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Determination of Stereoelectronic Properties of NHC
Ligands via lon Pairing and Fluorescence Spectroscopy

Stepan Popov® and Herbert Plenio*®

We present an experimental method, which provides informa-
tion on the steric and electronic properties of ligands in metal
complexes. This approach is based on the equilibrium of ion-
pairing of a cationic [(NHO)Ir(cod)]* and a fluorescent bodipy-
sulfonate  (bdpSO;7). The close ion-pair of [(NHC)
Ir(bdpS0O;)(cod)] in toluene solution is weakly fluorescent, but
dissociates into solvent-separated ion pairs upon exposure to
slightly more polar solvents. This spatial separation leads to a
very pronounced increase of the fluorescence. The separation

Introduction

Numerous experimental and theoretical methods are used for
the determination of the electronic and steric properties of N-
heterocyclic carbenes ligands to transition metals."" The classic
Tolman approach based on [(NHC)Ni(CO);] complexes utilizing
v(CO) is still valuable and provides information on the net
electron density transferred from the NHC ligand to the metal
center. This approach is less convenient with a view to the
extreme toxicity of Ni(CO),” and has largely been replaced by a
closely related method based on work by Crabtree etal.
utilizing other carbonyl complexes [(NHC)M(CO),X] (M=Rh, Ir
and X=Br, CI).”! This approach was later unified by Nolan et al.
enabling the correlation of the Ni- and the Rh-carbonyl scale,”
while Plenio and Wolf linked the Rh- and Ir-based scales to the
Tolman parameters® However, the choice of the metal
carbonyl was believed to be arbitrary, but Belpassi et al. showed
recently, that for [[NHC)Au(CO)1* complexes the v(CO) primarily
depends on the metal-to-ligand 7t back-donation.”

The redox potentials of [(NHQ)IrCl(cod)] complexes are
another useful parameter for the determination of electronic
properties of NHC ligands.”” Even though the Ir(I/ll) redox
potential primarily probes the ability of the ligand to stabilize
higher oxidation states at the metal center, this parameter was
shown to reflect the respective 1(CO) data.*' NMR spectro-
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into distinct ions depends on the polarity of the solvent, but
more importantly also on the stereoelectronic properties of the
NHC ligand. 26 different NHC ligands with varying steric and
electronic properties were probed in 1,2-dichloroethane sol-
vent. The electronic properties of the ligands were examined
via the established descriptors (redox potential and v(CO)). The
systematic variation of NHC donation enables the deconvolu-
tion of electronic and steric contributions of the respective
ligand.

scopy has also been employed to better understand the
electronic properties of NHC ligands. The use of "C chemical
shift of the carbene carbon atom in palladium(ll)-benzimidazo-
lylidene complexes were suggested by Huynh etal,® while
Ganter etal. showed the respective azolium "C-'H coupling
constants to be a measure of the donor capacity of the
respective NHC ligands.” *C-NMR was proposed by Tarantelli,
Belpassi et al. to measure o-donor properties of NHC ligands in
gold(l) complexes."”

The NMR shifts of the *'P NMR resonances in phosphinidene
complexes and of the "’Se resonances in selenoureas were
proposed by Bertrand et al."" and Ganter et al."” as a measure
of the m-accepting abilities of the respective NHC ligands. DFT
calculations by Cavallo etal. support the usefulness of this
method,"™ while Huynh points to some inconsistencies,
possibly due to the interference of steric effect on the "’Se NMR
shifts."™ Bond dissociation energies of carbonyl gold complexes
have also been proposed as a measure for ligand effects
including NHC ligands.™

Methods for the determination of the steric properties of
NHC ligands are much less common." The simple Tolman
approach based on CPK-models is not applicable to NHC
ligands, due to the primarily C,-symmetric shape of such ligand.
Cavallo etal. developed the buried-volume approach, which
provides a good description of the steric properties of NHC
ligands and relies on solid state coordinates obtained from X-
ray crystal structure analysis, for which single crystals of the
respective complex are needed."® In this concept the metal is
located at the center of a sphere (default radius 350 pm) and is
coordinated by an NHC ligand (metal-C(NHC) =200 or 228 pm
reflecting the size of different metals)."” The buried volume (%
Vo) is the fraction of the volume of the sphere, which is
occupied by the atoms of the NHC ligands (excluding the
hydrogen atoms)." A detailed analysis of the scope and the
limitations of the buried-volume method was provided by
Gomez-Suarez, Nelson and Nolan."” A significant problem of
this approach is the treatment of conformationally flexible
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molecules, since the buried volume provides data only for the
conformation observed in the solid state and does not take into
account the conformational degrees of freedom of a molecule
in solution.

