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/Abstract: Carbene-based radicals are important for both
fundamental and applied chemical research. Herein, exten-
sive electrochemical investigations of nine different 1,2,3-tri-
azolylidene selenium adducts are reported. It is found that
the half-wave potentials of the first reduction of the selones
correlate with their calculated LUMO levels and the LUMO
levels of the corresponding triazolylidene-based mesoionic
carbenes (MICs). Furthermore, unexpected quasi-reversibility
of the reduction of two triazoline selones, exhibiting compa-
rable reduction potentials, was discovered. Through UV/Vis/
NIR and EPR spectroelectrochemical investigations support-
ed by DFT calculations, the radical anion was unambiguously

N

assigned to be triazoline centered. This electrochemical be-
havior was transferred to a triazolylidene-type MIC-gold
phenyl complex resulting in a MIC-radical coordinated Au'
species. Apart from UV-Vis-NIR and EPR spectroelectrochemi-
cal investigations of the reduction, the reduced gold-coordi-
nated MIC radical complex was also formed in situ in the
bulk through chemical reduction. This is the first report of a
monodentate triazolylidene-based MIC ligand that can be re-
duced to its anion radical in a metal complex. The results
presented here provide design principles for stabilizing radi-
cals based on MICs.

/

Introduction

Triazolylidenes are powerful and versatile ligands in transition-
metal coordination chemistry! The readily available and
widely variable ligand precursors, obtained from copper-cata-
lyzed azide-alkyne cycloaddition, and the higher donor ability
compared with classic N-heterocyclic carbenes (NHCs) has led
to the popularity of this ligand type in the last years. Surpris-
ingly, the research field of triazolylidenes with main group ele-
ments is relatively unexplored, even though research of main
group elements with classical NHCs and among them the
group of cyclic alkyl(@mino) carbenes (CAACs) is much more
advanced.” It was shown that they, inter alia, stabilize low
valent and low coordinate main group elements and radical
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species.’! The few existing publications on 1,2,3-triazolylidenes
as actors in main group chemistry indicate promising results
for further studies.”

Recently, we investigated the m-accepting properties of tri-
azolylidenes in selenium adducts® by the method by Ganter
and co-workers who introduced ”’Se NMR spectroscopic inves-
tigations of those adducts for this purpose.” Herein, we shed
light on the electrochemical behavior of this relatively new
substance class. It is the first time that these triazoline selones
are analyzed electrochemically. During that process, we discov-
ered several interesting properties of these triazoline selones,
of the corresponding mesoionic carbenes (MICs), and of Au'
complexes of the MICs.

This work displays a journey starting with the aim to deter-
mine the electronic properties of triazolylidenes through elec-
trochemical investigation of their easily available selenium ad-
ducts and finding spectroscopic evidence of a reduced triazoly-
lidene gold complex in bulk. Additionally, we report on DFT-
driven directed design of radical anion stabilizing triazolylidene
transition-metal complexes through triazoline selones. Inter-
mediate stops are cyclic voltammetric investigations of the se-
lones, correlation of reduction potentials to LUMO energy
levels, unexpected electrochemical reversibility of specific tri-
azoline selones, the analysis of the reduced species, and trans-
fer of the electrochemical properties from a MIC selenium
adduct to a transition-metal complex. Cyclic voltammetry, EPR,
and UV/Vis spectroelectrochemical investigations, theoretical
calculations and synthetic methods line the way. To the best of
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our knowledge, this works represents the first report of the
reversible reduction of a 1,2,3-triazol-5-ylidene ligand to the
corresponding radical anion. Furthermore, we also investigate
the electrochemically driven cleavage of Au'—Cl bonds, a pro-
cess that is immensely important in homogeneous catalysis
with Au' complexes.

Results and Discussion

Cyclic voltammetric investigations of triazoline selones:
Start of the investigations

A series of triazolylidene selenium adducts was analyzed elec-
trochemically (Figure 1). The synthesis and analytics can be
found in a recent publication by our group.” Cyclic voltammo-
grams (CVs) of all the triazoline selones were recorded
(Figure 2). Through the straightforward and inexpensive avail-
ability of the selones, a relatively wide range of differently sub-
stituted species could easily be analyzed.

The first oxidation is irreversible for all selenium adducts.
The peak potential of the first oxidation at a scan rate of
0.1Vs™' is found between —0.1V and 0.4 V. The oxidation
seems to proceed as an EC mechanism with a re-reduction of
the formed species, which is found at more negative potential
than the expected re-reduction of the oxidized selone. Similar
observations have been previously made for NHC thiones and
selones.”” Most likely, dimerization of the selenium adducts
occurs (Scheme 1), which has been proposed® and observed
before for NHC sulfur adducts,” and during electrochemical
synthesis of disulfides."” Recently, 1,2,3-triazolin di- and tetra-
selinides have been isolated after chemical oxidation.!""

