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Abstract. While [Ni(cyclam)]** and [Ni(dithiacyclam)]** complexes
were shown to be potent electrocatalysts for the CO, conversion, their
respective Co complexes hitherto received only little attention. Herein,
we report on the Co' complexes of the cyclam and dithiacyclam plat-
form, describe their synthesis and reveal their rich solvent dependent
coordination chemistry. We show that sulfur implementation into the
cyclam moiety leads to a switch from a low spin Co'' complex in
[Co(cyclam)]?* to a high spin form in [Co(dithiacyclam)]**. Notably,

while both complexes are capable to perform the reduction of CO, to
CO, H, formation is generally preferred. Along this line, the com-
plexes were shown to enable proton reduction from acetic acid. How-
ever, in comparison to [Co(cyclam)]?*, the altered electronics make
[Co(dithiacyclam)]** complexes prone to deposit on the glassy carbon
working electrode over time leading to an overall low faradaic effi-
ciency for the reduction of protons or CO,.

/

Introduction

In order to replace fossil fuels as an energy source as well
as a raw material for the chemical industry, intensive research
is currently undertaken.'-3! With its high energy density per
kilogram,!®7! hydrogen is an attractive energy storage mol-
ecule and can be obtained by water splitting. However, its low
energy density per volume likewise pushes the need for alter-
native energy storage systems. Herein, carbon dioxide repre-
sents a potential alternative to conventional used carbon
sources, like fossil fuels and enables the efficient storage of
energy. For an efficient hydrogen generation and the conver-
sion of CO,, suitable catalysts are required.'!%!

In contrast to the industrially used heterogeneous catalysts,
the manifold spectroscopic techniques available in homogen-
eous catalysis enable scientists to reveal relations between
structural features, their catalytic performance and the underly-
ing mechanistic details.[''2! Such homogeneous catalysts are
often transition metal-based coordination compounds with ver-
satile ligand frameworks.!”'?! Notably, natural enzymes that
perform the activation and conversion of protons and CO,,
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commonly utilize 3d metals such as Fe and Ni in their active
centers underlining the potential of the 3d metals.!'3-17!

Although cobalt has a negligible role in the enzymatic con-
version of CO, and protons, cobalt complexes are widely used
in synthetic approaches as CO, reduction or hydrogen evol-
ution catalysts.['?! These complexes commonly feature a metal
center with a Co™™ or Co™ resting state coordinated by a macro-
cyclic chelating ligand.''?! Based on the ligand platform, com-
plexes can be divided into different classes and porphyrin-
based compounds!!®2% or cobaloximes!?!2* are among the
most active catalyst platforms.

The macrocyclic aza-ligand cyclam L1, a 14-membered ring
system with four nitrogen donor atoms (Scheme 1) is another
promising ligand platform for CO, and proton conversion pro-
cesses.[?>201 Notably, one of the most prominent homogeneous
transition-metal catalyst for electrochemical CO, reduction is
[Ni(cyclam)]?*.127-301 Therefore, it is astonishing that up to
now only little is known about the corresponding Co complex
and a majority of reports focuses on the cyclam-like diimine
ligands L2 and L3 (Scheme 1).[2%3!"1 The corresponding Co
complexes were already investigated for their catalytic activity
in the electrochemical reduction of CO, in 1980 by Fisher
and Eisenberg.'*>! Under CO, atmosphere in water/acetonitrile
(2 : 1), controlled potential coulometry at —1.6 V (CoL2) and
—1.5 V (Co"L3) vs. SCE utilizing a mercury working electrode
afforded CO and H, in a 1 : 1 ratio showing current efficienc-
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Scheme 1. Macrocylic cyclam derived ligands L1-L4 as ligand plat-
forms for electrocatalytic CO, and proton reduction.
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ies of > 90 %. It is worth mentioning that the extension of the
electrolysis from 1.1 h to 19 h resulted in a higher amount of
generated H, with a product ratio of 1:3.6 for CO: H,. In
addition, Tinnemans et al. reported the CO, reduction by
Co"L2 in pure water affording a CO : H, ratio of 1: 1.6 with
decreased overall faradaic efficiency of 62 %.13!!

