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Introduction

N-heterocyclic carbenes (NHCs) have been a most prevalent
ligand class in organometallic chemistry over the last 25 years
due to their tuneable steric and electronic properties." To
understand the inner workings of transition metal (TM) cataly-
sis and to subsequently explain and predict the reactivity of
TM complexes, the quantification of ligand stereo-electronic
properties is key. This has been attempted over the years
through the development of several models designed to assist
in delineating the fine balance of such steric and electronic
contributions to the nature of the bonding involved between a
NHC and a metal (Fig. 1). Quantifying ligand electronic para-
meters in TM complexes has been mainly approached through
the use of the Tolman Electronic Parameter (TEP) where the
donating capability of a given ligand L is measured using the
A, infrared frequency of the CO-bond in the corresponding [Ni
(CO)5(L)] complex.” This strategy is simple as the synthesis of
the Ni-complexes is straightforward, the use of an IR-spectro-
meter is commonplace, and the wide applicability of this
method to a large number of NHC and phosphorus ligands
has been demonstrated.>” Using this experimental technique,
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methodologies to understand the NHC-metal interaction which are, as we now show, flawed. Our search
for a unified, easily accessible system to gauge these fundamental properties has resulted in the discovery
of two systems that highlight the flaws present in existing systems and provide a more accurate measure
of the NHC ligand electronic properties.

the carbonyl stretching frequencies of a vast number of the
most commonly used NHC ligands have been measured.**
However, this method also possesses disadvantages such as
the high toxicity of the Ni-precursor, the dominance of the
n-interaction in this model whereas the o-donation plays the
largest role in NHC donor properties, and the relatively small
numerical range where the IR-data lie.*> Additionally, the TEP
model has difficulties with the bulkiest NHCs, which can
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Fig. 1 Approaches to determine NHC electronic properties.
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distort the geometry of the otherwise tetrahedral complexes or
even lead to the elimination of an additional CO ligand
leading to [Ni(L)(CO),] complexes.*®

To circumvent the use of the toxic [Ni(CO),], alternative car-
bonyl bearing systems have been designed. [IrCl(CO),(NHC)]
complexes,® and their Rh congeners,””® have shown good corre-
lation with data from the nickel system, thus allowing extrac-
tion of TEP data from these alternative systems. However, this
approach is still plagued by the limited range of the IR-
measurements and, in some cases by decomposition through
the dissociation of one of the carbonyl ligands.>°
Furthermore, sterically demanding ligands have been reported
to induce modulations in the CO stretching frequency through
intramolecular interactions'' and the generation of a charged
field across the CO ligand, which generates an “internal Stark
effect”.” This effect can cause incorrect ligand electronic para-
meter interpretations.

Other methods have been developed that avoid the use of
IR-spectroscopy for the determination of the NHC electronic
properties. Computational methods have successfully pre-
dicted TEP values in the nickel-carbonyl and rhodium-carbo-
nyl systems."®'® However, these calculations require a careful
selection of the method and need a significant amount of
computing power.'”'® These approaches rely on basic architec-
tures that may contain additional steric interactions distorting
the true nature of the M-NHC bonding. An additional
approach has made use of the pK, values of NHC-salts, and
these can be linked to the electronic properties of the
ligand."®* These methods, however, do not involve the
complex bonding picture created when a metal is involved.
Additional methods have made use of NMR spectroscopy such
as the chemical shift in the *C NMR spectrum of the carbene
carbon of the iPr-bimy (iPr-bimy = N,N'-diisopropyl-
benzimidazolin-2-ylidene) ligand in trans-[PdBr,(iPr-bimy)(L)]
complexes.”*?** This method requires the synthesis of specific
Pd complexes through a multistep sequence, a major draw-
back. Other NMR-based strategies have used the *'P NMR reso-
nance of carbene-phosphinidene adducts,”” the 7’Se NMR of
carbene-selenium adducts,”® and most recently the use of 'H
NMR data of azolium salts.””*® Lastly, a method showing
promise in determining electronic properties is one that uses
electrochemistry. The Lever electronic parameter (LEP)*® is an
electrochemical parameter (E;) measuring the ability of a
ligand to stabilize certain metal oxidation states. This para-
meter can be correlated to ligand electronic properties, with
smaller E;, values being a result of more donating ligands.*
Data on the electrochemical evaluation of ligand donor pro-
perties have shown that this approach is often superior in
terms of accuracy and precision compared to the carbonyl-
based systems. However, only complexes that show a (quasi-)
reversible redox couple in the available electrochemical
window of the solvent can be used,?*! which makes the clas-
sical Ni, Rh, and Ir-carbonyl systems unsuitable as these
exhibit irreversible redox events. Additionally, redox-active
ligands or substituents are considered non-innocent and
cannot be evaluated using this electrochemical approach.’

