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ABSTRACT: Cu'(NHC)Br complexes (NHC = N-heterocyclic
carbene) undergo a direct reaction with iodobenzene to give
2-arylated benzimidazolium products. The nature of the N-
substituent on the NHC ligand influences the reactivity of
the Cu'(NHC)Br complex towards arylation. N-Benzyl or N-
phenyl substituents facilitate arylation, whereas N-mesityl
substituents hinder arylation. Density functional theory cal-
culations show that an oxidative addition/reductive elimina-
tion pathway, involving Cu'"' species, is energetically feasible.
A less hindered Cu'(NHC)Br complex, with N-benzyl groups,
is susceptible to oxidation reactions to give 1,3-
dibenzylbenzimidazolium cations containing a Cu Br, anion
(various polymorphs). The results described herein are of
relevance to C-H functionalization of benz(azoles).

Introduction

The C-H bond functionalization of heteroarenes to form
biaryl species has attracted considerable attention in recent
years, becoming an increasingly viable alternative to tradi-
tional cross-coupling reactions with organometallic rea-
gents.”” The resulting materials are important substructures
in a range of pharmaceutical and agrochemical products. The
development of dual Pd/Cu-mediated approaches for the
functionalization of (benz)azoles, and related purines, has
greatly diversified the arylated derivatives that can be ac-
cessed.>” For these processes it can be beneficial to use stoi-
chiometric quantities of a Cu salt with Pd acting as a catalyst;
however, the reaction mechanism is not fully understood.

From a synthetic methodology perspective, Bellina and
co-workers have developed the functionalization of imidaz-
oles to yield 2-arylimidazoles, which proceed in DMF at high
temperatures (Scheme 1&1).6'12 Adenosine can be functional-
ized using a similar route, to give 8-aryladenosine (Scheme
1b).®"* The functionalization of a benzimidazole to give a 2-

arylbenzimidazole has been shown to proceed in the absence
of Pd and using stoichiometric quantities of Cul, though
higher reaction temperatures were employed in this reaction
(Scheme 1c).” Interestingly, Miura and co-workers com-
mented in their work that the arylation of 1-
methylbenzimidazole works considerably better with Cul
alone than using Pd/Cu together - the reasons for this out-
come was stated as unclear at the time.> Mechanisms for
the Pd/Cu-mediated reactions have been proposed, with
suggestions of initial intermediates involving N-coordination
of Cu' to imidazole, organocupurate formation and involve-
ment of Cu-NHCs.*™
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Scheme 1. Leading examples of C-H bond functionaliza-
tion reactions at heteroarenes.
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Metal-NHCs have also been postulated in intramolecular
Rh-catalyzed C-H functionalization of benzimidazoles,® and
in intermolecular Rh-catalyzed C-H functionalization of het-
erocycles.” A pathway bringing the proposed Pd/Cu-
mediated mechanisms together is shown in Scheme 2, which
provides a route to transferring an NHC ligand from Cu' to
PdH, allowing reductive elimination to form the arylated im-
idazole. It has also been established that well-defined Pd
nanoparticles are formed under these reaction conditions,
with their role most likely as a reservoir of Pd°® akin to
Heck-type coupling reactions.”*’ At this point it is important
to state that the role of Pd can be viewed as increasing the
reactivity of the aryl electrophile, where [Pd(I)(Ph)(L),]
would be much more reactive toward a Cu-NHC species than
PhI alone.

Under working conditions the proposed intermediate
species in Scheme 2 are difficult to detect, and indeed, syn-
thesize, especially at Cu'. Very recent studies by Hahn et al.
showed that organoplatinate caffeine-derived species can be
formed by an alternative synthetic route involving oxidative
addition of Pt® into a C-Br bond.” Subsequent protonation
gave a Pt"- NHC complex of the type Pt"(X),(NHC)L. While
this study confirms the potential of M-NHC species as inter-
mediates, the reactivity of these complexes toward aryl hal-
ides, for example, has not been studied.

To address the issue of whether Cu'-NHC species can be
arylated by reaction with aryl iodide (in the presence and
absence of Pd), a series of model compounds (7-9) were iden-
tified (Figure 1a). The N-benzyl in 7 provides modest steric
protection at the carbene center, and is similar to typical
substrates (e.g. 5 in Scheme 1). The second benzyl substitu-
ent, however, takes the place of a proton. The effect of steric
bulk around the carbene center was investigated by exchang-
ing the benzyl substituents for phenyl (compound 8), in ad-
dition to removing the benzo-backbone (compound 9) to
examine if C4-H/Cs-H bond activation can also occur.
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Figure 1. (a) Cu'-NHC complexes examined in C2 functional-
ization. (b) reaction of Cu'-NHC complexes with Phl in the
presence and absence of Pd(OAc),, via a Cu'"" species.

A key question arising from this study is whether the
NHC ligand acts in either a non-interfering and supporting
manner (i.e. as a spectator ligand) or participates (e.g. as an
actor and hence substrate)? Whilst metal-NHC complexes
are generally robust species, reductive elimination can occur
from Ni" and Pd" complexes containing NHC and aryl or
alkyl ligands.”*?® Therefore, this study would allow us to un-
derstand whether reductive elimination is feasible at Cu via a
putative higher oxidation state intermediate (a potential
pathway is highlighted in Figure 1b).



