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DMSO ligands: electro- and photocatalysts for
CO, reductiont
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New 1,2-azolylamidino complexes fac-[RUCI(DMSO)s(NH=C(R)az*-x*N,N)]OTf [R = Me (2), Ph (3); az* =
pz (pyrazolyl, a), indz (indazolyl, b)] are synthesized via chloride abstraction from their corresponding pre-
cursors cis,fac-[RuCl,(DMSO)s(az*H)] (1) after subsequent base-catalyzed coupling of the appropriate
nitrile with the 1,2-azole previously coordinated. All the compounds are characterized by *H NMR, ¥3C
NMR and IR spectroscopy. Those derived from MeCN are also characterized by X-ray diffraction.
Electrochemical studies showed several reduction waves in the range of —1.5 to -3 V. The electro-
chemical behavior in CO, media is consistent with CO, electrocatalytic reduction. The catalytic activity
expressed as licat(CO,)/ip(Ar)] ranged from 1.7 to 3.7 for the 1,2-azolylamidino complexes at voltages of
ca. —2.7 to =3V vs. ferrocene/ferrocenium. Controlled potential electrolysis showed rapid decomposition
of the Ru catalysts. Photocatalytic CO, reduction experiments using compounds 1b, 2b and 3b carried
out in a CO,-saturated MeCN/TEOA (4:1 v/v) solution containing a mixture of the catalyst and [Ru
(bipy)s**
300 nm) show that compounds 1b, 2b and 3b allowed CO, reduction catalysis, producing CO and trace

as the photosensitizer under continuous irradiation (light intensity of 150 mW cm™2 at 25 °C, 1 >

amounts of formate. The combined turnover number for the production of formate and CO is ca. 100
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Introduction

Research on the catalytic reduction of CO, has been receiving
intense attention since it is a key component to a sustainable
future. A variety of transition metal complexes have been
reported to display electrochemical CO, reduction activities;
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tElectronic supplementary information (ESI) available: Cyclic voltammograms
of complexes 1-3, solution stability tests, TEM of 2b degradation products, turn-
over numbers for the production of H,, CO, and HCCOH at different times for
compounds 1b, 2b, and 3b, isotope labeling experiments for clarification of
carbon source of CO production, '"H NMR spectra of complexes 1-3. CCDC
2221963 and 2221964 crystal structures of complexes 2a and 2b. For ESI and
crystallographic data in CIF or other electronic format see DOI: https://doi.org/
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after 8 h and follows the order 1b < 2b ~ 3b.

however, novel catalytic systems are still required to cope with
the social dilemma of climate change." Ruthenium(i) com-
plexes are among those that are more studied, and in fact the
electrochemical CO, reductions catalyzed by cis[Ru
(bipy),(CO),]** (bipy = 2,2-bipyridine) and cis-{Ru(bipy),(CO)
CI]" were among the first systems reported, back in 1987.%
Since then, a plethora of Ru catalysts have been described in
the context of CO, electroreduction, most of them containing
two bipy ligands coordinated cis, or other polypyridine-type
ligands with similar geometries."> The use of mono(bipy)
complexes is limited to carbonyl complexes such as [Ru(N-N)
(CO),Cl,] (N-N = bipy or substituted bipy) or cationic deriva-
tives derived from the substitution of the chlorido ligands by
neutral ligands, and to their corresponding reduced Ru(0)
species.”

Reduction of carbon dioxide can also be achieved by photo-
chemical methods. The catalysts for these processes are
usually metal complexes with different accessible redox states
available in both the central metal and the ligands in order to
drive the multi-electron reduction process for CO, reduction.’
In the case of Ru(u), both bis(bipy)® and mono(bipy)’ com-
plexes have been widely studied as photocatalysts for CO,

This journal is © The Royal Society of Chemistry 2023
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reduction to give CO and/or formate, depending on the reac-
tion conditions.

The activity of the catalyst largely depends on the substitu-
ents of the ligands, which are key factors influencing both the
primary coordination sphere of the transition metal center
and the secondary coordination effects. The latter have been
taken into consideration only very recently, when the first
reports on the role of pendant groups that may lead to supra-
molecular arrangements have been described.® However, syn-
thetic methods for substituted bipy ligands are usually
difficult and/or tiresome, and thus the alternative of coupling
two monodentate ligands to afford a chelating diimine ligand
appears as a straightforward method in order to obtain N,N-
chelating ligands by accessible synthetic paths.’ 1,2-
Azolylamidino ligands fulfill these requirements, as they can
be easily obtained in situ by the coupling reaction of 1,2-azoles
and coordinated nitriles (Scheme 1). We have exploited this
reaction, ie. the metal-mediated coupling of 1,2-azoles and
nitriles, so that a wide range of new 1,2-azolylamidino com-
plexes can be thus easily obtained.'® The use of different 1,2-
azoles and nitriles provides the opportunity of controlling the
main features, electronic and steric, of the ligand. In particu-
lar, the electrochemical and luminescence properties of Re(i)
tricarbonyl and cis-bis(bipyridyl)Ru(u) complexes containing
1,2-azolylamidino ligands, as well as the photocatalytic behav-
iour of the latter, have been reported.'® The same reaction
using a nucleobase such as 1-methylcytosine instead of the
1,2-azole has been revealed to be a new method to incorporate
biologically relevant substrates into Re(1) tricarbonyl
complexes.'?