In a refined approach Cavallo et al. later introduced topo-
graphic steric maps which contain altimetric isocontour lines
offering a quantitative description of the catalytic pocket™ to
account for variable steric effects in different areas around the
metal center. This approach is applicable to a wide range of
different metal-ligand complexes and is aiming at the com-
puter-aided design of catalytic pockets.”” Despite the huge
success of this approach, the analysis of the steric environment
of the metal center still relies on the static coordinates typically
obtained from X-ray crystal structure analysis or DFT. Molecular
dynamics, leading to changes in the shape and the accessibility
of the pocket are not taken into account. In an attempt to
consider conformative flexibility for metal-ligand design Patton
et al. recently reported on Boltzmann-weighted Sterimol param-
eters useful in multivariate models of enantioselectivity.”"
Alternatively, Gusev developed a parameter r as a measure of
the direct repulsive interactions between a NHC ligand and CO
ligands in [(NHC)Ni(CO),]. Such parameters are also needed to
analyze and predict ligand and catalyst effects in organo-
metallic catalysis.””

In order to account for the structural dynamics of metal
complexes in solution, we wish to present here an experimental
method, which provides information on the steric and elec-
tronic properties of ligands in metal complexes. This approach
is based on the equilibrium of ion-pairing of a cationic [(NHC)
Ir(cod)]” and a fluorescent bodipy-sulfonate (bdpSO;). Elec-
tron-rich iridium in [(NHO)IrX(cod)] complexes is known to PET-
quench (photoinduced electron transfer) the fluorescence of a
fluorophore bonded to this complex.” This quenching is
distance-dependent and it is dominant at iridium-fluorophore
distances smaller than 1nm.”" In previously synthesized
complexes the nature of the covalent linker connecting NHC
ligand and fluorophore determines the average distance
between the fluorophore and the iridium quencher and it also
determines the brightness of the fluorophore. Now we report
on complexes in which the distance between fluorophore
(anion) and quencher (cation) is variable and in which the
degree of ion-pairing depends not only on the solvating nature
of the solvent, but also on the stereoelectronic properties of
anion and cation. For complexes of the general type LM* X~

dissolved in a defined solvent and with variable L this approach
provides a convenient handle to probe the stereoelectronic
properties of ligand L.

Results and Discussion

Several of the known methods for the determination of the
electronic properties of NHC ligands utilize [[NHCO)IrCl(cod)] and
the closely related [(NHQO)IrCI(CO),] complexes." It is conven-
ient, that the fluorescence method described here also relies on
[(NHO)IrCl(cod)] complexes for which the chloride ligand is
simply replaced by the weakly coordinating bdpSO; -
(Scheme 1). The sulfonated bodipy was synthesized according
to a general procedure by Burgess.” Quenching of the in-situ
formed sulfonic acid with Ag,CO; provides the respective silver
sulfonate. In order to cover a wide range of electronic and steric
properties of NHC ligands, the silver sulfonate was reacted with
a large number of [(NHQ)IrCl(cod)] complexes (Scheme 2) to
render the respective [((NHO)Ir(bdpSO,)(cod)] (X=Cl", bdpSO,)
according to established general procedures.”** The sulfonate
complexes were synthesized in virtually quantitative vyield
according to Dorta etal, who had studied in detail the
reactions of [(NHCO)IrCl(cod)] complexes with different silver salts
containing weakly coordinating anions in CH,Cl,/CH,CN
solution.””

In non-polar solvents the sulfonate complex forms close
ion-pairs”® and due to the short distance between fluorophore
and iridium the fluorophore is quenched - presumably via a
PET mechanism.”” The fluorescence is restored in slightly more
polar solvents, since solvent separated ions are formed for
which the distance between quencher and fluorophore is too
large to significantly influence the fluorescence properties.
Consequently, monitoring the fluorescence of such complexes
under various conditions is going to provide information on the
degree of ion-pairing in such complexes. This ion-pairing
depends on the nature of the solvent and (more importantly)
on the stereoelectronic properties of the NHC ligand in [(NHC)
Ir(bdpSO,)(cod)] complexes. Based on this concept, we have
systematically probed the stereoelectronic properties of 26 NHC
ligands by measuring their fluorescence under various con-
ditions (Scheme 2).

Solvent-titration experiments. Initially, toluene solutions of
different [(NHO)Ir(bdpSO;)(cod)] complexes (c=1.0-10"° mol/L)

% —"» bdp-SO;3~|
Et _ N‘B’N // 61% Et _ N\B/N / SO3Ag quant. bdp-SO3;—Ir(cod)
Fa F,

Scheme 1. Synthesis of bdpSO;Ag a) CISO;H, CH;CN, T=—40°C, b) Ag,CO;, 1t, ¢) [(NHO)IrCl(cod)] (cod = 1,5-cyclooctadiene), MeCN/CH,Cl,.
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Scheme 2. List of (NHO)Ir complexes employed for the analysis of stereoelectronic properties.

were titrated with DMAc and the fluorescence determined after added DMAC) is weak, since anion and cation form close ion-
each addition (Figure 1). The initial fluorescence (without any  pairs in which iridium quenches the fluorophore. Nonetheless,

fluorescence / a.u.