This journal is © The Royal Society of Chemistry 2024
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Albrecht and co-workers have proposed Fe(u) piano-stool com-
plexes, that also bear a CO ligand, that could be used to corre-
late electrochemical and vibrational data of a very limited
number of monodentate and specially designed bidentate
NHCs.*? Plenio and co-workers have reported two studies in
which the [MCI(NHC)(cod)] (M = Rh or Ir; cod = cycloocta-
diene) precursors of the [MCI(CO),(NHC)] complexes were
used as electrochemical probes, wherein they show that the
redox behaviour of the precursors is closely related to the
vibrational data of their carbonyl counterparts and that both Ir
and Rh systems show a linear correlation in terms of redox
behavior.”** Interestingly, the trends observed contradict the
electronic parameter trend observed in the Ni system. Also
noteworthy is that this correlation makes use of two systems,
the cod and carbonyl systems. The dataset for these Ir and Rh
systems has been expanded but, to our knowledge, no study
has gathered data on the more classical NHCs'**®> and no
study has attempted to explain why one or the other of the
metals would best be suited for pure ligand electronic para-
meter determination.

Results and discussion

There exists, at present, no single system where at least two
distinct spectroscopic handles can be used to gauge the pro-
perties of a broad range of ligands. The existing systems suffer
from (1) toxicity (e.g. Ni(CO),), (2) a complex synthetic
sequence and most importantly, (3) the existence of additional
steric repulsive interactions that lead to distortion in complex
geometries that subsequently can lead to erroneous interpret-
ation of pure electronic properties. To circumvent these issues,
we selected an initial system that would offer a dual probe for
ligand electronic properties. The approach uses [Rh(NHC)
(acac)(CO)] complexes containing a carbonyl ligand for infra-
red measurements which also possess a reversible electro-
chemical redox event (Fig. 2).

The presence of these two measurables within the same
system allows the verification of the existence of relationships
between the two observables. The rhodium complexes are
easily synthesized using a previously reported procedure.*®
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Fig. 2 Cyclic voltammogram of [Rh(IPr)(acac)(CO)]. Conditions: 25 °C,
2 mM of analyte, 0.1 M NBu4PFg in CH,Cl,, Pt work and auxiliary elec-
trode, scan rate 100 mV s~ Referenced to the decamethylferrocene
couple determined at 0.15 V vs. Ag/Ag* under the same conditions.
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Table 1 Literature values [ref.] of experimentally (IR) determined vco
(cm™) in CH,Cl,
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Table 2 Cyclic voltammetry and infrared data for [Rh(NHC)(acac)(CO)]
complexes

L= [NiL(CO);] [IrL(CO),Cl] [RhL(CO),ClI]
IPr 2051.5* 2023.9°% 2037.5%8
SIPr 2052.2* 2024.9%8

IMes 2050.7* 2023.1%% 2037.6%°
SIMes 2051.5* 2024.6°° 2040.57
P! 2055.1%° 2028.3%%

IPrOMe 2049.9*° 2023.4*°

IPent 2049.3**

IHept 2048.6"

6Mes 2029°°
7Mes 2028°°
6Dipp 2018.2*°

I'Bu 2022.3%8 2036°"
1Ad 2021.6°®

aNHC 2009.9%”

