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ABSTRACT: A family of anionic, formally nickel(0) complexes supported by bidentate NHC–pyridone ligands is described. 
The unsymmetric chelating environment and capping [K(18-crown-6)]+ countercation allow isolation of single-component, 
monometallic complexes in high yield. The steric and electronic properties are assessed through a battery of experimental 
(NMR, IR, UV/vis, X-ray diffraction) and computational tools. Catalytic activity for highly branched-selective hydroboration 
of styrene with HBpin is demonstrated. Control experiments implicate an important role of the pyridone in establishing 
reactivity and regioselectivity, suggesting the potential to leverage secondary coordination sphere effects with these single-
component precatalysts for reagent activation and delivery.

INTRODUCTION 
N-Heterocyclic carbenes (NHCs) have gained broad 

popularity in the field of organometallic chemistry since 
their introduction by Arduengo in 1993.1, 2 Their ability to 
coordinate to transition metals through strong σ donation 
makes them outstanding supporting ligands in numerous 
contexts. Additionally, modular changes to the core 
heterocycle composition and/or wingtip substituents offer 
a suite of electronically and sterically diverse ligand 
architectures. Recent decades have witnessed extensive 
development of transition-metal-NHC complexes and their 
applications in catalysis.3, 4 In this domain, NHC-supported 
first-row transition-metals are attractive in comparison to 
their second- and third-row congeners due to their lower 
cost, greater availability, and oftentimes unique reactivity 
profiles.3, 5-7 In particular, nickel complexes supported by 
symmetric, monodentate NHCs (e.g. IPr, SIPr, and IMes) 
have emerged as popular alternatives to Pd-phosphine 
systems for olefin functionalization,8, 9 cross coupling,10, 11 
and related reactions (Scheme 1A).  

Taking advantage of the modular NHC platform, 
multidentate NHC derivatives have been developed.12-14 
Commonly these consist of multiple, symmetrically linked 
NHC units. However, NHC-pyridine, NHC-phosphine, and 
NHC-amine substructures (among others) have also been 
introduced.12-14 These mixed-donor ligands offer an 
unsymmetric coordination environment and thus can meet 
distinct electronic and steric needs over the course of a 
catalytic cycle. Given the versatility of unsymmetric, 
multidentate NHC ligands, we sought to use the NHC core to 
develop mixed, bidentate scaffolds with 2-pyridone co-
ligands.  

Scheme 1. Prior work and motivation for NHC-
pyridone design.a 

 
a Bpin = pinacolboryl = 4,4,5,5-tetramethyl-1,3-dioxaboryl; 
dmso = dimethyl sulfoxide; cod = 1,5-cyclooctadiene 

 



 

Our interest in multidentate pyridone ligands arose 
due to their tautomeric properties, which suggest possible 
secondary coordination sphere effects or metal–ligand 
cooperative reactivity.15-19 However, 2-pyridone ligands 
often induce complex speciation with varied μ-N,O, μ-O, κ1-
N, κ1-O, and/or κ2-N,O coordination modes (Scheme 1B).20-

23 With group 6–11 metals, this versatile coordination has 
been shown to promote formation of multimetallic 
clusters.20, 21 In pursuit of single-component, mononuclear 
complexes, we envisioned that a strong co-ligand (such as 
an NHC) could instead favor a κ2-C,N coordination geometry 
with exclusive N-coordination of the pyridone motif. 

Herein we report the synthesis and characterization of 
a family of mononuclear, anionic, formally Ni(0) complexes 
supported by bidentate NHC-pyridone (C,N) ligands 
(Scheme 1C). These C,N ligands include hIMesPyO (1-(2,4,6-
trimethylphenyl)-3-(6-oxidopyridin-2-yl)-imidazol-2-
ylidene), hIEtPyO (1-(2,6-diethylphenyl)-3-(6-
oxidopyridin-2-yl)-imidazol-2-ylidene), and hIPrPyO (1-
(2,6-diisopropylphenyl)-3-(6-oxidopyridin-2-yl)-imidazol-
2-ylidene). Note that the ligand shorthand is adapted from 
standard conventions for symmetric NHCs (i.e. hIMes = half-
IMes; hIEt = half-IEt; hIPr = half-IPr).2 Although an 
analogous 3-pyridone ligand has been utilized previously in 
combination with Ni(II) sources,24 no structural insights 
were obtained with catalytically relevant, low-valent nickel. 
In contrast, the [K(18-crown-6)][(C,N)Ni(L)] (where 
L = η2,η2-1,5-cyclooctadiene or η2-MeCN) complexes 
described herein are characterized by NMR, IR, and UV/vis 
spectroscopies; single-crystal X-ray diffraction analysis (SC-
XRD); and computational modeling using density functional 
theory (DFT). The reactivity of these formally Ni(0) species 
is benchmarked for hydroboration of styrene with 4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (HBpin). Control 
experiments and stoichiometric studies with HBpin and 
B(OMe)3 support secondary coordination sphere 
participation. Taken together, this work demonstrates an 
effective synthetic strategy for accessing mononuclear Ni-
pyridone complexes, elucidates their structural and 
reactivity features, and shows promise for their application 
as single-component precatalysts.6 

RESULTS AND DISCUSSION 
Ligand Synthesis. We began our studies with the 

synthesis of NHC-pyridone ligands by nucleophilic aromatic 
substitution of 6-chloro-2-hydroxypyridine with N-
arylimidazoles 1a–1c, which were accessed from the 
corresponding anilines in a single step (Scheme 2). This 
approach mirrors that developed previously for NHC-
pyridine ligands,25 and the electrophile was selected on the 
basis of commercial availability. After trituration, the neat 
SNAr reaction yielded imidazolium salts 2a–2c in 42–67% 
yields. The corresponding free carbenes were obtained 
following treatment with a strong base (Scheme 2). Initial 
attempts to access the free carbenes using potassium 
hexamethyldisilazide (KHMDS) or potassium hydride (KH) 
led to low purity and/or inconsistent yields of the desired 
product. However, stirring hIMesPyOH•HCl (2a) with 
potassium tert-butoxide (KOtBu, 2 equiv.) in toluene at 
room temperature afforded K[hIMesPyO] in 92% yield. 
Similarly, K[hIEtPyO] (98% yield) and K[hIPrPyO] (93% 
yield) were obtained from 2b and 2c, respectively. To 

improve solubility, the potassium salts were complexed 
with 1 equiv. of 18-crown-6 prior to 1H NMR analysis. 
Scheme 2. Synthesis of Free Carbenes 3a–3c  