Even at high scan rates of up to 50 Vs™', no direct re-reduc-
tion wave corresponding to the oxidation wave could be ob-
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Figure 1. Triazolylidene selenium adducts studied electrochemically in this
work.
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Figure 2. Cyclic voltammograms of the investigated triazoline selones (scan
rate: 0.1 Vs™', in MeCN, electrolyte: NBu,PF; (0.1 m), electrode: glassy
carbon).

served. DFT calculations confirm the assumption that the oxi-
dation is mainly selenium centered with an exemplary spin
population of 79.5% on selenium calculated for the oxidized
MesPh1,5Trz (Figure 3). Initially, we planned to analyze if the
oxidation potential is linked to the overall donor properties of
the triazolylidene to the selenium. Plotting of the peak poten-
tial of the first oxidation EP,, against DFT-derived Mulliken
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Scheme 1. Proposed EC mechanism of the electrochemical oxidation of the selenium adduct with follow-up dimerization.
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Figure 3. (A) Exemplary spin density plot of [MesPh1,5TrzSe]* (isovalue =0.004). (B) Plot of E”,, against Mulliken charges and a goodness-of-fit R?=0.60.

charges at the selenium atoms, a more qualitative relation ob-
served (R*=0.60, Figure 3, Table S17 in the Supporting Infor-
mation). The fact that the spin population of the oxidized radi-
cal does not fully lie on the selenium and the lack of reversibili-
ty probably blurs this correlation. Furthermore, the broad oxi-
dation waves observed in the cyclic voltammograms of several
compounds complicate the sharp definition of the peak poten-
tials. In any case, it would be questionable, if the electronic
properties of the selenium adduct could be quantitatively cor-
related to the properties of a triazolylidene in a transition-
metal complex. Overall, the analysis of the peak potential of
the selenium adducts only led to a qualitative estimation of
the overall donor properties of the MIC to the selenium.
Besides the oxidation wave, a reduction wave at a potential
between —2.4V and —2.7 V was observed in the CV of all the

triazoline selones. The analysis of the reduction processes was
carried out with similar concentrations of the substrates in ace-
tonitrile (1.4-1.9 mmolL™") and with exactly the same electro-
chemical set-up to be able to compare the results quantitative-
ly even though the various selones exhibit similar reduction
properties. For PhCF;PhTrzSe, the first reduction is followed
by a second reduction and it was not possible to separate the
processes at 0.1 Vs

DFT spin density calculations of the reduced species of the
selenium adducts indicate that the first reduction, as intuitively
expected, is centered on the triazolylidene moiety, mainly on
the nitrogen atoms (Figure 4 and Table S15 in the Supporting
Information). For [PhDippTrzSe]l~, 74% of the spin density is
located on the triazolyline moiety itself and 0% on selenium.

\

Figure 4. Exemplary spin density plot of [PhDippTrzSe]~ and [MesPhTrzSe] "~ (isovalue =0.004).

Chem. Eur. J. 2021, 27, 6557 - 6568 www.chemeurj.org

6559

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


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202100105

An increase of the scan rate in cyclic voltammetry resulted
in the appearance of a re-oxidation wave for all selenium ad-
ducts. The shape of the reduction at different scan rates of
MesPhTrzSe is depicted in Figure 5 (further in the Supporting
Information, Figures 59-20). At a scan rate of 50 Vs™', the peak
current ratio of the re-oxidation wave to the reduction wave is
relatively high. This is a strong indication that the reduction
can be described with an EC mechanism (Scheme 2). By in-
creasing the scan rate, the kinetically now inferior reaction to
species Z does not take place. Analysis of the DFT-derived geo-

MesPhTrzSe
0.1Vis SRAY IP
1Vis k
10 Vis f
50 Vis \P
. .

-1.0 15 20 25 30
E IV vs FcH/FcH*

Figure 5. First reduction of MesPhTrzSe at various scan rates. The current
was scaled by multiplying with (scan rate)~"? (in MeCN, electrolyte: NBu,PF,
electrode: glassy carbon, at a scan rate of 50 Vs™': IR drop compensation of
50 Q).