CAACY 2046 2035.5°%
IPr* 2052.7** 2025.6**

IPr*OMe 2051.1*°

Using literature infrared data for the three carbonyl systems
(i.e. [Ni(NHC)(CO);], [IrCl(CO),(NHC)] and [RhCI(CO),(NHC)],
Table 1) permits assessment of the usefulness of the new
electrochemical probe. The selection of the [Rh(acac)(NHC)
(CO)] system appears judicious, as even the use of very large
NHCs results in isolable complexes and the redox potentials of
these metal complexes prove reversible. As an example, the
cyclic voltammogram of [Rh(IPr)(acac)(CO)] is presented in
Fig. S1.f Voltammograms of other complexes in this system
have similar appearances. The voltammogram of [Rh(IPr)(acac)
(CO)] exhibits a single redox event, which is attributed to the
quasi-reversible Rh'/Rh"™ couple. The quasi-reversibility of this
redox event is confirmed by performing the CV at varying scan
rates, observing a fixed E;,, but a small shift of the peak poten-
tials (see ESI, Fig. S31).*” The peak-to-peak separation is quite
large, ranging from 84 mV to 194 mV. This is in contrast with
to the results for the [Rh(NHC)(cod)Cl] complexes that range
from 74 to 92 mV.” The presence of these quasi-reversible
redox events permits the determination of E,,, values which in
turn are linked to the electron donating properties of the NHC
ligands.

As the [Rh(NHC)(acac)(CO)] complexes exhibit a quasi-
reversible redox event, comparing two very different probes,
based on different handles of the complex, for electronic
ligand property determination from the same complex is now
possible. These data are presented in Table 2. To extend our
study, five new compounds in this family have been syn-
thesized and characterized, to test our hypothesis with bulkier
NHCs. Comparison of the carbonyl-stretching frequency and
the Ey;, value of the Rh""-redox couple shows a strikingly
linear correlation (Fig. 3), with the abnormal (aNHC) cousin as
the sole outlier. However, when comparing this system with
the TEP data gathered on the Ir-dicarbonyl system, a clear lack
of correlation exists for the abnormal NHC (aNHC) and the
ring expanded NHC (re-NHC) 6Dipp (see ESI, Fig. S51).

We performed further experiments to explain the observed
discrepancies. The reported infrared data®” have led to classify-

16032 | Dalton Trans., 2024, 53,16030-16037

Rh"/Rh" redox couple®

IR veo value”

NHC E (V) AE (mV) Voo (em™)
TPr 0.870 (0.002) 159 (8) 1962.3
SIPr 0.907 (0.003) 140 (9) 1965.3
IMes 0.805 (0.003) 147 (7) 1956.9
SIMes 0.845 (0.003) 108 (6) 1960.5
pr! 0.998 (0.008) 100 (11) 1968.7
IPent 0.825 (0.005) 111 (10) 1959.1
BIAN IPr 0.914 (0.004) 120 (16) 1963.8
6Mes 0.622 (0.003) 101 (5) 1952.6
7Mes 0.540 (0.002) 99 (8) 1947.6
6Dipp 0.702 (0.004) 103 (9) 1952.4
1Ad 0.555 (0.003) 84 (8) 1949.1
aNHC 0.615 (0.005) 156 (15) 1941.3
CAACY 0.811 (0.002) 108 (10) 1957.8
IPr* 0.972 (0.004) 194 (7) 1965.8
IPr*OMe 0.900 (0.003) 169 (10) 1965.2

“Conditions: 25 °C, 2 mM of analyte, 0.1 M NBu,PF, in dichloro-
methane, Pt work and auxiliary electrode, scan rate 100 mV s
Potentials are reported referenced to an internal standard of the
FcMe, o/FeMey, -couple determined at 0.1 V vs. the Ag/Ag’ reference
electrode under the same conditions. Results calculated as the average
of 3 separate experiments with estimated standard deviation in par-

entheses. ? Recorded in dichloromethane.
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Fig. 3 Comparison of the vco and the Ej,, values measured of [Rh
(NHC)(acac)(CO)] complexes.

ing the re-NHCs as remarkable electron donors, even stronger
than cyclic(alkyl)(amino)carbenes (CAACs). However, in our
correlation with the electrochemical data, these are outliers. It
is remarkable that the infrared data of the [Rh(NHC)(CO),Cl]
system change dramatically when expanding the ring size from
5 (SIMes, Rh-3, = 2040.5 cm™') to 6 (6Mes, Rh-13, =
2029 cm™'), but no real change is seen for the next expansion
to 7 (7Mes, Rh-v3,, = 2028 cm™'). The same trend is observed
in the Ir-carbonyl system when comparing SIPr and 6Dipp.
This can be explained by the increased steric strain of the
NHC when expanding the ring.>® The expansion forces the
N-substituents closer to the metal center, leading to an
increased length of the carbene-metal bond. Additionally,
Nachaev described that re-NHCs bearing bulky N-substituents
can crowd the carbene carbon, which destabilizes the metal
complex.>!