 

Synthesis of Anionic Nickel (0) Complexes. 
Metallation of the NHC-pyridone ligands was investigated 
using [Ni(cod)2], a commercially available Ni(0) source 
(Scheme 3). At the outset, we treated [Ni(cod)2] with 1 
equiv. of [K(18-crown-6)][hIMesPyO] (3a) in toluene. 
Although a color change from sienna brown to dahlia purple 
was observed within minutes, significant [Ni(cod)2] 
remained in the crude material (as observed by 1H NMR 
spectroscopy), even after prolonged stirring at room 
temperature. Under these conditions, the residual 
[Ni(cod)2] proved challenging to separate. Incomplete 
metalation of [Ni(cod)2] is common with monodentate NHC 
ligands unless the cod is consumed concurrently.26, 27 
Presumably the low equilibrium conversion observed with 
1:1 3a : [Ni(cod)2] resulted in part from the ligand’s low 
solubility and tight ion pairing with K+.  
Scheme 3. Synthesis of [Ni] Complexes 4a–c and 5a–c 

 

 



 

  
Figure 1. Solid-phase structures of (A) 4a, (B) 4b, and (C) 5a determined by SC-XRD. Thermal ellipsoids depicted at 50% 
probability. H-atoms and co-crystallized solvent molecules omitted for clarity. C = charcoal, N = blue, O = red, Ni = teal, K = purple   

Table 1. Key metrics for the solid-phase structures of 4a, 4b, and 5a determined by SC-XRD. 

Bond lengths (Å)  Bond and dihedral angles (°) 

 4a 4b 5a   4a 4b 5a 

Ni(1)-N(3) 2.036(3) 2.0282(11) 2.0361(13)  C(1)-Ni(1)-N(3) 82.34(12) 82.52(5) 82.49(6) 

Ni(1)-C(1) 1.873(3) 1.8777(14) 1.8520(16)  C(17)-O(1)-K(1) 132.2(2) 146.85(9) a 150.83(11) 

K(1)-O(1) 2.586(2) 2.5897(10) 2.5952(13)  C(13)-N(3)-C(17) 118.1(3) 117.99(11) a 118.22(13) 

O(1)-C(17) 1.256(4) 1.2592(18)a 1.255(2)  N(1)-C(1)-N(2) 101.4(3) 101.92(11) 103.03(13) 

N(3)-C(13) 1.346(4) 1.3527(18) a 1.352(2)  N(3)-C(13)-C(14) 126.2(3) 126.04(13) a 126.11(15) 

N(3)-C(17) 1.395(4) 1.3934(17) a 1.387(2)  C(13)-C(14)-C(15) 116.2(3) 116.05(13) a 116.19(15) 

C(13)-C(14) 1.383(5) 1.3831(19) a 1.376(2)  C(14)-C(15)-C(16) 120.4(3) 120.66(13) a 120.30(15) 

C(14)-C(15) 1.392(5) 1.396(2) a 1.405(2)  C(15)-C(16)-C(17) 121.7(3) 121.26(13) a 121.40(15) 

C(15)-C(16) 1.363(5) 1.367(2) a 1.360(2)  C(1)-N(2)-C(13)-N(3) -4.7(4) -0.16(18) a 0.6(2) 

C(16)-C(17) 1.436(5) 1.4336(19) a 1.442(2)  C(1)-N(2)-C(13)-C(14) 175.7(3) 177.97(13) a -178.92(15) 

         

Ni(1)-N(4) -- -- 1.9271(15)  C(18)-N(4)-K(1) -- -- 174.07(13) 

Ni(1)-C(18) -- -- 1.8158(16)  N(4)-C(18)-C(19) -- -- 136.31(16) 

K(1)-N(4) -- -- 2.7210(15)  N(3)-Ni(1)-C(18)-N(4) -- -- 13.4(2) 

N(4)-C(18) -- -- 1.235(2)  C(1)-Ni(1)-C(18)-N(4) -- -- -177.28(11) 

C(18)-C(19) -- -- 1.494(2)  C(1)-Ni(1)-C(18)-C(19) -- -- 4.8(3) 

a Pyridone C atom index is +1 relative to listed value. 

 
Fortunately, increasing the ligand : [Ni(cod)2] ratio to 

2:1 resulted in a near-complete consumption of [Ni(cod)2]. 
This approach thus enabled access to [K(18-crown-6)] 
[(hIMesPyO)Ni(cod)] (4a) with improved purity and 
isolated yield (84% yield with respect to [Ni], black cherry 
solid). Similarly, 3b and 3c reacted with [Ni(cod)2] to form 
complexes 4b (83% yield, black grape solid) and 4c (84% 
yield, black cherry solid), respectively. Complexes 4a–4c 
were characterized by 1H and 13C NMR spectroscopy. Single-
crystal X-ray diffraction (SC-XRD) data were obtained for 4a 
and 4b (Figure 1). 

Due to the strong donating ability of the anionic C,N-
ligands, the cod ligands in 4a–4c proved to be labile and 
underwent facile ligand exchange in the presence of 
acetonitrile (Scheme 3). The resulting, 3-coordinate,28-31 16-
electron complexes, 5a–5c, were accessed in ≥92% isolated 
yield and characterized by 1H and 13C NMR spectroscopy. 
Single-crystal X-ray diffraction (SC-XRD) data were 
obtained for 5a, providing a structural argument for the 
unexpected stability of the 3-coordinate system (Figure 1, 
vide infra). These complexes offer (a) improved solubility 

(compared to 4a–4c) in nonpolar organic solvents and (b) 
an unsaturated coordination environment suitable for rapid 
precatalyst activation.  

