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Theoretical rationalization for the mechanism of N-heterocyclic 

carbene-halide reductive elimination at Cu
III

, Ag
III

 and Au
III

 

Yasamin Younesi,a Bahare Nasiri,a Rasool BabaAhmadi,a Charlotte E. Willans,*b Ian J. S. Fairlamb,*c 
and Alireza Ariafard*a,d  

Reductive elimination of imidazolium salts from Cu
III

 is extremely 

sensitive to the anionic ligand (X or Y) type on Cu (e.g. ∆G‡ ranges 

from 4.7 kcal/mol to 31.8 kcal/mol, from chloride to benzyl). 

Weakly σ-donating ligands dramatically accelerate reductive 

elimination. Comparison with Ag/Au, shows that the HOMO 

energy, strength of M-NHC and M-Y bonds and inherent stability 

of M
III

 with respect to M
I
 are critical to governing reaction 

feasibility. 

N-Heterocyclic carbenes (NHCs) find wide application in 

organometallic chemistry and catalysis.1 NHCs serve as 

spectator ligands and are expected to remain coordinated to 

the metal centre, playing a stabilising role during, for example, 

catalysis. Remarkably, NHC ligands can become uncoordinated 

through key processes like reductive elimination,2 migratory 

insertion3 and ring-opening.4,5 The production of 2-

haloimidazolium salts from Cu-NHC complexes is a common 

experimental observation, leading to catalyst 

decomposition.5,6 For example, Stack and co-workers reported 

that CuI complex I is oxidized to CuIII intermediate III in the 

presence of the F+ oxidant II – subsequently 2-haloimidazolium 

salt IV is obtained by reductive elimination from III (eq 1).6b 

Similarly, Willans et al. investigated the reaction of V with 

CuBr2 and found that 2-haloimidazolium salt is generated via 

reductive elimination preceded by the formation of the CuIII 

intermediate VI (eq 2).6c In contrast, Fairlamb et al. observed 

formation of 2-arylated imidazolium salt X, and not 2-

haloimidazolium salts XII and XIII, upon treatment of VIII with 

iodobenzene (eq 3), which is considered a productive reaction 

pathway in C-H bond activation.7 Two transient high oxidation 

state CuIII intermediates, IX and IX′, were proposed to form 

during this reaction. The resultant complex IX was found to be 

reactive toward reductive elimination of 2-arylated 

imidazolium salt X, while intermediate IX′ is not reactive at all; 

the NHC-Y (Y = Br or I) reductive elimination from IX′ was 

computed to be extremely endergonic.7  
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The lack of formation of XII and XIII (eq 3) provided 

experimental evidence that the type of anionic ligand likely 

plays a critical role in the feasibility of imidazolium salt 

reductive elimination at CuIII. The key aim of the study 

described herein was to understand how alteration of the 

anionic ligand at CuIII influences the ease of reductive 

elimination, where the NHC ligand chemical structure is fixed. 

To this end, density functional theory (DFT) calculations8 have 

been used to examine the reductive elimination of NHC-Br 

from trans-(NHC)CuIII(Br)2X complexes, where X = benzyl (Bn), 

Br, CF3, CH3, Cl, I, CN, F, Ph or vinyl, based on the model 

reaction given in eq 4. The energetics related to the reaction 

given in eq 4 are listed in Table 1. 

 The results from the DFT calculations show that NHC-Br 

reductive elimination from complexes with strongly σ-donating 

X ligands, such as Ph and CH3, is energetically unfeasible, while 

the complexes with weakly σ-donating X ligands, such as Br 

and Cl, are dramatically reactive in their ability to undergo 

NHC-Br reductive elimination. As a result of a highly broad 

range of ∆G‡ from 4.7 to 31.8 kcal/mol and ∆G from -15.5 to 

14.6 kcal/mol, the reductive elimination is concluded to be 

extremely sensitive to the nature of the anionic ligand – a 

surprising outcome. The higher activation energies for the CuIII 

complexes with stronger σ-donating X ligands reflect later 

transition states, e.g. TS
Cu

_X_Br, an argument which is 

supported by shorter Br---C(NHC) distances (listed in Table 1).  
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Table 1  Calculated Gibbs activation energy (∆G‡), the reaction 
Gibbs energy (∆G), the HOMO energy of Cu

I
_X and Br-C(NHC) 

distance in TS_X_Br based on the model reductive elimination 
reaction given in eq 4. 