This journal is © The Royal Society of Chemistry 2024
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This is further emphasized by the inability to synthesize the
[Rh(7Dipp)(cod)Cl] complex.”® The increased steric strain can
therefore lead to an over-estimation of the donating ability of
this class of NHCs when using traditional carbonyl-based
systems, such as the issues previously described for bulky
NHCs in the nickel-carbonyl system. Moreover, intramolecular
interactions and the activation of methyl C-H bonds located
on the wingtips, due to their proximity to the metal has been
described for these re-NHCs in complexes with Ni,>* Ru,>
Rh®® and Ir.>® And finally, the internal Stark effect can also be
increased by the higher proximity of the wingtip substituent.
These three factors lead us to believe that previous estimations
of electronic properties of the re-NHCs, along with this [Rh
(NHC)(acac)Cl] system, have been tainted by the high steric
demands of ligand in these complexes and that these pro-
perties have therefore been overestimated.

To further support this argument, variable temperature
NMR experiments were performed on the [Rh(6Dipp)(acac)
(CO)] complex, clearly showing that the expansion of the het-
erocycle results in hindered rotation of the NHC as both CH
and CH; peaks of the 'Pr fragments show peak splitting upon
cooling (ESI, Fig. S11 and S12%). Additionally, crystals suitable
for X-ray diffraction studies were obtained by slow diffusion of
pentane in a saturated chloroform solution.’” The crystal struc-
ture of this complex (Fig. 4) shows an out of plane distortion
(@ ~15° tilt) of the rhodium-carbene bond relative to the plane
formed by the N-C-N atoms of the NHC. The buckling of the
carbene-metal bond affects the donating properties of the
carbene and distorts both the electrochemical and the infrared
data measured on the Rh-complexes. Such issues are liable to
be present in measurements using the Rh system with ligands
of equivalent or larger steric demand than 6Dipp. We thus
decided to explore an alternative, less sterically encumbered
system from which to extract pure electronic parameters using
electrochemistry. The easily made, linear and sterically unclut-
tered [Cu(NHC)CI] system was next examined to provide an
answer to the question of whether the ancillary ligand clutter-
ing distorts the analyses. Most copper complexes shown here

Fig. 4 Crystal structure of [Rh(6Dipp)(acac)(CO)]. Deviation from pla-
narity: torsion mean N2CIN1 with Rhl: 165° distance Rhl to mean
N2C1N1 plane: 0.428 A (H atoms omitted for clarity).

This journal is © The Royal Society of Chemistry 2024
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were easily synthesized following our simple published pro-
cedure.’® The [Cu(CAAC®)Cl] complex was made using the
‘built-in-base’ procedure, using Cu,O as a copper source under
anaerobic conditions.”® Lastly, the sensitive ring-expanded
NHCs were prepared under anaerobic conditions using the
recently published microwave assisted procedure.®}

To emphasize the reduced steric effects of the copper com-
plexes, suitable crystals for XRD analysis of the [Cu(7Dipp)Cl]
complex were grown.”” In contrast with the [Rh(6Dipp)(acac)
(CO)] complex, the [Cu(7Dipp)Cl] complex (bearing the further
expanded ring) shows a linear structure with the copper atom
still within the N-C-N plane (ESI, Fig. S147), emphasizing that
very bulky ligands do not appear to present distortions in
these linear Cu-complexes. We thus expect these systems to be
free of the influence of abnormal carbene-metal bonding to
which we attribute the conclusions of the Rh system with
respect to large, re-NHC ligands.

To our delight, [Cu(NHC)Cl] complexes also exhibit a quasi-
reversible redox couple that can be used as a probe for the elec-
tron-donating properties of the NHC ligand. As an example, the
cyclic voltammogram of [Cu(IPr)Cl] is presented in Fig. S2.f For
the Cu-complex, the voltammogram exhibits three electro-
chemical events in the potential window. The redox couple of
peaks 1 and 1’ is attributed to the quasi-reversible Cu'/Cu"
couple. The peak-to-peak separation (AE) of this couple is large,
ranging from 100 to 216 mV, depending on the coordinated
NHC, and is like that of other copper-NHC complexes reported
in the literature.’** The quasi-reversibility of this redox event is
confirmed by performing voltammograms at varying scan rates
(see ESI, Fig. S4t). Moving to more positive potentials, a second
irreversible oxidation wave (peak 2) is observed. Lastly, a redox
couple of peaks 3 and 3’ is seen when scanning negative poten-
tials. This couple is the result of the Cu'-complex being reduced
to metallic copper at peak 3, followed by stripping the Cu® back
off the electrode in the returning scan, which is also seen for
dinuclear copper(1)-NHC complexes®® and exploited in the elec-
trodeposition of copper described by Grujicic and Pesic.®®
Reversing the scan before reaching peak 3 results in the dis-
appearance of peak 3’, confirming their correlation.

