cavallo to determine the % buried volume (Chart 1C–1D). 
The (%Vbur) of [Pd(NHC)Cl2] complexes 5a–5b is 40.8% (5a) and 40.6% 
(5b). These values can be compared with the linear Ag(I)–NHC 
complexes 4a–4b (Chart 1A–1B). It should be noted that the oxazolyl 
fragment in 4a–4b has rotated to be coplanar with the Pd atom, 
which is reflected by the quadrant distribution in the topographical 
steric maps in IPr*Oxa ligands.
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Chart 1. Topographical steric maps of (A) [(IPr*Oxa)AgCl] (4a), (B) 
[(IPr*MeOOxa)AgCl] (4b), (C) [(IPr*Oxa)PdCl2] (5a), (D) [(IPr*MeOOxa)PdCl2] (5b), (E) 
[(IPr*Oxa)Se] (6a), (F) [(IPr*Oxa)Rh(CO)Cl] (7a) showing %Vbur per quadrant. (G) 
[(IPr*)AgCl] and (H) [(IPr)AgCl] are shown for comparison. 

To evaluate electronic properties of this class of N,C-chelating 
ligands, we prepared the selenourea adduct 6a (Scheme 5). Seleno 
adducts permit to evaluate -backbonding from the 77Se NMR 
spectra.22 The standard method developed by Nolan et al was used 
for 77Se measurements.22 IPr*Oxa 3a was selected as a representative 
NHC for Se and Rh (vide infra) measurements. In our experience, 77Se 
measurements are strongly affected by the type of heterocyclic 
system, however, tilt of the wingtip should also be taken into 
consideration in select cases.22 To our knowledge, this is the first 
example of 77Se measurements for NHCs with a wingtip-flexible O 
atom.5,22  The Se value of 119.4 ppm for [Se(IPr*Oxa)] (CDCl3) can be 
compared with IPr (Se = 90 ppm) and IPr* (Se = 106 ppm), 
suggesting slightly higher -accepting properties, expected from the 
oxazolyl substitution. The structure of 6a was determined by x-ray 
crystallography (Figure 4). The C–Se bond length is 1.831(4) Å. The 
oxazolyl ring is significantly tilted with respect to the imidazolyl ring 
(C(carbene)–N–C–O, 70.1(6)°) with the oxygen atom point towards 
selenium, Se–O, 3.549(3) Å. The (%Vbur) of [Se(IPr*Oxa)] complex is 
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41.4% (6a) (SW, 52.9%; NW, 50.0%; NE, 33.3%; SE, 29.3%) (Chart 1E). 
Compared with the linear [Ag(IPr*Oxa)Cl] complex 4a, the oxazolyl 
ring further rotates away from the metal center in [Se(IPr*Oxa)], 
highlighting flexibility of the N–oxazolyl wingtip. 

We also synthesized the chelating [Rh(IPr*Oxa)(CO)Cl] complex as a 
representative cationic Rh(I) complex to further evaluate the 
electronic properties of this class of ligands. 

Scheme 7 Catalytic Activity of [IPr*Oxa–M] Complexesa 
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[Rh(IPr*Oxa)(CO)Cl] (7a) was prepared by the direct reaction of the 
imidazolium precursor 3a and [Rh(acac)(CO)2] (Scheme 6). The 
complex is characterized by the CO stretching of 1986 cm-1. This can 
be compared with related cationic N,C-chelating Rh(I)–NHC 
complexes [Rh(NHC)(CO)2](OTf) of 2017 and 2076 cm-1.23 The 
structure of 7a was determined by x-ray crystallography (Figure 5). 
The geometry around rhodium is square planar with the oxazolyl and 
imidazolyl rings coplanar (C(carbene)–N–C–N, 0.0°). The bond lengths of 
C(carbene)–Rh, 1.976(4) Å;  N(oxazolyl)–Rh, 2.131(3)  Å are in the range for 
N,C chelating Rh(I)–NHC complexes.14f,g,23 The Cl ligand is positioned 
trans to the carbene (Rh–Cl, 2.3705(11) Å), while the CO ligand is 
positioned trans to the oxazolyl ring (Rh–CO, 1.796(4) Å). The (%Vbur) 
of [Rh(IPr*Oxa)(CO)Cl] complex is 41.6% (7a) (SW, 38.1%; NW, 38.1%; 
NE, 45.0%; SE, 45.0%) (Chart 1F), which can be compared with the 
chelating Pd(II) complex 5a of 40.8% (Chart 1C). 