TrzSe + e TrzSe —K> Z

Scheme 2. EC mechanism of the reduction of the triazolylidene selenium ad-
ducts.

metries of the reduced species was performed to shed light on
the decomposition process to species Z. A weakening of the
bonds of the triazoline moieties is observed except for the car-
bene-C connecting bonds, which is expected as the negative
charge is mainly located there. Furthermore, in the DFT-opti-
mized structures of the reduced species, the C™"'_N bond of
reduced species is bent out of the triazoline plane to a large
extent (Figure 4, Table S16 in the Supporting Information). This
could be one of the destabilizing factors in the structure.

From the cyclic voltammograms at 50 Vs, half-wave poten-
tials £"2 for the selenium adducts can be determined, which
can be approximated as the formal potentials £,y of the ad-
ducts. The expected trend of a more negative £"? with more
electron-donating substituents at the triazolylidene moiety is
observed (Figure S20, Table S17 in the Supporting Information).
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Correlation of electrochemical data with DFT calculations:
Computational screening of triazoline selones and triazolyl-
idenes with specific reduction potentials

Plotting the DFT-derived LUMO energy levels of the molecules
in acetonitrile E,""M° against the formal potential F” ., a
strong correlation is observed (Figure 6). The ferrocenyl-substi-
tuted selenium adduct seems to be an outlier here. This could
be due to strong conformational effects, which are often pro-
nounced for ferrocenyl substituents.

In the case of the investigated series of selenium adducts,
the LUMO levels can be estimated from experimentally avail-
able formal potentials of the substances, and vice versa
[Egs. (1) and (2)]. These equations are likely to be applicable as
general equations for selenium adducts of monodentate triazo-
lylidenes. The slope of —1.19 in Equation (1) points to the as-
sumption that the specific energy term E,. . in our series cor-
relates with the formal redox potential (more information de-
scribing the linkage of E '"M° and E”,.4 is given in the Sup-
porting Information, Figure S30). This might be due to the
structural similarity of the investigated molecules. Structurally
similar molecules often show this correlation of properties,
which are known to be associated with electron transfer, like
changes in solvation energy."

fpLumo (TrzSe) _ 7(1.19 % EO/red +4.47) (1)

sol

E* g = —(0.81 x E-M (™) 4 3.70) (2)

The formula might find application in the design of selones
with a specific reduction potential. Such selenium adducts are
promising ligands for (transition) metal complexes."* With
easily available calculated LUMO levels, promising candidates
could be detected prior to time- and cost-intensive laboratory
synthesis and electrochemical analysis. The advantages of this
approach over calculating the redox potential by quantum me-
chanical calculations directly™ are: it is less computationally

1.1

MesFcTrzSe

y = -4.46991 - 1.19482*x
R? =0.9707

-1.2

-1.3 1

1.4

ESOILUMO leV

-1.5

-1.6

-1.7

270 -265 -260 -255 -250 -245 -240 -235

E2 N

red

Figure 6. Correlation of E£,,'"™° and E'"? 4 (= E”,..) with a goodness-of-fit
R*=0.97. MesFcTrzSe was treated as an outlier and is not included in the
correlation calculations.
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intensive and requires less advanced calculations for a faster
and more convenient screening of substances.

On comparing the LUMO levels of the selenium adducts in
acetonitrile with calculated LUMO levels of the free triazolyl-
idenes, a linear correlation with a goodness-of-fit of R*=0.95 is
observed (Figure 7). This fact can be explained with very simi-
lar orbital composition of the LUMO levels of the singlet triazo-
lylidene-based MICs and the corresponding selenium adducts
(Figure 8). Taking this correlation into account, the determina-
tion of the formal reduction potential of the triazoline selones
can be an indirect experimental method to not only approxi-
mate the LUMO level of the selone itself but also of the corre-
sponding, challenging to isolate triazolylidenes (Figure 7). As
the LUMO level of a ligand in the case of NHCs sometimes is
related to their m-accepting abilities,®'¥ we wanted to figure
out if this is the case for triazolylidenes. Examination of the or-
bital compositions of the MICs displayed no significant popula-
tion of the LUMO on the carbene carbon, so the direct relation
between the LUMO energies of the triazolyidenes and their -
accepting properties is questionable. The LUMO level might
still indicate the trend of how prone the triazolylidene is for
uptake of electron density in a coordinated situation.

For the determination of the selenium adducts’ half-wave
potential, very high scan rates must be applied. This can some-
times be an instrumental challenge. We wanted to know if also
the peak potential of the reduction at common scan rates can
provide insight into LUMO levels of the selones and triazolyl-

(A)

1y =1.19766 + 1.60987*x
R?=0.94254

s o
© o
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o-1.21

E,

1.4
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idenes. In our investigated series of selones, the peak poten-
tials EP.4 show correlation with the half-wave potentials with
R*=0.90 (Figure S31 in the Supporting Information). It seems
to be possible to take EP.4 as a measure for this series of mole-
cules. Nevertheless, the correlation of EP,.4 to the LUMO energy
levels is less accurate.