The linear Cu-complexes permit the analysis of a broad
range of NHCs, and interestingly also of very bulky congeners.
Twenty NHCs were investigated in this study, including the
most employed NHCs. The results of these measurements are
presented in Table 3. Originally, acetonitrile was used as
solvent as it is the most broadly employed solvent for cyclic vol-
tammetry due to its large potential window.®” However, the
complexes containing very bulky NHC ligand (i.e. IAd, IPr* and
IPr**) proved to be insoluble in this solvent. Therefore, all
complexes, including the very bulky ones, were measured in di-
chloromethane (DCM). However, this resulted in the obser-
vation that two of the investigated ligands (i.e. IPent and
IHept) no longer exhibit a reversible couple in this solvent (ESI

i{More recently, such complexes have been shown to be accessible through a
convenient mechanochemical approach.®®

Dalton Trans., 2024, 53,16030-16037 | 16033
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Table 3 Results of the cyclic voltammetry experiments on [Cu(NHC)Cl]
complexes

Cu"/Cu" redox couple in Cu'/Cu" redox couple in

MeCN* DCM*

NHC Eip (V) AE (mV) Eqip (V) AE (mV)
IPr 0.950 (0.004) 100 (12) 0.401 (0.006) 156 (17)
SIPr 0.981 (0.002) 139 (18) 0.414 (0.004) 146 (18)
IMes 0.914 (0.008) 112 (18) 0.390 (0.008) 114 (10)
SIMes 0.967 (0.006) 149 (20) 0.408 (0.005) 132 (9)
P! 1.058(0.010) 119 (19) 0.447 (0.008) 108 (15)
pre 0.837 (0.012) 175 (28) 0.353 (0.009) 154 (10)
IPrOMe 0.938 (0.004) 154 (12) 0.398 (0.012) 153 (13)
IPent 0.938 (0.010) 190 (14) — —
IHept 0.934 (0.010) 252 (21) —- —
BIANIPr  0.932(0.008) 196 (12) 0.390 (0.007) 190 (18)
6Mes 0.899 (0.003) 160 (8) 0.381(0.003) 125 (14)
7Mes 0.888 (0.006) 172 (6) 0.370 (0.006) 169 (10)
6Dipp 0.942 (0.012) 186 (14) 0.396 (0.008) 166 (8)
7Dipp 0.928 (0.010) 83 (13) 0.389 (0.012) 178 (12)
I'Bu 0.875(0.012) 121 (8) 0.378 (0.012) 147 (8)
1Ad b b 0.353 (0.005) 154 (10)
aNHC 0.916 (0.012) 136 (28) 0.383 (0.014) 216 (42)
CAAC®Y 0.810 (0.010) 125 (12) 0.340 (0.001) 115 (19)
IPr* b —b 0.421 (0.008) 176 (24)
IPr** b b 0.415 (0.006) 178 (18)

“ Conditions: 25 °C, 1 mM of analyte, 0.1 M NBu,PF, in acetonitrile or
dichloromethane, Pt work and auxiliary electrode, scan rate 100 mV
s™'. Potentials are reported referenced to an internal standard of the
Fc/Fc'-couple determined at 0.13 V in MeCN and 0.46 V in DCM vs.
the Ag/Ag" reference electrode. Results calculated as the average of 3
separate experiments with estimated standard deviation in parenth-
eses. Complexes did not dissolve in the electrolyte solution.
‘Irreversible in DCM.

Fig. S9 and S10%1). The linear relation between these two
solvent systems is presented in Fig. S61 and a ranking from
most to least donating NHC using the [Cu(NHC)CI] system is
shown in Fig. 5.