X ∆G‡ 

(kcal/mol) 
∆G 

(kcal/mol) 

HOMO 

energy of  

Cu
I
_X (eV) 

dBr-C(NHC) 
in 

TS
Cu

_X_Br 

(Å) 

Bn 31.8 14.6 -5.08 2.062 

CH3 30.3 10.3 -5.59 2.037 

vinyl 26.6 7.3 -5.77 2.041 
Ph 25.1 7.0 -5.82 2.033 

CF3 15.4 -5.4 -6.38 2.070 

CN 10.2 -12.8 -6.87 2.209 

I 8.4 -13.8 -6.71 2.312 

F 6.5 -6.5 -6.28 2.081 

Br 5.7 -15.2 -6.69 2.302 

Cl 4.7 -15.5 -6.67 2.312 

 

An excellent linear relationship between ∆G‡ and ∆G with R2= 

0.94 (Fig. 1) suggests that there exists a direct correlation 

between kinetic and thermodynamic factors of these 

reactions; the more exergonic the reaction, the lower the 

activation barrier and conversely the more endergonic the 

reaction, the higher the activation barrier. The ease of the 

NHC-Br reductive elimination lies with the intrinsic stability of 

the resulting CuI complex Cu
I
-X (e.q. 4). The stability of the CuI 

complex is directly affected by the identity of the X ligands; the 

X possessing a strongly σ-donating property makes Cu
I
-X less 

stable while one with a weak σ-donating property increases 

stability.  

 

 

Fig. 1  Plot of ∆G‡ versus ∆G for reductive elimination of NHC-Br 
from  trans-(NHC)Cu(Br)2X complexes where X = Bn, CH3, vinyl, Ph, 
CF3, CN, I, F, Br and Cl. 

   

 

Fig. 2  Plot of ∆G versus the s-dz
2 hybridized orbital energy of 

Cu(Br)(X) (Cu
I
_X) complex where X = Bn, CH3, vinyl, Ph, CF3, CN, I, F, 

Br and Cl. 
 

The reason underpinning the stability of CuI complexes, which 

is dependent on the nature of X ligand, was probed by 

molecular orbital analysis of the CuI complexes as illustrated in 

Fig. 3. Here the linear ML2 d
10 complexes with D∞h geometry, 

where M is a first-row transition metal, have Σ+
g, πg and Δg 

symmetries for 3d orbital, Σ+
g for 4s and Σ+
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while 2Σ+
g utilises the s-dz

2 hybridization. The metal pz orbital 

interacts with the Σ+
u combination and gives two molecular 

orbitals 1Σ+
u and 2Σ+

u. In such a system, the dxz, dyz, dxy and dx
2

-

y
2

 sets remain nonbonding and the 2Σ+
g with slightly anti-

bonding character corresponds to the highest occupied 

molecular orbital (HOMO). The energy of the HOMO is raised 

as the σ-donating character of the L ligand is increased. 

Indeed, a stronger σ-donating L ligand gives a greater repulsive 

interaction with the s-dz
2 hybridized orbital, resulting in an 

increase in the energy of 2Σ+
g orbital and thus a decrease in 

the stability of CuI complex. 

 It follows that the low stability of the [CuI(Br)(X)]- 

complexes, where X = benzyl, methyl, vinyl and phenyl, is 

related to significant destabilization of their s-dz
2 hybridized 

orbital. An excellent correlation between the s-dz
2 hybridized 

orbital energies and the reaction Gibbs free energy (∆G) with 
R2 = 0.95 (Fig. 2), confirms the claim showing that CuI complex 

stability is directly affected by the anionic ligand (X) identity.  
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Fig. 3 Schematic molecular orbital diagram for the linear ML2 d10 

complex with D∞h geometry. 

Since a charge separation is involved during the course of NHC-

Br reductive elimination, a solvent with a higher dielectric 

constant (such as acetonitrile, Ɛ = 37.5) is expected to facilitate 

the reaction. Our calculations show that, although in 

acetonitrile the reaction Cu
III

_X_Br  Cu
I
_X + Prod_Br 

becomes more favourable, the impact of the solvent on the 

energy of TS
Cu

_X_Br is not very significant. For example, the 

reaction free energy and the activation free energy for 

reaction Cu
III

_Br_Br  Cu
I
_Br + Prod_Br in dichloromethane (Ɛ 

= 8.93) are -15.2 and 5.7 kcal/mol respectively, while those in 

acetonitrile are changed to -21.9 and 5.2 kcal/mol, respectively 

(for details see Table S3 and Figures S12 and S13).  
We next turned our attention to NHC-Br reductive elimination 

from trans-(NHC)M(Br)2X complexes (M = Ag and Au) to understand 

how the nature of metal centre affects the reaction feasibility. 