We briefly evaluated the catalytic activity of the sterically-
hindered N,C-chelating oxazolyl-donor ligands in Ag(I), Pd(0) and 
Rh(I) catalyzed coupling and hydrosilylation reactions (Scheme 7). As 
shown, [Ag(IPr*Oxa)Cl] (4a), [Ag(IPr*MeOOxa)Cl] (4b), [Pd(IPr*Oxa)Cl2] 
(5a), [Pd(IPr*MeOxa)Cl2] (5b) and [Rh(IPr*Oxa)(CO)Cl] (7a) gave 
promising reactivity in A3-coupling, Heck cross-coupling and alkyne 
hydrosilation. The results indicate high degree of generality of this 
class of ligands in C–N, C–C and C–Si bond forming reactions. The 
results should be benchmarked against prior systems. Thus, 
complexes [Ag(IPr*Oxa)Cl] (4a) and [Ag(IPr*MeOOxa)Cl] (4b) are more 
reactive than the classical [Ag(IPr)Cl],25a while [Pd(IPr*Oxa)Cl2] (5a) 
and [Pd(IPr*MeOxa)Cl2] (5b) show similar reactivity to Pd(II)–NHC 
complexes with oxazolinyl wingtip,14f however, higher trans 
selectivity of (5b) should be noted. Finally, [Rh(IPr*Oxa)(CO)Cl] (7a) 
should be compared with Rh(I)–NHCs containing hemilabile N-
donors, which typically give higher E-selectivity.26    

To gain insight into the electronic structure of the IPr*Oct class of 
ligands, we determined HOMO and LUMO energy levels at the B3LYP 
6-311++g(d,p) level (Figure 6 and SI). It is now well established that 
computed HOMO and LUMO provide the most accurate 
determination of nucleophilicity and electrophilicity of N-
heterocyclic carbene ligands. The -donor orbital of IPr*Oxa (HOMO-
1 due to required symmetry, -6.26 eV) is in the same range as IPr* (-
6.12 eV), and can be compared with the classical IPr (-6.01 ev). The 
HOMO-1 of IPr*MeOOxa is marginally higher (-6.22 eV), as expected 
from the MeO substitution. The -accepting orbital (LUMO+8 due to 
required symmetry) of IPr*Oxa (-0.33 eV) and IPr*MeOOxa (-0.32 eV) can 
be compared with IPr* (-0.90 eV) and IPr (-0.48 eV). The LUMO 
orbital of IPr*Oxa (-1.18 eV) and IPr*MeOOxa (-1.17 eV) is located on the 
benzoxazole ring as expected. Overall, these results confirm IPr*Oxa 
and IPr*MeOOxa as strongly -nucleophilic, sterically-unsymmetrical N-
heterocyclic carbene ligands with electronics affected by the 
coordinating benzoxazole ring. 

Furthermore, rotational studies were performed to gain insight 
into the fluxional character of the N–oxazolyl wingtip in this IPr*Oxa 
class of ligands (Figure 7). Detailed rotational profile of the parent 
carbene IPr*Oxa was obtained by a systematic rotation along the 
C(Me)–N–C(oxa)–O dihedral angle. The rotation was performed in both 
directions. The rotational profile of IPr*Oxa identified two energy 
minima at ca. 160° C(Me)–N–C(oxa)–O angle in a syn eclipsing C(carbene)–
N–C(oxa)–O conformation (ca. 22.2°) (0 kcal/mol) and at ca. 50° in a 
gauche C(carbene)–N–C(oxa)–N conformation (ca. 49.1°) (2.3 kcal/mol). 
The energy maxima are located at ca. 0° C(Me)–N–C(oxa)–O dihedral 
angle (3.5 kcal/mol) in a syn eclipsing C(carbene)–N–C(oxa)–N 
conformation (ca. 0.0°) and at ca. 80° C(carbene)–N–C(oxa)–O dihedral 
angle (2.6 kcal/mol) in a perpendicular C(carbene)–N–C(oxa)–N 
conformation (ca. 80.5°). The rotational profile of IPr*Oxa provides 
further evidence for the flexible rotation of the N-oxazole wingtip. 

As shown by the complexation with Ag(I), Pd(II) and Rh(I), the 
ligand geometry hinges upon the interaction with the metal in a N,C-
chelating template. The combination of the large sterically-
demanding IPr*-type substitution with the flexibility of the N-
benzoxazole wingtip provides a sterically-encumbered chelating 
environment around the metal centers (Charts 1A–1G).
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Fig. 6. (A) HOMO and LUMO energy levels (eV). (B) HOMO-1, LUMO+8 and 
LUMO (eV) of IPr*Oxa calculated at B3LYP 6-311++g(d,p). See SI.
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Fig. 7. Rotational profile of IPr*Oxa (E, kcal/mol, vs. C(Me)–N–C(oxa)–O [°]).