UV/Vis/NIR and EPR spectroelectrochemical investigations
and TD-DFT calculations on a triazoline selone: (Quasi-)re-
versible electrochemical behavior of triazoline selones dis-
playing a specific reduction potential

Remarkably, PhDippTrzSe and MesPh1,5TrzSe show a re-oxi-
dation wave with a high peak current ratio to the reduction
wave in cyclic voltammetric investigations at 0.1Vs™'
(Figure 2). PhDippTrzSe (peak current ratio of 0.89 and a peak-
to-peak separation of 75 mV) and MesPh1,5TrzSe (peak cur-
rent ratio 0.83, peak-to-peak separation of 81 mV) display at
least quasi-reversibility. The relatively high peak-to-peak sepa-
rations might also be due to high reorganization energies
upon reduction (e.g., bending of C™™_N bond as described
before). The two selenium adducts seem to meet a “reversiblity
range”/“sweet spot” as their half-wave potentials E"*=—2.46 V
(PhDippTrzSe) and E?=-249V (MesPh1,5TrzSe) are very
similar. The first sign of a re-oxidation wave for PhPhTrzSe
with a similar reduction potential supports this assumption. Tri-
azoline selones that show reduction potentials in the described
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Figure 7. (A) Correlation of the LUMO energy level of the selenium adduct in acetonitrile E,,"*™°(TrzSe) with the LUMO energy level of the triazolylidene in
gas-phase E£;™°(Trz). (B) Plotting the LUMO energy level of the triazolylidenes against the half-wave potential of the first reduction of the selenium adducts.
MesFcTrzSe was treated as an outlier and is not included in the correlation calculation.

Figure 8. lllustration of the LUMO orbitals of BnPhTrzSe and BnPhTrz.
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range seem to stabilize the radical anion better than other tri-
azoline selones. However, this observation is purely empirical
and would require further work for a sound understanding.
Through Equation (2), which was proposed before, further tri-
azoline selones with a reduction potential in the range of
—2.46 to —2.49 V might be detected in theoretical calculations
and the existence or coincidence of the “reversibility range”
could be investigated. As for [PhDippTrzSe]”™ and
[MesPh1,5TrzSe]l™ in DFT geometry optimization calculations,
the bending of the methyl group out of the triazoline plane is
observed to be less distinct (Table S16 in the Supporting Infor-
mation) and the hypothesis, that this bending is a destabilizing
factor, is supported.

The electrochemical reduction of PhDippTrzSe was analyzed
extensively by a combination of UV/Vis/NIR and EPR spectro-
electrochemical (SEC) methods and time-dependent DFT (TD-
DFT) calculations. Investigation through UV/Vis/NIR spectro-
electrochemistry was performed in acetonitrile in an optically
transparent thin-layer electrochemical (OTTLE) cell. In the initial
spectrum of PhDippTrzSe (Figure 9), the bands at 218, 236,
and 387 nm can be assigned to transitions from the electron-
rich selenium to the m-orbitals of the aromatic substituents
and the triazolylidene moiety (for TD-DFT calculations, see Ta-
bles S1-5, Figures S27 and S28 in the Supporting Information).
Upon reduction, new bands at 351, 410, and 645 nm are ob-
served. These bands in general display a charge transfer char-
acter from the triazolylidene ring to the adjacent m-systems.
The broad band in the range of visible light (645 nm) is often
typical for organic radicals. This result points further to a triazo-
lylidene-centered reduction. After re-oxidation, the initial spec-
trum is mainly recovered (about 90%; Figure S24 in the Sup-
porting Information). Longer electrolysis at reductive potentials
led to a smaller recovery (about 80%) of the native spectrum
after complete reduction and re-oxidation cycles during the
spectroelectrochemical measurements (Figure S25 in the Sup-
porting Information). Over a small timescale, the reduction dis-

plays reversible behavior but overall partial chemical reversibili-
ty of the process is observed.

EPR spectroscopy of the in situ electrochemically generated
species [PhDippTrzSe]~ shows a signal with a g-value of 2.003
and hyperfine coupling to several nuclei (Figure 9). This spec-
trum could be simulated with sufficient accuracy by consider-
ing the interaction of the unpaired electron with three "N and
four "H nuclei (Table S8 in the Supporting Information). These
results are an additional indication for the localization of the
anionic radical on the triazolylidene moiety.