Notably, with decreasing water content in the electrolyte,
the competitive hydrogen generation is suppressed, shifting the
product ratio to 2.8 : 1 in favor of CO formation but concomi-
tant with a loss in current efficiency (20%).*"! At the same
time Co''L2 was investigated as an electron-transfer agent for
the photochemical reduction of CO,.B! Although CO was de-
tected as reduction product utilizing [Ru(bipy);]>* as photosen-
sitizer in ascorbate buffer, H, evolution was observed with
threefold higher amounts and shows that proton reduction is
preferred over CO, reduction.

Later on, Yanagida et al. reinvestigated the Co™" complexes
of L1, L2, and L3 for the photochemical CO, reduction.3%-33!
In contrast to earlier studies they replaced the noble-metal pho-
tosensitizer by the organic dye p-terphenyl, a strong reducing
agent (E,, = -2.45V vs. SCE), and utilized triethylamine as
sacrificial electron donor. For Co™L1 in methanol containing
acetonitrile solutions, CO and formate were observed as the
main reduction products in a ratio of 2:1 and only small
amounts of hydrogen were formed. Utilizing dimethylform-
amide instead of acetonitrile completely prevented the genera-
tion of formate. The Co™ complexes of L2 and L3 exhibited
significantly lowered catalytic activity as compared to Co-
IY,1.0331 The mechanism and kinetics of the photocatalytical
CO, reduction system with p-terphenyl as photosensitizer were
then intensively studied by transient spectroscopy in con-
tinuous and flash photolysis experiments.** These results
showed that [Co'(L)]* is the catalytic active species and con-
firmed the existence of the [Co'(L)(CO,)]* and [SCo"(L)
(CO.*)1* (S = solvent) reaction intermediates. The choice of
the applied photosensitizer significantly affects the product
formation of the photochemical CO, reduction due to a sol-
vent-altered reaction mechanism. Using a weaker reduction
agent, e.g. phenazine (E,, = —1.2V vs. SCE), instead of p-
terphenyl for photocatalytic CO, reduction resulted in the pref-
erential formate production.>-3¢! Herein, CO and H, were ob-
served only in trace amounts. Due to the weaker oxidation
potential of the phenazine, it is not possible to form the Co!
intermediate required for the CO formation. Instead, a [Co'(L)
(H)]** intermediate is generated and is responsible for the for-
mate production. Electrochemical studies on the CO, reduction
by a Co™ complex bearing L1 as ligand were hitherto only
reported in ionic liquids.*”! Although Co™(L1) is able to serve
as catalyst precursor and reduces CO, to CO, the comparable
Nil{(IL1) complex reveals a ten times higher turnover number
as well as a significantly better overall performance.*”!

Inspired by the sulfur-rich coordination environment of the
active centers of CO dehydrogenases and hydrogenases, incor-
poration of sulfur into the macrocyclic cyclam platform re-
vealed Ni'(L4) (L4 = dithiacyclam, 1,8-dithia-4,11-di-
azacyclotetradecane) and enabled a facilitated CO, reduction
at more positive potentials and an enhanced H, evolution capa-

111

bility relative to Ni''(L1).13%! Based on the insufficient electro-
chemical investigations of the Co'l(cyclam) system and our
latest results comparing the electrocatalytic activity of Nill
complexes comprising L1 and L4, we became interested in a
directed approach to obtain Co™ (1) and the hitherto unknown
Co'" complex of L4. We herein report on the catalytic activity
of both Co™ complexes for electrochemical CO, reduction as
well as H, generation.