Conclusions
In conclusion, we have reported a new class of sterically-hindered, 

wingtip-flexible NHC ligands that feature N,C-chelating oxazole 
donors. These ligands combine the properties of symmetrical and 
broadly utilized IPr* class of ligands with N,C-chelating donors. The 
ligands are readily accessible through a modular arylation of oxazole 
derivatives. The coordination chemistry was demonstrated through 
the synthesis and full structural characterization of Ag(I), Pd(II) and 
Rh(I) complexes. The study established a fluxional behavior of freely-
rotatable oxazole ring, adjusting to the steric and electronic 
environment of the metal center. In light of the tremendous impact 
of sterically-hindered NHCs and the potential to stabilize reactive 
metals by N-chelation, this new class of NHC ligands opens new 
avenues in inorganic and organometallic 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 purchased at the 
highest commercial grade and used as received or after purification 
by distillation from sodium/benzophenone under nitrogen. All 
solvents were deoxygenated prior to use. All other chemicals were 
purchased at the highest commercial grade and used as received. 
Compounds 1a,12a 1b,17 and 2a18 have been previously reported in 
the literature. Spectroscopic properties matched literature data. 1H 
NMR and 13C NMR spectra were recorded on Bruker spectrometers 
at 400 (1H NMR) and 100 MHz (13C NMR). Infrared spectra were 
recorded on a Nicolet Nexus 2002 FTIR spectrometer. High-
resolution mass spectra (HRMS) and elemental analyses were 
measured on a 7T Bruker Daltonics FT-MS and Vario EL II (CHNS) 
instrument respectively. 
General Procedure for the Synthesis of Anilines. Anilines were 
synthesized according to literature procedures.12a,17

2,6-Dibenzhydryl-4-methylaniline (1a).below12a The product was 
obtained in 52% yield (24.00 g, 54.6 mmol) as a white solid. 1H NMR 
(400 MHz, CDCl3) δ 7.27 (t, J = 7.2 Hz, 10H, HAr), 7.23 – 7.19 (m, 2H, 
HAr), 7.09 (d, J = 7.0 Hz, 8H, HAr), 6.38 (s, 2H, HAr), 5.45 (s, 2H, CHPh2), 
3.27 (s, 2H, NH2), 2.01 (s, 3H, CH3). 13C NMR (100 MHz, CDCl3) δ 
142.90 (CAr), 139.78 (CAr), 129.69 (CHAr), 129.38 (CAr), 129.18 (CHAr), 
128.63 (CHAr), 126.74 (CHAr), 52.51(CHPh2), 21.17 (CH3). 