Another aspect of interest in the 1,2-azolylamidino ligands
lies in the presence of an acidic NH group, which allows
further significative reactivity, as it may be involved in nonco-
valent interactions. A relevant example is the ability of the fac-
[Re(CO);(Hdmpz)(HN=C(Me)dmpz-k*N,N)]" cation to bind
selectively with chloride anions by combining electrostatic
attraction and hydrogen bonding of the NH groups present.'®
A second exponent, this time on Mn(1), emerges from the use
of a somehow uncommon nitrile, such as dicyanamide, which
allowed a bimetallic Mn(1) complex containing a bridging tetra-
dentate bis(pyrazolylamidino) ligand to be obtained, where
the bromide anion plays a crucial role in its planarity, as
demonstrated by DFT calculations.'*

Herein, we report the synthesis and characterization of new
1,2-azolylamidino Ru(u) complexes. Their chlorido(1,2-azole)
precursors are also described. The 1,2-azoles used in this work
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Scheme 1 Synthesis of a 1,2-azolylamidino ligand from the (1,2-azole)
precursor containing a coordinated nitrile.
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are pyrazole (pzH) and indazole (indzH), whereas the nitriles
are acetonitrile (MeCN) and benzonitrile (PhCN). This allows
us to study easily obtained 1,2-azolylamidino ligands with
different electronic and steric properties. The behavior of the
complexes synthesized as electro- and photocatalysts for the
reduction of CO, is described.

Results and discussion
Synthesis and characterization of the complexes

The synthesis of the complexes described in this work is
depicted in Scheme 2. A panel of complexes with different sub-
stituents were synthesized in order to confirm the synthetic
method and to study the influence of the substituents on the
electrocatalytic reduction of CO,. Scheme 2 shows the mixed
chlorido(1,2-azole) complexes cis,fac-{[RuCl,(DMSO);(az*H)] (1)
(az* = pz, indz), which are precursors of the 1,2-azolylamidino
fac-[RuCl(DMSO);(NH=C(R)az*-k*N,N)]OTf (R = Me, Ph) com-
plexes, as a result of coupling a coordinated pyrazole (pzH) or
indazole (indzH) in 1 with acetonitrile (R = Me, 2) or benzo-
nitrile (R = Ph, 3) (Scheme 1). Complexes 1a and 1b had been
previously reported by Ferrer et al.'® and by Reisner et al.,'®
respectively. Herein, we report a new synthetic procedure and
its thorough characterization.

Chlorido(1,2-azole) complexes 1a and 1b were obtained by
substituting the O-coordinated DMSO ligand in the parent
complex cis-[RuCl,(DMSO),] by pyrazole or indazole, respect-
ively (Scheme 2). These synthetic methods have been improved
compared to those previously described in the literature. Thus,
the pyrazole complex (1a) is herein obtained at room tempera-
ture, whereas Ferrer et al'® used refluxing methanol.
Moreover, our reaction leading to the indazole complex 1b
lasts for one hour at room temperature, whereas Reisner
et al."® reported an overnight reaction. The 1,2-azolylamidino
complexes 2 and 3 were obtained by extracting with silver tri-
flate one of the chlorido ligands in the presence of the nitrile,

+
R R
\ O\\é/ |\,\> +R'CN \ OQé/ I\/\>
~
S, | Ny’ HAGSOCFs  —g | Ny
o” 'Ru H — o7 "R
s | -AgCI s |
[To ¢ [Tog H R
1a (pzH) 2a(pzH) R =Me
1b (indzH) 2b (indzH) R' = Me
3a(pzH) R =Ph
3b (indzH) R' = Ph

Scheme 2 Synthesis of the new complexes.
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followed by the coupling of nitrile and the 1,2-azole using
NaOH (aq.) as catalyst, as we have previously described.*

The spectroscopic data are straightforward and support the
proposed geometries (see the Experimental section).
Complexes 2a and 2b were also characterized by single-crystal
X-ray diffraction studies (Fig. 1). The distances and angles
(CCDC 2221963 and 22219647) are similar to those found in
other similar Ru(n) ligands.'” Thus, the C(4)-N(3) distances

Fig. 1 Perspective views of fac-[RUCI(DMSO)s(NH=C(Me)pz-x>N,N)]
(OTf), 2a (above), and fac-[RuCl(DMSO)s(NH=C(Me)indz-k®N,N)I(OTf),
2b (below), showing the atom numbering. Thermal ellipsoids are drawn
at 50% probability.
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(1.265(4) A and 1.279(4) A, respectively, for 2a and 2b) are
typical of C=N double bonds. In complexes 2a and 2b, the
N-bound hydrogens of the 1,2-azolylamidino ligands are
involved in hydrogen bonding with an oxygen atom of a triflate
anion. The distances and angles detected for 2a (H(3)---O(4)
2.050 A, N(3)---O(4) 2.885 A, N(3)—H(3)---O(4) 163.4°) and 2b
(H(3)---O(4) 2.006 A, N(3)--O(4) 2.840 A, N(3)-H(3)---O(4)
162.8°) may be considered as indicative of “moderate” hydro-
gen bonds.'®

Electrochemical studies

Table 1 gathers the observed potential values obtained from
cyclic voltammetry (CV) experiments, referenced to the redox
pair of ferrocenium/ferrocene, following the IUPAC recommen-
dations." An AgCl/Ag (3 M NaCl) reference electrode was used,
and ferrocene was added as internal calibrant always in the
last experimental measurement. All the measurements were
made in MeCN, once the stability of the complexes in this
solvent was confirmed by NMR.