Results and Discussion

Synthesis of Cu'-NHC complexes 7-9. Our studies on
the synthesis of 7 started with the reaction of 1,3-
dibenzylbenzimidazolium bromide 10 with Cu,O in water at
reflux.”’ First attempts at this reaction were hindered by
oxidation reactions where a Cu' salt, containing the 1,3-
dibenzylbenzimidazolium cation, was formed and character-
ized in the solid-state (10°Cu,Br,). The outcome serves to
highlight that 7 is not as stable as Cu'-NHC complexes with
bulky substituents. A single crystal of 10°CuBr, was grown
from CHCl, and an X-ray structure determined (Figure 2). X-
ray diffraction data of 10°Br is included in the Supporting
Information for comparison. The structure of 10°CuBr, shows
a Cu,Br,” core w1th two imidazolium cations. The geometry
around each Cu' center is trigonal planar. The NCN face of
the imidazolium units are orientated towards the Cu,Br,”
core (as a bifurcated H-bond). From separate reactions, a
polymorphic form of 10°Cu,Br, was identified by single crys-
tal X-ray diffraction (Figure 3), where the Cu,Br, exists as an
infinite anionic polymer chain. This X-ray diffraction data
set, and indeed another independent set, indicate the pres-
ence of a monomeric form of Cu'-NHC 7 within the crystal
lattice. The occupancies of these minor species were mod-
elled at 9% and 8% respectively for a Cu' center connected
directly to a carbon atom of an NHC ligand (see Supporting
Information for details).
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Figure 2. Single crystal X-ray structure of 10°Cu,Br,. Two
molecules of CHCL, are omitted. The Cu-Cu bond distance =
2.8093(4) A). Hi is the only hydrogen atom shown. Thermal
ellipsoids are set to 50% probability.

Figure 3. Single crystal X-ray structure of 10°Cu,Br, shown
with the ‘infinite’ polymeric Cu' chain (highlighted by black
bonds) surrounded by benzimidazolium cations (6 molecules
shown). The benzyl groups are given in stick-form and Hi is
the only hydrogen atom shown. Thermal ellipsoids set to
50% probability.

Increasing the volume of solvent (degassed H,0) and re-
action time improved the yield of 7, aiding Cu,O solubility,
though trace amounts of 10*Cu,Br, were observed by '"H NMR
spectroscopic analysis. Complex 7 was therefore prepared by
employing the electrochemical procedure developed by Wil-
lans and co-workers,®®* which produced the desired Cu'-
NHC cleanly in 68 % yield.

It was subsequently determined that 10*Cu,Br, was slowly
formed from 7, by addition of D,O to a CD,CN solution of 7
(see Supporting Information for details), highlighting a po-
tential competing pathway under the reaction conditions.
This indicates that H,O as a reaction solvent to prepare Cu'-
NHCs can be problematic when N-substituents with little
steric bulk are employed. Our findings may also suggest a
pathway for catalyst deactivation for Cu'-NHCs as catalysts in
the presence of water, and offer a reason to why high catalyst
loadings or stoichiometric quantities are often necessary.*"*'"®

Cu'-NHC complexes 8 and g were prepared by reaction of
the corresponding imidazolium salts with Cu,O in anhydrous
DCM (both formed in quantitative yield). Single crystals of
complex 8 suitable for X-ray diffraction analysis were grown
via the vapor diffusion of diethyl ether into a solution of the
product in dichloromethane. The molecule crystallizes as a
one-dimensional polymer propagated by the formation of
bromide bridges (u*-Br) along the crystallographic b-axis
between neighboring NHC-Cu-Br units (Figure 4). Each
monomer of the polymer is separated by a distance of 3.89 A,
corresponding to the length of the b-axis of the unit cell.
Such ligand-unsupported zigzag (metal-halide), chains are
rare and, to our knowledge, are unprecedented in Cu'-NHC
chemistry. This leads to a distorted trigonal planar coordina-
tion environment about the Cu' center. -7 Stacking interac-
tions between the phenyl rings are also evident throughout
the crystal lattice.
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Figure 4. Single crystal X-ray structure of 8. Hydrogen atoms
are omitted for clarity. Thermal ellipsoids are set to 50%
probability. The bottom image shows the polymer-like struc-
ture which extends throughout the crystal lattice.