Structural and Spectroscopic Features. Key metrics 
obtained from single-crystal X-ray diffraction analysis of 4a, 
4b, and 5a (Figure 1) are summarized in Table 1. Across the 
series, consistent κ2-C,N coordination of the NHC-pyridone 
ligand was observed with a bite angle of 82–83° and a 
dihedral angle approaching 0°, indicating high ligand 
planarity. The heterocyclic C–N, C–C, and C=O bond lengths 
are most consistent with the pyridone (double bond C=O) 
resonance description rather than the oxidopyridine (single 
bond C–O) form.17, 19, 20 The [K(18-crown-6)]+ counterion 
was found in a contact ion pair with the pyridone O. We 
postulate that this ion-pairing interaction caps the pyridone 
O to prevent bridging coordination modes and 
multimetallic aggregation. Nonetheless, the steric 
environment established by the NHC’s flanking aryl 
substituent dominates the environment around [Ni], with 
little contribution from the [K(18-crown-6)]+ counterion. 
This is highlighted in a topological steric map of 4a (Figure 
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2), where the buried volume (%Vbur) in a 3.5 Å sphere is 
43.4% for [hIMesPyO]– alone and 43.8% considering the full 
[K(18-crown-6)][hIMesPyO] ion pair.32 

 
Figure 2. Topological steric map of the [(hIMesPyO)Ni][K(18-
crown-6)] coordination sphere obtained from the solid-phase 
structure of 4a. Units in Å. Generated with the SambVca 2.1 
web app.32 

 
Figure 3. (A) Infrared (IR) and (B) UV/vis absorption features 
of η2-MeCN complex 5a. Measured in THF solution at 25 °C.  

Further analysis of the solid-state structure of 5a 
revealed unusual η2 coordination of the nitrile π system 
with secondary interactions between the acetonitrile N and 
capping [K(18-crown-6)]+ countercation (Figure 1).33-38 
Analysis of the CN bond length (1.235(2) Å) and CCN bond 

angle (136.31(16)°) indicates substantial π-backbonding 
from the electron-rich nickel center (Table 1). As such, the 
formally Ni(0) center is best described as Ni(II) with a 2-
electron-reduced nitrile ligand. This assessment is 
supported by the low CN vibrational frequencies (1746, 964 
cm–1, assigned using DFT, Figure 3A) observed by solution-
phase infrared spectroscopy of 5a in THF (vs 2250 cm–1 for 
free MeCN).39, 40 

The electronic properties of 4a and 5a were compared 
using DFT (B3LYP/def2-TZVP/SMD(THF)) analysis,41-46 
using coordinates from the solid-state structures obtained 
experimentally. Partial delocalization of anionic character 
was observed across both the pyridone and π-accepting cod 
or MeCN ligand (Figure 4A/B). The absolute magnitude of 
both positive and negative charge accumulation was only 
slightly greater for 4a as quantified by the natural charge 
range (4a: –0.76816 (O1) to +0.90053 (K); 5a: –
0.75823 (O1) to +0.89629 (K)) determined through natural 
population analysis.46, 47 However, 4a demonstrated 
significantly more negative natural charge at Ni (4a: –
0.16937; 5a: +0.03488). By contrast, 5a showed greater 
overall concentration of negative charge at the pyridone O 
and delocalization into the nitrile π system.  

Optimization from the solid-state structure of 5a 
induced little overall change in geometry, bond lengths, or 
natural charges. Examination of the frontier molecular 
orbitals (Figure 4C) revealed extensive pyridone π donation 
into the Ni dxz orbital along with π backbonding into the 
nitrile ligand (π: HOMO–4; π*: HOMO). Given the high 
degree of ligand–metal orbital mixing in the frontier 
molecular orbitals, charge transfer absorption features 
were expected. Time-dependent DFT analysis was 
employed to predict the electronic absorption features for 
comparison with the spectrum collected experimentally 
(Figure 3b). The absorption features at 434 nm (predicted 
432 nm; 58% HOMO–3 to LUMO), 396 nm (predicted 408 
nm; 55% HOMO to LUMO), and 330 nm (predicted 321 nm; 
93% HOMO–4 to LUMO) all demonstrated significant metal-
to-ligand charge-transfer (MLCT) character with d to π*-
like transitions. These absorption patterns further 
underscore both the high degree of charge delocalization 
and the electronic ambiguity of the formally Ni(0) center.  

 



 

 
Figure 4. (A/B.) Electrostatic potential surfaces mapped onto the solid-state coordinates of 4a and 5a. Generated at the 

B3LYP/def2tzvp/SMD(THF) level of theory. Isosurfaces depicted at –0.05 (red) to +0.05 eV (blue). (C.) Computed d-orbital-
like splitting diagram for 5a. Generated at the B3LYP/def2tzvp/SMD(THF) level of theory. Molecular orbital isosurfaces 
depicted at –0.04 (blue) to +0.05 eV (gray). 

 
Hydroboration of Styrene. Nickel-catalyzed 

hydroboration of alkenes is an attractive protocol to access 
alkylboron compounds using either borane derivatives 
such as HBpin or a combination of diboron reagent such as 
B2pin2 and a proton source.8, 48-54 Nickel-NHC complexes 
have been shown to catalyze hydroboration of vinyl arenes 
using HBpin to access branched and/or linear 
alkylboronate esters.8, 48 Given this precedent, we selected 
hydroboration of styrene as a benchmark reaction to 
evaluate the catalytic activity of the (C,N)Ni complexes 
identified above.  
Scheme 4. Nickel-Catalyzed Hydroboration of Styrene 

 
a Calculated by Gas Chromatography using dodecane as an 
internal standard. b Determined by 1H NMR spectroscopy 
using dibromomethane as an internal standard  

Combining 4a with excess styrene (6) and HBpin in 
arene solvent (benzene-d6 or toluene) at room temperature 

resulted in an immediate color change from dahlia purple to 
bronze and complete consumption of 4a as detected by 1H 
NMR spectroscopy. Although formation of hydroboration 
products 7 or 8 was not observed at room temperature 
(~25 °C), subsequent heating to 50 °C afforded a further 
color change of the reaction mixture to mahogany red and 
clean formation of branched hydroboration product 7. 
Based on these observations, catalytic screening reactions 
were conducted with 5 mol% [Ni] in toluene at 50 °C for 16 
hours (Scheme 4). Under these conditions, nickel 
precatalysts 4a-4c and 5a performed similarly, affording 
hydroboration product 7 in >70% analytical yield with 
excellent chemo- and regioselectivity (99:1 
branched:linear; Scheme 4, entries 1–4). Negligible 
amounts of dehydroboration product 9 were detected.  

