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Tuning the m-Accepting Properties of Mesoionic Carbenes:
A Combined Computational and Experimental Study
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Abstract: Mesoionic imidazolylidenes are recognized as
excellent electron-donating ligands in organometallic and
main group chemistry. However, these carbene ligands
typically show poor m-accepting properties. A computational
analysis of 71 mesoionic imidazolylidenes that bear different
aryl or heteroaryl substituents in C2 position was performed.
The study has revealed that a diphenyltriazinyl (Dpt) sub-
stituent renders the corresponding carbene particularly -

acidic. The computational results could be corroborated
experimentally. A mesoionic imidazolylidene with a Dpt
substituent was found to be a better o-donor and a better -
acceptor compared to an Arduengo-type N-heterocyclic
carbene. To demonstrate the utility of the new carbene, the
ligand was used to stabilize a low-valent paramagnetic tin
compound.

Introduction

Arduengo-type N-heterocyclic carbenes (NHCs, Figure 1a) are
obtained by deprotonation of imidazolium salts at C2 position
with strong bases.” When the C2 position is protected by a
substituent, deprotonation can occur at C4/C5. The resulting
imidazolylidenes are referred to as abnormal N-heterocyclic
carbenes (aNHCs) or mesoionic carbenes (MICs, Figure 1a).5?
Over the last decade, MICs have been used extensively as
ligands for transition and main group metal complexes.”'”
Furthermore, MICs were employed for small molecule
activation,®'%*"'7 and as metal-free catalysts for polymerization
reactions.?'%%2% The electronic properties of mesoionic imida-
zolylidenes have been examined experimentally® 2" and
theoretically.”®>" These studies have revealed that MICs display
high-lying HOMOs and high proton affinities. In line with these
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Figure 1. a) Structures of Arduengo-type N-heterocyclic carbenes (NHCs),
mesoionic imidazolylidenes (MICs), and cyclic alkyl amino carbenes (CAACs).
b) Comparison of the mt-acceptor and o-donor properties of NHCs, MICs, and
CAACGs. ¢) Influence of the substituent in C2 position on the electronic
properties of MICs.

results, it was found that MICs are exceptionally good o-donor
ligands (Figure 1b).

Cyclic alkyl amino carbenes (CAACs) are analogues of NHCs,
in which one of the flanking nitrogen atoms has been replaced
by a carbon atom (Figure 1a). Following their discovery in
2005,°2 CAACs have received considerable attention.**=®
CAACs are also better o-donor ligands than normal NHCs, but
less strong donors than MICs. A decisive feature of CAACs is the
fact that they are significantly more m-acidic than NHCs
(Figure 1b). As a result, CAAC ligands are well-suited to stabilize
low-valent transition metal complexes. For example, complexes
of the general formula M(CAAC), have been reported for M=
Zn, Mn, Fe, Co, Cu, Au, Pd, and PtP>*® Formally, these
compounds can be described as M(0) complexes, but exper-
imental and theoretical studies have shown that significant spin
density can be found on the CAAC ligand. The diamagnetic
Zn(CAAQ),, for example, is best described as a Zn(ll) complex
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with reduced (CAAQ)"™ ligands.” The good electron-accepting
properties of CAAC ligands have also enabled the preparation
of low-valent main group element compounds. A recent
example is the synthesis of a Ge(l) radical containing a CAAC
and a silylamide ligand.*” Pronounced spin density is found at
the CAAC ligand. Therefore, this compound can also be
described as a Ge(ll) bound to a (CAAQC)*~ ligand.

Several other N-heterocyclic carbene ligands with pro-
nounced m-acidity have been described in the literature,>*'~%
including monoamido-aminocarbenes (MAACs)*** and N,N'-
diamidocarbenes (DACs).*** However, the m-acidity of these
carbenes goes along with a reduced o-donor capability, which
is typically lower than what is found for standard NHC
ligands.""#4

Below, we report a mesoionic imidazolylidene ligand, Dpt-
MIC, which is more m-acidic than the corresponding NHC ligand.
The discovery of this ligand was enabled by a computational
analysis of 71 mesoionic carbenes with different aryl and
heteroaryl substituents in C2 position (Figure 1c). Dpt-MIC is
well suited to stabilize low-valent compounds, as evidenced by
the isolation of a neutral stannylene radical.