Results and Discussion

Complex Synthesis and Properties

Since Co'i(LL1) had already been reported as an air-sensitive
compound,?! reaction of L1 with Co(ClO4),6H,O or
[Co(CH;CN)](CIO,4), as Co' salts were performed in aceto-
nitrile under the exclusion of air affording C1 as an orange
crystalline material. The successful complexation was sup-
ported by electrospray-ionization mass spectrometry (ESI-MS)
revealing the characteristic mass peaks at m/z = 258.1 and
357.9 for the [Co(L1-H)]* and [Co(L1)(ClO4)]* fragments.
Crystals of C1 were obtained from methanol solutions and fur-
ther supported the molecular structure of C1 showing the ex-
pected [Co(L1)(ClO,4),] composition (Figure 1) that was al-
ready reported in the late 1970s.13°! Compared to the IR spec-
trum of the as synthesized material and the crystalline material
obtained from methanol solutions, IR spectra from [Co(LL1)
(ClOy),] as synthesized material contained additional signals
at 2263 and 2296 cm™! (Figure S1, Supporting Information).
These signals remained even after prolongated drying under
vacuum and can be assigned to C=N stretching vibrations in-

Figure 1. Molecular structure of C1 obtained by crystallization from
(A) methanol and (B) acetonitrile as well as molecular structure of
C2 (C) and C2' (D) shown with thermal ellipsoid drawn at the 50 %
probability level. Hydrogen atoms and perchlorate counterions for B,
C and D are omitted for clarity. Gray: carbon, blue: nitrogen, yellow:
sulfur, red: oxygen, green: chlorine, purple: cobalt.
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dicating an additional coordination of acetonitrile. A similar
solvent-dependent coordination behavior was already reported
for Nitl-cyclam derivatives.[*?! This assumption was likewise
supported by the molecular structure of C1 obtained from sin-
gle crystals of a saturated acetonitrile solution (Figure 1).
Herein, additional binding of two acetonitrile molecules in the
axial positions complete the octahedral coordination sphere of
the central metal ion. As seen from averaged Co—Nj ; distances
of 1.99 A (perchlorate derivative) and 2.00 A (acetonitrile de-
rivative), the exchange of the axial ligands had no significant
effect on the coordination sphere of the central Co" ion.

Similar to the complexation of L1, L4 was treated with one
equivalent of Co(ClOy4),6H,0 or [Co(CH3CN)g](ClOy), in
acetonitrile. The formed solid was then recrystallized from
acetonitrile by addition of diethyl ether. The formation of the
expected Co' complex was confirmed by ESI-MS revealing
mass peaks at m/z = 292.0 and 391.9 for the [Co(LL4-H)]* and
[Co(L4)(ClOy)]* fragments. The IR spectrum of the obtained
crystalline material showed, comparably to C1, C=N stretch-
ing bands at 2261 and 2295 cm™' and likewise suggested
acetonitrile coordination (Figure S2, Supporting Information).
The molecular structure of C2 further supported this behavior
and revealed that nitrogen and sulfur atoms of L4 occupy the
equatorial positions with averaged Co—-Ny4 and Co-Sy4 dis-
tances of 2.02 and 2.24 A (Figure 1). Comparably to C1, two
acetonitrile molecules complete the octahedral coordination
sphere with averaged Co—Ncyscn distances of 2.24 A. How-
ever, solvent exchange from acetonitrile to methanol leads to
a significantly altered molecular structure of C2. While the
Co" ion still reveals an octahedral coordination sphere, the
solvent molecules, methanol, together with the nitrogen atoms
of L4 now occupy the equatorial positions with averaged Co—
0 and Co-Nj , distances of 2.15, respectively 2.11 A. Thus the
sulfur atoms of L4 occupy the axial positions with averaged
Co-S, 4 distances of 2.47 A, leading to a folded conformation
of the tetradentate ligand in the methanol derivative C2' (Fig-
ure 1, Figure S3, Supporting Information).