A reversible reduction on the MIC moiety is extremely rare.
A heteroleptic triazolylidene gold complex and a cationic ho-
moleptic triazolylidene gold complex showed low chemical re-
versibility of the reduction at —40°C, which was detected
through a proportionally small re-oxidation wave.” Quasi-re-
versible or reversible reduction have been observed in chelat-
ing ligands containing triazolylidenes (for example, with addi-
tional pyridyl substituents)."® However, in those cases, the rad-
icals are often stabilized through the help of the second ligand
that is part of the chelating system. The above results are on a
mono-dentate triazolylidene, which makes the reversible re-
duction unique.

Amongst NHCs, the ability to stabilize radicals or show
reversible reductions on the ligand is a typical property of
cyclic alkyl(amino) carbenes (CAACs).2%3%17 |n these cases, the
spin density of the reduced species is mainly located on the
carbene carbon. This is a significant difference to the triazolyl-
idenes investigated here, with the spin density of the reduced
species mainly located on the nitrogen atoms of the triazolyl-
idene moiety. For the CAACs, the small HOMO-LUMO gap is
believed to be the cause of their radical stabilization abilities.
With 4.25 eV to 4.47 eV, the HOMO-LUMO gap for the herein
investigated triazolylidenes is also comparably small, but no
hint for a higher reversibility within the series for a smaller
HOMO-LUMO gap or lower lying LUMO energy level could be
found.
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Figure 9. (A) UV/Vis/NIR spectroelectrochemistry of PhDippTrzSe to [PhDippTrzSe]~ measured in acetonitrile/NBu,PF, with a gold electrode. (B) Experimental
EPR spectrum of the in situ electrochemically generated [PhDippTrzSe]l™ in MeCN/NBu,PF, with a platinum electrode and the simulated spectrum.
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Synthesis and characterization of gold(l) chloride com-
plexes: First attempt to transfer the radical anion stabilizing
property from a triazoline selone to a metal complex

To investigate the synthetic potential of PhDippTrz and to ex-
plore if the reversibility of reduction also remains when incor-
porating these triazolylidenes in transition-metal complexes, a
gold chloride complex with the PhDippTrz ligand was synthe-
sized (Scheme 3). Gold triazolylidene complexes have recently
found use in homogeneous catalysis, in photochemistry, and
they have also been investigated for their biological activi-
ty.">'® The synthetic strategy was deprotonation of the corre-
sponding triazolium salt and coordination through a weak
base route, introduced by Nolan and co-workers for normal
NHCs."? Potassium carbonate was added as the base and the
reaction could be performed under ambient conditions at
room temperature. Usually, to generate NHC gold chloride
complexes that way, azolium chlorides have been used and it
was shown that a dihalide aurate is an intermediate in this re-
action. As the synthesis of triazolium chlorides is challenging,
the triazolium tetrafluoroborate was deployed as the ligand
precursor. To achieve formation of the aurate, tetrabutylammo-
nium chloride was added as a chloride source. Work-up
through fast filtration over silica yielded (PhDippTrz)AuCl with
a yield of 26%. The low yield might be due to decomposition

reactions as a dark-purple precipitate is formed during the re-
action and work-up. The absence of the signal corresponding
to the triazolium proton in the "H NMR spectrum points to the
successful synthesis of the target molecule. Furthermore, the
compound was characterized through *C NMR spectroscopy
and ESI mass spectrometry (Figures S1 and S2 in the Support-
ing Information).

The cyclic voltammograms of (PhDippTrz)AuCl at 0.1Vs~
displayed an irreversible reduction process at E° 4=—2.43V
(Figure 10A) and no oxidation process. At first sight, this
points to a restricted transferability of the radical anion stabiliz-
ing properties of the ligand from the selenium adduct to a
gold complex. Measurements at higher scan rates up to
50Vs™' led to the appearance of a re-oxidation wave and a
second re-oxidation wave shifted to more positive potentials
(EProos =—2.34V; EPo=—1.51V). Similar observations have
been made with MIC rhenium CO chloride complexes in previ-
ous studies."® In those cases, the shape of the cyclic voltam-
mogram was attributed to chloride abstraction and further co-
ordination of DMF to the radical rhenium species. To investi-
gate if chloride dissociation is also the follow-up reaction after
reduction of (PhDippTrz)AuCl, measurements with a chloride-
containing supporting electrolyte (NBu,Cl) were performed
(Figure 10B). Here, the re-oxidation wave already appeared at
lower scan rates and no second re-oxidation wave was ob-
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| BFs  AuCi(SMe,) . .N
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Scheme 3. Synthesis of (PhDippTrz)AuCl.
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Figure 10. First reduction of (PhDippTrz)AuCl at various scan rates. The current was scaled by multiplying with (scan rate)~"2. The cyclic voltammograms

were measured in DMF with (A) NBu,PF; and (B) NBu,Cl as the electrolyte and a glassy carbon working electrode. The sharp peak of the curve at 0.1 Vs~