Results and Discussion

Previous investigations have shown that the substituent at C4
position of a mesoionic imidazolylidene ligand has a strong
influence on the stability and the stereoelectronic properties of
the MIC.22%4748 The remote substituent at C2 position was
thought to be less important.” We have recently studied MIC
ligands featuring unusual diazoaryl substituents at C2.“* These
'Azo-MICs’ have low-lying LUMO levels, and Au(l) and Rh(l)
complexes with Azo-MIC ligands were found to undergo
reversible one-electron reductions in cyclic voltammetry experi-
ments. Intrigued by these results, we decided to investigate the
electronic influence of the substituent in C2 position in more
detail. In particular, we wanted to explore if it is possible to
modulate the m-accepting properties of MICs without compro-
mising their good o-donor abilities.

First, we performed a computational analysis of 71 meso-
ionic imidazolylidenes with N-xylyl wingtip groups and different
aryl and heteroaryl substituents at C2 position (Scheme 1; for
details see the Supporting Information). We focused on
aromatic groups at C2 because we were interested to validate
the theoretical results experimentally, and there are several
procedures for synthesizing C2-arylated imidazolium salts.***¥
Following a geometry optimization at the PBEO(D3BJ)/def2-SVP
level,*>*? we then computed the HOMO energies of the
carbenes. The values were expected to indicate the relative o-
donor properties of the MICs (the absolute values of the HOMO
energies can vary depending on the level of theory).

The m-accepting properties of singlet carbenes are often
related to their LUMO energy levels.®'® Instead of focusing on
this frontier molecular orbital, we decided to compute a
parameter which can directly be determined experimentally:
the 77Se NMR chemical shift of Se adducts (Scheme 1). The shift
of the 77Se NMR signal reflects the m-accepting properties of the
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Scheme 1. The electronic properties of 71 MICs with different aromatic
substituents 'R’ were evaluated by computing the HOMO energies
(correlation with the o-donor properties) and the ”’Se NMR chemical sifts of
Se adducts (correlation with the s-acceptor properties).

carbene, with higher values indicating a higher m-acidity. This
NMR-based methodology was introduced by the group of
Ganter in 2013."? Since then, and it has become a popular
method for evaluating the m-accepting properties of singlet
carbenes.?"#%76162 The broad spectral range of ”’Se NMR allows
for a good discrimination of closely related carbenes. Further-
more, Se adducts of carbenes are easily accessible by the
addition of elemental selenium to an in situ generated carbene.
A potential drawback of this method is the fact that the
chemical shift of the ”’Se NMR signal can be influenced by the
local environment of the Se atom (e.g. via non-classical
hydrogen bonding interactions).®"” This potential limitation was
not of concern for our computational screening, because the
local environment of the Se atom does not change for our
compounds.

A summary of the computational results is given in Figure 2.
The HOMO energies of the 71 MICs span a range from —4.84 eV
to —5.66 eV. According to these values, they are all better o-
donors than the corresponding NHC with N-xylyl wingtip
groups (HOMO at —6.01 eV; data not shown). The chemical
shifts of the Se adducts range from +270 ppm to —74 ppm. It
is interesting to note that there is a rather poor correlation
between the HOMO energies and the 6(”’Se) value (R=0.39).
The lowest value with 6 =—74 ppm is found for a MIC with an
N-methylpyrrolyl substituent. This compound also shows one of
the highest HOMO energies (—4.84 eV). On the other hand,
there are several compounds with a significantly higher 5(’Se)
value compared to what is found for a MIC with a standard
phenyl substituent (0 =—9 ppm). Two compounds stand out: a
MIC with a tetrazinyl substituent (0 =270 ppm) and a MIC with
a diphenyltriazinyl substituent (6 =218 ppm). The computa-
tional results suggested that these compounds should be
significantly more m-acidic than standard MICs with a phenyl
substituent in C2 position. Consequently, they were chosen as
synthetic targets for our experimental work.