Reaction of Cu'-NHC complexes 7-9 with Phl, with
and without Pd(OAc),. Reactions of NHCs with activated
and electron-deficient (hetero)aryl halides have been of in-
terest since the early work of Arduengo et al.,, who showed
that an imidazol-2-ylidene in the presence of iodopen-
tafluorobenzene (CgF,l) is in equilibrium with an iodoimidaz-
olium adduct (Scheme 3a).>° Arnold et al. studied a more
structurally complex system resulting in cleavage of the C-I
bond in C¢F,l, leading to C-I bond formation at the carbene
carbon.* However, no reaction was noted with Phl, which
contains a slightly stronger C-I bond. On the other hand,
Henkel et al. observed displacement of the 4-fluoro substitu-
ent in perfluoropyridine by an imidazol-2-ylidene (Scheme
3b).>* We have mentioned earlier that aryl and NHC ligands
can reductively eliminate at Ni" and Pd" to give 2-arylated
imidazolium salts.”****
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Scheme 3. Examples of previous work assessing the reac-
tivity of NHCs toward aryl halides in the absence of a
transition metal >

To unequivocally address whether Cu'-NHCs 7-9 can enter
into a reaction with Phl, reactions of Cu'-NHCs with Phl
were conducted in benzene at go °C, in the absence (condi-
tions A) and presence (conditions B) of Pd(OAc), (Scheme
4). The reagents were added to a Young’s NMR tube under
anhydrous conditions, heated at go °C, and followed by 'H
NMR spectroscopy. The benzyl methylene protons in com-
pound 7 provide a good handle to follow this particular reac-
tion, shifting upfield by o.15 ppm on going from starting ma-
terial 7 to product 11 (Figure 5). After 24 hours, the benzene
was removed from the reaction in vacuo and the reaction
mixture was analyzed in CD,CN to enable direct comparison
with authentic starting material and product. Spectrum c
shows the outcome of the reaction of compound 7 with Arl
under conditions A (Figure 5). Three species were observed
in the 'H NMR spectrum at § 5.69 (Cu'-NHC 7), & 5.54 (ary-
lated product m) and & s5.09 (1,3-dibenzyl-2-
benzimidazolone). The formation of imidazolone com-
pounds in Cu'-NHC chemistry has been observed previously,
and is thought to occur due to trace oxygen in the reaction.”
ESI-MS revealed the presence of ions at m/z 299, which is the
1,3-dibenzylbenzimidazolium cation derived from 7, and m/z
375, which is the arylated product 11. Thus, the NHC in com-
pound 7 has undergone arylation in the absence of Pd(OAc),
at 31% conversion to 11 after 24 h (by 'H NMR). The for-
mation of 1,3-dibenzyl-2-benzimidazolone was recorded in
15%, with 54% of starting material 7 remaining.

The same reaction in the presence of Pd(OAc), (1 eq.) was
carried out, with '"H NMR spectroscopy (Figure 5d) showing a
new species at § 5.54 (arylated product 11; 43% conv. by 'H
NMR), and ESI-MS showing only m/z 375 (i.e. compound 11).
In this latter reaction, two other species are also present in
the 'H NMR spectrum, an AB quartet centered at § 5.9 (*Juy
~17 Hz), and a singlet at & 5.09 (1,3-dibenzyl-2-
benzimidazolone; 6% conv.). The AB quartet is attributable
to a cis-Pd(NHC),Br, complex (Figure 6), with the diastere-
otopy determined by molecular symmetry, i.e. the two NHC
ligands are in a cis-arrangement. The cis-Pd(NHC),Br, com-
plex was recorded in 51% conversion (by 'H NMR). This ob-
servation provides evidence that, in the presence of
Pd(OAc),, the Cu-NHC acts as a transmetallating agent,
with arylation likely occurring from Pd.
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Figure 5. 'H NMR spectra showing reaction outcome of Cu'-
NHC 7 with Phl, showing reaction outcome of Cul-NHC 7
with Phl, in the absence (c, conditions A) and presence (d,
conditions B) of Pd(OAc), (in CD;CN). Reference spectra
shown in (a) 7 and (b) 11 (X anion = CuBr, or Cul,). * = 1,3-
dibenzyl-2-benzimidazolone. ** = Pd(NHC),Br,.
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Figure 6. Postulated structure of cis-Pd(NHC),Br, obtained
from the transmetallation reaction of Pd(OAc), with complex
7 in benzene.

The reaction of iodobenzene with Cu'-NHC complexes 8
and 9 was performed under similar reaction conditions as
described above for complex 7. The depletion of complex 8
can be monitored by 'H NMR spectroscopic analysis in C4Ds,
with the product (12) precipitating from solution as a white
solid. In the presence of Pd(OAc),, arylation was found to
proceed with complex 8 at go °C, with starting complex 8
being fully consumed after 2 hours. The arylated imidazoli-
um product 12 precipitated from solution in quantitative
yield (isolated yield = >99%). In the absence of Pd(OAc), a
similar outcome was recorded, with quantitative conversion
to 12 after 24 hours. A single crystal of 12 was grown from
acetonitrile and the solid-state structure determined using X-
ray diffraction analysis (Figure 7). The unit cell contains four
cations (two of which are related to the other two by inver-
sion), with each positively-charged arylated imidazolium
species being charge balanced by a Cu'-containing Cu,l,”
anion. The bonds connecting the phenyl moieties to the im-
idazolium rings were measured as 1.480(7) and 1.472(7) A for
C(7)-C(8) and C(32)-C(33) respectively. The bond angles
around N(2)-C(7)-C(8) and N(3)-C(32)-N(33) are 126.2(5) and
127.8(5)° respectively. The N(2)-C(7)-C(8)-C(9) and N(3)-
C(32)-C(33)-C(38) torsion angles lie at 63.8(8) and 68.5(7)°
respectively.