4-Methoxy-2,6-bis(diphenylmethyl)aniline (1b).17 The product was 
obtained in 93% yield (44.00 g, 96.6 mmol) as a white solid. 1H NMR 
(400 MHz, CDCl3) δ 7.27 (t, J = 8.2 Hz, 8H, HAr), 7.21 (t, J = 8.2 Hz, 4H, 
HAr), 7.09 (d, J = 7.2 Hz, 8H, HAr), 6.19 (s, 2H, HAr), 5.47 (s, 2H, CHPh2), 
3.41 (s, 3H, OCH3), 3.13 (s, 2H, NH2). 13C NMR (101 MHz, CDCl3) δ 
151.93 (CAr), 142.63 (CAr), 136.03 (CHAr), 130.95 (CAr), 129.65 (CHAr), 
128.68 (CHAr), 126.86 (CHAr), 114.49 (CHAr), 55.26 (OCH3), 52.61 
(CHPh2).
General Procedure for the Synthesis of 1-Arylimidazoles. N-Aryl 
imidazoles were synthesized according to a modified literature 
procedure.18  To a 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 gave the desired product.
1-(2,6-Dibenzhydryl-4-methylphenyl)-4,5-dimethyl-1H-imidazole 
(2a).18 The product was obtained in 50% yield (2.00 g, 3.85 mmol) as 
a pale brown solid. Purification by flash chromatography 
(hexane/AcOEt = 2/1). 1H NMR (400 MHz, CDCl3) δ 7.24 – 7.16 (m, 
12H, HAr), 6.95 (d, J = 7.1 Hz, 4H, HAr), 6.89 (d, J = 7.1 Hz, 4H, HAr), 6.87 
(s, 2H, HAr), 6.62 (s, 1H, HAr), 5.00 (s, 2H, CHPh2), 2.25 (s, 3H, CH3 imid), 
2.16 (s, 3H, CH3 imid), 1.0 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 
142.88 (CAr), 142.86 (CAr), 142.44 (CAr), 138.96 (CAr), 135.63 (CHAr), 
133.76 (CAr), 132.31 (CAr), 129.69 (CHAr), 129.63 (CHAr), 129.26 (CHAr), 
128.55 (CHAr), 128.39 (CHAr), 126.69 (CHAr), 126.67 (CH), 123.54 (CAr), 
51.53 (CHPh2), 21.95 (CH3), 12.96 (CH3 imid), 7.90 (CH3 imid).
1-(2,6-Dibenzhydryl-4-methoxyphenyl)-4,5-dimethyl-1H-imidazole 
(2b). The product was obtained in 54% yield (2.17g, 4.06 mmol) as a 
pale yellow solid. Mp = 87-89 °C. Purification by flash 
chromatography (hexane/AcOEt = 2/1). 1H NMR (400 MHz, CDCl3) δ 
7.24 – 7.16 (m, 12H, HAr), 6.96 (d, J = 6.8 Hz, 4H, HAr), 6.90 (d, J = 6.9 
Hz, 4H, HAr), 6.57 (s, 3H, HAr), 5.00 (s, 2H, CHPh2), 3.61 (s, 3H, CH3), 
2.15 (s, 3H, CH3 imid), 1.30 (s, 3H, CH3 imid). 13C NMR (100 MHz, CDCl3) 
δ 159.39 (CAr), 144.61 (CAr), 142.63 (CAr), 142.21 (CAr), 135.95 (CHAr), 
133.85 (CAr), 129.58 (CHAr), 129.18 (CHAr), 128.57 (CHAr), 128.41 
(CHAr), 127.83 (CHAr), 126.76 (CHAr), 123.55 (CAr), 114.44 (CHAr), 55.38 
(CH3), 51.75 (CHPh2), 13.09 (CH3 imid), 7.88 (CH3 imid). HRMS (ESI/Q-TOF) 
m/z: [M+H]+ calcd for C38H35N2O 535.2749 found 535.2702.
General Procedure for the Synthesis of Imidazolium Salts. 
Imidazolium salts were synthesized according to a literature 
procedure.14g 1-Arylimidazole (2a or 2b) was added to a solution of 
2-chlorobenzoxazole in toluene, and the mixture was heated at 
reflux overnight. During the course of the reaction, a white 
precipitate formed and the product was isolated by filtration. The 
solid was washed twice with Et2O and dried in vacuo, giving the 
desired imidazolium salt.
1-(Benzo[d]oxazol-2-yl)-3-(2,6-dibenzhydryl-4-methylphenyl)-4,5-
dimethyl-1H-imidazol-3-ium Chloride (3a). The product was 
obtained in 71% yield (2.00 g, 3.86 mmol) as a white solid. Mp = 252-
254 °C. 1H NMR (400 MHz, CDCl3) δ  10.51 (s, 1H, NCHN), 7.78-7.72 
(m, 2H, CHoxa), 7.49 – 7.43 (m, 2H, CHoxa), 7.25 – 7.17 (m, 14H, HAr), 
7.11 (d, J = 5.4 Hz, 2H, HAr), 7.02 (d, J = 7.1 Hz, 4H, HAr),  6.79 (s, 2H, 
HAr), 5.35 (s. 2H, CHPh2), 2.62 (s, 3H, CH3 imid), 2.23 (s, 3H, CH3 imid), 1.28 
(s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 149.05 (NCO), 148.66 (Coxa), 
142.03 (Coxa), 141.80 (CAr), 141.31 (CAr), 140.36 (CAr), 139.81 (N2C), 
138.85 (CHAr), 130.71 (CAr), 130.19 (CAr), 129.74 (CHAr), 129.38 (CHAr), 
128.89 (CHAr), 128.82 (CHAr), 128.35 (CHAr), 127.32 (CAr), 127.04 
(CHAr), 126.61 (CHAr), 126.08 (CHAr), 120.73 (CHAr), 111.91 (CHAr), 