On scanning to negative potentials under N,, all the com-
plexes display several waves, as the result of successive electron
transfer reductions. This is probably the result of pyrazolylami-
dino ligand reduction, which occurs in Ru"(bipy) systems,
which display one or several waves at negative potentials that
have always been assigned to bipy-based reductions.*”¥ When
the same scans were carried out under a CO, atmosphere, the
indazole complexes and the pyrazole complex 2a showed a
clear enhancement of the cathodic current (red lines in
Fig. S1, ESI}). This electrochemical behaviour is consistent
with CO, activation, ie. electrocatalyzed reduction. The
icat(CO,)/ip(N,) ratio allows comparing the electrochemical
activity of the complexes, with values ranging from 1.7 to 3.7
for the 1,2-azolylamidino complexes (Table 1). As a representa-
tive example, the results registered for the complex fac-[RuCl
(DMSO);(NH=C(Ph)indz-x’N,N)](OTf) (3b) are shown in
Fig. 2. Black (N,) and red (CO,) traces overlap completely in
the range of —1.25 to 0.0 V. Changing the atmosphere from N,
to CO, generates a great enhancement of the current at poten-
tials below —2.5 V. The rest of the experiments under the CO,

Table 1 Electrochemical data obtained by cyclic voltammetry in this study, in MeCN and Bu4PFs supporting electrolyte, and referenced to the

redox system of ferrocenium/ferrocene?

Complex Observed E,. values® (cathodic scan) ip(No)* (at Epc) icac(CO,)" (at Ep.) Ratio? %
2
1a —2.26, —3.00° 45.7 (—3.00) 79.4 (~3.10) 1.74
1b —2.20, —2.95 34.3 (-2.95) 68.3 (-2.83) 1.99
2a —2.11, -2.42, —3.0 27.7 (~3.00) 51.3 (=3.10) 1.85
2b -1.93, —2.60, —3.03 27.1 (-3.03) 73.5 (=2.88) 2.71
3a —2.10, —2,41, —2.93° 38.1 (-2.93) 65.0 (—3.10) 1.71
3b -1.93, —2.30,— 2.80 53.1 (~2.80) 195 (—2.88) 3.67

“The reduction potential mean value observed for ferrocenium/ferrocene (Fc'/Fc) used as an internal calibrant under the employed experimental
condltlons was E° = 0.443 + 0.005 V vs. the AgCl/Ag (3 M NaCl) electrode. ” Cathodic scan peaks observed under N, unless stated otherwise.

‘ Maximum reglstered cathodic current (pA) under Ny, i,(N,), or under CO,, icat(CO,) taken from the peak showing greatest enhancement with
CO, addition. ¢ Ratio between the faradaic currents observed under N,, ip(N,), or under CO,, ico¢(CO,).  Waves where both peaks iox and ireq were
observed. The value of E;, is given in those cases.

16976 | Dalton Trans., 2023, 52, 16974-16983 This journal is © The Royal Society of Chemistry 2023
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fac-[RuCl(dmso) (NH=C(Ph)indz-k"N,N)]OTf
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Fig. 2 Cyclic voltammograms of 0.5 mM fac-[RuCl(DMSO)s(NH=C(Ph)
indz-x®N,N)](OTf) (3b) (glassy carbon working electrode dish 3.0 mm
diameter, dry MeCN, 0.1 M BusNPFg) under N, (black) and after bubbling
CO5, (red).

atmosphere lead to different shapes of waves associated with
the electrocatalytic reduction of CO, due to the competition at
the electrode surface between CO, consumption (related to the
rate-determinining step of the catalytic cycle) and the arrival of
new substrate by diffusion.’

The catalytic activity of these complexes is supported by the
observed decrease of catalytic activity when the concentration
of CO, is progressively substituted by bubbling Ar (Fig. S13,
ESI) and by the dependence of the electrocatalytic reduction of
CO, on the scan rate (Fig. S2-4, ESI) and on the concentration
(Fig. S14, ESIY).

As indicated in the Introduction, there are no previous
reports on the catalytic activity on CO, reduction for complexes
structurally similar to those herein described. The closest ana-
logues might be mono(bipy)Ru(u) complexes containing two
carbonyls and two chlorido ligands, which have been used
both as electro- and photocatalysts for CO, reduction.”” The
icat(CO,)/ip(N,) ratios obtained for compounds 2 and 3
(between 1.71 and 3.67, see Table 1) are slightly below those
obtained by our group for cis-Ru(bipy), complexes and for fac-
Re(CO); complexes (between 2.1 and 10.8 and between 2.7 and
11.5, respectively).’>*' Although the reaction mechanism is
still being discussed after more than 20 years since the first
studies, there is a general consensus about the formation of
reduced species that would be highly active for the reduction
of CO,. These reduced species may contain Ru'-Ru' or Ru’-
Ru’ bonds for the less hindered diimine ligands or Ru-H
bonds for those containing sterically demanding
substituents.”” In our case, all the attempts to reduce chemi-
cally either 1,2-azole (1) or 1,2-azolylamidino (2, 3) complexes
led to decomposition. The possibility of Ru(0) nanoparticles
being active catalysts was tested in a separate experiment and
is discussed below.

This journal is © The Royal Society of Chemistry 2023
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In order to further evaluate the electrocatalytic activity, we
performed a sequence of experiments on the indz complexes
(1b, 2b, and 3b). We focused our study on these complexes
since they exhibit higher ic,¢(CO,)/i,(N,) ratios and less nega-
tive potentials for the first reduction by ca. 0.2 V, which we can
attribute to the lower energy © system on the indz fragment.
First, scan rate experiments were performed on each reduction
step in order to determine their redox behaviour (Fig. S2-54,
ESI}). These studies showed the general instability of these
complexes under catalytic conditions. Additional experiments
were run either in MeCN saturated with CI~ (TBACI, Fig. S6,
ESIT) or in DMSO (Table S1, ESIT) as solvent instead of MeCN.
In all cases, the CVs point to the formation of species that
show nonlinear responses to the scan rate experiments,
showing the generation of non-freely diffusing redox species,
which leads to the complexity seen in the CVs. All systems
exhibited no reversibility, likely due to the instability of the
species formed.