To investigate the impact of the pyridone moiety on the 
yield and selectivity of the reaction, we next examined the 
reactivity of the analogous NHC-pyridine complex, 
[(hIMesPy)Ni(cod)] (4d).25 When the model reaction was 
conducted using 5 mol % 4d as the precatalyst, the reaction 
was sluggish and poorly selective. After 16 hours, the 
reaction reached 60% conversion of styrene, affording the 
hydroboration products in 3% analytical yield with a 
31:46:23 7 : 8 : 9 product ratio (Scheme 4, entry 6). These 
inferior results indicate that the ligand pyridone moiety 
plays a direct role in supporting hydroboration reactivity 
and selectivity. 

Stoichiometric Experiments to Inform Mechanism. 
Based on the significance of the pyridone motif observed in 
hydroboration catalysis, we hypothesized that secondary 
Lewis acid–base interactions between HBpin and the ligand 
pyridone O may facilitate regioselective hydride delivery at 



 

the -carbon. To test the feasibility of the proposed 
interaction, a series of stoichiometric experiments were 
performed. Mixing complex 4a with styrene (1 equiv) in 
C6D6 (Scheme 5A) did not induce any visible changes; the 
dahlia purple color solution persisted indefinitely at room 
temperature with only minor loss of the (cod) ligand as 
monitored by 1H NMR spectroscopy. These observations 
indicate a low equilibrium contribution of the styrene-
coordinated complex in the absence of other reagents. 

Independently, complex 4c was mixed with HBpin (1 
equiv) in C6D6. Immediate disappearance of diagnostic 
HBpin resonances in the 1H NMR spectrum was noted with 
slower consumption of 4c over 25 hours to yield free 
cyclooctadiene and at least one new, desymmetrized (C,N)-
ligand-containing species. To support analysis of this 
reaction outcome, an analogous experiment was performed 
using B(OMe)3 as a non-hydridic, moderately Lewis acidic, 
C3h symmetric analog of HBpin.  
Scheme 5. Stoichiometric mechanistic experiments. 

 

Monitoring the combination of 4a and B(OMe)3 (1 
equiv) in C6D6 (Scheme 5B) by 11B NMR spectroscopy 
revealed immediate appearance of a new signal at 4.6 ppm 
(vs. 19.3 ppm for B(OMe)3), suggestive of tetravalent [B].55 
Analysis of the same sample by 1H NMR spectroscopy 
revealed exchange-induced line broadening with gradual 
convergence to a new species over 48 hours. This new 
species, 10, was isolated following removal of volatile 
components; however, attempts to obtain single-crystals 
suitable for X-ray diffraction were unsuccessful. 
Nonetheless, several distinguishing features were noted: 
(a) all pyridone 1H NMR resonances were shifted upfield by 
nearly 1 ppm relative to 4a; (b) one methyl signal 
(attributed to B(OMe)3) showed a desymmetrized set of 
signals in a 2:1 ratio.; (c) none of the original signals 
attributed to bound cod could be resolved. On the basis of 
these observations, a structure involving chelation of 

pyridone-coordinated B(OMe)3 is proposed (Figure 5B); 
however, the identity of any additional ligands remains 
unresolved. We propose that an analogous chelate involving 
HBpin may be responsible for the observed hydroboration 
catalysis. 

CONCLUSION 
Herein we disclosed a family of anionic, formally 

nickel(0) complexes supported by NHC-pyridone ligands. 
This ligand design supports exclusive κ2-C,N coordination to 
[Ni]. The pyridone O is capped through a contact ion-pairing 
interaction with [K(18-crown-6)]+, thereby enabling 
isolation of monomeric species, in contrast to multimetallic 
clusters often generated with 2-pyridone ligands. These 
complexes present a sterically and electronically 
unsymmetric coordination environment and a highly 
electron-rich [Ni] core. Catalytic activity for styrene 
hydroboration and associated stoichiometric experiments 
provide support for secondary coordination sphere 
participation of the pyridone in delivery of the Lewis acidic 
HBpin reagent. Taken together, this work thus introduces a 
class of unconventional precatalysts while suggesting 
future opportunities to leverage secondary sphere reagent 
activation in additional transformations of interest. 

EXPERIMENTAL SECTION 
General Experimental Details. All air- and moisture-

sensitive techniques were carried out using standard 
Schlenk technique on a high-vacuum line56 or in an M. Braun 
glovebox containing an atmosphere of N2. The glovebox was 
equipped with vacuum feed-throughs, a cold well, and a 
freezer for storing samples at –30 °C. Colors are described 
in comparison to the complete list of Prismacolor colored 
pencils.57 

Materials. Reagents were purchased in reagent grade 
from commercial suppliers and used without further 
purification unless described otherwise. 
Bis(cyclooctadiene) nickel [Ni(cod)2] was prepared 
according to a literature procedure58 or purchased from 
Strem and stored at –30 °C in the glovebox. 1-
Arylimidazoles were prepared according to a reported 
literature procedure.59, 60 Solvents (acetonitrile, diethyl 
ether, n-pentane, tetrahydrofuran, and toluene) used for 
air- and moisture-sensitive manipulations were dried and 
deoxygenated by passage through an activated alumina 
column61 and stored over activated molecular sieves. 
Deuterated solvents used for NMR spectroscopy of air- and 
moisture-sensitive compounds were stirred over sodium 
(C6D6, THF-d8) or calcium hydride (CD3CN) and distilled 
prior to storage in the glovebox. 18-Crown-6 was 
recrystallized from acetonitrile at –30 °C before use.  