o00—m—mr—
0 2 4 6 8 10 12

volume % DMACc in toluene

Figure 1. Fluorescence of complexes [(NHO)Ir(bodipySO;)(cod)] (NHC=1, 3, 5 and 6) (complex initial c=1.0-10 5 mol/L) in toluene with addition of DMAc
(fluorescence dilution corrected).
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even the toluene solutions show slightly different fluorescence
levels, which appear to be sorted according to the steric bulk of
the respective NHC ligand. The Ir complexes 5 and 6 with two
bulkiest NHC ligands display the most intense toluene
fluorescence. It seems that even in non-polar toluene a the
complexes are characterized by a different degree of anion-
cation contacts.”” The addition of polar solvent (DMAc) to a
toluene solution leads to an up to 12-fold increase in the
fluorescence (Figure 1). The final intensity corresponds to the
fluorescence of the fully separated ion-pair, which is the same
regardless of the nature of the initial complexes. The effect of
steric bulk on the ion pairing is again visible, since complexes
with bulky NHC ligands reach the maximum fluorescence much
earlier - i.e. upon addition of less polar DMAc than complexes
with less bulky NHC ligands. These preliminary experiments
illustrate the sensitivity of the fluorescence signal with respect
to the nature of the NHC ligand.

Probing the Ir(l/ll) redox potentials. In order to distinguish
between steric and electronic effects of the NHC ligands on ion-
pairing, the electronic properties of all NHC ligands employed
in this study need to be determined. The M(I/ll) redox potentials
of [(NHCOMCl(cod)] (M=Ir, Rh) were previously established to
be a measure of the electron donating ability of the respective
NHC ligands.®’ The respective Ir(I/ll) redox potentials of all
[(NHO)IrCl(cod)] complexes (Scheme 2) were measured or taken
from the literature (Table 1).

With the exception of three N-alkyl NHC complexes (24, 25,
26), the electrochemistry of the iridium complexes is well
behaved. The complexes are characterized by reversible redox
waves with oxidation/reduction wave separations in the range
of 64-96 mV. In the full data set, several subsets can be
identified (eg IMes series and IPr series), in which substituents
at certain positions are changed in a systematic manner, to
change NHC donation while the steric bulk of the NHC ligand
remains constant. The influence of the various p-R substituents
in the N-aryl NHC complexes on the Ir(I/ll) redox properties is
pronounced. This is evidenced by the almost 300 mV range of
the redox potentials depending on the nature of the substitu-
ents — despite the fact, that the N-aryl rings are orthogonal to
the respective central imidazolylidene ring. There is consider-
able evidence in the literature, that the N-aryl rings are able to
directly interact with the metal center via m-face
interactions”™*" leading to an efficient transfer of electronic
information between the N-aryl ring and the metal center.

Complexes 7-14 are structurally very similar and only differ
with respect to the nature of the p-substituent at the N-aryl
rings (p-R=NEt,, OMe, H, Br, OAc, SOtol, OTf, SO,tol) of the
imidazolylidene. For complexes 7-14, an excellent correlation of
Hammett parameters of the nature of the p-R substituents and
redox potentials was observed (Figure 2). The closely related
IPr-series of complexes (3, 19, 21, 22) display analogous
changes in the redox potentials. A note concerning the
Hammett constant of —OC(O)Me is required. The tabulated
value for this group is 6,=0.31,"2 which would make it an
outlier in Figure 2. But this value may not be correct since it is
unlikely, that the acetoxy group is more electron withdrawing
than the closely related —~OC(O)Ph substituent (c,=0.13). This

Eur. J. Inorg. Chem. 2021, 3708-3718  www.eurjic.org

Table 1. Redox potentials of [(NHCO)IrCl(cod)] complexes in 1,2-dichloro-

ethane (rt, supporting electrolyte NnBu,PF; 0.1 M) and referenced against

the formal potential of octa-methylferrocene (FcMeg E,;;=—0.01V) (pre-

viously reported redox potentials are denoted as: L = Ref. [7a]; S = Ref. [30])

and rel. fluorescence intensities I,y =1/l.,4. The v(CO),, from [(NHO)IrCI(CO),]

complexes and fluorescence from [(NHCO)Ir(bdpSOs)(cod)]. Literature sour-

ces for the buried volumes (experimental and DFT): supporting informa-

tion. For the buried volume data Au = [(NHC)AuX], Ir=[(NHO)IrCl(cod)] and

Ag=[(NHO)AgCI.*!