1

cannot be explained yet. No adsorption at the electrode was observed upon optical examination after measurement.
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served. This is a strong indication for an EC mechanism taking
place with chloride abstraction as the follow-up reaction. So,
overall chloride abstraction is proposed upon reduction with
subsequent partial coordination of DMF at high scan rates to
the formed radical gold species (Scheme 4). The cleavage of
the Au—Cl bond is an important elementary step in Au'-cata-
lyzed reactions.”” Our observations show that it should be
possible to cleave that bond through application of a redox
potential when using gold complexes in electrocatalysis.

Synthesis and cyclic voltammetry of gold(l) phenyl com-
plexes: Revised attempt to transfer the radical anion stabi-
lizing property from a triazoline selone to a metal complex

To avoid this chloride abstraction mechanism (see above), a
further MIC gold complex was synthesized with phenyl as the
second ligand instead of chloride. Following a synthetic route
introduced by Bertrand, Bezuidenhout, and co-workers,"®7 the
gold complex (PhDippTrz)AuPh was synthesized (Scheme 5).
Recrystallizing in CH,Cl,/hexane resulted in the complex with
27 % vyield. The absence of the signal corresponding to the tri-
azolium proton in the '"H NMR spectrum points to the success-
ful synthesis of the target molecules. (PhDippTrz)AuPh was
characterized through CNMR spectroscopy and ESI mass
spectrometry (Figures S3 and S4 in the Supporting Informa-
tion). The purity of the complex was confirmed through ele-
mental analysis. Furthermore, single crystals were grown in
CH,Cl, layered with hexane, and analyzed by single-crystal X-
ray diffraction (XRD; Scheme 5). The C-Au-C angle (173.3°) is
slightly bent from 180°. Cyclic voltammetric investigations

\Ng‘N’@ S

+e
M
Cl -€

Au

S l

\Ng‘N’O ©

indeed displayed a reversible reduction process at 0.1Vs™'

(Figure 11 A) and at lower scan rates measured down to
0.025Vs™" (Figure S20 in the Supporting Information) with a
half-wave potential of E'? 4=—2.38V. To investigate if there
was really a transfer of the reduction properties from the sele-
nium adduct to the gold complex, two further complexes,
(PhCF;PhTrz)AuPh and (BnPhTrz)AuPh, were synthesized
(Scheme 5) and characterized through 'H, *C NMR spectrosco-
py, ESI mass spectrometry (Figures S5-8 in the Supporting In-
formation). The purity was confirmed through elemental analy-
sis. Cyclic voltammetric investigations displayed a fully irrevers-
ible reduction process as expected from the results of the tri-
azoline selones (Figures S22 and S23 in the Supporting Infor-
mation).

UV/Vis/NIR and EPR spectroelectrochemical investigations
and DFT calculations on a gold phenyl complex: Detailed
analysis of the metal-bound MIC radical

The reduction of (PhDippTrz)AuPh was analyzed extensively
through a combination of UV/Vis/NIR and EPR spectroelectro-
chemical methods and DFT calculations.

UV/Vis/NIR spectroscopic investigations of the gold complex
showed a single band in the UV region (4,,,,=263 nm) for the
native species in DMF (Figure 11B). Upon reduction, two new
bands in the near UV and visible spectral region arise (Ay.,=
355 nm, A,,,=611 nm). After running a complete redox-cycle,
the spectrum of the native species was regenerated quantita-
tively (Figure S26 in the Supporting Information), proving the
reversible nature of the electrochemical reduction. This spec-

. k

Au ?

DMF

N 1T
O
Au
DVF

Scheme 4. Proposed EC mechanism of the reduction of (PhDippTrz)AuCl with follow-up chloride abstraction and solvent coordination.
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Scheme 5. Synthesis of the phenyl triazolyidene gold complexes and molecular structure of (PhDippTrz)AuPh in the crystal. Thermal ellipsoids are drawn at

the 50% probability level. Hydrogen atoms are omitted for clarity.
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Figure 11. (A) Cyclic voltammogram of (PhDippTrz)AuPh in DMF at 0.1 Vs~' with NBu,PF; as electrolyte and a glassy carbon working electrode. The colors in-
dicate the potential ranges in which the neutral (cyan) and reduced (magenta) species are observed in the SEC experiment. (B) UV/Vis/NIR spectroelectro-
chemistry of (PhDippTrz)AuPh to [(PhDippTrz)AuPh]™ measured in DMF/NBu,PF, with a gold electrode. (C) Spin population plot of [(PhDippTrz)AuPh]™~ (iso-
value =0.004). (D) Experimental EPR spectrum of the in situ electrochemical generated [(PhDippTrz)AuPh]"~ in DMF/NBu,PF, with a platinum electrode and

the simulated spectrum.

troelectrochemical behavior is comparable to the first reduc-
tion of CAAC-stabilized organic anionic radicals observed by
Jana and our group.?"