In order to determine whether the coordination environment
of Co' in the molecular structure also persists in solution, UV/
Vis/NIR spectra for C1, C2 and C2’ were recorded for both
solid and in solution (Figure 2). In general, for all complexes
the absorption band structure of the spectra in solution is com-
parable with those obtained from the solid complexes with
only minor shifts of the absorption bands. Likewise, spectra of
C1 and C2 reveal each two absorption maxima at 462 nm and
1012 nm for C1 as well as 486 and 926 nm for C2, respec-
tively, which is in line with a comparable molecular structure
for these complexes. Likewise, complex C2’ showed a broad
absorption band at 1030 nm and at 500 nm comparable with
those of the other Co' complexes supporting the octahedral
coordination in solution. The more complex band structure at
around 500 nm for C2' compared with those of C1 and C2 is
suggested to be a result of the altered coordination environ-
ment and ligand conformation in C2'. For both Co complexes
of L1 and L4, the magnetic moment was determined by the
Evans method to allow for conclusions about the spin state of
the metal center. For C1 in acetonitrile, a magnetic moment of

Her = 2.36 pp was determined, which indicates a spin S = 1/2
system. Thus, C1 features a low spin Co!! center in accordance
with previous reports on this complex.*®! For the Co" complex
comprising L4, however, a significantly higher magnetic mo-
ment of Py = 3.78 pug (C2) or ey = 4.16 pug (C2'), respec-
tively, was observed. In accordance with literature reports on
Co'" complexes, these values can be best explained with a high
spin Co™ compound.!! Consequently, introduction of sulfur
as donor atom into the ligand system has a direct influence on
the spin state of the metal center.
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Figure 2. UV/Vis/NIR spectra of Co'! complexes C1 (top), C2 (mid-
dle) and C2’ (bottom) in acetonitrile solutions (solid lines) and as solid
sample (dashed lines).

Cyclic Voltammetry

The Co complexes C1 and C2 were subsequently charac-
terized by cyclic voltammetry (CV) in dry acetonitrile with
0.1 M [(nBu)4N)](PFe) as supporting electrolyte in an argon
atmosphere (Figure 3). The CV of C1 reveals a quasi-revers-
ible redox process at £, = 0.09 V vs. Fc/Fc* for the Co™1
couple and two distinct one electron reduction waves at —1.98
and —2.21 V vs. Fc/Fc* for irreversible Co™ — Co! and Co!
— CoY reduction, which is in line with previously reported
electrochemical data for [Co™(L1)(CI)](Cl),.1?3! Contrary, re-
placement of the two nitrogen atoms by sulfur within the li-
gand scaffold leads to a facilitated reduction of Co™ — Col at
—1.5 V vs. Fc/Fc* and Co' — Co® at —=1.92 V vs. Fe/Fc* for C2
(Figure 3). Additionally, the reversible Co™™ couple is shifted
150 mV to more positive potential. While for C1 both re-
ductive signals in the cathodic region are irreversible, for C2
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the reduction of Co — Co' becomes reversible when the CV
scan is reversed at —1.7 V vs. Fc/Fc* displaying a E;, of
—1.5V vs. Fc/Fc* (Figure 3, dashed line).
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Figure 3. Cyclic voltammograms with various turning points of 1 mm
C1 (top) and C2 (bottom) in acetonitrile with 0.1 M [(nBu)4N](PF) at
100 mV-s.

Compared to the electrochemical measurements in pure
acetonitrile, C2 showed a completely different behavior in
acetonitrile/water mixtures (4 : 1) (Figure 4). Herein, the CV
still reveals two reductive waves. The signal previously as-
signed to the Co™ — Co! reduction, however, is shifted to a
slightly more negative potential of —1.57 V vs. Fc/Fc*, whereas
the Co' — Co® reduction is shifted 180 mV more positive to
—1.7 V vs. Fc/Fc* with a permanently irreversible Co! — Co!
couple. The slightly increased current at such negative values
further indicates the beginning of catalytic processes — most
likely water reduction to afford hydrogen. In comparison, the
CV of C1 in acetonitrile/water mixture, within the potential
window is completely featureless, except of the strong cata-
lytic current presumably due to hydrogen formation (Figure 4).