Controlled potential electrolysis (CPE) studies on indz com-
plexes 1b, 2b and 3b were also performed following a pro-
cedure previously described.?® The experiments, carried out in
MeCN using a three-electrode setup with a glassy carbon
working electrode, were run at a potential 0.2 V lower than the
electron addition, showing the greatest enhancement with the
addition of CO,, as previously determined by CV for each indz
complex. Each experiment was carried out for 6 h, while the
MeCN solutions were maintained under a CO, atmosphere
and stirred. Samples of the solutions were pulled and tested
with CV at 0 h, 2 h, 4 h, and 6 h (Fig. S7-S9, ESI}) under a CO,
atmosphere, bubbled with N, for 15 min, and the scans were
then repeated. The voltammograms indicate that the electro-
chemical activity is not lost as the reaction progresses. However,
an increase in current is detected under a N, atmosphere, indi-
cating that a non-catalytical species that is accepting electrons
is being formed (Fig. S7-S9, ESI}). After the 6 h CPE experi-
ment, Hg was added to the reaction mixture, which was then
stirred for 12 h more at r.t. Hg is known to bind to Ru nano-
particles from the solutions, removing them as active species.”>
No observable changes to the activity behaviour of the com-
plexes under CO, were detected after the addition of Hg,
suggesting that the activity of the complexes is not due to the
formation of nanoparticles. HPLC experiments were also per-
formed before and after the experiment outlined above
(Fig. S11, ESI{) in order to further probe the solution stability of
the indz family of complexes. The chromatograms taken at
254 nm indicate that the majority of each complex is degraded
to different degradation products by the end of the experiment.

In order to test the hypothesis that the rapid formation of
degradation products, including Ru(0) nanoparticles, could
have been on the electrode surface, CPE experiments were run
for 2 h, after which CV experiments were performed, first with
the electrode “as is”, and then after cleaning the electrode
with a low lint delicate task wipe saturated with dry MeCN
(Fig. S10, ESIt). These experiments clearly show that a catalyti-
cally active film forms on the surface of the electrode, likely
containing Ru(0) nanoparticles and possibly other Ru degra-

Dalton Trans., 2023, 52,16974-16983 | 16977



Open Access Article. Published on 07 November 2023. Downloaded on 4/15/2024 5:44:33 PM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

dation products. This might be the cause of the less efficient
catalytic abilities detected in the bulk-solution tests discussed
above since rapid decomposition of the Ru complexes at the
surface of the CPE electrode could be the cause behind their
lack of activity. This degradation process was also examined by
sonicating the working electrode with EtOH immediately after
the 2 h CPE experiment in order to remove any solid species
deposited on it. These EtOH mixtures were then drop-cast for
TEM samples. The TEM images show a variety of electron-rich
disordered clusters, thus supporting the hypothesis that Ru(0)
particles are deposited on the electrode (Fig. S12, ESIf).

Photocatalytic activity

Given the electrochemical instability of the complexes, we
turned our attention to the photocatalytic activity of these
complexes. Although some complexes can act as photocatalysts
and photosensitizers, this is not the case for 1b, 2b and 3b.
Most Ru-based photocatalysts require the assistance of photo-
sensitizers since their direct excitation leads to ligand dis-
sociation.”® Shown in Fig. 3 are the results of the photo-
catalytic CO, reduction experiments using compounds 1b, 2b
and 3b carried out in a CO,-saturated acetonitrile/triethanol-
amine (MeCN/TEOA, 4 :1 v/v) solution containing a mixture of
the catalyst and [Ru(bipy);]** as the photosensitizer in a glass
vial with a volume of 10 mL under continuous irradiation
(light intensity of 150 mW c¢cm ™ at 25 °C, 4 > 300 nm). To vali-
date the photocatalytic data, various control experiments were
carried out under different experimental conditions under
irradiation with light. In the absence of [Ru(bipy);]**, the cata-
lyst, or the sacrificial electron donor, TEOA, only a trace
amount or no amount of product was produced, indicating
that all three components are necessary for efficient CO, acti-
vation. The formic acid produced was quantified using the pro-

700
——1b-H
2
600
———2b-H
500 2
z
o
= 400 ——3b-H
~ 7
(2]
1]
(&)
S 300
g —= — 1b-CO
a
200
— — 2b-CO
100
— — 3b-CO

Time/h

Fig. 3 Turnover numbers for CO and H, evolved from 0.1 mM Ru com-
plexes, 1.6 mM [Ru(bipy)s]>* in a CO,-saturated MeCN-TEOA solution
(4 :1 v/v) irradiated by >300 nm visible light.
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Fig. 4 Numbering of pyrazole and indazole ligands for NMR

assignment.

tocol reported by Kubiak et al>* The results show that com-
pounds 1b, 2b and 3b are efficient CO, reduction catalysts
under the conditions used (Table S1, ESIt), although they also
produce larger quantities of dihydrogen and trace amounts of
formate.’ The source of protons is probably TEOA. The turn-
over number for the production of CO is ~100 after 8 h and
follows the order 1b > 2b =~ 3b. Other complexes of the type
trans(Cl)-[Ru(bipy*)(CO),Cl,] (where bipy* is a substituted
bipy) have shown TON from ca. 100 to ca. 3000.”