DFT spin density calculations of the reduced species of the
gold complex indicate that the first reduction is centered on
the triazolylidene moiety as this was shown for the corre-
sponding selenium adduct (Figure 11C). The spin density for
[(PhDippTrz)AuPh] ™ also appears to be located mainly on the
triazolylidene moiety and its aromatic substituents (71% on
the triazolylidene ring). Interestingly, the calculations predict
the spin density is located on the carbene carbon at 5% prob-
ability. The observed hyperfine coupling constant (HFCC)
values in the EPR spectra of [(PhDippTrz)AuPh]l™ and
[PhDippTrzSe]™ support the calculated spin density distribu-
tion. They display the resulting lower spin density at the nitro-
gen atoms of the ring in the reduced gold complex compared
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with the reduced triazoline selone. The radical anionic gold
species can be placed between the reduced selenium adduct
with no spin density at the carbene carbon and CAACs with
the spin density mainly located on the carbene carbon.

EPR spectroscopy of the electrochemically in situ generated
species [(PhDippTrz)AuPh]~ shows a signal with a g-value of
2.004 and hyperfine couplings to several heteroatoms (Fig-
ure 11 D). This spectrum was simulated with good accuracy
with the signal arising from the interaction of the unpaired
electron with three N and six '"H nuclei (Table S9 in the Sup-
porting Information).

To the best of our knowledge, this is the first time a revers-
ible reduction on a monodentate MIC metal complex at room
temperature has been observed and the corresponding radical
anion unambiguously characterized.
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Chemical reduction of a gold phenyl complex in bulk: First
analysis of the stability of the reduced species

EPR spectroelectrochemistry does not usually afford a quantita-
tive conversion and only displays the species generated on the
electrode. As we wanted to estimate the stability of the gener-
ated radical, we decided to generate the radical anionic
[(PhDippTrz)AuPh]~ through chemical reduction. When potas-
sium or potassium graphite was added to a colorless solution
of (PhDippTrz)AuPh in THF in a Schlenk tube at —78°C under
inert conditions, the formation of a blue species was observed.
This fits to the expected color of the reduced species, which
displayed a band with a maximum at 611 nm in the UV/Vis
spectroelectrochemical investigations discussed before. At-
tempts to transfer the blue solution with Schlenk techniques
under careful exclusion of air to analyze the in situ generated
species through EPR spectroscopy were not successful. The
color of the solution changed immediately from blue to
yellow. The EPR spectrum only displayed a (singlet) signal of
an unidentified species, which probably belongs to a decom-
position product of the complex. Therefore, we decided to per-
form in situ reduction in the EPR tube. To (PhDippTrz)AuPh in
an EPR tube, an excess of potassium graphite was added in a
quartz capillary. The EPR spectrum of the solids displayed a
very strong singlet signal, which we assigned to potassium
graphite. At —40°C, dry freshly degassed THF was added,
which led to the immediate appearance of a new signal with a
rich hyperfine coupling pattern. The hyperfine pattern became
better resolved over 20 min, presumably owing to an increase
of the [(PhDippTrz)AuPh]~ signal as the reaction went for-
ward. After about 20 min, a well-resolved signal with hyperfine
coupling and a g-value of 2.0023 was recorded with substan-
tially higher intensity and better signal-to-noise ratio compared
with the signal from the electrochemically generated species
(Figure 12). The spectrum of the chemically reduced species
could be simulated with good accuracy with the signal arising
from the interaction of the unpaired electron with three N
nuclei and six "H nuclei, divided in groups of 3, 2, and 1 equiv-
alent nuclei (Table S10 in the Supporting Information). The
spectra of the electrochemically and chemically generated spe-
cies are quite similar, and display compatible hyperfine pat-
terns, most notably the splittings from the three N nuclei in
the triazolylidene. However, the chemically generated species
displays a much better resolution, which allowed a more accu-
rate simulation of the small 'H hyperfine splittings. From the
similar hyperfine patterns, we conclude that both signals arise
from the same species, and variations arise from the different
conditions (solvent, temperature, concentration). DFT calcula-
tions suggest (see above) that the methyl protons and the
ortho- and para-phenyl protons have appreciable spin density
and could explain the experimental hyperfine splittings. After
recording the EPR spectra at —40°C, we increased the temper-
ature to 0°C, expecting to observe a slow decay of the signal.
However, on the first measurement, we only observed an unre-
solved singlet signal, which again is most likely attributed to
KCg/K or to a decomposition product of the gold complex. This
indicates that the [(PhDippTrz)AuPh]"~ species likely decom-
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Figure 12. Experimental EPR spectrum of the in situ in bulk generated
[(PhDippTrz)AuPh]"~ through chemical reduction and the simulated spec-
trum at —40°C in THF.