Since the Co™ complexes are known to act as catalysts for
the reduction of CO,, electrochemical studies in acetonitrile/
water mixtures of C1 and C2 were also performed in the pres-
ence of CO,. For this purpose, prior to the measurements the
electrolyte containing the corresponding Co complex was satu-
rated with CO, by purging the gas through the solution. In
case of C1, no significant change of the CV was obtained in
comparison to the measurement without CO,. CVs of C2, re-

504
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Figure 4. Cyclic voltammograms of 1 mm C1 (orange) and C2 (blue)
in acetonitrile/water (4:1) under argon (solid lines) and saturated with
CO, (dashed lines) with 0.1 M [(nBu)4N](PFs) at 100 mV-s~'.

corded in the presence of CO,, however, revealed a clearly
altered shape. In addition to a slight anodic shift of the
irreversible Co-centered reduction wave, an increased catalytic
current occurs upon the CO, purge. This behavior indicates
that C2 potentially catalyzes the hydrogen formation and CO,
reduction. Since this current increase is already observed at the
first reductive signal at —1.54 V vs. Fc/Fc™, it seems that the
Co'! intermediate acts as the catalytically active species.

CO, Reduction

In order to proof the nature of the formed products, con-
trolled potential coulometry was exemplarily performed with
C2 in the presence of CO, for 23 h at —1.92 V vs. Fc/Fc*. The
long-term measurement was performed in a one-compartment
cell using a three-electrode set-up with a glassy carbon work-
ing electrode, Ag wire as pseudo-reference and Pt wire as
counter electrode. After saturation of the electrolyte with CO,,
the cell was sealed for the time of the experiment. Within the
first 7 h, quantitative analyses of the headspace via GC-MS
were performed for the gaseous products in regular intervals
(Figure 5). After 23 h, the electrolyte was likewise examined
for additional soluble reduction products. While after one hour
electrolysis only CO was detected in low amounts, H, occurred
from the competing proton reduction with increasing amounts
with ongoing reaction time. While after 3 h, a CO : H, ratio of
3 : 1 was detected, this ratio decreased to 1.6 : 1 after 7 h. After
23 h electrolysis, proton reduction clearly dominates over CO,
reduction leading to a product ratio of 0.3 : 1 in favor of H,.
In addition, as a result of acetonitrile decomposition, ethylene
(165 ppm) and ethane (566 ppm) were observed in the head-
space of the reaction mixture and acetaldehyde (106 g'mL™!)
as well as ethanol (28 g'mol™!) were identified within the aque-
ous phase. Additionally, it should also be mentioned that dur-
ing the long-term measurements, the homogeneous catalyst C2
was deposited on the glassy carbon electrode, visible by the
formation of a solid on the electrode as well as a decolorization
of the electrolyte solution. In total, after 23 h long-term elec-
trolysis a total faradaic efficiency of 42.4% was achieved
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ignoring any potential electron transfer processes to the Co
complex and subsequent decomposition pathways itself.
Notably, these results reveal a comparable electrochemical be-

havior of C2 as was reported earlier for C1.125-31]
70
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Figure 5. Faradaic efficiencies (FE) for long-term electrolysis at
—1.92 V vs. Fc¢/Fc* of CO, saturated acetonitrile/water (4:1) mixtures
in presence of C2 as catalysts with [(nBuy)N](PFg) for 23 h. Note that
the formation of acetaldehyde, ethanol, C,Hg and C,H, stems from a
degradation of acetonitrile catalyzed by C2.

Proton Reduction

As shown by long-term electrolysis of C2 in CO, saturated
acetonitrile/water mixtures (4 : 1), the CO, reduction was sup-
pressed by proton reduction. This competing process leads to
a shift of the CO : H, ratio in favor of the hydrogen evolution.
This observation pointed our attention to the hydrogen evol-
ution reaction (HER) using C1 and C2. Thus, titration experi-
ments in acetonitrile were performed for C1 and C2 (1 mM)
in the presence of varying amounts of acetic acid. Addition of
each equivalent acetic acid caused for both C1 and C2 a con-
tinuous increase in the current of both reduction waves (Fig-
ure 6). Since the current increase is already observed for the
Co™ couple, it can be assumed that a Co' intermediate is re-
sponsible for the behavior observed. Furthermore, the anodic
potential shift of this reduction wave upon increasing the equi-
molar amount of acidic acid suggests protonation of this Co'
state. In the presence of an excess of acetic acid (0.1 M), proton
reduction using C1 is facilitated at overpotential of —1.53 V
vs. Fc/Fc* at 0.1 mA (Figure S4, Supporting Information).