Instrumentation and Software. Proton nuclear 
magnetic resonance (1H NMR) spectra were recorded at 25 
°C on Bruker 400 or 500 Avance I spectrometer operating 
at 400.13 or 500.20 MHz. Proton-decoupled 13C NMR 
spectra were recorded at 25 °C on Bruker 400 or 500 
Avance I spectrometer operating at 100.25 or 125.78 MHz. 
All experiments were performed at the University of 
Rochester, Department of Chemistry, Nuclear Magnetic 
Resonance Facility. Chemical shifts are reported in parts per 
million downfield from tetramethylsilane (SiMe4) and are 
referenced in ppm relative to the NMR solvent according to 



 

literature values:62 δ(1H) = 7.16, δ(13C) = 128.1 for C6D6.;  

δ(1H) = 1.94, δ(13C) = 118.3 for CD3CN; δ(1H) = 1.72, 3.58, 
δ(13C) = 67.2, 25.3 for THF-d8; δ(1H) = 7.26, δ(13C) = 77.2 for 
CDCl3; δ(1H) = 3.31, δ(13C) = 49.0 for CD3OD. 1H NMR data 
for diamagnetic substances are reported as follows: 
chemical shift, (multiplicity, coupling constant in Hz, 
integration) where s = singlet, d = doublet, t = triplet, q = 
quartet, m = multiplet, and br = broad. 13C NMR data for 
diamagnetic substances are reported as a list of chemical 
shifts. NMR spectra were processed using the MestReNova 
software suite. Low resolution mass spectra (LRMS) were 
recorded using an LC (Agilent Technology 1260 Infinity II)-
MS (Advion Expression CMS) system. Infrared (FT-IR, ATR) 
spectra were recorded on a Shimadzu IR Affinity Fourier 
Transform Infrared Spectrophotometer. Electronic 
absorption measurements were recorded at room 
temperature in anhydrous THF in a sealed 1 cm quartz 
cuvette with an Agilent Cary 60 UV-Vis spectrophotometer.  

General procedure for synthesis of 2a–2c. To a 100 
mL pressure tube equipped with a PTFE-coated stir bar, 1-
mesitylimidazole (8.9 mmol, 1.0 equiv.) and 6-chloro-2-
hydroxypyridine (8.9 mmol, 1.0 equiv.) were added. The 
pressure vessel was flushed with N2 and quickly sealed with 
a Teflon cap. The reaction mixture was stirred vigorously at 
160 °C. (Note: The pressure vessel should be fully immersed 
in silicone oil up to the neck of the vessel to make sure the 
starting materials do not condense on the walls). The 
reaction was stopped once the reaction mixture turned 
solid (typically 3 days). The reaction mixture was then 
allowed to cool down to room temperature, transferred to a 
500 mL round bottom flask using chloroform, and 
concentrated in vacuo to give brown-colored semi-solid 
material. The crude mixture was triturated overnight in 
dichloromethane to afford 2 as a putty beige solid.  

1-(2,4,6-trimethylphenyl)-3-(6-hydroxypyridin-2-yl)-
1H-imidazol-3-ium chloride (2a): 42% yield. 1H NMR (400 
MHz, CD3OD):  10.00 (s, 1H), 8.59 (s, 1H), 7.97 (d, J = 8.06 
Hz, 1H), 7.96 (s, 1H), 7.46 (d, J = 8.06 Hz, 1H), 7.18 (s, 2H), 
6.90 (d, J = 8.06 Hz, 1H), 2.39 (s, 3H), 2.16 (s, 6H). 13C NMR 
(101 MHz, CD3OD):  165.4, 145.8, 144.0, 142.9, 137.0, 
135.8, 132.5, 130.8, 126.4, 121.4, 112.5, 106.1, 21.1, 17.4. 
LRMS (ESI): Calculated for C17H18N3O+ ([M-Cl]+): 280.1; 
found: 280.1. 

1-(2,6-diethylphenyl)-3-(6-hydroxypyridin-2-yl)-1H-
imidazol-3-ium chloride (2b): 67% yield. 1H NMR (400 MHz, 
CD3OD):  10.12 (s, 1H), 8.63 (s, 1H), 8.06 (s, 1H), 7.98 (t, J = 
8.0 Hz, 1H), 7.60 (t, J = 7.7 Hz, 1H), 7.48 (d, J = 8.0 Hz, 1H), 
7.43 (d, J = 7.7 Hz, 2H), 6.91 (d, J = 8.0 Hz, 1H), 2.47 (qd, J = 
7.6, 2.4 Hz, 4H), 1.20 (t, J = 7.6 Hz, 6H). 13C NMR (101 MHz, 
CD3OD):  165.4, 145.8, 144.0, 142.1, 137.2, 133.6, 132.9, 
128.6, 127.2, 121.4, 112.6, 106.2, 25.0, 15.4. LRMS (ESI): 
Calculated for C18H20N3O+ ([M-Cl]+): 294.2; found: 294.3.  

1-(2,6-diisopropylphenyl)-3-(6-hydroxypyridin-2-yl)-
1H-imidazol-3-ium chloride (2c): 58% yield. 1H NMR (400 
MHz, CD3OD):  10.21 (s, 1H), 8.64 (s, 1H), 8.11 (s, 1H), 7.98 
(t, J = 8.0 Hz, 1H), 7.66 (t, J = 7.8 Hz, 1H), 7.50 (d, J = 7.8 Hz, 
2H), 7.46 (d, J = 8.0 Hz, 1H), 6.91 (d, J = 8.0 Hz, 1H), 2.49 
(hept, J = 6.7 Hz, 2H), 1.32 – 1.21 (m, 12H). 13C NMR (101 
MHz, CD3OD):  165.4, 146.8, 145.8, 144.0, 137.3, 133.2, 
131.9, 127.6, 125.9, 121.5, 112.6, 106.2, 29.9, 24.5, 24.3. 
LRMS (ESI): Calculated for C20H24N3O+ ([M-Cl]+): 322.4; 
found: 322.4.  