Due to the higher photochemical activity of these com-
plexes, a series of additional experiments were conducted,
trying to establish the stability of the catalysts and to further
understand the process. First, the possibility of the presence of
Ru(0) nanoparticles as the active catalysts in the solution was
tested by adding 3 equivalents of Hg to the reaction solutions,
and checking for changes in product formation. These experi-
ments (Fig. S7-S9, ESIt) did not show significative differences
with respect to those obtained with Hg-free solutions. This
result led to the conclusion that Ru(0) nanoparticles are not
active catalysts in this system.

The photochemical activity of 1b was also used to probe the
carbon source of the complexes by analyzing the product for-
mation of the CO, catalysis by running the photocatalysis with
a solution saturated with *CO, and analyzing the products by
gas chromatography (GC), as well as by mass spectrometry
coupled GC (Tables S4 and S5, ESI}). All the carbon monoxide
detected was in the form of *CO, showing that degradation of
the complexes is not a product source; in fact, the source of
CO for this reaction is the catalysis of CO, to CO by the
complexes.

Conclusions

Base-catalyzed coupling of a nitrile and a 1,2-azole previously
coordinated to Ru(u) DMSO complexes allows the synthesis of
new 1,2-azolylamidino complexes fac-[RuCl(DMSO);(NH=C(R)
az*k°N,N)]OTf (R = Me, Ph; az* = pz, indz) after chloride
abstraction. The 1,2-azolylamidino complexes and the parent
1,2-azole complexes are active both as electro- and photocata-
lysts for the reduction of CO,, as demonstrated by proof-of-
concept trials that led to the production of CO and trace
amounts of formate. These results open the door to new com-
plexes displaying this interesting behaviour since, so far, the
use of Ru(u) mono(bipy) complexes was limited to carbonyl
complexes of the type [Ru(bipy)(CO),X,]. The fact that 1,2-azo-
lylamidino ligands with different electronic and steric features

This journal is © The Royal Society of Chemistry 2023
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may be easily obtained in situ may encourage future develop-
ments in this area, given the decisive role of the presence of
substituents of the diimine ligand on the electrocatalytic
reduction of CO,.