In comparison, C2 enables HER at —1.57 V vs. Fc/Fc* at
-0.1 mA, 40 mV more negative potential, under otherwise
identical conditions. Notably, H, evolution in absence of any
Co'! catalyst takes place only at —1.98 V vs. Fc/Fc* at 0.1 mA
suggesting that the C1 and C2 are catalysts for the H, forma-
tion (Figure S4). Controlled potential coulometry experiments
were subsequently preformed in acetonitrile containing 0.1 M
acetic acid. The potential was set to —1.83 V vs. Fc/Fc* for C1
as well as for C2 for 5h and hydrogen amount quantified
hourly via online GC. While with C2 a constant faradaic effi-
ciency of about 50 % was observed, the faradaic efficiency of
complex C1 increased continuously from about 64 to 72 %
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Figure 6. Cyclic voltammograms of 1 mM C1 (top) and C2 (bottom)
with increasing equivalents of acetic acid (HOAc) in acetonitrile con-
taining 0.1 M [(nBu)4N](PFg) at 100 mV-s~'.

within five hours (Figure 7). Notably, the low faradaic effi-
ciencies observed suggest that side reactions take place that do
not result in the formation of H, and are not accommodated in
the displayed faradaic efficiency. However, the obtained data
suggeststhat Clismoreefficientincatalyzingthe HER atidentical
potentials than C2. Thus, the exchange of nitrogen to sulfur
within the cyclam-based ligand scaffold leads to a hampered
proton reduction under acidic conditions.

This behavior indicates that the secondary amines are an
essential structural feature for the HER. Mechanistic studies
on Co-based HER catalysts revealed that the reduction to
afford the catalytically active Co' or Co® species followed by
protonation to produce a metal-hydride, Co™-H or Co'-H, are
key steps within the catalysis.!'?!

Conclusions

In summary, we herein describe the synthesis and characteri-
zation of hitherto unprecedented S containing cobalt complex
C2 along with its performance in the electrocatalytic reduction
of protons and CO, in comparison to the literature known co-
balt complex C1. Notably, the incorporation of sulfur leads to
a high spin state in C2 rather than the observed low spin state
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Figure 7. Controlled potential coulometry experiments without cata-
lyst (blank) and with catalyst C1 (orange) and C2 (blue) in presence
of 0.1 M acetic acid in acetonitrile containing 0.1 M [(nBu),N](PFg)
and corresponding faradaic efficiencies for H, for both complexes.

of C1. The altered electronics lead to a facilitated ligand ex-
change in C2 visible by pronounced solvent exchange of meth-
anol vs. acetonitrile. While both complexes C1 and C2 allow
for the CO, reduction to afford CO at —1.92 V vs. Fc/Fc*.
However, H, formation is generally favored and thus
complexes C1 and C2 likewise enable the conversion of
protons to H,. However, in contrast to [Co(cyclam)]?*,
[Co(dithiacyclam)]** complexes are more prone to deposition/
decomposition on the working electrode. Thus, an overall low-
ered efficiency for [Co(dithiacyclam)]?* for the electrocatalytic
processes is observed in comparison to the [Co(cyclam)]**
congener.

Experimental Section

All reactions were performed in a dry Ar or N, atmosphere using
standard Schlenk techniques or by working in a glovebox. Starting
materials and chemicals were obtained from commercial suppliers and
used without further purification. Prior to their use, all solvents were
dried and degassed according to standard methods. 1,8-Dithiacyclam-
4,11-diazacyclotetradecane (dithiacyclam) L4 was synthesized accord-
ing to literature-known procedures.[*? Mass spectra were obtained
with a Bruker Daltonics Esquire 6000 instrument. IR spectra were re-
corded on a Bruker Tensor 27 FT-IR attached with a Pike Miracle ATR
unit and are reported in cm™!. UV/Vis/NIR spectra were recorded with
a Jasco V-670 at 25 °C. Caution! Perchlorate salts of metal complex
with organic ligands are potentially explosive. They should be handled
with care and prepared only in small quantities.