Page 5 of 8 Dalton Transactions



ARTICLE Journal Name

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

52.07 (CHPh2), 22.04 (CH3), 10.98 (CH3 imid), 7.80 (CH3 imid). HRMS 
(ESI/Q-TOF) m/z: [M]+ calcd for C45H38N3O 636.3015 found 636.3015. 
1-(Benzo[d]oxazol-2-yl)-3-(2,6-dibenzhydryl-4-methoxyphenyl)-
4,5-dimethyl-1H-imidazol-3-ium Chloride (3b). The product was 
obtained in 65% yield (0.8 g, 1.22 mmol) as a white solid. Mp = 197-
199 °C. 1H NMR (400 MHz, CDCl3) δ 10.50 (s, 1H, NCHN), 7.75 (dd, J = 
13.1, 4.3 Hz, 2H, CHoxa), 7.49 – 7.45 (m, 2H, CHoxa), 7.28 – 7.21 (m, 
14H, HAr), 7.13 – 7.09 (m, 2H, HAr), 7.04 (d, J = 6.5 Hz, 4H, HAr), 6.48 
(s, 2H, HAr), 5.38 (s, 2H, CHPh2), 3.56 (s, 3H, CH3), 2.61 (s, 3H, CH3 imid), 
1.30 (s, 3H, CH3 imid). 13C NMR (100 MHz, CDCl3) δ 161.08 (NCO), 
149.07 (Coxa), 148.70 (Coxa), 144.13 (CAr), 141.06 (CAr), 140.25 (CAr), 
139.84 (N2C), 139.27 (CHAr), 130.32 (CAr), 129.73 (CHAr), 129.37 
(CHAr), 128.96 (CHAr), 128.86 (CHAr), 127.41 (CHAr), 127.16 (CAr), 
127.06 (CHAr), 126.51 (CHAr), 126.09 (CHAr), 123.41 (CHAr), 120.73, 
115.56, 111.94 (CHAr), 55.36 (CH3), 52.27 (CHPh2), 11.01 (CH3 imid), 7.82 
(CH3 imid). HRMS (ESI/Q-TOF) m/z (%) [M]+ calcd for C45H38N3O2 
652.2964; found 652.2953.
General Procedure for the Synthesis of [Ag(NHC)Cl] Complexes. 
Ag(I)–NHC complexes were synthesized according to a modified 
literature procedure.19 A mixture of 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 until 2 mL (c.a.). The product was 
precipitated with ether and washed to give a white solid. 
[Ag(IPr*Oxa)Cl] (4a). The product was obtained in 49% yield (0.13 g, 
0.17 mmol) as a white solid. Recrystallization from CH2Cl2/Et2O at RT 
gave suitable crystals for X-ray diffraction analysis. 1H NMR (400 
MHz, CDCl3) δ 7.80 – 7.76 (m, 1H, CHoxa), 7.67 – 7.63 (m, 1H, CHoxa), 
7.45 – 7.42 (m, 2H, CHoxa), 7.28 – 7.17 (m, 12H, HAr), 7.04 (d, J = 7.4 
Hz, 4H, HAr), 6.95 (d, J = 6.5 Hz, 4H, HAr), 6.81 (s, 2H, HAr), 5.24 (s, 2H, 
CHPh2), 2.41 (s, 3H, CH3 imid), 2.26 (s, 3H, CH3 imid), 1.07 (s, 3H, CH3). 
13C NMR (100 MHz, CDCl3) δ 186.38 (N2C), 186.21 (N2C), 183.84 (N2C), 
183.66 (N2C), 152.72 (NCO), 149.25 (Coxa), 142.19 (CAr), 141.49 (CAr), 
140.97 (CAr), 140.27 (CAr), 140.19 (Coxa), 133.42 (CAr), 130.34 (CHAr), 
129.83 (CHAr), 129.39 (CHAr), 129.08 (CHAr), 128.64 (CAr), 127.13 
(CHAr), 127.11 (CHAr), 126.23 (CHAr), 126.00 (CHAr), 125.94 (CAr), 
125.69 (CHAr), 120.47 (CHAr), 111.42 (CHAr), 52.03 (CHPh2), 22.00 
(CH3), 10.87 (CH3 imid), 8.12 (CH3 imid). Anal. calcd for C45H37AgClN3O 
(779.13): C, 69.37; H, 4.79; N, 5.39. Found: C, 69.79; H, 4.64; N, 5.44.
[Ag(IPr*MeOOxa)Cl] (4b).  The product was obtained in 79% yield (0.19 
g, 0.24 mmol) as a white solid. Recrystallization from CH2Cl2/Et2O at 
RT gave suitable crystals for X-ray diffraction analysis. 1H NMR (400 
MHz, CDCl3) δ 7.80 – 7.76 (m, 1H, CHoxa), 7.67 – 7.64 (m, 1H, CHoxa), 
7.45 – 7.42 (m, 2H, CHoxa), 7.29 – 7.18 (m, 12H, HAr), 7.06 (d, J = 7.4 
Hz, 4H, HAr), 6.98 – 6.95 (m, 4H, HAr), 6.51 (s, 2H, HAr), 5.25 (s, 2H, 
CHPh2), 3.60 (s, 3H), 2.40 (s, 3H, (CH3 imid), 1.09 (s, 3H, (CH3 imid). 13C 
NMR (101 MHz, CDCl3) δ 186.83 (N2C), 186.65 (N2C), 184.29 (N2C), 
184.11 (N2C), 160.12 (CAr), 152.72 (NCO), 149.25 (Coxa), 144.09 (CAr), 
141.20 (CAr),  140.75 (CAr),  140.20 (Coxa),  129.78 (CAr),  129.36 (CHAr), 
129.14 (CHAr), 128.68 (CHAr), 127.24 (CHAr), 127.20 (CHAr), 126.23 
(CHAr), 125.92 (CHAr), 125.87 (CHAr), 125.69 (CHAr), 120.47 (CHAr), 
115.14 (CHAr), 111.42 (CHAr), 55.37 (CHPh2), 52.29 (CH3), 10.89 (CH3 