When studying reactions with complex 8 at room tem-
perature (rather than heating to 9o °C), a different outcome
was recorded. Whilst no reaction was observed in the ab-
sence of Pd(OAc),, in the presence of Pd(OAc), trans-
[Pd(NHC)-k'-Br-,-Br], was formed quantitatively (as shown
by 'H NMR spectroscopic analysis). Single crystals of the Pd-
NHC complex were grown via slow evaporation from di-
chloromethane. The structure shows a dinuclear Pd"-NHC
complex, with each Pd" center being coordinated by one N-
heterocyclic carbene, one terminal bromide atom and two p-
bromide atoms (Figure 8). The C(1)-Pd(1) and C(20)-Pd(2)
bond distances were measured at 1.941(6) and 1.931(6) A re-
spectively, which are comparable to other Pd-NHC complex-
es exhibiting bridging bromide atoms in the solid-state.>*
The trans-C(1)-Pd(1)-Br(2) angle is 176.56(17)° and C(20)-
Pd(2)-Br(1) is 176.44(16)°.



Figure 7. Single crystal X-ray structure of 12 (two independent organic fragments accompany the Cu,l,” anion shown in the
figure above). Hydrogen atoms are omitted for clarity. Thermal ellipsoids are set to 50% probability.

Figure 8. Single crystal X-ray structure of trans-
[PA(NHC)-k"-Br-p,-Br],. Hydrogen atoms are omitted for
clarity. Thermal ellipsoids are set to 50% probability.

Under reaction conditions A (90 °C, 24 h, in the absence
of Pd(OAc),), arylation did not occur with N-mesityl substi-
tuted Cu'-NHC complex 9. In the presence of Pd(OAc),, a
complex mixture of compounds was formed, for which char-
acterization was not possible.

Considering the a-values (describing steric effects for var-
ious substituents) for benzyl and phenyl groups, the phenyl
group is considerably larger (Bn = 1.35 and Ph = 3).% It is
therefore surprising that arylation occurs in higher yield for
the N-phenyl derivative (8—12). Increasing the steric bulk
further to N-mesityl hinders the arylation reaction. This indi-
cates that the electronic effects of the N-substituent also
have an influence on the arylation reaction

DFT calculations - assessment of the reaction path-
way for arylation in the absence of Pd. As the direct reac-
tion of Cu'-NHC with iodobenzene to give arylated products
is feasible (reactivity order 8 > 7 >> 9), density functional
theory (DFT) was used to understand potential reaction
pathways for this process. The first pathway considered was
a carbene insertion mechanism (via I, Scheme 5), akin to that
reported by Pérez et al3° A second pathway involves a
Cu'/Cu™ oxidative addition/reductive elimination cycle (via
II and IT'), as suggested by Ribas et al. in other systems.>”>*

To better understand the feasibility of some of these
mechanistic proposals, in addition to the effect of the steric
bulk of the N-substituent on reactivity, DFT calculations
were conducted at the Mo6 level of theory for different NHC
ligands (L); for the benzoimidazolin-2-ylidene system where
R = benzyl (Bn) and phenyl (Ph), and imidazolin-2-ylidene
where R = mesityl (Mes).
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Initial calculations revealed that the carbene insertion
pathway was wunfeasible. Indeed, the oxidative addi-
tion/reductive elimination sequence was found to be most
likely. For example, iodobenzene can oxidatively add to Cu'
to give two different cu” isomers, II_R and II'_R, where the
former has a phenyl group that is trans to the NHC ligand
and the latter where the phenyl group is cis to the NHC lig-
and (Figure 9). Interestingly, the two intermediate species
(II_R and IT'_R) were computed to be competitive. Crucially,
the oxidative addition reactions are endergonic, which sup-
ports the fact that the oxidation state of +3 at copper is un-
stable.

The intermediate II_R can undergo the C-I (or C-Br) re-
ductive elimination process to produce 14_R or 15_R (Figure
9, pathway A), as both bromide and iodide ligands are cis to

the NHC ligand. The formation of halo-imidazolium salts
from Cu-NHCs has recently been reported by Willans and
co-workers, with the presence of a Cu"-NHC and excess
CuBr, appearing to drive the successive disproportionation
and reductive elimination reaction.* In the case of this work,
calculations indicate that the C-I (or C-Br) couplings are en-
ergetically unfavorable (shown in Figure 10 for R = Bn and
Supporting Information for R = Ph and Mes), explaining why
the C-I and C-Br couplings are not observed experimentally
under the conditions described earlier. By contrast, the in-
termediate II'_R (Figure 9, pathway B) can undergo the C-C
reductive elimination to produce the initial product 1_R.
The corresponding reaction is entirely exergonic and has a
small activation barrier ranging from 2.8 kcal/mol for R = Ph
to 6.0 kcal/mol for R = Mes (Figure 11).
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Interestingly, the stability of II'_R is affected by the steric