Synthesis of 3a. In an N2-filled glovebox, a 250 mL 
round-bottom flask equipped with a PTFE-coated stir bar 
was charged with 2a (500 mg, 1.58 mmol, 1.00 equiv.) and 
potassium tert-butoxide (355 mg, 3.16 mmol, 2.00 equiv.). 
Toluene (60 mL) was added to the reaction vessel, and the 
resulting mixture was stirred at room temperature for 1 
hour. The reaction mixture was then passed through a short 
plug of Celite using a fritted filter (60 mL, C porosity) and a 
500 mL filter flask, and eluted with THF. The filtrate was 
concentrated to give the potassium salt of the free carbene 
as a sienna brown solid (0.461 g, 1.45 mmol, 92% yield). To 
the crude material, 18-crown-6 (384 mg, 1.45 mmol) and 
THF (10 mL) were added, swirled to mix, and concentrated 
in vacuo to afford: 

Potassium 1-(2,4,6-trimethylphenyl)-3-(6-oxidopyridin-
2-yl)-1H- imidazol-2-ylidene (1,4,7,10,13,16-
hexaoxacyclooctadecane) (3a). 1H NMR (400 MHz, C6D6):  
8.64 (app. br s, 1H), 7.80 (d, J = 6.9 Hz, 1H), 7.47 (dd, J = 7.9, 
6.9 Hz, 1H), 6.86 (s, 2H), 6.62 (d, J = 7.9 Hz, 1H), 6.59 (app. 
br s, 1H), 3.40 (s, 24H), 2.19 (s, 9H). 13C NMR (126 MHz, 
C6D6):  217.6, 174.2, 153.8, 140.0, 138.5, 137.0, 135.6, 
129.1, 119.2, 118.3, 112.6, 94.7, 70.0, 21.3, 18.1. 

General procedure for synthesis of 3b and 3c. In an 
N2-filled glovebox, a 100 mL round-bottom flask was 
charged with 2b or 2c (1.12 mmol, 1.00 equiv.), a PTFE-
coated magnetic stir bar, and toluene (20 mL). Potassium 
tert-butoxide (251 mg, 2.24 mmol, 2.00 equiv.) was 
weighed out into a separate vial and suspended in 15 mL 
toluene. The resulting KOtBu solution was added slowly to 
the round bottom flask while stirring vigorously at room 
temperature. Another 10 mL toluene was used to transfer 
remaining residual KOtBu to the reaction flask. The reaction 
mixture was stirred for 5 min after the addition of the base 
was complete. The reaction mixture was then passed 
through a short plug of celite using fritted filter (30 mL, M 
porosity) and a 250 mL filter flask, and eluted with THF. The 
filtrate was then concentrated to give the potassium salt of 
the free carbene as a sienna brown solid. For NMR analysis, 
18-crown-6 (275 mg, 1.04 mmol) was added to the reaction 
vial followed by toluene (10 mL), swirled, and concentrated 
in vacuo to obtain:  

Potassium 1-(2,6-diethylphenyl)-3-(6-oxidopyridin-2-
yl)-1H- imidazol-2-ylidene (1,4,7,10,13,16-
hexaoxacyclooctadecane) (3b). 98% yield. 1H NMR (500 
MHz, C6D6):  8.86 (app. bs, 1H), 7.78 (d, J = 7.3 Hz, 1H), 7.45 
(t, J = 7.3 Hz, 1H), 7.23 (t, J = 7.8 Hz, 1H), 7.12 (d, J = 7.8 Hz, 
2H), 6.70 (app bs, 1H), 6.54 (d, J = 8.2 Hz, 1H), 3.37 (s, 24H), 
2.54 (q, J = 7.6 Hz, 4H), 1.15 (t, J = 7.6 Hz, 6H). 13C NMR (128 
MHz, C6D6):  217.8, 174.1, 153.8, 141.9, 141.2, 138.5, 126.7, 
120.2, 118.3, 112.5, 94.8, 70.1, 66.6, 25.1, 15.6. 

Potassium 1-(2,6-diisopropylphenyl)-3-(6-oxidopyridin-
2-yl)-1H- imidazol-2-ylidene (1,4,7,10,13,16-
hexaoxacyclooctadecane) (3c). 93% yield. 1H NMR (500 
MHz, C6D6):  8.89 (app. br s, 1H), 7.80 (d, J = 7.8 Hz, 1H), 
7.46 (t, J = 7.7 Hz, 1H), 7.33 (t, J = 7.7 Hz, 1H), 7.23 (d, J = 7.7 
Hz, 2H), 6.80 (app. br s, 1H), 6.57 (d, J = 7.8 Hz, 1H), 3.33 (s, 
24H), 3.00 (hept, J = 7.0 Hz, 2H), 1.27 (d, J = 7.0 Hz, 6H), 1.15 
(d, J = 7.0 Hz, 6H). 13C NMR (128 MHz, C6D6):  218.2, 174.0, 
154.0, 146.4, 139.8, 138.6, 123.7, 121.1, 118.6, 112.3, 95.3, 
70.1, 66.9, 28.5, 24.7, 24.2. 