imid), 8.13 (CH3 imid). Anal. calcd for C45H37AgClN3O2 (795.13): C, 67.98; 
H, 4.69; N, 5.28. Found: C, 68.12; H, 4.75; N, 5.20.
General Procedure for the Synthesis of [Pd(NHC)Cl2] Complexes. 
Palladium complexes were synthesized according to a modified 
literature procedure.14f [PdCl2(1,5-COD)] was added to a solution of 
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(IPr*Oxa)Cl2] (5a). The product was obtained in 95% yield (0.20 g, 
0.25 mmol) as a yellow solid. Recrystallization from CH2Cl2/Hex at RT 
gave suitable crystals for X-ray diffraction analysis. 1H NMR (400 MHz, 
CD2Cl2) δ 8.99 (d, J = 5.4 Hz, 1H, CHoxa), 7.82 (s, 1H, CHoxa), 7.66 (t, J = 
8.2 Hz, 2H, CHoxa), 7.43 (d, J = 7.1 Hz, 4H, HAr), 7.39 – 7.35 (m, 4H, HAr), 
7.30 (d, J = 5.2 Hz, 8H, HAr), 7.11 – 7.07 (m, 4H, HAr), 6.94 (s, 2H, HAr), 
5.57 (s, 2H, CHPh2), 2.37 (s, 3H, CH3 imid), 2.29 (s, 3H, CH3 imid), 0.00 (s, 
3H, CH3). 13C NMR (101 MHz, CD2Cl2) δ 157.58 (CAr), 154.81 (NCO), 
149.34 (Coxa), 142.34 (CAr), 141.45 (CAr), 140.22 (CAr), 139.84 (Coxa), 
136.40 (CAr), 133.53 (CAr), 132.23 (CAr), 129.96 (CHAr), 129.82 (CHAr), 
129.75 (CHAr), 128.44 (CHAr), 128.17 (CHAr), 127.69 (CHAr), 127.01 
(CHAr), 126.54 (CHAr), 122.15 (CHAr), 120.70 (CHAr), 111.39 (CHAr), 
51.90 (CHPh2), 21.60 (CH3), 8.53 (CH3 imid), 6.47 (CH3 imid). Anal. calcd 
for C45H37Cl2N3OPd (813.13): C, 66.47; H, 4.59; N, 5.17. Found: C, 
66.34; H, 4.41; N, 5.02.
[Pd(IPr*MeOOxa)Cl2] (5b). The product was obtained in 92% yield (0.19 
g, 0.23 mmol) as a yellow solid. Recrystallization from CH2Cl2/Hex at 
RT gave suitable crystals for X-ray diffraction analysis. 1H NMR (400 
MHz, CDCl3): δ  8.89 (d, J = 8.1 Hz, 1H, CHoxa), 7.58 (d, J = 7.9 Hz, 1H, 
CHoxa), 7.48 – 7.42 (m, 2H, CHoxa), 7.29 (d, J = 7.6 Hz, 4H, HAr), 7.18 – 
7.09 (m, 12H, HAr), 6.94 – 6.92 (m, 4H, HAr), 6.42 (s, 2H, HAr), 5.42 (s, 
2H, CHPh2), 3.51 (s, 3H, CH3 imid), 2.14 (s, 3H, CH3 imid), -0.08 (s, 3H, CH3). 
13C NMR (101 MHz, CDCl3): δ 159.91 (N=CO), 157.21 (CAr), 155.82 
(NCO), 149.15 (Coxa), 143.22 (CAr), 141.63 (CAr), 140.09 (Coxa), 136.31 
(CAr), 133.56 (CAr), 129.95 (CHAr), 128.37 (CHAr), 128.26 (CHAr), 127.71 
(CHAr), 127.47 (CHAr), 126.97 (CHAr), 126.61 (CHAr), 126.46 (CHAr), 
121.59 (CHAr), 121.22 (CHAr), 114.75 (CHAr), 111.13 (CHAr), 55.14 
(CHPh2), 52.19 (CH3), 8.75 (CH3 imid), 6.74 (CH3 imid). Anal. calcd for 
C45H37Cl2N3O2Pd (829.13): C, 65.19; H, 4.50; N, 5.07. Found: C, 65.23; 
H, 4.27; N, 4.91.
General Procedure for the Synthesis of [Se(NHC)] Complexes. 
Selenium complex was synthesized according to a modified literature 
procedure.24 A 7-mL screwcap vial equipped with a septum cap and 
a stirring bar was charged with imidazolium 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 oC. Afterwards, the mixture was filtered through a plug silica gel 