[Co(L1)(CH5CN),](Cl1O4), (C1):  Compound L1 (250 mg,
1.25 mmol) was dissolved in 3 mL acetonitrile and a solution of
Co(Cl04),*6H,0 (456 mg, 1.25 mmol) in 5 mL acetonitrile was added
dropwise. After the addition was completed, the reaction mixture was
stirred for 2 d at room temperature concomitant with a color change
to orange. Subsequently, the reaction mixture was filtered and reduced
to half of its original volume. Co complex C1 was then precipitated
as an orange solid by addition of diethyl ether. The formed solid was
filtered off and washed with cold diethyl ether as well as hexane. After
drying under vacuum, compound C1 was afforded as an orange solid
in 75 % (506 mg, 0.94 mmol) yield. Crystals could be obtained by slow
diffusion of diethyl ether into a concentrated acetonitrile solution of

C1. ESI-MS: caled. for [CioH,4CoN4+H]*: m/z = 260.1, and
[C1oHp4CoON+ClO4]*: m/z = 358.1; found: 258.1 and 357.9.
C,,H,,C1,CoN;sOg: calcd. C, 28.87; H, 5.45; N, 14.20%; found: C,
28.96; H, 5.01; N, 14.55%. IR (ATR) v = 3244, 2939, 2885, 2297,
2263, 1630, 1455, 1437, 1078, 1011, 931 cm™'. UV/Vis/NIR (CH;CN,
nm): 456, 1176.

[Co(L4)(CH3CN),I(C104), (C2):  Compound L4 (250 mg,
1.06 mmol) was suspended in 5 mL acetonitrile and a solution of
Co(ClO4),*6H,0 (390 mg, 1.06 mmol) in 5 mL acetonitrile was added
dropwise. After the addition was completed, the reaction mixture was
stirred for 2 days at room temperature. Within this time a pale pink
precipitate was formed. The precipitate was then filtered off and
washed with cold diethyl ether and hexane. After drying under
vacuum, the pink solid was recrystallized from an acetonitrile solution
layered with diethyl ether affording compound C2 (L = CH;CN) as a
pale rose solid in 85 % (520 mg, 0.9 mmol) yield. Single crystals could
be obtained by slow diffusion of diethyl ether into a concentrated
acetonitrile solution of C2. ESI-MS: calcd. for [C,oH,,CoN,S,+H]*:
292.1, and [C;oH,CoN,S,+Cl10,4]*: 392.0; found: 292.0 and 391.9.
C4H5C1,CoN4OgS5: caled. C, 29.28; H, 4.91; N, 9.76 %; found: C,
28.89; H, 5.11; N, 9.78%. IR (ATR) V = 3218, 2968, 2936, 2295,
2260, 1461, 1424, 1303, 1232, 1183, 1090, 982 cm™'. UV/Vis/NIR
(CH;CN, nm): 487, 1002.

[Co(L4)(CH30H),](Cl0y4), (C2'): Complex C2 was dissolved in
methanol and stirred for 30 min at room temperature. Removing the
solvent and repeating this procedure two times afforded C2’ as a rose
solid. Single crystals could be obtained by slow diffusion of diethyl
ether into a concentrated methanol solution of C2’. ESI-MS: calcd.
for [C;oH»,CoN,S,+H]*: 292.1, and [C;oH»,CoN,S,+ClO,4]*: 392.0;
found: 292.0 and 391.9. C,,H;,Cl,CoN,0O,,S,: caled. C, 25.91; H,
5.44; N, 5.04 %; found: C, 25.50; H, 5.46; N, 5.13%. IR (ATR) V =
3384, 3259, 2950, 2883, 1638, 1424, 1308, 1234, 1089, 1056, 999,
623 cm™'. UV/Vis/NIR (CH;0H, nm): 437, 490, 524, 566, 1030.