 

Synthesis of nickel complexes 4a and 5a. In an N2-
filled glovebox, [Ni(cod)2] (220 mg, 0.800 mmol, 0.500 
equiv.) was weighed into a scintillation vial and suspended 
in toluene (12 mL, prechilled at –30 °C). In a 250 mL round-
bottom flask, 3a (500 mg, 1.60 mmol, 1.0 equiv.) was 
resuspended in toluene (50 mL, prechilled at –30 °C). The 
yellow [Ni(cod)2] solution in toluene was added to the 
reaction flask while stirring vigorously at room 
temperature. The pale brown ligand solution turned 
immediately to dahlia purple. Additional toluene (20 mL, 
prechilled at –30 °C) was used to transfer the remaining 
residual [Ni(cod)2] in the vial to the reaction flask. The 
resulting dahlia purple-colored solution was stirred at 
room temperature for 30 min. The crude reaction mixture 
was then concentrated in vacuo. The purple-colored solid 
was resuspended in 25 mL toluene and filtered through a 
pre-packed short-plug of celite (approx. 1.5 cm) using a 
fritted filter (60 mL, M porosity) and 500 mL filter flask to 
give dark red-colored solution. Another 35 mL toluene was 
used to transfer the crude reaction mixture onto the celite. 
The dark red-colored solution was discarded. The purple-
colored solid left on top of the celite was then rinsed with 
THF (approximately 60 mL) followed by toluene 
(approximately 20 mL) until dahlia purple-colored solution 
stopped eluting. The dahlia purple-colored solution was 
then concentrated in vacuo to obtain 4a as a black cherry-
colored solid in 84% yield (503 mg, 0.672 mmol). Note: 
Excess 18-crown-6 can be removed by washing the black 
cherry-colored solid with 3:2 ether/pentane solution 
multiple times. To obtain single crystals suitable for SC-
XRD, 4a was dissolved in a minimum amount of diethyl 
ether and stored at –30 °C. 1H NMR (500 MHz, THF-d8):  
7.46 (d, J = 2.1 Hz, 1H), 6.96 (s, 2H), 6.94 (t, J = 7.7 Hz, 1H), 
6.74 (d, J = 2.1 Hz, 1H), 5.99 (d, J = 7.7 Hz, 1H), 5.91 (d, J = 
7.7 Hz, 1H), 3.95–3.84 (m, 4H), 3.85 (s, 24H), 2.87–2.84 (m, 
2H), 2.33 (s, 3H), 2.15 (s, 6H), 1.79–1.77 (m, 2H), 1.37–1.30 
(m, 4H). 13C NMR (128 MHz, THF-d8):  202.3, 174.6, 148.9, 
140.3, 137.7, 133.1, 129.2, 129.1, 121.8, 113.0, 108.2, 88.3, 
74.1, 73.5, 71.1, 33.8, 31.7, 21.4, 18.5. 

In an N2-filled glovebox, acetonitrile (3.0 mL) was 
passed through a short plug of activated alumina and added 
to the vial containing black cherry-colored nickel complex 
4a (166 mg, 0.222 mmol). The mixture was swirled to 
obtain a raspberry-colored solution and then the volatiles 
were removed in vacuo. This procedure was repeated twice 
to obtain 5a as a crimson lake-colored solid in 92% yield 
(139 mg, 0.204 mmol). To obtain single crystals suitable for 
SC-XRD, 5a was dissolved in a minimum amount of benzene, 
layered with diethyl ether and stored at –30 °C. 1H NMR 
(400 MHz, C6D6):  7.36 (t, J = 7.7 Hz, 1H), 6.87 (s, 2H), 6.83 
(app. br s, 1H), 6.70 (d, J = 7.7 Hz, 1H), 6.17 (app. br s, 1H), 
5.93 (d, J = 7.7 Hz, 1H), 3.38 (s, 24 H), 2.20 (s, 6H), 2.18 (s, 
3H), 1.87 (S, 3H). 13C NMR (101 MHz, C6D6):  200.2, 172.1, 
167.1, 152.7, 139.0, 137.5, 136.3, 136.2, 128.3, 121.2, 114.0, 
113.7, 88.0, 70.4, 21.1, 18.5, 11.8.  

Synthesis of nickel complexes 4b and 5b. In an N2-
filled glovebox, [Ni(cod)2] (92.8 mg, 0.0337 mmol, 0.55 
equiv.) was weighed into a scintillation vial and suspended 
in toluene (7.5 mL, prechilled at –30 °C). In a separate vial, 
3b was suspended in toluene (5 mL, prechilled at –30 °C). 
The yellow-colored suspension of [Ni(cod)2] in toluene was 
added in portions to the sample of 3b while stirring 

vigorously. The pale brown solution of 3b turned to dark 
purple immediately. The vial was rinsed with additional 
toluene (10.0 mL, prechilled at –30 °C) to quantitate the 
transfer of [Ni(cod)2]. The resulting dark purple-colored 
solution was stirred at room temperature for 45 min. The 
crude reaction mixture was then concentrated in vacuo. The 
crude reaction mixture was then dissolved in THF (12 mL) 
and pentane (48 mL) was added slowly along the walls of 
the flask to precipitate a black cherry-colored solid. The 
THF/pentane solution was decanted, and the black cherry-
colored solid in the round bottom flask was dried in vacuo 
to afford 4b as a black grape-colored solid in 83% yield (225 
mg, 0.280 mmol). For analytically pure material, another 
precipitation of 4b from a THF solution with pentane can be 
carried out. To obtain single crystals suitable for SC-XRD, 4b 
was dissolved in the minimum amount of diethyl ether and 
stored at –30 °C. 1H NMR (500 MHz, THF-d8):  7.42 (app. br 
s, 1H), 7.27 (t, J = 7.8 Hz, 1H), 7.17 (d, J = 7.8 Hz, 2H), 6.91 (t, 
J = 7.8 Hz, 1H), 6.80 (app. br s, 1H), 5.96 (d, J = 7.9 Hz, 1H), 
5.88 (d, J = 7.9 Hz, 1H), 3.85 (app. br s, 4H), 3.55 (s, 24H), 
2.83 (br s, 2H), 2.64 (dq, J = 15.0, 8.1 Hz, 2H), 2.55 (dq, J = 
15.0, 8.1 Hz, 2H),  1.82–1.61 (m, 6H), 1.11 (t, J = 7.6 Hz, 6H). 
13C NMR (128 MHz, THF-d8):  202.4, 174.6, 148.8, 143.8, 
141.8, 133.1, 126.4, 122.9, 112.5, 108.1, 88.3, 74.3, 73.6, 
71.1, 68.4, 33.8, 31.6, 26.6, 15.2. 