bulk of the R groups; for the less bulky R groups such as Bn,
and Ph, intermediate II'_R is relatively stable (Figure 12) and
as a result the C-C reductive elimination reactions can occur
with overall energy barriers being accessible under the reac-
tion conditions; 32.2 and 27.5 kcal/mol for R = Bn and Ph,
respectively. For comparability, we also computed a pathway
for the hypothetical compound, where R = Mes (green path-
way in Figure 12). In this case the C-C reductive elimination
requires an overall activation barrier of 39.4 kcal/mol, which
is too high in energy. This is presumably due to the steric
bulk of the Mes groups decreasing the stability of intermedi-
ate II'_Mes, in turn, leading to an increase in the overall ac-
tivation barrier of the C-C reductive elimination reaction.
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landscapes (similar to Fig. 10).

The DFT calculations show that the Cu-C,penic bonds are
lengthened upon going from 7_R to II’_R (Figure 13) . Alt-
hough, the lengthenlng of the Cu-C . penic bond for the cases
of R = Bn (0.039 A) and R = Ph (0.043 A) is comparable, it is
more significant where R = Mes (0.118 A). This result suggests
that the steric hindrance of the mesityl groups renders the
Cu-Ceabenic bond in II'_Mes significantly weak, thereby lead-
ing to increased destabilization of II’_R relative to 7_R, ulti-
mately diminishing the reactivity of 7_Mes.

N r1
@ >Lou—sr

R 7R R I'R
R ri(A) ra(A) Ar =ry- I
Bn 1933 1972  0.039
Ph 1933 1976 0.043
Mes 1925 2043 0.118

Figure 13. The calculated Cu-C(NHC) bond distances for 7_R
(r,) and II'_R (r,) and the Cu-C(NHC) distance variations

(Ar) upon moving from 7_R to II'_R.



Our calculations at the Mo6/BSz level predict that 7_Ph
with an activation energy of 27.5 (15.5) kcal/mol is more reac-
tive than 7_Bn with an activation energy of 32.2 (18.8)
kcal/mol. The difference in reactivity cannot be explained in
terms of the steric effects. The stabilizing dispersive interac-
tion between N-phenyl substituents and Cu-bound phenyl
group in 3TS_Ph is most likely the reason for this difference.
Given that B3LYP suffers from the lack of dispersion effect,
the single point calculations using the B3LYP/BS2 level can
help to further support this claim. In contrast to the Mo6
calculation, the B3LYP predicts that the reactivity of 7 Ph
and 7_Bn should be comparable; the relative energy of
3TS_Ph and 3TS_Bn at the B3LYP level are calculated to be
37.5 (25.5) and 37.9 (24.5) kcal/mol, respectively. This result
confirms the assumption that the higher reactivity obtained
for 7_Ph at the Mo6 level is due to the dispersive interactions
in 3TS_Ph.

On the carbene insertion pathway: the transition state for
the insertion mechanism is not a stationary point on the PES
and all attempts to locate it led to the transition structure
2TS_R. This is mainly due to the barrier for this process be-
ing inaccessibly high. Our calculations showed that the tran-
sition state for the insertion mechanism is at least 20
kcal/mol higher in energy than the transition structure
2TS_R.

The reaction with Pd" (i.e. in the presence of Pd(OAc),)
involves transmetallation of the NHC ligand from Cu' - pd",
which is well established. Indeed, as noted earlier, the aryla-
tion®>™ and alkylation®® of NHC ligands at Pd" are reported.

Conclusion

In conclusion, Cu'(NHC)Br complexes (7 and 8) undergo
a direct reaction with iodobenzene to give 2-arylated ben-
zimidazolium products, 11 and 12 respectively. The nature of
the N-substituent on the NHC ligand influences the reactivi-
ty of the Cu'(NHC)X complex towards arylation. N-Benzyl (7)
or N-phenyl (8) substituents facilitate arylation, whereas N-
mesityl substituents (9) hinder the arylation reaction. The
less hindered Cu'(NHC)Br complex (7), with N-benzyl sub-
stituents, is susceptible to oxidation reactions to afford 1,3-
dibenzylbenzimidazolium cations containing a CuxlBry anion
(10, including various polymorphs).

The reaction of 7 with iodobenzene is aided by Pd(OAc),,
where a transmetallation product, cis-Pd(NHC),Br,, was
characterized spectroscopically. In the case of 8, a related
transmetallation product was formed in reactions conducted
at room temperature, namely trans-[Pd(NHC)-«'-Br-p,-Br],,
confirmed by single crystal X-ray diffraction. More generally
these findings confirm that CuI(NHC)X complexes are viable
intermediates of relevance to the C-H bond functionalization
of (benz)azoles at both Cu and Pd.

Finally, Density Functional Theory calculations have
shown that an oxidative addition/reductive elimination
pathway, involving Cu" species, is an energetically feasible
process. Future mechanistic studies will examine whether
Cu" intermediates in the Cu-assisted C-H bond functionali-
zation of heteroarenes can be detected and characterized by
X-ray absorption spectroscopic (XAS) analysis under working
reaction conditions.