AEy, E,E V(CO)yy e Vo
\7] [mV] [em ' (%] [%]

1 (IMes) 0.765" 80 20233 162 36.5M
33.0"

2 (IEY) 0.748 76 20234 179 317"

3 (IPr) 0.762 82 2023.8 707 454N

4 (24,6-Cp) 0.737 66 20213 646

5 (2,6-CHPh,) 0.863 75 20260 880 50.4™

6 (N,N-Pentiptycenyl)  0.804° 81 20243 84.1 488%

7 (p-NEt,) 0.648" 80 20210 581 316"

8 (p-OMe) 0.757 96 20228 26.7

9 (p-H) 0.786" 78 20240 165 316"

10 (p-OAc) 0.793 92 2025.1 148 317"

11 (p-Br) 0.862" 78 20255 108 317"

12 (p-SOTol) 0.870" 72 20285 114

13 (p-OTf) 0.903 88 20274 88 318"

14 (p-SO,Tol) 0.920* 80 20295 83

15 (SIMes) 0.735 76 20245 223 369V

16 (Me bb) 0.692 83 20203 305 314"

17 (Et bb) 0.681 95 2021.1 332 316"

18 (1,8-naphtadiyl 0.770 73 20228 173

bb)

19 (IPr (Me bb)) 0.720 96 2021.3 81.1

20 (SIPr) 0.744 81 20249 717 47.0M

21 (IPr (p-CHPh,)) 0.777 64 20233 66.5

22 (IPr (p-Br)) 0.870 9 20258 579

23 (N-iPrMe) 0.754 75 20208 159 385M

24 (N-EtPh) 0.82% 93 20263 146 36.4™

25 (N-Cyclohexyl) 0.79” 123 20223 142 27.5%

26 (N-Cyclooctyl) 0.83" 117 2021.3 120

[a] CV not fully reversible.

peculiarity concerning the acetoxy substituent was noted
previously by Papp etal. and a revision of the respective
Hammett constant suggested;* their value (o, = —0.08) is used
in Figure 2.

The redox potentials are sensitive to small changes of the
N-aryl substituents: Complexes 1 (E,,=0.765V), 2 (E,,=
0.748 V) and 3 (E,,=0.762 V) serve as an instructive example:
Complex 1 has three methyl groups on each N-aryl ring,
complex 2 has two ethyl groups and complex 3 has two
isopropyl groups on each N-aryl ring.

The donation of NHC ligands can also be modulated via
substituents in the backbone of the imidazolylidene unit.?"
Complexes 1, 16, 17 and 18 constitute another mini-series and
differ only concerning the backbone substituents (R,,=H, Me,
Et and 1,8-naphthadiyl). Backbone substituents have a stronger
influence on the redox potentials than 4-R substituents (the
effect of two 4-R methyl groups is 21 mV, while two backbone
methyl groups lead to a cathodic shift of the redox potential of
73 mV). Based on this, the backbone modulated NHC ligands fill
the large gap in electronic properties of the NHC ligands
between p-NEt, (Table 1, complex 7) and p-OMe (Table 1,
complex 8). Variation of the backbone substituents in N-aryl

3711 © 2021 The Authors. European Journal of Inorganic Chemistry published
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Figure 2. Plot of the Hammett constants of the respective p-R substituents and the redox potentials for [(NHC)IrCl(cod)] (NHC =7-14) (previously reported

redox potentials black squares, newly determined redox potentials blue circles).

NHC ligands were previously shown to have no significant
effect on the steric bulk."***" Consequently, the steric bulk of
the NHC ligands in complexes 7-14, 16 and 17 is very similar
and the NHC ligands primarily differ with respect to the
electronic properties. The remaining complexes in Table 1 show
less variation in the electronic properties and more steric
variations. Most redox potentials are within expectations based
on the nature of the NHC-substituents. For a few complexes
significant deviations from the expected redox potentials were
observed (complex 5 and 6), which will be discussed later in the
context of infrared spectroscopy-based determinations of NHC
electronic parameters.

The cyclic voltammograms of the N-alkyl NHC complexes
24, 25 and 26 are not fully reversible, thus the Ir(I/Il) redox
potentials lack precision. The redox potential of those N-alkyl
NHC complexes show nearly the same redox potentials.
Complex 23 is oxidized at considerably more cathodic redox
potential (E,,=0.754V) - again the effect of the two backbone
methyl groups on the redox potential is significant.

Fluorescence measurements. The fluorescence of the various
complexes 1-26 (c=1.0-10"° mol/L) were determined in four
different solvent (mixtures): toluene, toluene - dce (1:1 vol.),
toluene-dce (1:2 vol.) and in dce (1,2-dichloroethane) solution.
For all complexes the fluorescence intensities increase in this
order. To minimize small weighing and pipetting errors as well
as changes in the intensity of the excitation light source, the
fluorescence intensities are always given relative to the values
for the fully separated ion pairs. This is easily achieved by
adding a very small amount of NBu,Br -solution at the end of
each experiment. The strongly coordinating bromide quantita-

Eur. J. Inorg. Chem. 2021, 3708-3718  www.eurjic.org

tively displaces the bdpSO;~ from the iridium coordination
sphere, which is resulting in the spatial separation of quencher
and fluorophore.