and washed with DCM (20 mL). All volatiles were then removed 
under vacuum. The product was obtained as a yellow 
microcrystalline material.
[(IPr*Oxa)Se] (6a). The product was obtained in 77% yield (0.13 g, 0.18 
mmol) as a yellow solid. Recrystallization from CH2Cl2/Et2O at -20 °C 
gave suitable crystals for X-ray diffraction analysis. 1H NMR (400 
MHz, CDCl3) δ 7.87 (d, J = 6.5 Hz, 1H, CHoxa), 7.68 (d, J = 7.4 Hz, 1H, 
CHoxa), 7.44 (t, J = 6.1 Hz, 2H, CHoxa), 7.31 (d, J = 7.5 Hz, 4H, HAr), 7,21 
- 7.18 (m, 8H, HAr), 7.14 (d, J = 5.9 Hz, 4H, HAr), 7.08 (d, J = 7.2 Hz, 4H, 
HAr), 6.84 (s, 2H, HAr), 5.39 (s, 2H, CHPh2), 2.22 (s, 3H, CH3 imid), 1.84 (s, 
3H, CH3 imid), -0.09 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 160.23 
(NCN), 151.45 (CAr), 150.70 (Coxa), 143.13 (CAr), 143.10 (CAr), 140,80 
(CAr), 140.66 (CAr), 139.50 (Coxa), 132.15 (CAr), 130.52 (CAr), 130.09 
(CAr), 129.79 (CHAr), 128.48 (CHAr), 128.26 (CHAr), 126.82 (CHAr), 
126.49 (CHAr), 125.35 (CHAr), 123.60 (CHAr), 121.16 (CHAr), 111.62 
(CHAr), 52.13 (CHPh2), 22.02 (CH3), 9.35 (CH3 imid), 7.20 (CH3 imid). 77Se 
NMR (95 MHz, CDCl3) δ 119.41. Anal. calcd for C45H37N3OSe (714.77): 
C, 75.62; H, 5.22; N, 5.88. Found: C, 76.08; H, 5.06; N, 5.67. 
General Procedure for the Synthesis of [Rh(NHC)(CO)Cl] Complexes. 
Rhodium complex was synthesized according to a modified literature 
procedure.14g Solid Rh(acac)(CO)2 (0.05 g, 0.194 mmol) and 
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 
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temperature, the solvent was removed in vacuo, and the crude 
product was twice washed with Et2O, giving the rhodium complex as 
a yellow solid. 
[Rh(IPr*Oxa)(CO)Cl] (7a). The product was obtained in 57% yield (90 
mg, 0.11 mmol) as a yellow solid. Recrystallization from CH2Cl2/Et2O 
at RT gave suitable crystals for X-ray diffraction analysis. 1H NMR (400 
MHz, CDCl3) δ 8.82 (d, J = 6.4 Hz, 1H, CHoxa), 7.60 (s, 1H, CHoxa), 7.45 
(d, J = 29.6 Hz, 3H, CHoxa, CHAr ), 7.19 (bs, 13H, HAr), 6.97 (d, J = 34.6 
Hz, 8H, HAr), 5.56 (s, 2H, CHPh2), 2.24 (d, J = 29.9 Hz, 6H, CH3 imid), 0.01 
(s, 3H). 13C NMR (101 MHz, CDCl3) δ 188.74 (Rh-CO), 183.45 (Rh-
Ccarbene), 158.28 (NCO), 149.58 (Coxa), 142.08 (CAr), 141.97 (CAr), 
140.86 (CAr), 140.32 (Coxa), 137.74 (CAr), 132.34 (CAr), 131.29 (CAr), 
130.29 (CAr), 129.77 (CHAr), 129.60 (CHAr), 128.44 (CHAr), 128.31 
(CHAr), 127.04 (CHAr), 126.76 (CHAr), 126.63 (CHAr), 125.18 (CHAr), 
121.02 (CHAr), 119.75 (CHAr), 110.56 (CHAr), 51.66 (CHPh2), 21.96 
(CH3), 9.06 (CH3 imid), 6.84 (CH3 imid). Anal. calcd for C46H37ClN3O2Rh 
(802.18): C, 68.79; H, 4.77; N, 5.23. Found: C, 68.72; H, 4.56; N, 5.18. 
FT-IR (nujol): 1986 cm-1 (ν(C=O)).
General Procedure for the Three-Component Coupling Reaction. 