Electrochemistry: Electrochemical studies were performed using a
PalmSens3 or PalmSens4 potentiostat in a standard three-electrode set-
up. As working electrode (WE) a glassy carbon electrode, as counter
electrode (CE) a Pt wire and as pseudo-reference electrode (RE) an Ag
wire was used. Prior to its use, the working electrode was successively
polished and subsequently sonicated in deionized acetonitrile. Tetra-
butylammonium hexafluorophosphate [(nBu),N](PF4) 0.1 M was used
as conducting salt in all electrochemical measurements either in anhy-
drous acetonitrile or a mixture of acetonitrile/water (4:1). The electro-
chemical experiments were performed under dry Ar atmosphere in a
glovebox. All cyclic voltammograms were recorded at a scan rate of
100 mV-s™' and all pseudo-referenced potentials were referenced
against the ferrocene/ferrocenium couple (E;,, = 0.4 V vs. NHE).

Controlled potential coulometry for CO, reduction was performed in
a one-compartment cell in a glovebox using a standard three electrode
set-up with glassy carbon working electrode (WE), Pt wire as counter
(CE) and Ag wire as pseudo-reference electrode (RE). Acetonitrile/
water (4:1) mixture with 0.1 M [(nBu)4N](PFy) as electrolyte was satu-
rated with CO, prior the long-term experiment. Headspace gas compo-
sition and liquid phase composition were performed using a Shimadzu
GCMS-QP2020 system equipped with two capillary columns and a
MS detector. Gas separation was performed via hand injection using
a Carboxen 1010 PLOT fused silica capillary GC column (L X L.D.
30 m X 0.32 mm, average thickness 15 pm) and liquid phase separation
was performed via headspace analysis using a SH-Rtx-200ms fused
silica capillary GC column (L X I.D. 30 m X 0.25 mm, average thick-
ness | um). Helium was used as carrier gas. The following gaseous
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and liquid products/components were assayed via the GCMS system:
H,, 0,5, N5, CO, CH,, C,H,, C,Hg, methanol, ethanol, propanol, for-
mate/formic acid, acetate/acetic acid, propionate/propionic acid, acet-
aldehyde and propionaldehyde. Liquid samples were acidified with
concentrated sulfuric acid (10 : 1) before injection.

Controlled potential coulometry for HER was performed in a H-type
two-compartment cell under inert atmosphere separating anodic and
cathodic space by a Nafion membrane. A standard three-electrode set-
up was used with glassy carbon working electrode (WE), Pt mesh as
counter (CE) and Ag wire as pseudo-reference electrode (RE). As sol-
vent acetonitrile with 0.1 M [(nBu)4,N](PF¢) as electrolyte and acetic
acid 0.1 M was used. CPC was performed at defined potential and
afterwards referenced against the ferrocene/ferrocenium couple.
Hydrogen production was quantified in an online set-up using an Ag-
ilent Technologies 7820A gas chromatograph equipped with a thermal
conductivity detector (TCD) and a flame ionization detector (FID) as
well as a methanizer. Gas separation was performed using a two-col-
umn separation system (HP-PLOT Q 3 m X 0.53 mm X 40 pm column
and HP-Molesieves 5 A 30 m X 0.53 mm X 25 pm) using argon as car-
rier gas.

X-ray Data Collection and Structure Solution Refinement: Single
crystals suitable for X-ray diffraction experiments were analyzed either
using a Rigaku Oxford diffraction XtalLAB SuperNova equipped with
an Atlas CCD detector or a Rigaku Oxford diffraction XtaLAB Syn-
ergy-S with an HyPix-6000HE detector (Cu-K,, A = 1.54184 A for
both diffractometers). The crystals were handled in perfluorinated oil,
mounted onto fiber loops and cooled by a flow of cold nitrogen (Ox-
ford Cryostream) throughout the experiments. The obtained diffraction
data was analyzed using the CrysAlis™™ software package. Structure
solutions were computed using the programs ShelXS*3! (direct meth-
ods) or ShelXT*4! (intrinsic phasing) and were refined against F? using
ShelXL.1*31 Hydrogen atoms were added in calculated positions. The
program package OLEX? 146! served as graphical interface.

Supporting Information (see footnote on the first page of this article):
Supporting information contains IR spectra, molecular structures,
linear sweep voltammograms as well as crystal data and structure re-
finements.
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