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ABSTRACT

New cis-(1,2-azole)(aquo)bis(2,2'-bipyridyl)ruthenium(ll) [1,2-azole (az*H) = pzH (pyrazole),
dmpzH (3,5-dimethylpyrazole), indzH (indazole)] complexes are synthesized via chlorido
abstraction from cis-[Ru(bipy),Cl(az*H)]OTf. The latter are obtained from cis-[Ru(bipy),Cl,],
after subsequent coordination of the 1,2-azole. All the compounds are characterized by *H, C,
N NMR and by IR. Two chlorido complexes (pzH and indzH) and two aquo complexes (indzH
and dmpzH) are also characterized by X-Ray diffraction. Photophysical and electrochemical
studies have been carried out on all the complexes. The photophysical data support the
phosphorescence of the complexes. The electrochemical behavior in Ar atmosphere of all the
complexes indicates that the oxidation processes assigned to Ru(ll) = Ru(lll) occur at higher
potentials in the aquo complexes. The reduction processes under Ar leads to several waves,
indicating that the complexes undergo successive electron transfer reductions which are
centered in the bipy ligands. The first electron reduction is reversible. The electrochemical

behavior in CO, media is consistent with CO, electrocatalyzed reduction, where the values of



the catalytic activity [ic.:(CO,)/i,(Ar)] ranged from 2.9 to 10.8. Controlled potential electrolysis
for the chlorido and aquo complexes affords CO and formic acid, with the latter as the major
product after two hours. All the electrochemical data are compatible with a mechanism where
reductive deprotonation of the 1,2-azole ligand present in the five-coordinate complex
[Ru’(bipy),(az*H)] would afford the active species, able to initiate the catalytic cycle by
coordinating a CO, molecule to form the n'-CO, adduct (D) which starts the reduction process.
Photocatalytic experiments in MeCN with [Ru(bipy)s]Cl, as photosensitizer and TEOA as the
electron donor, irradiating with >300 nm light for 24 h led to CO and HCOOH as the main
reduction products, achieving a combined turnover number (TONco.: ncoo ) as high as 107 for 2¢

after 24 h of irradiation.

INTRODUCTION

Two of the most important global problems, i.e. the need for renewable energy sources and
the rising levels of atmospheric CO,, might be solved by accessing efficient and selective
catalytic reduction of CO,. Different molecular catalysts have been investigated over the past
years, generating an extensive catalog of metal complexes with electrochemical and/or
photochemical activity for CO, reduction.”® The electrochemical CO, reduction catalyzed by
cis-[Ru(bipy),(CO),]** and cis-[Ru(bipy),(CO)CI]" (bipy = 2,2’-bipyridine) was one of the first
systems reported, back in 1987.° Since then, a plethora of Ru(ll) catalysts have been described

in the context of CO, catalytic reduction.

The most extensively used system in this field is cis-[Ru(bipy),(CO)L]™ (L = H, CO,,

C(O)OH, or CO; and n = 1, 2)"° (A in chart 1). These catalysts were first introduced by Tanaka et

9,11-13 14-16
al.

and were then developed also by other research groups, such as those of Meyer,
Lehn,"”*® Fujita,’® and Ishida.?® These complexes are electrochemically active and readily react

with carbon dioxide to form formic acid and/or carbon monoxide.

Tanaka's group®' broadened lately the variety of compounds to those of the type
[Ru(tpy*)(bipy*)L]™ (tpy* = 2,2":6',2"- terpyridine or substituted derivatives; bipy* = bipy or
substituted derivatives; L = CO, MeCN, Cl; n =1, 2) (C in chart 1). These catalysts were further

investigated by Meyer,”** Fuijita,” Ott,”” and Angeles-Boza.” Related complexes where one



of the coordinating atoms in the bidentate ligand is not a nitrogen atom have been developed

by Masaoka®* and Miller®* (D in chart 1, where L = carbene or phosphine).

Chart 1. Ru(ll) complexes studied as catalysts for CO, reduction: based on "cis-Ru"(bipy)," fragments (A

and B, above), and based on Ru'"(tpy)(bipy) (C and D, below) (L = Ligand, S = solvent or labile ligand).