The functionalization of 1,3,5-triazines s
achieved by nucleophilic substitution of

commonly
chlorinated

11984  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://doi.org/10.1002/chem.202101742

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202101742

300 4 N=N
I N

200

increasing n-acceptor character
""Se NMR (ppm)

-100 4

T
56 5.4 5.2 5.0 48
HOMO (eV)

increasing o-donor character

Figure 2. The calculated ”Se NMR chemical shifts versus the HOMO energies
of Se-MICs and MICs.

triazines.*** We envisioned that utilizing an NHC as nucleo-

phile would allow for the preparation of an imidazolium salt
with a triazinyl group in C2 position.®*>% Indeed, addition of
1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene (IDipp) to a sol-
ution of 2-chloro-4,6-diphenyl-1,3,5-triazine in THF resulted in
the formation of the imidazolium salt 1, which could be isolated
in 80% vyield (Scheme 2). Unfortunately, we were not successful
in preparing a tetrazolyl-substituted imidazolium salt using a
related methodology (for details, see Supporting Information,
Scheme S6).

Colorless crystals of 1 were obtained from acetonitrile at
—40°C, and a single crystal X-ray diffraction (XRD) analysis was
performed (Figure 3).* The bond lengths observed for 1 are
within the expected range (for details, see Supporting Informa-
tion).

Dipp _<Ph Dipp (i<Ph
N N THF /rt N N
N 1.
[ 3 +rco—~ N —— [+)>—</ N
N N=( NN
Dipp Ph Dipp Ph
1 (80%)
|
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OC\ /CO Dipp Dipp
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N N
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Dpt = Diphenyltriazinyl

Scheme 2. Synthesis of the imidazolium salt 1, the Rh complex 2, and the Se
adduct 3. Reagents: i) KHMDS (1.05 equiv.) followed by [RhCI(CO),],

(0.5 equiv.), THF, —40°C, 12 h. ii) KHMDS (1.05 equiv.) followed by Se

(2 equiv.), THF, —40°C, 12 h.
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Figure 3. Molecular structures of 1, 2 and 3 in the crystal. The thermal
ellipsoids are at 50 % probability and hydrogen atoms are omitted for clarity.

Attempts to prepare the free carbene ligand Dpt-MIC (Dpt=
diphenyltriazinyl) by reaction of 1 with potassium bis
(trimethylsilyl) amide (KHMDS) were not successful.®®®” The
NMR spectrum of the reaction mixture recorded at room
temperature was very complex, indicating decomposition of
Dpt-MIC. However, we were able to capture in situ generated
Dpt-MIC by coordination to RhCI(CO),. The resulting Rh complex
(2) was isolated in 85% yield (Scheme 2). For comparison with
our theoretical results, we have also prepared the Se adduct 3.
Both compounds were characterized by NMR spectroscopy,
high-resolution mass spectrometry, and single crystal XRD
(Figure 3). In addition, complex 2 was analyzed by FT-IR
spectroscopy.

Graphic representations of the structures of 2 and 3 in the
crystal are depicted in Figure 3. As it was observed for the
imidazolium salt 1, the triazinyl-, the phenyl-, and the imidazole
rings adopt a co-planar arrangement, suggesting extensive -
conjugation. Such a co-planar arrangement is not observed for
MICs with phenyl substituents in C2 position. In these
compounds, the acute angle between the planes defined by
the imidazole ring and the phenyl ring lie between 37° and 50°
(for details, see Supporting Information, Figure S14). For the
Dpt substituent, the presence of a central triazine ring facilitates
a co-planar arrangement because steric interactions involving
ortho H-atoms are avoided.