The fluorescence of the solutions of the different complexes
(c=1.0-10"mol/L) is in the ideal range of ca. 10%-90% of the
maximum fluorescence. Consequently, the apparent equilibrium
constant according to the simplest equilibrium reaction MX=
M*(solv) + X" (solv) describing the dissociation of the close ion-
pair, has to be in the range of the inverted concentration of the
initial complex. Based on this, the highly sensitive fluorescent
based method is ideal for investigating ion dissociation of the
[(NHO)Ir(bdpSO;)(cod)] with variable NHC ligands. However,
care needs to be exercised concerning the aforementioned
equilibrium constants. As pointed out by Gibson et al.*® such
ionic equilibria in non-polar solvents are not as simple as for
polar solvents. Due to the poorly solvating nature of the non-
polar solvents, aggregates such as MX' or MX,” with
modulated fluorescence or different types of solvent-shared ion
pairs complicate the simplistic approach.”®*”" More importantly,
the activity coefficients of ions in non-polar solvents with low
dielectric constants are exponentially related to the inverse 3/2
power of the permittivity and because of this, the activity
coefficient is extremely sensitive to ionic strength in such
solvents.”® In line with this we have observed a concentration
dependence of the apparent equilibrium constants in our
experiments, when studying ion separation at different concen-
tration to determine equilibrium constants. A rigorous analysis
of the multiple equilibria is beyond the scope of this study -
and it is also not needed for evaluating the stereoelectronic
properties of the NHC ligands, since the fluorescence provides

3712 © 2021 The Authors. European Journal of Inorganic Chemistry published
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sufficient information for comparison among the different metal
complexes once this is done at a constant concentration of the
salt.m]

Most complexes of the IMes series display only weak
fluorescence in solvents other than pure dce (Figure 3). The
dissociation of the complexes into separated ions pairs is not
pronounced due to the moderate steric bulk of the NHC ligands
- with the exception of the most electron-rich complex 9. Since
the steric bulk of the different NHC ligands in the IMes series is
very similar, the fluorescence modulation is predominantly
caused by the different donation of the IMes-type NHC ligands.
Obviously, in the more electron-rich complexes the dissociation
into solvent-separated ions is facilitated, since electron-rich
NHC substituents stabilize the respective cationic iridium
complex.

Correlation of redox potentials and fluorescence data. In order
to resolve the combined influence of sterics and electronics on
the fluorescence of the respective [(NHO)IrX(cod)] complexes,
the Ir (I/l) redox potential (as a descriptor of the electronic
properties of NHC ligands) and the fluorescence are correlated.
The plot of redox potentials AE,,, and the relative fluorescence
intensities (/) for complexes of the electronic subset (Figure 4,
red data set for IMes-type complexes and blue data set for IPr-
type complexes) can both be fitted with simple exponential
functions.”” Alternatively, based on In(K)~AE, a linear plot is
shown in Figure 5.1"

The only outlier in the red series of complexes is complex 7.
We consider it less likely, that the higher-than-expected
fluorescence is caused by the interaction of the cationic Ir with
the weakly coordinating aryl-NMe, substituent. In the various
solvent titration experiments with acetamides the addition of
such small amounts of donating ligand has no measurable
influence on the fluorescence (Figure 1). Eventually, the basic
nitrogen atom is partially protonated by adventitious acid (CO.,/

H,0) and the derived counter anion interferes with the bdpSO;
coordination. Such contamination cannot be excluded with
certainty, since the experiments are done in very dilute (micro-
molar) solutions.

Based on the analysis of red set of metal complexes
containing ligands with variable donicity but similar sterics, it is
possible to deconvolute the steric and the electronic influence
of NHC ligands in the respective metal complexes. The vertical
distance (A log |,,%) between the red linear fit curve (Figure 5)
may be used as a relative steric denominator termed Fluobulk
(fluorescence bulk) given relative to the IMes series of
complexes. For example, for complexes 3 (Fluobulk= +1.28), 4
(Fluobulk= +1.03), 5 (Fluobulk=+1.17) and 6 (Fluobulk= +
1.34). Based on this the pentiptycene based NHC ligand is by far
the bulkiest NHC ligand studied here.

The data set in Figure 5 contains more interesting subsets.
The series of complexes 1 and 2 are IMes type complexes,
which are characterized by the different ortho- substituents R=
Me and Et. The fluorescence of 1 and 2 are virtually identical
(after correction according to linear fit curve),”” meaning that
the steric effect of the ethyl group relative to the methyl group
is negligible. This may explain, why the ortho-ethyl substituted
NHC ligands are rarely used in catalysis. It is difficult to compare
to literature data, since crystal structure and DFT-derived differ
significantly.”®' In the solid state this buried volume will
depend very much on the orientation of the terminal —CH,
group relative to the metal center. For the ion pairing the
orientation of this -CH; groups close to the metal center
appears to play only a very minor role.