The system by far less explored results from the coordination of a N-donor
monodentate ligand into the "cis-Ru(bipy)," fragment, to give complexes of the type cis-
[Ru(bipy),LS]™, (L = N-donor monodentate ligand, S = solvent or labile ligand; n = 1, 2, B in
chart 1). This strategy would generate complexes like those containing the "Ru'(bipy)(tpy)"
moiety, but by easier and more straightforward synthetic procedures. Surprisingly, we have
been able to find only one precedent in the literature of complexes B in Chart 1, described by
J. Chen, who described complexes of the type cis-[Ru(bipy),LX], (X = H, formate,

dithioformate) and cis-[Ru(bipy),L(NCMe)]**, where L is a monodentate phosphine.*

This work reports a further contribution to this scarcely explored option, where the
chosen ligand L in B is a 1,2-azole ligand. One of the main aspects of interest of these ligands is

the presence of an acidic N-bound hydrogen. The role of acidic hydrogens in the "cis-

33,34
d,

Ru"(bipy)," moiety has been widely explore and some recent studies describe the role of

35-38

pH sensitive ligands, the complexes behaviour in anion recognition,**™ or their DNA

44,45

binding properties, to name but a few. However, there are very scarce reports on

complexes containing the bis(bipyridyl)ruthenium(ll) fragment with 1,2-azole ligands. The



landmark report of T. J. Meyer's group in 1979 on cis[Ru(bipy),(pzH),]** complexes and their
deprotonated derivatives,* has been recently revisited by Hirahara et al, who has reported the
role of the intramolecular hydrogen bonding in the monocationic deprotonated complex on
the photosubstitution reactions.”” The acid-base properties of [Ru(bipy),Cl(pzH)]*, and the
photoreactivity and biological studies of [Ru(bipy),Cl(pzH)]* have been also described.*®*
Therefore, we focused our interest on complexes of the type B in Chart 1 where Lis a 1,2-azole
ligand and study their physical and chemical properties. We hypothesize that the presence of
the 1,2-azole ligand will favor CO, activation given the ability of these ligands to hydrogen
bond. In addition, the use of 1,2-azole ligands will favor future tunability of the complexes in
both ground and excited states. We have shown how a systematic control of the electronic
and steric properties of other metal transition complexes containing 1,2-azoles and their

derivatives allows to tune properties of interest, such as their selectivity towards anions,

their luminescent properties,”> or their activity as electrocatalysts in CO, reduction.”®

Herein, we report the synthesis and a thorough characterization of new (1,2-azole)-
aquo bis(bipyridyl)ruthenium(ll) complexes. The complete characterization of the (1,2-azole)-
chlorido precursors is also herein described. The 1,2-azole derivatives used in this work are
pyrazole (pzH), indazole (indzH) and 3,5-dimethylpyrazole (dmpzH). The electrochemical
behavior of the complexes is studied, including the behavior of the complexes synthesized as
electrocatalysts for the reduction of CO,. This study also includes the characterization and
quantification of the products formed in the reduction of CO, catalyzed by these complexes
(CO vs. formic acid). We have also studied the photophysical behavior of all the complexes

obtained and their use as photocatalysts for the reduction of CO,.

RESULTS AND DISCUSSION

Synthesis and characterization of the complexes

All the complexes investigated in this work and their synthesis are collected in Scheme 1. A
panel of complexes with different substituents were synthesized in order to confirm the
synthetic method, and also to study the influence of the substituents on the electrocatalytic
reduction of CO,. The mixed (1,2-azole)-chlorido complexes cis-[Ru(bipy),Cl(az*H)]OTf (1) (az*

= pz, dmpz, indz, Scheme 1) and the (1,2-azole)-aguo complexes cis-



[Ru(bipy),(H,0)(az*H)](OTf), (2) are included in Scheme 1. The pzH (1a) and dmpzH (1c)

chlorido complexes had been previously reported by Jude et al.*® and the indzH (1b) complex

by Fonteles et al.*’, however, we herein describe a new synthetic procedure and report a

thorough characterization. Complex cis-[Ru(bipy),(indzH),](PFs), (3) is included here for

comparative purposes and was synthesized by the method described by Sullivan et al. for the

similar bis(pyrazole) complex.
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Scheme 1. Synthesis of the complexes herein described, and 1,2-azole derivatives used, showing the

numbering for NMR assignment

Chlorido complexes 1 are obtained from cis-[RuCl,(bipy),] by abstracting one of the

chlorido ligands with the stoichiometric amount of AgOTf, and subsequent addition of the 1,2-



azole. The abstraction of the second chlorido ligand in the presence of H,0 leads to the aquo

complexes 2a, 2b, and 2c.