The Rh—C bond length in 2 (2.078(4) A) is very similar to
what was found for a RhCI(CO), complex with a mesoionic
triazolylidene ligand (2.081(9) A).*® The Se—C bond length in 3
(1.857(2) A) is likewise unremarkable, and comparable to what
was observed for Se adducts of other C2-arylated MICs (for
details, see Figure 511).2"

The IR bands of the CO groups of 2 can be used to calculate
the Tolman electronic parameter (TEP),**’® which allows to
quantify the overall electron donating properties of a ligand.
The average of the two CO bands of 2 is 2031 cm™', which
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translates to a TEP of 2045 cm™. This value suggests that Dpt-
MIC is a better electron donor than the normal NHC IDipp
(TEP=2051cm ), but weaker than C2-phenylated MICs
2037-2039 cm™).2Y

The TEP takes into account the o-donor and the m-acceptor
properties of a ligand, whereas the 7’Se NMR chemical shift
reflects selectively the m-acidity. The experimental 7’Se{'H} NMR
spectrum of 3 shows a resonance at 147 ppm. This value is
lower than what was predicted theoretically (218 ppm). How-
ever, it should be noted that the computed value is somewhat
method-dependent and is evaluated in the gas phase.
Importantly, the experimental value is in line with the predicted
trend: Dpt-MIC is not only a better m-acceptor than the C2-
phenylated MIC (6 ("Se)=—3 ppm),?" but it is also more -
acidic than the corresponding NHC (6 ("’Se) =87 ppm)®“? (Fig-
ure 4).

Ganter and co-workers have suggested that the 'J.
coupling constant reflects the o-donor properties of a carbene
ligand."" For 3, a value of 223 Hz was determined, which is
larger than what is found for C2-phenylated MICs (211-
214 Hz),”" but smaller than what was reported for a standard
NHC such as IMes (231 Hz).*"

Overall, the experimental results are evidence that the Dpt
group in C2 position has a unique effect on the electronic
properties of the MIC ligand. Notably, Dpt-MIC is a better o-
donor and a better m-acceptor than the commonly used N-
heterocyclic carbene IDipp. The m-acidity of Dpt-MIC cannot
rival what is found for CAAC ligands (6 ("’Se) ~500 ppm), but
the electronic properties of Dpt-MIC are still exceptional for a
mesoionic imidazolylidene ligand.

The good m-acidity of Dpt-MIC suggested that this ligand
would be suited to stabilize low-valent compounds. Therefore,
we attempted the synthesis of a highly reduced Sn compound.

Dipp Dipp Dipp

Se, Se,
T(%B—Dpt [:>=Se TO:)—Ph

3 Dipp Dipp Dipp
- 1 | |
147 87 -3
Jse (PPM) ‘ '
|ncreas|ng

m-acceptor properties

Figure 4. The experimental "’Se{'"H} NMR chemical shift of 3 in comparison
to what has been reported for the Se adduct of IDipp and for a C2-
phenylated MIC.
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Scheme 3. Synthesis of stannylene 4.
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As precursor, we first prepared the carbene-stabilized
stannylene 4 by reaction of imidazolium salt 1 with two
equivalents of KHMDS in THF at —40 °C, followed by addition of
anhydrous SnCl, (Scheme 3). The product was characterized by
multinuclear NMR spectroscopy and by a single crystal XRD
analysis (Figure 5).

The Sn center displays the expected trigonal pyramidal
geometry (Cl-Sn—C=87.64(15)°, Cl-Sn—N=97.20(15)°). The
Sn—C bond length of 2.295(7) A is close to what was reported
for a SnCl, complex with a MIC ligand featuring phenyl groups
in C2 and C4 positions (Sn—C=2.308(9) A).”"

Next, we have reduced stannylene 4 with one equivalent of
KCg in THF at —40°C. From the deep purple solution, we were
able to isolate the neutral radical Sn(Dpt-MIC),{N(SiMes),} (5) in
45 % yield (Scheme 4).