Experimental section
General remarks

All manipulations were performed under an N, atmosphere
following conventional Schlenk techniques. Solvents were puri-
fied according to standard procedures. cis-[Ru(DMSO),Cl,]*°
was obtained as previously described. All other reagents were
obtained from the usual commercial suppliers and used as
received. Infrared spectra were recorded from solids using a
Bruker Tensor 27 FTIR. Standard abbreviations are used to
indicate intensity: vw = very weak, w = weak, m = medium, s =
strong, and vf = very strong. NMR spectra were recorded on
500 MHz Agilent DD2 and 400 MHz Agilent MR instruments
in the Laboratory of Instrumental Techniques (LTI) Research
Facilities, University of Valladolid, using CDCl; or (CD3),CO as
solvents at room temperature (r.t.). 'H and "*C NMR chemical
shifts (§) are reported in parts per million (ppm) and are refer-
enced to tetramethylsilane (TMS), using the residual solvent
peak as an internal reference. Coupling constants (J) are
reported in Hz. Standard abbreviations are used to indicate
multiplicity: s = singlet, d = doublet, ddd = doublet of doublet
of doublets, dt = doublet of triplets, t = triplet, and m = multi-
plet. The full assignment of the '"H NMR spectra was sup-
ported by typical homonuclear 'H-'H correlations such as
COSY, TOCSY and NOESY experiments and the assignment of
BC{'H} data was supported by HMBC and HSQC heteronuc-
lear experiments. Numbering of pyrazole and indazole ligands
for NMR assignments is shown in Fig. 4. Elemental analyses
were performed on a Thermo Fisher Scientific EA Flash 2000.
cis,fac-[RuCl,(DMSO);( pzH)], 1a. This complex was prepared
by a modification of the method previously described in the lit-
erature. Some spectroscopic data were also previously
reported.”® A mixture of cis-[RuCl,(DMSO0),] (0.097 g, 0.2 mmol)
and pzH (0.014 g, 0.2 mmol) in MeOH (10 mL) was stirred at r.t.
for 3 h. The clear yellow solution was left to stand at —20 °C,
giving a yellow microcrystalline solid, which was decanted,
washed with Et,O (2 x 5 mL approximately), and dried in vacuo,
yielding 0.070 g, 74%. "H NMR (500 MHz, (CD;),CO, r.t.) 6: 3.17
(s, 2Hcys DMSO, 6 H), 3.46 (s, 2Hcy; DMSO, 6 H), 3.52 (s,
2Hc3 DMSO, 6 H), 6.42 (t, ] = 2.3 Hz, H*, 1 H), 7.68 (d, ] = 2.3
Hz, H?, 1 H), 8.55 (d,J = 2.3 Hz, H’, 1 H), 13.98 (s, NH, 1 H). *C
{"H} NMR (126 MHz, (CD;),CO, r.t.) &: 45.6 (2C, 2Ccz DMSO),
46.8 (2C, 2Ccps DMSO), 47.4 (2C, 2Ccy; DMSO), 107.0 (CY),
130.5 (C*), 141.9 (C°). IR (cm™): 615 w, 675 m, 708 w, 719 w,
771 m, 816 d, 880 vw, 935 m, 951 m, 968 m, 981 m, 1011 vs,
1036 m, 1060 m, 1091 s, 1171 vw, 1359 w, 1408 m, 2838 w, 2918
w, 3122 w. Caled for CoCl,H,,N,05RuS;: C, 22.84; H, 4.65; N,
5.92; S, 20.30. Found: C, 22.88; H, 4.62; N, 5.77; S, 20.54.
cis,fac-[RuCl,(DMSO);(indzH)], 1b. This complex was pre-
pared by a modification of the method previously described in
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the literature. Some spectroscopic data were also previously
reported.”® A mixture of cisRuCl,(DMSO),] (0.097 g,
0.2 mmol) and indzH (0.024 g, 0.2 mmol) in MeOH (10 mL)
was stirred at r.t. for 1 h. The clear yellow solution was left to
stand at —20 °C, giving a yellow microcrystalline solid, which
was decanted, washed with Et,O (2 x 5 mL approximately), and
dried in vacuo, yielding 0.078 g, 74%. "H NMR (500 MHz,
(CD;),CO, r.t.) & 3.51 (s, 2Hcyz DMSO, 6 H), 3.50 (s, 2Hcy;
DMSO, 6 H), 3.21 (s, 2Hcyz DMSO, 6 H), 7.22 (ddd, J = 8.2, 6.9,
0.9 Hz, H°, 1 H), 7.47 (ddd, J = 8.1, 6.9, 1.1 Hz, H®, 1 H), 7.73
(dd,J = 8.1, 0.9 Hz, H’, 1 H), 7.85 (dd, J = 8.2, 1.1 Hz, H*, 1 H),
9.16-9.10 (m, H? 1 H), 14.12 (s, NH, 1 H). C{'H} NMR
(126 MHz, (CD;),CO, r.t.) &: 44.9 (2C, 2Cc3 DMSO), 46.1 (2C,
2Ccns DMSO), 46.5 (2C, 2Ccy; DMSO), 110.4(C7), 120.8 (CY),
121.5 (C°), 127.9 (C%), 128.2 (C”), 138.4 (C%), 140.4 (C**). IR
(em™): 3929 mw, 3238 w, 3133 w, 3028 w, 3013 w, 2922 W,
2324 w, 2286 w, 2164 w, 2149 w, 2113 w, 2051 w, 1981 w, 1933
w, 1797 w, 1700 w, 1626 m, 1585 w, 1509 m, 1483 w, 1446 m,
1412 m, 1380 m, 1359 m, 1307 m, 1287 m, 1270 m, 1253 w,
1218 w, 1193 m, 1148 w, 1084 vs, 1059 s, 1011 s, 973 m, 952 s,
920 m, 902 m, 863 w, 852 w, 781 w, 757 m, 749 m, 720 m,
678 m, 620 w. Caled for C;3,CL,H,,N,0,RuS;: C, 29.83; H, 4.59;
N, 5.35; S, 18.36. Found: C, 29.75; H, 4.61; N, 5.19; S, 18.43.
fac-[RuCl(DMSO);(NH=C(Me)pz-k°N,N)|(OTf), 2a. AgOTf
(0.051 g, 0.20 mmol) was added to a solution of 1a (0.095 g,
0.20 mmol) in MeCN (10 mL). 100 pL of aqueous 0.02 M
NaOH (0.002 mmol) was then added and the mixture was
stirred at r.t. for 12 h in the absence of light. The reaction
mixture was filtered to remove solid AgCl and dried in vacuo.
The solid was crystallized in MeCN/Et,O at —20 °C, giving a
colorless microcrystalline solid, which was decanted, washed
with Et,O (2 x 5 mL approximately), and dried in vacuo, yield-
ing 0.079 g, 63%. "H NMR (500 MHz, (CD;),CO, r.t.) &: 2.83 (s,
Hcys DMSO, 3 H), 3.02 (s, N—C(CHj;), 3 H), 3.19 (s, Heus
DMSO, 3 H), 3.39 (s, Hggs DMSO, 3 H), 3.55 (s, Heys DMSO, 3
H), 3.57 (s, Heys DMSO, 3 H), 3.61 (s, Hey; DMSO, 3 H), 6.94
(t,J = 2.5 Hz, H*, 1 H), 8.78 (d, J = 2.5 Hz, H, 1 H), 8.87 (d, J =