Experimental

General synthetic details. All air sensitive procedures
were carried out using Schlenk techniques (high vacuum,
liquid nitrogen trap on a standard in-house built dual line).
Where necessary a glove (dry) box was used (<o0.5 ppm O,).
Room temperature upper and lower limits are stated as 13-25
°C, but typically 21-23 °C was recorded. Commercial chemi-
cals were purchased from Sigma-Aldrich® and Alfa Aesar®
and used directly unless otherwise stated in the text. TLC
analysis was carried out on Merck TLC aluminium sheets
(silica gel 60 F254) and visualized with UV light (at 254 nm),
iodine vapour or an aqueous solution of potassium perman-
ganate. Flash chromatography was run on silica gel 60.*
Melting points were recorded using a Stuart digital SMP3
machine and are uncorrected values. NMR spectra were ob-
tained in the solvent indicated, using a JEOL ECX400 (400
MHz and 101 MHz for 'H and “C, respectively). Chemical
shifts are reported in parts per million and were referenced
to the residual non-deuterated solvent of the deuterated sol-
vent used. Spectra were typically run at a temperature of 300
K. All ®C NMR spectra were obtained with 'H decoupling.
NMR spectra were processed using MestReNova software
(versions 8.01 and 9.01). The spectra given below were saved
as either .BMP or .PNG files in MestReNova and inserted
directly into a Microsoft Word Document. For the 'H NMR
spectra the resolution varies from 0.15 to 0.5 Hz; the coupling
constants have been quoted to +o0.5 Hz in all cases for con-
sistency. 'H NMR chemical shifts are quoted to 2 decimal
places; 2C NMR chemical shifts are quoted to 1 decimal
place. Numbers were rounded to the nearest value, e.g. 1.237
~1.24, 1.232 = 1.23.

MS spectra were measured using a Bruker Daltonics mi-
crOTOF MS, Agilent series 1200LC with electrospray ionisa-
tion (ESI and APCI) or on a Thermo LCQ using electrospray
ionisation, with <5 ppm error recorded for all HRMS sam-
ples. LIFDI mass spectrometry was carried out using a Wa-
ters GCT Premier MS Agilent 7890A GC (usually for analysis
of organometallic compounds when ESI or APCI are not sat-
isfactory ionisation methods). Mass spectral data is quoted as
the m/z ratio along with the relative peak height in brackets
(base peak = 100).

X-Ray crystallography. For all compounds other than
compound 8, diffraction data were collected at 1o K on a
Bruker Smart Apex diffractometer with Mo-K,, radiation (A =
0.71073 A) using a SMART CCD camera. Diffractometer con-
trol, data collection and initial unit cell determination was
performed using “SMART” (v5.625 Bruker-AXS). Frame inte-
gration and unit-cell refinement software was carried out
with “SAINT+” (v6.22, Bruker AXS). Absorption corrections
were applied by SADABS (v2.03, Sheldrick). Structures were
solved by direct methods using SHELXS-g97 (Sheldrick, 1990)
and refined by full-matrix least squares using SHELXL-97
(Sheldrick, 1997). All non-hydrogen atoms were refined ani-
sotropically. Hydrogen atoms were placed using a “riding
model” and included in the refinement at calculated posi-
tions. Data tables for all the X-ray crystal structures reported
in this paper can be found in the Supporting Information
files. X-ray diffraction data for compound 8 were collected on
an Agilent SuperNova diffractometer fitted with an Atlas
CCD detector with Cu-K, radiation (A = 1.54184 A). The crys-
tal was mounted under Fomblin on a nylon loop. The crystal



was held at 100 K using an Oxford Cryosystems low tempera-
ture device during unit cell determination and data collec-
tion. The data set was corrected for absorption effects using a
multiscan method, and the structure was solved using
SHELXS-97 interfaced through the program X-Seed. Refine-
ment was by full-matrix least squares on F2 using ShelXL-97,
interfaced through the program X-Seed. All hydrogen atoms
were included at geometrically estimated positions using a
riding model.

DFT calculations. Gaussian 09" was used to fully opti-
mize all of the structures reported in this paper at the B3LYP
level of density functional theory (DFT).** The effective core
potential of Hay and Wadt with a double-§ valence basis set
(LANL2DZ)** was chosen to describe Cu and I. The 6-
31G(d) basis set was used for other atoms.* Polarization
functions for Cu(&; = 3.525) and I (&4 = 0.289) were also add-
ed.**¥ This basis set combination will be referred to as BS1.
Frequency calculations were carried out at the same level of
theory as for structural optimization. IRC*** calculations
were used to confirm the connectivity between transition
structures and minima. Because recent studies have estab-
lished that Mo6>>* predicts the activation energies more
accurately than B3LYP,” we carried out single-point energy
calculations for all the structures with a larger basis set (BSz2)
at the Mo6 level. BSz utilizes the quadruple-{ valence def2-
QZVP>* basis set on Cu and the 6-3u1+G(2d,p) basis set on
other atoms. The solvation energies were calculated using
BS2 on optimized geometries with the CPCM solvation mod-
el using toluene as solvent.”® To estimate the corresponding
Gibbs free energies, AG, the entropy corrections were calcu-
lated at the B3LYP/BS1 level, adjusted by the method pro-
posed by Okuno® and finally added to the Mo6/BSz total
energies. We have used the potential and Gibbs free energies
obtained from the Mo6/BS2//B3LYP/BS1 calculations in DMF
throughout the paper unless otherwise stated.