The structure of 5 was established by single crystal XRD.
Two Dpt-MIC ligands are coordinated to Sn, with bis
(trimethylsilyl) amide occupying the third coordination site
(Figure 6a). Apparently, the reduction had resulted in a ligand
transfer reaction of Dpt-MIC. Compound 5 has a net charge of
zero, and it therefore features an unpaired electron. A close
inspection of the crystallographic data suggests that the para-
magnetic product should be described as a stannylene bound
to one neutral Dpt-MIC ligand and one anionic (Dpt-MIC)*~
ligand. The two Sn—C bonds in 5 have nearly the same length
(2.300(16) A) and 2.293(16) A). However, pronounced differ-
ences are observed for the imidazole and the triazine ring
systems of the two Dpt-MIC ligands (Figure 6b). The C45—C48
bond (1.420(2) &) is substantially shorter than the C2—C6 bond
(1.476(2) A), indicating partial double bond character for the
former. In contrast to the nearly equidistant C—N bonds of the
triazinyl group connected to C2, a pronounced bond-length
alternation is observed for the triazine ring connected to C45.
The data suggest that the electron is largely located on one of
the two Dpt-MIC ligands. This interpretation was substantiated
by X-band electron paramagnetic resonance (EPR) spectroscopy

Figure 5. Molecular structure of 4 in the crystal. The thermal ellipsoids are at
50% probability and hydrogen atoms are omitted for clarity.

Me3Si<. .SiMes MesSi~, -SiMes

s' Dipp Dipp, SI Dipp
NN KC N NN
(ollgl 8
Tom —e= o< TOrom
4 i, -40°C o bi
Dipp Dipp 5 (45%) Dipp

Scheme 4. Synthesis of neutral radical 5.

11986 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://doi.org/10.1002/chem.202101742

Full Paper
Chemistry—A European Journal

doi.org/10.1002/chem.202101742

Chemistry
Europe

European Chemical
Societies Publishing

a)

b)

1.352 A

Figure 6. a) Molecular structure of radical 5 in the crystal. The thermal
ellipsoids are at 50% probability and hydrogen atoms are omitted for clarity.
b) Selected bond lengths for the central part of the Sn(Dpt-MIC), unit.

and by DFT calculations.”>®” The EPR spectrum of 5 in THF at
room temperature corresponds to a single unpaired electron
(spin doublet) with a characteristic hyperfine structure due to
coupling to five N nuclei (g.,=2.0034, Figure 7a and Fig-
ure S7). The computational results are in line with this finding,
and they show that the total spin density is localized on the
heterocycles of one of the two Dpt-MIC ligands (Figure 7b).

a)

T T T T
3330 3340 3350 3360

Magnetic Field (Gauss)

Figure 7. a) Simulated (red) and experimental (black) EPR spectrum of 5
(THF, RT). b) Calculated spin density map of 5 (isovalue =0.003).

Chem. Eur. J. 2021, 27, 11983-11988 www.chemeurj.org

Overall, the situation is reminiscent of what was found for
several low-valent CAAC complexes, where significant spin
density at the carbene ligand was observed.**

Conclusion

A computational analysis of 71 mesoionic imidazolylidene
ligands containing different aryl and heteroaryl substituents in
C2 position was performed. The analysis has revealed that a
particularly m-acidic carbene is formed if a diphenyltriazinyl
substituent is attached to C2. The computational results could
be corroborated experimentally by synthesizing the imidazo-
lium salt 1, which serves as a precursor for the carbene ligand
Dpt-MIC. The spectroscopy data for RhCI(CO), and Se adducts
show that Dpt-MIC is significantly more m-acidic than a MIC
ligand with a phenyl substituent in C2 position. Importantly,
Dpt-MIC is a better o-donor and a better m-acceptor when
comparted to the normal N-heterocyclic carbene IDipp.’"? In
that regard, Dpt-MIC shows CAAC-like behavior. To demonstrate
the utility of Dpt-MIC, we employed it to stabilize a low-valent
paramagnetic tin compound. In view of potential future
applications, it is worth pointing out that the precursor of Dpt-
MIC can be obtained in one step from commercially available
starting materials. Dpt-MIC therefore represents an easily
accessible mesoionic carbene with unique electronic properties.
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