In an N2-filled glovebox, acetonitrile (2.0 mL) was 
passed through a short plug of activated alumina and added 
to the vial containing black cherry-colored nickel complex 
4b (22.5 mg, 0.0310 mmol). The mixture was swirled to 
obtain a raspberry-colored solution and then the volatiles 
were removed in vacuo. This procedure was repeated twice 
to obtain 5b as a carmine red-colored solid in 99% yield 
(19.5 mg, 0.0307 mmol). 1H NMR (400 MHz, CD3CN):  7.52 
(d, J = 2.2 Hz, 1H), 7.39 (dd, J = 7.7, 7.8 Hz, 1H), 7.27 (d, J = 
7.7 Hz, 2H), 7.21 (t, J = 7.7 Hz, 1H), 6.99 (d, J = 2.2 Hz, 1H), 
6.16 (d, J = 7.7 Hz, 1H), 6.09 (d, J = 7.8 Hz, 1H), 3.53 (s, 24H), 
2.49 (ddt, J = 18.8, 14.5, 7.6 Hz, 4H), 1.14 (t, J = 7.6 Hz, 6H). 
13C NMR (101 MHz, CD3CN):  200.1, 172.3, 152.9, 142.9, 
140.3, 137.4, 129.6, 127.4, 124.5, 114.7, 114.2, 89.5, 70.7, 
68.3, 26.2, 25.4, 15.5. 

Synthesis of nickel complexes 4c and 5c. In an N2-
filled glovebox, [Ni(cod)2] (170 mg, 0.618 mmol, 0.550 
equiv.) was weighed into a scintillation vial and suspended 
in toluene (15 mL, prechilled at –30 °C). In a 100 mL round-
bottom flask, 3c (1.36 mmol, 1.0 equiv.) was resuspended in 
toluene (20 mL, prechilled at –30 °C). The yellow [Ni(cod)2] 
solution in toluene was added to the reaction flask while 
stirring vigorously at room temperature. The pale brown 
ligand solution turned immediately to dark purple. 
Additional toluene (20 mL, prechilled at –30 °C) was used to 
transfer the remaining residual [Ni(cod)2] in the vial to the 
reaction flask. The resulting dark purple-colored solution 
was stirred at room temperature for 45 min. The crude 
reaction mixture was then concentrated in vacuo. The crude 
reaction mixture was then dissolved in 14 mL THF and 
pentane (56 mL) was added slowly along the walls of the 
flask to precipitate a black cherry-colored solid. The 
THF/pentane solution was decanted, and the black cherry-
colored solid in the round bottom flask was dried in vacuo 
to give 4c in 84% yield (410 mg, 0.519 mmol). For 
analytically pure material, another precipitation of 4c from 
a THF solution with pentane can be carried out. 1H NMR 



 

(400 MHz, THF-d8): δ 7.43 (s, 1H), 7.37 (t, J = 7.8 Hz, 1H), 
7.26 – 7.24 (m, 2H), 6.95 (dd, J = 8.3, 7.4 Hz, 1H), 6.87 (s, 1H), 
6.00 (d, J = 7.4 Hz, 1H), 5.93 (d, J = 8.3 Hz, 1H), 4.09 – 4.05 
(m, 2H), 3.94 – 3.92 (m, 2H), 3.64 (s, 24H), 3.20 (sept, J = 6.8 
Hz, 2H), 2.92 – 2.88 (m, 2H), 1.73 – 1.69 (m, 2H), 1.30 (d, J = 
6.8 Hz, 6H), 1.29 – 1.23 (m, 4H), 1.07 (d, J = 6.8 Hz, 6H). 13C 
NMR (101 MHz, THF-d8):  202.3, 201.5, 174.7, 148.7, 148.2, 
140.7, 133.1, 129.2, 129.1, 124.7, 123.7, 112.0, 107.8, 88.3, 
74.3, 72.7, 71.1, 33.7, 31.7, 29.0, 27.0, 22.5. 

In an N2-filled glovebox, acetonitrile (2.0 mL) was 
passed through a short plug of activated alumina and added 
to the vial containing black cherry-colored nickel complex 
4c (27.7 mg, 0.035 mmol). The mixture was swirled to 
obtain a raspberry-colored solution and then the volatiles 
were removed in vacuo. This procedure was repeated twice 
to obtain 5c as a carmine red-colored solid in 99% yield 
(25.3 mg, 0.035 mmol). 1H NMR (400 MHz, C6D6):  7.36–
7.28 (m, 2H), 7.21 (d, J = 7.5 Hz, 2H), 6.82 (s, 1H), 6.70 (d, J 
= 8.4 Hz, 1H), 6.37 (s, 1H), 5.92 (d, J = 7.0 Hz, 1H), 3.36 (s, 
24H), 3.00 (sept, J = 6.8 Hz, 2H), 1.72 (s, 3H), 1.38 (d, J = 6.8 
Hz, 6H), 1.13 (d, J = 6.8 Hz, 6H).  13C NMR (101 MHz, CD3CN): 
 200.6, 172.9, 154.7, 152.8, 147.5, 138.9, 137.4, 129.9, 
124.6, 124.4, 114.6, 113.9, 89.3, 70.8, 29.1, 24.2, 24.1.  

General Procedure for Hydroboration of Styrene. In 
an N2-filled glovebox, a 1-dram via equipped with a PTFE 
coated stir bar was charged with nickel complex 4 or 5 
(0.010 mmol, 5 mol %). Toluene (2.0 mL) was then added, 
followed by styrene (23.0 L, 0.200 mmol, 1.00 equiv.) and 
HBpin (58.0 L, 0.400 mmol, 2.00 equiv.). The vial was then 
capped and sealed with electrical tape, removed from the 
glovebox, and stirred at 50 °C for 16 h. The vial was then 
opened to air, and an aliquot was removed for gas 
chromatographic analysis. The crude reaction mixture was 
passed through silica and eluted with 5:95 ethyl 
acetate/hexane. The filtrate was concentrated in vacuo and 
then dissolved in CDCl3. The reaction was analyzed by 1H 
NMR spectroscopy using dibromomethane (7.00 L, 0.100 
mmol) as an internal standard.63 
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