2.5 Hz, H>, 1 H), 11.00 (s, NH, 1 H). ">C{"H} NMR (126 MHz,
(CD,),CO, r.t.) &: 17.8 (N=C(CH;)), 44.6 (Ccpys DMSO), 45.2
(Ccus DMSO), 45.7 (Ccyz DMSO), 46.2 (Copz DMSO), 47.0
(Ccns DMSO0), 47.1 (Ceyyz DMSO), 111.0 (CY), 134.9 (C?), 148.7
(C”), 164.3 (N=C(CH3)). IR (cm™"): 633 s, 685 m, 724 w, 759 W,
779 m, 920 w, 939 m, 964 m, 977 m, 1021 vs, 1052 w, 1086 vs,
1107 s, 1107 m, 1152 m, 1173 m, 1229 s, 1244 m, 1279 w, 1411
w, 1656 m, 2923 w, 3005 w, 3102 w, 3205 w. Calcd for
C1,CIF;H,:N;0RuS,: C, 22.95; H, 3.98; N, 6.69; S, 20.40.
Found: C, 22.75; H, 3.91; N, 6.72; S, 20.55.
fac-[RuCl(DMSO);(NH=C(Me)indz-k°N,N)](OTf), 2b. AgOTf
(0.049 g, 0.19 mmol) was added to a solution of 1b (0.100 g,
0.19 mmol) in MeCN (10 mL) and the mixture was stirred at r.t.
for 12 h in the absence of light. The reaction mixture was fil-
tered to remove solid AgCl and dried in vacuo. The solid was
crystallized in MeCN/Et,O at —20 °C, giving a colorless micro-
crystalline solid, which was decanted, washed with Et,O (2 x
5 mL approximately), and dried in vacuo, yielding 0.801 g, 62%.
'H NMR (500 MHz, (CD;),CO, r.t.) &: 3.10 (s, Hcgz DMSO, 3 H),
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3.24 (s, Hers DMSO, 3 H), 3.33 (s, N—C(CHj), 3 H), 3.44 (s, Heps
DMSO, 3 H), 3.60 (s, 2 He; DMSO, 6 H), 3.65 (s, Hezs DMSO, 3
H), 7.61 (t, ] = 8.0 Hz, H® 1 H), 7.83 (t, ] = 8.0 Hz, H>, 1 H), 8.17
(d,J =8.2 Hz, H*, 1 H), 8.19 (d,/ = 8.2, H’, 1 H), 9.69 (s, H>, 1 H),
10.51 (s, NH, 1 H). ®C{"H} NMR (126 MHz, (CD;),CO, r.t.) &
20.5 (N—C(CH3)), 45.0-50.0 (6 C, Ccry3 DMSO), 112.9 (C*), 123.3
(C”), 125.3 (C%), 125.6 (C™¥), 131.3 (C°), 140 (C*?), 146.3 (C?),
165.0 (N—=C(CHj,)). IR (cm™): 3221 w, 3117 vw, 3022 w, 2971 vw,
1690 w, 1632 m, 1584 vw, 1511 w, 1484 m, 1468 w, 1428 m, 1409
w, 1356 w, 1316 w, 1276 s, 1249 vs, 1226 m, 1196 m, 1175 m,
1156 s, 1112 s, 1100 s, 1081 s, 1029 vs, 1019 vs, 977 m, 966 m,
943 w, 914 m, 864 w, 795 w, 756 s, 719 w, 683 m, 634 vs. Caled
for C;CIF;H,,N;0cRuS,: C, 28.34; H, 3.99; N, 6.20; S, 18.89.
Found: C, 28.45; H, 4.00; N, 6.39; S, 18.68.
fac-[RuCl(DMSO);(NH=C(Ph)pz-x°N,N)](OTf), 3a. AgOTf
(0.051 g, 0.2 mmol) was added to a solution of 1a (0.095 g,
0.2 mmol) in (CH;3),CO (10 mL). 100 pL of PhCN and 100 pL of
aqueous 0.02 M NaOH (0.002 mmol) were then added and the
mixture was stirred at r.t. for 24 h in the absence of light. The
reaction mixture was filtered to remove solid AgCl and dried in
vacuo. The solid was crystallized in (CH;),CO/Et,O at —20 °C,
giving a yellow microcrystalline solid, which was decanted,
washed with Et,0 (2 x 5 mL approximately), and dried in
vacuo, yielding 0.084 g, 61%. "H NMR (500 MHz, (CD;),CO, .
t.) 8: 3.31 (s, Hguz DMSO, 3 H), 3.34 (s, Heys DMSO, 3 H), 3.47
(s, Hegs DMSO, 3 H), 3.63 (s, Hcys DMSO, 3 H), 3.64 (s, Hows
DMSO, 3 H), 3.69 (s, Hcys DMSO, 3 H), 6.97 (dd, J = 3.2, 2.1
Hz, H* pz, 1 H), 7.59-8.04 (m, C¢H; Ph, 5 H), 8.45 (dd, J = 3.2,
0.6 Hz, H® pz, 1 H), 9.03 (dd, J = 2.1, 0.6 Hz, H® pz, 1 H), 11.21
(s, NH, 1 H). C{'H} NMR (126 MHz, (CD;),CO, r.t.) &: 44.6
(Ccrs DMSO), 45.2 (Ccys DMSO), 45.7 (Cons DMSO), 46.2
(Ccrs DMSO), 47.0 (Ceps DMSO), 47.1 (Ceps DMSO), 111.6
(C", 129.4-133.4 (5C, C Ph), 136.4 (C?), 149.7 (C°), 165.0 (N—=C
(Ph)), 166.0 (Cjpso Ph). IR (em™"): 3508 w, 3220 w, 3138 w, 3025
w, 2925 w, 2323 w, 2287 w, 2231 w, 2188 w, 2164 w, 2140 w,
2113 w, 2083 w, 2050 w, 1982 w, 1917 w, 1626 m, 1577 w, 1527
w, 1497 w, 1456 w, 1442 m, 1415 m, 1321 w, 1274 s, 1246 vs,
1224 s, 1156 s, 1079 s, 1027 vs, 973 m, 922 m, 896 m, 760 m,
724 w, 704 m, 684 m, 636 s. Calcd for C,,CIF;H,;N;OgRuUS,: C,
29.54; H, 3.94; N, 6.08; S, 18.56. Found: C, 29.62; H, 3.78; N,
6.01; S, 18.47.
fac-[RuCl(DMSO);(NH=C(Ph)indz-x°N,N)](OTf), 3b. AgOTf
(0.051 g, 0.2 mmol) was added to a solution of 1b (0.105 g,
0.2 mmol) in (CH;),CO (10 mL). 100 pL of PhCN was then
added and the mixture was stirred at r.t. for 24 h in the
absence of light. The reaction mixture was filtered to remove
solid AgCl and dried in vacuo. The solid was crystallized in
(CH3),CO/Et,0 at —20 °C, giving a yellow microcrystalline
solid, which was decanted, washed with Et,0 (2 x 5 mL
approximately), and dried in vacuo, yielding 0.093 g, 63%. 'H
NMR (500 MHz, (CD3),CO, r.t.) 8: 3.31 (s, Hcyz DMSO, 3 H),
3.34 (s, Heys DMSO, 3 H), 3.47 (s, Hoys DMSO, 3 H), 3.63
(s, Hegs DMSO, 3 H), 3.64 (s, Hcys DMSO, 3 H), 3.69 (s, Hows
DMSO, 3 H), 6.38 (dt, J = 8.5, 0.8 Hz, H® indz, 1 H), 7.46-7.94
(m, H* indz, H’ indz, C¢H; Ph, 7 H), 8.17 (dd, J = 8.5, 0.8 Hz,
H’ indz, 1 H), 9.80 (d, J = 0,8 Hz, H? indz, 1 H), 10.85 (s, NH,
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1 H). “c{'H} NMR (126 MHz, (CD;),CO, r.t) & 44.5
(Ccus DMSO), 45.2 (Ccoyz DMSO), 45.8 (Copz DMSO), 46.3
(Ccrs DMSO), 47.0 (Ccpys DMSO), 47.4 (Ccps DMSO), 112.2 (C°
indz), 122.7(C™), 123.2 (C” indz), 125.5-133.2 (7C, C*® indz, C
Ph), 140.7 (C*%), 147.7 (C® indz), 165.0 (N=C(Ph)), 166.0 (Cjpso
Ph). IR (cm™"): 3264 vw, 3080 vw, 3016 vw, 2964 vw, 1310 vw,
1288 vw, 1119 m, 1094 m, 1018 m, 974 m, 918 m, 713 vw, 677
w. Caled for C,;CIF;H,oN;06RUS,: C, 34.03; H, 3.94; N, 5.68; S,
17.31. Found: C, 33.92; H, 3.75; N, 5.44; S, 17.02.