However, the electrochemical data for this Cu-system show
a clear lack of correlation with the electrochemical data col-
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lected for the Rh-system (Fig. 6A). The correlation between
both electrochemical probes is mostly distorted by bulky
NHCs such as IAd, the re-NHCs, and the backbone modified
BIAN IPr. As previously described, bulky substituents can also
have a steric effect on the carbonyl bond, making it weaker as
the steric strain increases. This leads to mistakenly consider-
ing these bulky NHCs as better donating ligands, which is
showcased in the correlation as most of these ligands are con-
sidered more donating in the more sterically encumbered [Rh
(NHC)(acac)(CO)] system compared to the linear [Cu(NHC)CI]
system. Additionally, the backbone functionalized BIAN IPr
ligand causes the largest deviation of reversibility in the
electrochemical investigation of its Rh-acac-complex, showing
a very broad re-reduction peak (ESI, Fig. S8t), suggesting that
this large n-system modification on the backbone is non-inno-
cent and not suitable for this evaluation method. This high-
lights the copper electrochemical system as a better suited
system to assess electrochemical properties of sterically more
demanding ligands. Interestingly, the Rh-electrochemical data
are also distorted by this steric influence, as the linear corre-
lation of vco and E;, on the same probe extends to these
bulky NHCs as well. This lends credence to the proposal that
in these systems, buckling of the metal out of the N-C-N
plane significantly distorts the metal-ligand bonding.

Comparison of our copper electrochemical data with that of
the Ni-system results in a linear correlation (Fig. 6B).
Additional NHC ligands can be included in the comparison by
comparing with the iridium-carbonyl system (Fig. 6C), result-
ing again in a linear correlation with two major outliers,
namely the abnormal NHC and the ring-expanded 6Dipp. As
discussed above, this iridium system suffers from the same
steric hindrance issues, explaining this ring-expanded NHC
being observed as an outlier.

The cyclic voltammogram of the [Cu(aNHC)Cl] complex
shows a very different course to the other systems, having a
less defined Cu'/Cu™redox couple, exhibiting additional
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peaks, and changing dramatically upon consecutive scans (see
ESI, Fig. S7t). This, together with the lack of correlation in the
[Rh(NHC)(acac)Cl] system, leads us to believe that this abnor-
mal class of NHCs may not be suited to be evaluated using our
electrochemical approach.

Lastly, the copper electrochemical data were compared to
that of the rhodium-carbonyl system (Fig. 6D). The correlation of
our electrochemical data deviates further from linearity in this
comparison. This Rh system exchanges the two most common
NHCs, IPr and IMes, in their donating properties. The Ir- and Ni-
carbonyl system both assess IMes as the higher donor, while the
Rh-carbonyl system ranks IPr over IMes. However, the incorpor-
ation of the Rh-carbonyl system enables the inclusion of two
other re-NHC to further investigate their behaviour. In this com-
parison, the lack of correlation of the re-NHCs is even clearer,
placing them as the highest donating ligands, even beyond the
CAAC family. This leads to the conclusion that the copper electro-
chemical system is more informative, considering the re-NHC
less donating than CAACs, by removing any influences of steric
bulk in the evaluation method.

Conclusions

We have presented two new electrochemical probes for the
determination of the electronic properties of NHCs. The first,
a square planar, four-coordinate Rh-based system, bears a car-
bonyl ligand as an infrared handle, allowing to readily corre-
late carbonyl stretching frequencies and E,, values, validating
our electrochemical approach except for very large NHCs. This
method is the first of its kind, showing a wide applicability to
assess the most common types of NHCs through cyclic voltam-
metry, whilst allowing a direct comparison to well-established
IR-based methods. The good correlation between most of
these data establishes the viability of electrochemical methods
for assessing donor properties. The second system is based on
linear Cu-complexes that removes any influence of the steric
pressure brought about by ancillary ligand on orientation/
bonding of NHC ligands to the metal, as well as being syn-
thetically trivial and inexpensive. Both electrochemical probes
exhibit a close relationship with the original TEP concept
based on the nickel-carbonyl system, however we show that
when increasing the ligand sterics, the Rh-probe displays sig-
nificant distortions, leading to misinterpretation of electronic
properties, especially when investigating ring-expanded NHCs.
In contrast, the Cu system suffers from no such issues. We
have presented a detailed comparison of literature infrared
data and have described the drawbacks and the presence of
outliers in both models. This has allowed a re-evaluation of
the ring expanded NHC class. We argue that extending the
now validated electrochemical approach to the sterically acces-
sible Cu-system represents the first proper assessment of re-
NHCs donor properties. The present study permits to take a
step forward in understanding the complex nature of M-NHC
bonding and will aid in the design of new and efficient ligands
for catalytic applications.
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