The spectroscopic (*H, *C and >N NMR as well as FTIR) and analytical data support the
proposed geometries and are included in the Experimental section. Furthermore, complexes
1a, 1b, 2b and 2c were characterized by single-crystal X-ray diffraction studies (Figure 1). The
distances and angles (CCDC 2031192-2031195) are similar to those found in other 1,2-azole

ruthenium(ll) complexes®*>°

. In complexes 1a and 1b the N-bound hydrogens of the pzH or
indzH ligands are involved in hydrogen bonding with an oxygen atom of a OTf anion. The
distances and angles determined for 1a (H(6)---0(2) 2.269(9) A, N(6)--0(2) 2.961(10) A,
N(6)-H(6)--0(2) 123.2(4)°) and 1b (H(6)--O(4) 1.961(16) A, N(6)--0(4) 2.852(17) A,
N(6)-H(6)::-:O(4) 143.1(5)°) may be considered as “moderate” hydrogen bonds. Moreover, in
complexes 2b and 2c both hydrogens of the aquo ligands are involved in hydrogen bonding
with an oxygen atom of an OTf anion, and with the oxygen atom of a solvent molecule
(acetone in one cationic Ru complex in 2b, a molecule of water in the other Ru complex in 2b
and also a water molecule in 2c). The distances and angles detected for 2b (H(1A)---:O(16)
1.734(9) A, O(1)--0(16) 2.657(8) A, O(1)-H(1A)--O(16) 167.4(4)°; H(1B)--O(13) 1.828(5) A,
0(1)--0(13) 2.736(4) A, O(1)-H(1B)--0(13) 161.8(2)°; H(2A)--0(15) 1.739(9) A, 0(2)--0(15)
2.676(8) A, 0(2)-H(2A)---0(15) 176.8(5)° and H(2B)--0(3) 1.777(7) A, 0(2)---0(3) 2.711(6) A,
O(2)-H(2B)--:0(3) 173.0(3)° where O(3) and O(13) are triflate oxygens, O(15) belongs to a
water molecule and O(16) to acetone) and for 2¢ (H(7)--0(1) 1.757(7) A, O(7)---0O(1) 2.674(9) A,
O(7)-H(7)-+0(1) 164.7(4)°) and (H(7)--O(8) 1.884(5) A, O(7)--0(8) 2.693(6) A, O(7)-H(7)--0(8)

142.9(4)°) may be considered also as “moderate” hydrogen bonds.



Figure 1. Perspective views of cis-[Ru(bipy),Cl(pzH)]OTf, 1a, cis-[Ru(bipy),Cl(indzH)]OTf, 1b, cis-
[Ru(bipy),(H,0)(indzH)](OTf),, 2b (one of the molecules in the crystal), and cis-
[Ru(bipy),(H,0)(dmpzH)](OTf),, 2¢, showing the atom numbering. Thermal ellipsoids are drawn at 50%
probability. Hydrogen bonds only shown for 1a and 2c, for clarity. Complete data may be found in the
CIFs.

Electrochemical studies

Both the (1,2-azole)-chlorido complexes 1a, 1b, and 1c, as well as the (1,2-azole)-aquo
complexes 2a, 2b, and 2c, showed, by cyclic voltammetry, an electrochemical behavior
consistent with CO, activation, i.e. electrocatalyzed reduction (see the Supplementary
Information). As a representative example, the results registered for the complex cis-

[Ru(bipy),(H,0)(IndzH)](OTf), 2b, are shown in Figure 2. Black (Ar) and red (CO,) traces overlap



completely in the range —2.2V to 0.0V. Changing the atmosphere from Ar to CO, leads to a

large enhancement of the current at potentials below —2.2V.
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Figure 2. Cyclic voltammograms of 0.5 mM of cis-[Ru(bipy),(H,0)(indzH)](OTf), (2b) (glassy carbon
working electrode dish 3.0 mm diameter, dry MeCN, 0.1 M Bu,NPF¢) under Ar (black), and after bubbling
CO, (red).