The four complexes with N-alkyl substituents (23, 24, 25,
26) are characterized by modest levels of fluorescence ranging
from 12.0-15.9%. This series of complexes is interesting, since
significant discrepancies of the buried volume approach and
the ion-pair dissociation approach become apparent. Based on

60+ B Toluene
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Figure 3. Plot of the relative fluorescence (/.= I/l for the complexes [(NHO)Ir(bdpSO;)(cod)] (NHC =1, 7-14) of the IMes series in four different solvents. In
red color are initial intensities in toluene, in 1,2-dichloroethane-toluene (1:1)(orange), in 1,2-dichloroethane-toluene (2:1)(yellow), in 1,2-dichloroethane

(green).
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Figure 4. Plot of relative fluorescence intensity (/) of [(NHO)Ir(bdpSO;)(cod)] in 1,2-dichloroethane vs. the redox potentials for [(NHCO)IrCl(cod)] in CH,Cl,. The
data of the IMes electronic series, backbone substituted complexes and the respective exponential fit (R?=0.99) are drawn in red color; IPr complexes
(NHC=3, 19, 21, 22) (blue circles); N-alkyl NHC data (green squares), remaining complexes (black triangles).
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Figure 5. Plot of log relative fluorescence intensity (log /o) of [(NHO)Ir(bdpSO;)(cod)] vs. redox potentials for [(NHO)IrCl(cod)] in 1,2-dichloroethane. Color
coding see legend to Figure 4. Linear regression: y = 3.106-2.402-x (y =log(l,,%); x=redox potential).

the fluorescence (Figure 5) and based on the buried volumes
(Table 1), the NHC ligands in complex 24 and 1 display similar
size. The buried volume provided in Table 1 (entry 24) was
determined for the imidazolin-2-ylidne ligands, but it is known,
that imidazol-2-ylidene and imidazolin-2-ylidne display very
similar buried volumes, which normally differ by less than
1%."® Both NHC in complex 25 (N-Cy®) and complex 26 (N-Cy®)

Eur. J. Inorg. Chem. 2021, 3708-3718
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are smaller than the NHC in complex 1, with the N-cyclooctyl
NHC being slightly larger than the N-cyclohexyl NHC according
to the fluorescence data.

Complex 23 with (N-isopropyl and two backbone methyl
groups) is interesting since the observed fluorescence intensity
is weak (I, =11.4%) and the steric demand of this NHC appears
to be much lower than for NHC ligands of the IMes series. This

© 2021 The Authors. European Journal of Inorganic Chemistry published
by Wiley-VCH GmbH
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is in stark contrast to the buried volume of this NHC ligand,
which is given as V,,,=38.5%, while the related complex
without backbone methyl groups has Vi, =28.2%. The reason
for the huge buried volume of complex 23 is the solid state
structure in which both methyl groups of isopropyl point
towards the gold, while H of isopropyl points towards the
backbone substituents.”® The large buried volume of this NHC
ligand was discussed by Truscott et al.* and according to DFT
calculations (B3LYP/6-31 4 G*) the isomer with the two methyl
groups of the isopropyl group pointing towards the backbone
methyl was calculated to be approx. 7 kcal/mol less stable than
the 180°-rotamer with the isopropyl hydrogen pointing towards
the backbone methyl groups.”” Based on the fluorescence data
reported here it seems, that for the [(NHCO)Ir(bdpSO,)(cod)]
complexes the rotamer with the methyl groups pointing
towards the metal center does not contribute significantly and
that the buried volume of NHC 23 is much smaller than
previously believed.

Correlation of infrared v(CO) and fluorescence data. The
influence of the electronic properties of the NHC ligands on the
ion pairing can also be evaluated using the established Tolman
electronic parameter or as an equivalent the average of the
respective symmetric and antisymmetric v(CO) in [(NHO)IrCl
(CO),] complexes. This is also helpful, since the electrochemistry
of three N-alkyl complexes displays only partial reversibility. In
order to obtain a consistent data set minimizing the effect of IR
measurements conditions on the v(CO) no spectroscopic data
from the literature were used - except for a few complexes
reported by Duckett etal.,”™ whose IR data for similar
complexes are virtually identical to the data measured by us.
The data used were taken from our previous reports, missing IR

100

H (@)} oo
o o o
1 L 1
n
~ °
—
©

fluorescence |,/ %

N
o
1

spectra for known or for new complexes were measured under
the same conditions to obtain a uniform data set (Figure 6).

Again, the data set is split up in four different subunits: IMes
series (red), IPr series (blue), N-alkyl NHC ligands (green) and
other complexes (black). The systematic change of NHC
donation in the IMes and the IPr series can be fitted with linear
functions. As evidenced by the systematic changes in the IMes
and IPr series of complexes, this approach appears equally valid
- even though the correlation coefficient of the linear fit is
significantly smaller than for the redox potential fit. However, it
should also be taken into account, that the experimental error
of the v(CO) accounts to at least 1 cm " This is significant
compared to the signal dispersion, while the error of the redox
potential determination relative to the dispersion of the redox
potentials is below 10 mV for reversible voltammograms.

The next question concerns the validity of the determined
redox potentials. The redox potentials of a few complexes show
unexpected values. The redox potential of complex 5 was
determined as E;;,= +0.863V, which is much more anodic
than what might be expected based on the four ortho-CHPh, of
the N-aryl ring. Based on the redox potential of complex 21
(containing two para-CHPh, substituents the -CHPh, substituent
can be considered to be a very weakly electron withdrawing
group since the redox potential is shifted by only 29 mV relative
to that of complex 20 (has two para-H instead of two para-
CHPh,).