Calculations show that reductive elimination from Au complexes is 

mainly unfavourable while that from Ag complexes is comparable to 

our estimate for the Cu complexes (Fig. 4). These results explain 

why the AuIII complexes (NHC)Au(Br)2X are experimentally stable, 

being used as catalysts for organic transformations.9 What is 

noticeable for the (NHC)M(Br)2X complexes of the copper triad is a 

reasonable correlation between ∆G‡ and ∆G with R2 = 0.81, which 

means that, regardless of metal centre type, more exergonic 

reactions tend to give lower activation energies (Fig. 4). In contrast, 

there is no apparent correlation between the HOMO energy of the 

MI(Br)(X) complexes (M = Cu, Ag and Au) and ∆G. It is concluded 

that in addition to the HOMO energy, other factors such as the 

strength of M-NHC and M-Br bonds as well as inherent stability of 

MIII with respect to MI can play a crucial role in governing the 

reaction feasibility.  

 

Fig. 4 Plot of ∆G‡ versus ∆G for reductive elimination of NHC-Br 
from trans-(NHC)M(Br)2X complexes, where M = Cu (orange points), 
Ag (grey points) and Au (yellow points). 

 

To rationalise why the Cl ligand in intermediate III, instead of F 

ligand, selectively participates in the reductive elimination (eq 1), 

the effect of leaving group Y on the ease of the reductive 

elimination from Cu
III

_Br_Y was investigated (eq 5). In contrast to 

the above discussion, a reverse correlation between the reaction 

energies and the energy barriers was found. Thus, the more 

exergonic the reaction the higher the activation energy (Table 2). It 
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follows that the thermodynamic effect does not play a role in 

controlling the activation energy of the NHC-Y reductive elimination 

from complexes Cu
III

_Br_Y. The Cu-Y bond strength emerges as a 

critical factor in the NHC-Y reductive elimination, evidenced by a 

correlation coefficient (R2) of 0.98 for homolytic Cu-Y energy in 

Cu
III

_Br_Y versus the Gibbs activation energy of the NHC-Y 

reductive elimination (Fig. 5).  Indeed, since TS
Cu

_Br_Y is 

intrinsically an early transition state, the CuIII-Y bond strength is 

much more important than the ∆G thermodynamic effect in 
governing the reductive elimination barrier. 

 
 
Table 2 Calculated Gibbs activation energy (∆G‡), the reaction Gibbs 
energy (∆G) and the Cu-Y bond dissociation energy in Cu

III
_Br_Y 

[De(Cu-Y)] for the model reductive elimination reaction given in eq 
5.  

Y ∆G‡ 

(kcal/mol) 
∆G 

(kcal/mol) 
De(Cu-Y) in Cu

III
_Br_Y 

(kcal/mol) 

F 12.4 -32.7 59.4 
Cl 8.5 -18.1 43.3 
Br 5.7 -15.2 31.4 

I 2.3 -13.3 24.3 
 

 

Fig. 5 Plot of the Cu-Y bond strength in Cu
III

_Br_Y [De(Cu-Y)] versus  

∆G‡  where Y = F, Cl, Br and I. 
 

In conclusion, the activation barrier for imidazolium salt reductive 

elimination from a CuIII complex is dependent on the inherent 

stability of the resultant CuI complex, whereas for a given anionic 

ligand, it is principally controlled by bond strength of the CuIII-

leaving group. The stability of CuI complexes is reliant on the extent 

of repulsion experienced by their s-dz
2 hybridized orbital; the strong 

σ-donating ligands decreases the stability of CuI complexes. 

Conversely, the CuI complexes, with a more destabilized s-dz
2 

hybridized orbital are more prone to undergoing oxidative addition 

reactions.  By studying related Ag and Au complexes we have 

determined that the HOMO energy of the resultant MI complex, 

strength of MIII-NHC and MIII-Br bonds and inherent stability of MIII 

with respect to MI are critical to governing reaction feasibility. 
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