poses over a period of time on increasing the temperature. It
should be mentioned here that the set-up used by us for per-
forming the EPR analyses would allow the diffusion of air into
the EPR tube over a period of time. Thus, the question as to
whether the decomposition of the radical is temperature-
driven or due to contact with air still remains open. The solu-
tion in the EPR tube appeared to be red/yellowish with a dark
precipitate after removing it from the spectrometer. Overall,
the reduced species [(PhDippTrz)AuPh]™ was formed success-
fully in bulk through chemical reduction at lower tempera-
tures.

As for the MIC selenium adducts, it would be interesting to
identify the formed decomposition product in future research.
This might help in the process of avoiding the decomposition
and stabilizing the reduced species. In general, it has to be
noted, that [(PhDippTrz)AuPh]~ is a very strong reducing
agent and highly challenging to handle.

Conclusion

Extensive studies on the electrochemical behavior of triazolyl-
idene selenium adducts and triazolylidene gold complexes
have been performed.

The selenium-centered oxidation observed in cyclic voltam-
metry is not reversible and not fully selenium centered. Plot-
ting the peak potentials against the DFT-derived Mulliken
charges exhibits an only qualitative correlation of the oxidation
potential to the net donor strength of the triazolylidenes in
the adduct.

The first reduction of all investigated triazoline selones dis-
plays a re-oxidation wave at high scan rates. This enables the
determination of the formal potential of the reduction process.
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This potential shows excellent correlation to the LUMO levels
of the triazoline selones and correlation to the LUMO levels of
the corresponding triazolylidenes. Easily performed prediction
of the redox behavior through calculation of the LUMO levels
of triazoline selones appears to be possible.

The triazolylidene-centered reduction investigated through
cyclic voltammetry at low scan rates surprisingly displayed
quasi-reversible behavior for PhDippTrzSe and MesPh1,5TrzSe.
These two selones exhibit very similar reduction potentials,
which led to the proposal of a “reversibility range”. Further de-
tailed investigations of PhDippTrzSe showed that this reduc-
tion is mainly centered on the nitrogen atoms of the triazolyl-
idene moiety.

Additionally, the transferability of the radical anion stabiliz-
ing property from the MIC selenium adduct to the correspond-
ing MIC gold complex has been shown. Consequently, the
easily available selenium adducts are excellent probes for tri-
azolylidene ligands in radical anion stabilizing complexes. The
synthesis of the complexes is usually synthetically more de-
manding and pricier. The derived gold complex was reduced
chemically in bulk and analyzed through EPR spectroscopy.

Overall, the electrochemical investigation of the triazolyl-
idene selenium adducts gives only qualitative insight into the
electron-donating and -accepting abilities of the triazolylidene
MICs. Instead, these investigations pave the way to the direct-
ed design of redox active metal complexes with triazolylidenes
as ligands through pre-synthetic DFT calculation (Figure 13). In
the future, through inexpensive, fast, and easy computational
screening, further triazolylidenes with corresponding selenium
adducts having the reduction potential in the reversibility
range could be discovered. Through easy synthesis of the se-
lones, the hypothesis of the “reversibility range” could be veri-
fied. The corresponding MICs might be promising candidates
to stabilize radical anions similar to CAACs. Furthermore, it
would be of high interest to compare the performance of tria-
zolylidenes versus CAACs in this field and to investigate how
the different spin density location of the unpaired electron in-
fluences the properties of these different radical classes. Con-
cluding, we have presented here the first example and com-
plete spectroscopic analysis of a monodentate triazolylidene-

Design of easily
available triazoline
selones with
specific

reduction

potentials through
DFT calculations

MIC centered quasi-
reversible reduction
behavior

of triazoline selones
with specific
reduction potentials

Directed design of
metal complexes with
radical anion stabilizing ligands

Figure 13. Summary of results.
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based MIC radical anion. Additionally, we have presented
guidelines for predicting the stability of MIC-based anion radi-
cals.

Experimental Section
Crystallographic data

Deposition number 2052185 contains the supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and Fachin-
formationszentrum Karlsruhe Access Structures service.
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