Cu(benzoNHC-Bn)Br (7). An oven-dried, three-necked,
round-bottomed  flask  was  charged with 13-
dibenzylbenzo[d]imidazolium bromide (389 mg, 1 mmol,)
(038 g, 1.0 mmol), which was thoroughly dried/degassed in
vacuo. Anhydrous acetonitrile (15 ml) was cannu-
la transferred in to the flask dissolving the imidazolium salt.
The solution was degassed (by bubbling with argon for >1
hour). The two copper electrodes were inserted in to the
reaction flask and purged with argon (for > 30 minutes) and
then inserted in to the reaction mixture. A potential was
applied such that a current of 50 mA flowed through the
solution. The solution was electrolysed for 1.5Q. Following
electrolysis, the mixture was filtered and the solvent removed
from the filtrate in vacuo to yield a pale yellow solid. This
was recrystallised twice from dichloromethane / diethyl
ether to yield the product as a white crystalline solid. Yield:
030 g, 0.68 mmol, 68%.Single crystals suitable for X-ray
analysis were grown by vapour diffusion of pentane in to a
concentrated dichloromethane solution of the product. 'H
NMR (500 MHz, CD,CL,) & 7.40 - 7.32 (m, 12H, ArH), 7.30 -
7.27 (m, 2H, ArH), 5.69 (s, 4H, 2xCH,); 'H NMR (400 MHz,
MeCN-d;) & 7.44 (dd, *Jun = 6.0, >Jun = 3.0 Hz, 2H, ArH), 7.39
- 7.25 (m, 12H, ArH), 5.69 (s, 4H, 2xCH,); *C{'H} NMR (126
MHz, CD,Cl,) § 135.9, 129.6, 129.0, 128.0, 124.7, 112.5, 53.4 (7 of
9 resonances observed); Anal. calc. for C,;H,sBrCuN, C 57.09,
H 411, N 6.34, observed C 56.90, H 4.05, N 6.15; LIFDI-MS

m/z (%) 440 (67) [BCuBrM] ¥, 441 (12) [ZCu”Br®cM] *,
442 (100) [BCu®BrM  and ®Cu”BrM] ¥, 442 (22)
[BCu®Br®CM or ®Cu”Br®CM] *, 443 (28) [®Cu®BrM] " (ob-
served as monomer only). Additional details on the decom-
position of complex 7 in the presence of water and air is giv-
en in the Supporting Information file.

Cu(benzoNHC-Ph)Br (8). A Schlenk flask was charged
with 1,3-diphenylbenzimidazolium bromide (527 mg, 1.5
mmol), Cu,0 (429 mg, 3 mmol) and 4 A molecular sieves.
These were dried and degassed thoroughly in vacuo. Anhy-
drous CH,CI, (30 mL) was added via cannula and the mixture
was stirred at reflux for 24 h. After this time, the mixture was
allowed to cool and was removed from the filtrate in vacuo to
give the product as a white-off solid (99 % yield, 0.449 g).
MP: 205-208 °C; 'H NMR (400 MHz, CD,CL,) § 7.78-7.75 (m,
4H, ArH), 7.70-7.65 (m, 4H, ArH), 7.64-7.60 (m, 2H, ArH),
7.56-7.51 (m, 2H, ArH), 7.48-7.43 (m, 2H, ArH); 'H NMR (400
MHz, CD,CN) 3 7.77-7.74 (m, 4H, ArH), 7.69-7.60 (m, 6H,
ArH), 7.55-7.50 (m, 2H, ArH), 7.48-7.44 (m, 2H, ArH); *C{'H}
NMR (101 MHz, CD,CL,) & 138.04, 134.61, 130.61, 130.06, 126.60,
125.52, 112.78 (7 of 8 resonance observed); ESI-HRMS m/z
603.1616 observed as [Cu(bNHC-Ph),]" (calc. for C;sH,sCuN,
603.1610); LIFDI-MS m/z (%) 603.21 (100) [Cu(bNHC-Ph),],
605.23 (45), 606.23 (18). IR (solid-state ATR, cm™) 3041, 2962,
1590, 1482, 1357, 1259, 1047, 796, 740, 693, 603, 501. Anal. calc.
for C,,H,,Br, ,,Cu, ,,N,,C 54.3, H 3.36, N 6.67, observed C 54.3,
H 3.43, N 6.95 (estimated ratio of 8 to CuBr of 22:1, 4%).