The cyclic voltammetry of the chlorido complexes has been previously reported,
although the pyrazole and dimethylpyrazole complexes were referenced to SCE,*® whereas the
indazole complex was referenced to the AgCl/Ag electrode.* For this reason we have studied
again the electrochemistry of all the complexes in order to reference them to the redox pair
ferrocenium/ferrocene, following the IUPAC recommendations (Table 1).* In order to
understand the exact role of the 1,2-azole ligands in the electrocatalyzed reduction process,
the electrochemistry of complexes containing two 1,2-azoles, that is, cis-
[Ru(bipy),(indzH),](PFe), (3), and none, cis-[Ru(bipy),(NCMe),](PF¢), (4) was also studied. The

synthesis and electrochemistry under N, of the latter has been already described.”’

None of these previous electrochemical studies carried out on the (1,2-azole)-chlorido

complexes 1 or on the bis(acetonitrile) complex 4 described their behavior in CO, atmosphere.



icat(CO7)

The ratio iy (A7)

(Table 1) allows to compare the catalytic activity of the complexes, and the

values obtained for the 1.2-azole complexes range from 2.9 to 10.8 (2.1 for the
bis(acetonitrile) complex 4). A silver wire was used in the first scan as pseudo-reference
electrode, and then in the following scans the AgCl/Ag (3M NaCl) reference electrode was

used. Ferrocene was added as internal calibrant always in the last experimental measurement.

Table 1. Electrochemical data obtained by cyclic voltammetry in this study and referenced to

the redox system ferrocenium/ferrocene.?

Complex Observed Eof and El ¢ values.” ip(Ar)° i(CO,)° Ratio®
Anodic Cathodic scan icqt(€CO3)
scan i,(Ar)
Chlorido la  0.62° -2.05° -229° -2.90° 48 -223 4.6
complexes
1b 0.33° —-2.00° —-2.23° -2.87° —47 —-138 2.9
1c 0.33° -1.97° -2.19° -2.89° —42 -132 2.9
Aquo 2a  0.52° 204 -237° —2.99° 37 297 8.0
complexes
2b 0.54° -2.04% -2.30° -2.93° -34 -368 10.8
2c 0.58° -2.18° -2.38° -3.02° -29 —-188 6.5
3 0.73° -2.08° -2.32¢ -292 -3.00 -36 -179 5.0
4 1.06° -1.76° —-1.95° -2.60 —-62 -130 2.1

® The reduction potential mean value observed for Ferrocenium/Ferrocene (Fc'/Fc) used as internal
calibrant under the employed experimental conditions was E° = 0.443 + 0.005 V vs. the AgCl/Ag (3M
NaCl) electrode.

® Anodic or cathodic scan peaks observed under Ar unless stated otherwise.

© Maximum registered cathodic current (uA) under Ar, io(Ar), or under CO,, ic,t(CO,).

9Ratio between the Faradaic currents observed under Ar, ig(Ar), and under CO,, i.,t(CO).

€ Waves where both peaks i,,and i,.q were observed. Value of E,pis given in those cases.

For comparative and organizational purposes, in this section we discuss firstly the
electrochemical behavior of the (1,2-azole)-chlorido complexes 1, followed by the discussion of

the (1,2-azole)-aquo complexes 2, and finally that of cis-[Ru(bipy),L,]*" [L = indzH (3) or NCMe



(4)]. For each complex, the electrochemistry under Ar atmosphere is discussed previously to

the behavior under CO, atmosphere.

Electrochemical behavior of complexes 1

One reversible wave at 0.62V is detected for 1a under GC/acetonitrile (Figure S1) whereas 1b
and 1c display reversible waves at 0.33 V (Figures S3 and S7) (Table 1). These reversible

oxidations are assigned to the Ru"/Ru" oxidation, and occur at higher potentials than the