The redox potential of complex 6 (E,,= +0.804V) is also
observed at much higher redox potential than expected -
based on the substituents at the N-aryl rings (each N-aryl
groups has four donating alkyl substituents and a donating
para-OMe group) and the redox potential could have been
expected to be at least 100 mv more cathodic. Based on this,

2020 2022 2024 2026 2028 2030

v(CO),, / cm

Figure 6. Plot of relative fluorescence intensity (/) of [(NHO)Ir(bdpSO;)(cod)] vs. the average of v(CO),, for [(NHO)IrCI(CO),] in CH,Cl,. For color coding see

legend to Figure 4.
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one might argue that the redox potentials of [(NHC)IrCl(cod)]
complexes with sterically highly demanding NHC ligands are
shifted as a result of the encumbered geometry at the metal
center, i.e. that the redox potential depends on the steric bulk
of the NHC ligands.

In order to resolve such issues a correlation of the Ir(I/l)
redox potentials of [[NHCO)IrCl(cod)] complexes and the v(CO),, /
cm ™! of [(NHO)IrCI(CO),] was done (Figure 7). The linear fit in the
plot relies on the red, blue and black data set. For the data
points close to the linear fit, the IR spectroscopic data and the
redox potentials appear to be correlated and are thus
considered valid. Especially the data points for the aforemen-
tioned complexes 5 and 6 are very close to the linear fit and the
two redox potentials are thus considered to be representative
of the “true” NHC donation.

Conclusions

lon pairing and the derived fluorescence intensity of solutions
of [(NHO)Ir(bdpSO;)(cod)] with different NHC ligands depend on
the stereoelectronic properties of the NHC ligand. Electron-
donating as well as sterically demanding ligands facilitate the
formation of solvent-separated ion pairs, which results in the
spatial separation of cation and anion. The enlarged distance
between fluorophore and the Ir quencher leads to a pro-
nounced increase of the fluorescence signal. Consequently, the
stereoelectronic properties of NHC ligands can be determined
by measuring the fluorescence intensity of the respective
[(NHO)Ir(bdpSO;)(cod)] complexes in dce solution. The linear
relationship of redox potential and NHC donation allows the

0.95 -
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o ©
(00} (o0}
o (%2}
1 1
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redox potential / V

0.70 4
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correction of the fluorescence data according to the different
donicity of the NHC ligands and reveals the steric bulk of the
NHC ligands, which may be quantified by a parameter called
Fluobulk. Obvious advantages of the ion pairing approach are,
that it is experimentally simple and fast and that the steric
information is obtained for complexes in solution. Solid state
structures are influenced by packing effects and normally a
single conformer is “frozen out”. In solution an ensemble of
different conformers exists simultaneously, consequently a
solution-based approach will provide better data - especially
for sterically flexible molecules and for molecules which interact
with the solvent.

The approach reported here for the determination of the
steric properties of NHC ligands should not be limited to NHC
ligands - in principle the steric bulk and the electronic
properties of any type of ligand can be studied using a similar
approach.

Experimental Section

General experimental. Syntheses were performed in a pre-dried
Schlenk flasks under a positive pressure of argon or nitrogen. The
flasks were fitted with rubber septa and gas-tight syringes with
stainless steel needles or double-cannula were used to transfer air-
and moisture- sensitive liquids.

Instrumentations. 'H, "F and “C-NMR spectra were recorded on a
Bruker DRX 500 or Bruker ARX 300 spectrometer. The chemical
shifts are given in parts per million (ppm) on the delta scale () and
are referenced to tetramethylsilane ('H, *C-NMR=0.0 ppm) or the
residual peak of solvent. Abbreviations for NMR data: s=singlet;
d=doublet; t=triplet; q=quartet; sep =septet; m=multiplet; bs =
broad signal. Mass spectra were recorded on the Bruker Impact Il

2020 2022 2024 2026 2028 2030
v(CO),,/cm™

Figure 7. Plot of the redox potentials of [(NHC)IrCl(cod)] complexes vs. the average of v(CO) for [(NHO)IrCI(CO),] in CH,Cl,. Color coding see legend to Figure 4.