Previously reported procedure was followed.25 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) 
at room temperature for 1 min. 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 83% yield (116.80 mg, 0.5 mmol) as a yellow liquid. 
Purification by flash chromatography (petroleum ether/AcOEt = 
10/1). 1H NMR (400 MHz, CDCl3) δ 7.45 – 7.42 (m, 2H), 7.31 – 7.24 
(m, 3H), 3.10 (d, J = 9.9 Hz, 1H), 2.65 – 2.60 (m, 2H), 2.40 – 46 (m, 
2H), 2.12 – 2.01 (m, 2H), 1.77 – 1.74 (m, 2H), 1.66 – 1.50 (m, 6H), 1.46 
– 1.38 (m, 2H), 1.27 – 1,15 (m, 3H), 1.06 – 0.89 (m, 2H). 13C NMR (101 
MHz, CDCl3) δ 131.87, 128.34, 127.76, 123.95, 87.94, 86.27, 64.54, 
39.74, 31.50, 30.59, 26.97, 26.46, 26.27, 24.89.
General Procedure for the Heck Cross-Coupling Reaction. Previously 
reported procedure was followed.14f 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 evacuation/backfilling cycles with 
argon, 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 conversion 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. Purification by flash 
chromatography (Hexane /AcOEt = 10/1). 1H NMR (400 MHz, CDCl3) 
δ 7.95 (d, J = 8.4 Hz, 2H), 7.59 (d, J = 8.3 Hz, 2H), 7.54 (d, J = 7.2 Hz, 
2H), 7.38 (t, J = 7.5 Hz, 2H), 7.30 (t, J = 7.9 Hz, 1H), 7.21 (s, 1H), 7.13 
(d, J = 16.4 Hz, 1H), 2.61 (s, 3H).13C NMR (101 MHz, CDCl3) δ 197.69, 
142.16, 136.84, 136.08, 131.61, 129.05, 129.97, 128.49, 127.59, 
126.98, 126.66, 76.88, 26.79.
(E)-1-Methoxy-4-styrylbenzene. The product was obtained in 91% 
yield (95.67 mg, 0.5 mmol) as a yellow liquid. Purification by flash 
chromatography (Hexane/ AcOEt = 10/1). 1H NMR (400 MHz, CDCl3) 
δ 7.52 – 7.45 (m, 4H), 7.37 – 7.33 (m, 2H), 7.26 – 7.22 (m, 1H), 
7.10 – 6.96 (m, 2H), 6.93 – 6.89 (m, 2H), 3.84 (s, 3H). 13C NMR (101 
MHz, CDCl3) δ 159.46, 137.80, 130.30, 128.82, 128.37, 127.89, 
127.39, 126.77, 126.42, 114.29, 55.51.
General Procedure for Hydrosilylation Reaction. Previously reported 
procedure was followed.14f According to the procedure, in a Schlenk 
tube, a solution of complex 7a (0.005 mmol) in dry toluene (1.5 mL) 

was prepared, phenylacetylene (0.5 mmol), and triethylsilane (0.55 
mmol), and n-dodecane (100 µL) were added in quick succession via 
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, the products were purified 
by flash chromatography through a short plug of silica and analyzed 
by 1H NMR spectroscopy. The three reaction products were 
determined on the basis of the olefinic coupling constants in the 1H 
NMR (400 MHz, CDCl3) spectra: β-(Z)-isomer: 7.44 (d, J = 8.4 Hz), 5.76 
(d, J = 15.2 Hz), β-(E)-isomer: 6.89 (d, J = 19.3 Hz), 6.43 (d, J = 19.3 
Hz), α-isomer: 5.87 (d, J = 3.1 Hz), 5.57 (d, J = 3.1 Hz).
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