Electrochemical experiments

Electrochemical experiments were performed by using a Model
6012D or 604E electrochemical analyzer from CH Instruments,
Inc. Cyclic voltammetry experiments were performed under
either N,(g) or Ar(g) and CO,(g) in a one-compartment cell
with a glassy carbon working electrode, a platinum wire
counter electrode and an Ag/Ag" (10 mM AgNO; in acetonitrile,
DMF or DMSO) reference electrode with ferrocene as an exter-
nal reference. The glassy carbon working electrode was
polished with 1.0 micron alumina powder, extensively rinsed
with deionized water, and then polished for 60 seconds with
0.05 micron alumina powder (CH Instruments). The electrode
was again rinsed with dry MeCN/DMF prior to all electro-
chemistry experiments. All experiments were performed by
using 0.1 M TBAPF; as the supporting electrolyte unless other-
wise specified, acetonitrile as the solvent, and with Ru com-
plexes at a concentration of 1.0 mM unless indicated
otherwise.

The solubility of saturated CO, in acetonitrile has been
reported to be 0.28 M at 25 °C.*® Changing the atmosphere
from pure N, (or Ar) to pure CO, or vice versa required bub-
bling with the new gas for no less than five minutes. Lasting
such time, the CVs obtained were the same as those obtained
in the first scan under a specific atmosphere. Bubbling was
maintained during the interim between scans. During the
scan time, the PTFE was raised and kept above the surface of
the solution to avoid agitation.

Controlled potential electrolysis

Controlled potential electrolysis (CPE) experiments were per-
formed by using a Model 6012D electrochemical analyzer from
CH Instruments, Inc. with 25 mL of an MeCN/TBAPF, solution
in a cell with a carbon-rod working electrode (~1.9 cm” sub-
mersed area), a silver-wire pseudoreference, and a platinum-
wire counter electrode separated from the solution using a
medium-porosity frit. Gas chromatography analysis of the
headspace was performed on an Agilent 7820 instrument
equipped with an HP-Molesieve column and a gas sampling
valve, as well as a thermal conductivity detector (TCD), stain-
less-steel column packed with molecular sieves (60/80 mesh),
and UHP He as the carrier gas (flow rate = 35 mL min™"). The
operating temperatures of the injection port, the oven/column,
and the detector were 100 °C, 80 °C, and 100 °C, respectively.
Calibration curves for carbon monoxide and hydrogen were
created by injecting known quantities of CO or H, into the
electrochemical cell and then sampling the headspace.

This journal is © The Royal Society of Chemistry 2023
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Photocatalysis procedure

Photochemical reactions were performed in a 20 mL reaction
vessel containing 10 mL of CO,-saturated MeCN-TEOA solu-
tion (4 : 1 v/v); the Ru catalyst was present in a concentration of
0.1 mM, whereas the initial concentration of the photosensiti-
zer, [Ru(bipy);]**, was 1.6 mM. The solution was irradiated by
>300 nm visible light. Analysis of the resulting compounds
was performed as described in the CPE section.

Crystal structure determination for compounds 2a and 2b

Crystals were grown by slow diffusion of Et,O into concen-
trated solutions of the complexes in MeCN (for 2a and 2b) at
—20 °C. Relevant crystallographic details can be found in the
CIF. A crystal was attached to a glass fiber and transferred to
an Agilent SuperNova diffractometer fitted with an Atlas CCD
detector. The crystals were kept at 293(2) K during data collec-
tion. Using Olex2,%” the structures were solved with the
ShelXT?® structure solution program and then the structures
were refined with the ShelXL* refinement package using least
squares minimization. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were set in calculated posi-
tions and refined as riding atoms, with a common thermal
parameter. All graphics were made with Olex2, and distances
and angles of hydrogen bonds were calculated with PARST>°
(normalized values).*!
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