Cu(IMes)Cl (9).”” A Schlenk flask was charged with 1,3-
bis(2,4,6-trimethylphenyl) imidazolium chloride (51 mg, 1.5
mmol), Cu,0 (429 mg, 3 mmol) and 4A molecular sieves.
These were dried and degassed thoroughly in vacuo. Anhy-
drous CH,CI, (30 mL) was added via cannula and the mixture
was stirred at reflux for 24 h. After this time, the mixture was
allowed to cool and the solvent was removed in vacuo to give
the product as a white-off solid (99 % yield). Representative
data: 'H NMR (400 MHz, CD,Cl,) § 7.1 (s, 2H, CH=CH), 7.07
(s, 4H, metaCH), 238 (s, 6H, 2xparaCH,), 212 (s, 12 H,
2xorthoCH,); *C{'H} NMR (101 MHz, CD,Cl,) & 140.19, 135.80,
135.36, 129.87, 122.98, 21.44, 18.13 (7 of 8 resonance observed).

Arylation procedure conditions A. To a Young’s NMR
tube in the glove-box was added a solution of Cu(NHC)Br (7
or 8) or CuNHC)Cl 9 (0.0145 mmol, 1 eq.) in anhydrous
CgDg (0.7 ml) (distilled from Na). A "H NMR spectrum (400
MHz) was recorded after ca. 20 mins. The sample was re-
turned to the glove-box, where Phl (14.7 mg, 0.0724 mmol, 8
uL, 5 eq.) was added. A '"H NMR spectrum was recorded and
the sample was then heated to 9o °C. '"H NMR spectra were
recorded at 2 h and 24 h intervals to monitor any chemical
change (all spectra recorded in C4Dg4 are shown in the Sup-
porting Information file). The C¢Dg solvent was removed in
vacuo to give a brown solid (no mass loss recorded), which
was re-dissolved in CD,CN (for ease of referencing with au-
thentic standards of the potential products), and a 'H NMR
spectrum recorded.

Arylation procedure conditions B. To a Young’'s NMR
tube in the glove-box was added a solution of Cu(NHC)Br (7,
8 or 9) (0.0145 mmol, 1 eq.) in anhydrous C¢Dg (0.7 ml) (dis-
tilled from Na). A 'H NMR spectrum (400 MHz) was then
recorded. In the glove-box, Phl (14.7 mg, 0.0724 mmol, 8 ul, 5



eq.) was added, followed by a second 'H NMR spectrum. In
the glove-box, Pd(OAc), (3 mg, 0.0146 mmol, 1 eq.) was add-
ed, followed by a third 'H NMR spectrum (all spectra record-
ed in C¢Dg are shown in the Supporting Information file).
The sample was then heated to go °C for 24 h. Concomitant
Pd black and product precipitation occurred, preventing any
further in situ spectroscopic analysis. The solvent was re-
moved in vacuo to give a brown solid (no mass loss record-
ed), which was analyzed by ESI-MS. This brown solid was re-
dissolved in CD,CN (for ease of referencing with authentic
standards of the potential products), and a '"H NMR spectrum
recorded.

Representative data for (1,3-dibenzyl)-2-
phenylbenzo[d]imidazolium copper(I) diiodide (11). MP
101103 °C (decomp.); 'H NMR (400 MHz, CD,CN) § 7.85-7.74
(m, 3H, ArH), 7.71-7.61 (m, 6H, ArH), 7.38-7.29 (m, 6H, ArH),
7.18-7.09 (m, 3H, ArH), 5.54 (s, 4H, 2xCH,); ®*C{'H} NMR (101
MHz, CD,CN) 134.5, 134.40, 132.6, 131.2, 130.9, 130.0, 129.6,
128.4, 1281, 121.7, 115.0, 50.9 (quaternary C2 not observed);
ESI-MS m/z 375 [M]"; ESI-HRMS m/z 375.1854 (calc. for
C,,H,;N, 3751856). LC-MS m/z shows 375 as the dominant
species in the mass spectrum.

Representative data for (1,3-Diphenyl)-2-
phenylbenzo[d]imidazolium copper(I) diiodide (12). MP:
274-277 °C; 'H NMR (400 MHz, CD,CN) § 7.77-7.72 (m, 2H,
ArH), 7.67-7.57 (m, 12H, ArH), 7.51-7.47 (m, 1H, ArH), 7.45-
7.42 (m, 2H, ArH), 7.36-7.32 (m, 2H, ArH); *C{'H} NMR (101
MHz, CD,CN) § 137.48, 133.86, 133.63, 133.56, 132.17, 132.09,
131.40, 129.84, 129.05, 128.49, 122.11, 114.46; ESI-HRMS m/z
347.1552 [M-X]", (calc. for C,;H,oN," 347.1543). IR (solid-state
ATR, cm™) 3042, 1591, 1494, 1442, 1166, 1028, 750, 695, 584,
506. Anal. calc. for C,;H,,Br,¢Cul 5N, C 47.40, H 3.02, N
4.42, observed C 47.54, H 2.93, N 4.19 (estimated ratio of
CuBr,/Cul, anions is ca. 0.33/0.67).
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