Eur. J. Inorg. Chem. 2021, 3708-3718  www.eurjic.org

3716 © 2021 The Authors. European Journal of Inorganic Chemistry published

by Wiley-VCH GmbH

55920y UadQ 40y 3dadxa ‘paniwiad jou Aouls si uoNquUIsIp pue asn-ay ‘[2202/£0/10] Uo -3peswieq 1eysIdAIuN aydsiuyda) Ag “wodAs|im Ateiqiauljuo-adoina-Ansiways//:isdiy woly papeojumod ‘120z ‘1202 28906601



Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

Eur]l
urjIc doi.org/10.1002/ejic.202100510

European Journal of Inorganic Chemistry

using electron ionization (El). UV-Vis spectra were recorded on
Analytik Jena Specord 600 UV-Vis spectrometer, fluorescence
spectra were recorded on J&M TIDAS S700/CCD UV/NIR 2098
spectrometer combined with J&M TIDAS LSM monochromator with
75W Xenon light source and thermo-controlled cuvette holder.
Samples for emission and absorption measurements were con-
tained in 1cm-1cm quartz cuvette (Hellma Analytics). Cyclic
voltammetry was performed using a standard electrochemical
instrumentation consisted of an EG&G 273 A-2 potentiostat-
galvanostat. A three-electrode configuration was employed. The
working electrode was a Pt disk (diameter 1 mm) sealed in soft
glass with a Pt wire as a counter electrode. The pseudo reference
electrode was an Ag wire. Potentials were calibrated internally
against the formal potential of ferrocene (+0.46 V vs. Ag/AgCl). All
cyclic voltammograms were recorded in dry 1,2-dichloroethane
under an atmosphere of argon, supporting electrolyte NnBu,PFg
(c=0.1 mol/L).

Materials. All chemicals were purchased as reagent grade from
commercial suppliers and used without further purification, unless
otherwise noted. Tetrahydrofuran was dried under sodium and
distilled under argon atmosphere. Toluene from Sigma-Aldrich
(Lab. Reagent grade, 99.3%) was dried and purified.*”" All solvents
were stored over molecular sieves (4 A) under N, Preparative
chromatography was performed using Merck silica 60 (0.063-
0.02 mesh).

General Procedure A [(NHQ)IrCl(cod)] formation. A vial was
charged with the corresponding azolium salt (1.0 equiv), [IrCl(cod)],
(0.5 equiv) and K,CO; (3.0 equiv). The resulting mixture was
suspended in acetone (3.0 mL) and stirred for 20 h at 60°C. After
this time the solvent was removed in vacuo and dichloromethane
added (3.0 mL). The mixture was filtered through a pad of silica.
The residue was purified by flash chromatography (CH,Cl,) to afford
the desired complex as a yellow microcrystalline solid.

General Procedure B [(NHQ)IrCl(cod)] formation. Azolium salt
(1.8 equiv) and KO'Bu (2.0 equiv) were placed in a Schlenk tube,
dissolved in dry THF (5 mL) under an atmosphere of N, and stirred
for 30 min at room temperature. To this mixture was added the
[IrCl(cod)], (1.0 equiv). The reaction mixture was stirred for 4 h at
room temperature and the solvent was evaporated in vacuo. The
mixture was dissolved in CH,Cl, and filtered through a pad of silica.
The residue was purified by flash chromatography (CH,Cl,) to afford
the desired complex as yellow microcrystalline solid.

General Procedure C [(NHQ)IrCl(cod)] formation. Azolium salt
(1.0 equiv) and Ag,0 (0.5 equiv) were placed in Schlenk tube and
dissolved in dry CH,Cl,. The mixture was stirred overnight, changing
color from a black slurry to a clear solution. Addition of [IrCl(cod)],
(0.5 equiv) gave a bright yellow solution. After stirring the solution
for 3 h at room temperature the volatiles were evaporated in vacuo.
The residue was purified by flash column chromatography (CH,Cl,)
to afford the desired complex as yellow microcrystalline solid.

General Procedure D [(NHQ)IrCI(CO),] formation. To a Schlenk
tube equipped with stirring bar and septa, the corresponding
[(NHO)IrCl(cod)] complex and CH,Cl, (2 mL) were added. A balloon
with CO was connected via cannula and CO was bubbled through
the stirred solution for 30 min at room temperature. The volatiles
were evaporated under reduced pressure, pentane (5mL) was
added and the suspension sonicated for 5 min. The solid material
was filtered off and washed with another batch of pentane.

General procedure for the titration fluorescence experiments. All
experiments were carried out in quartz cuvettes with path lengths
of 10.0 mm. A cuvette was charged with 2000 uL of 1.00-10°°M
solution of the respective [(NHCO)Ir(bdpSO;)(cod)] complex in
toluene or 1,2-dichloroethane/toluene (1:1 or 2:1) or 1,2-dichloro-

Eur. J. Inorg. Chem. 2021, 3708-3718  www.eurjic.org

ethane. The temperature (25°C) was adjusted using a thermostat.
Portions of purified solvent or a solution of salt in 1,2-dichloro-
ethane were added to the cuvette (typical range 5 uL-100 pL). After
each aliquot, the fluorescence intensity was monitored. The next
aliquot was added when the fluorescence level was found to
remain constant after 30s. The titration was terminated when
addition of a new aliquot did not lead to further increase in the
fluorescence. The fluorescence data were finally corrected for
dilution of the sample. In order to obtain the respective
fluorescence intensity for the fully separated ion pair an 8 M
solution of NBusBr in 1,2-dichloroethane was added (10 L,
8.00-10°° mol).
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