Ru"/Ru" oxidation of cis-[Ru(bipy),Cl,] (—0.06 vs Fc+/Fc).58'59 This is to be expected after the
substitution of the anionic, electron donating chlorido ligand by the neutral, m-accepting 1,2-
azole ligand, and the subsequent electrostatic effect of changing from neutral to cationic
complexes. However, explaining the difference of potential (ca. 0.3 V) between the pzH
complex 1a vs. the indzH and dmpzH complexes 1b and 1c might be related to the fact that
1,2-azoles are deprotonable ligands. In this case the oxidation of Ru(ll) might involve PCET
(proton coupled electron transfer) processes with concomitant potential shifts depending on

the coordinated ligand.®*®*

Scanning the chlorido complexes 1 to negative potentials under Ar (Table 1, Figures S2,
S4, S6 and S8), leads to several waves, indicating that the complexes undergo successive
electron transfer reductions. This electrochemical behaviour is similar to that shown by other
bis(bipyridine)ruthenium(ll) complexes, and has been previously attributed to reduction

processes centred at the bipyridine ligands.*>%%**

However, all the complexes herein
reported show a slight decrease (ca. 0.2-0.3 V) respect to the reduction potentials of
previously reported Ru(ll) complexes able to electrocatalyze CO, reduction.’" This slight
decrease is to be expected considering the fact that most of the previously reported
electrocatalysts Ru(ll) complexes contain CO ligand(s), which is more w-acceptor, what
facilitates reduction. In order to check the reversibility of these reductions, cyclic
voltammograms at different rates were performed for 1b (Figure S5). The experiment clearly

indicates that the first reduction is reversible (the 2nd and 3rd reductions in 1b seem to

overlap: compare Figures S4 and S5).

An intense enhancement of the cathodic current is observed when the same scan is

repeated under CO, atmosphere. For 1a (Figure S2), the maximum cathodic current under CO,

is found at —3.00 V (vs Fc+/Fc). At this potential, the ratio of the cathodic currents is

10



icat(COz)

i (AT = 4.6. For 1b and 1c (Figures S6 and S8 respectively), the maximum cathodic current
14

under CO, were found at —2.73V and —2.94V (vs Fc+/Fc) respectively. At these potentials, the

ratio of the cathodic currents is feat(€02) _ 2.9 in both cases. The different shapes of the waves

ip(AT)
associated to electrocatalytic reduction of CO, come from the competition at the electrode
surface between CO, consumption (related to the rate-determinant step of the catalytic cycle)

and the arrival of new substrate by diffusion.”

Electrochemical behavior of complexes 2

At positive potentials, the cyclic voltammograms of 2a (Figure S9), 2b (Figure S11) and 2c

(Figure S16) show reversible waves at 0.52V, 0.54V and 0.58V (vs Fc+/Fc) respectively, assigned
to the Ru"/Ru" oxidation. These oxidation potentials are higher than those of the respective
chlorido complexes, as expected after the substitution of the anionic, electron donating
chlorido ligand by the neutral, o-donating aquo ligand. Weak irreversible oxidations at slightly
higher potentials are detected for some of these complexes (more clearly for 2c, see Figure
$16). The presence of an aquo ligand and the high charge of the complexes after the Ru"/Ru"
oxidation might facilitate the deprotonation of the aquo ligand. However, no further
experiments were made to identify the species responsible for these weak waves, since these
processes occur during oxidation, whereas their catalytic activity is related to the reduction
processes. Complexes 1, 2, and 3 are stable in MeCN solutions when no potential is applied, as

confirmed by 'H NMR spectra in CD;CN even after 24 h at r.t.

Scanning to negative potentials under Ar (Figures S10, S12, S15, and S17) allows to
observe several waves, as the result of successive electron transfer reductions. Cyclic
voltammograms at different rates were performed for 2b (Figures S13 and S14) in order to
check the reversibility of these reductions. As for 1b, the results indicate again that the first
reduction is reversible. Again, intense enhancements of the cathodic currents are detected
when the same scan is carried out under CO, atmosphere. The maximum cathodic current

under CO, is found at —3.20V, —2.92V and —3.13V (vs Fc+/Fc) respectively for 2a, 2b, and 2c. At

icat(coz)

- is 8.0 for 2a, 10.8 for 2b and 6.5 for
ip(Ar)

this potential, the ratio of the cathodic currents

2c.

11



Electrochemical behavior of complexes 3 and 4

As indicated above, the dicationic complex cis-[Ru(bipy),(indzH),](PF¢), (3) was synthesized and
studied in order to determine the exact role of the 1,2-azole ligands in this electrocatalyzed

reduction process. The synthesis and electrochemistry of the similar bis(pyrazole) complex has

been already described.”* Compound 3 shows a reversible wave at 0.73V (vs Fc+/Fc)

corresponding with the Ru(ll)/Ru(lll) oxidation (Table 1, Figure S13). As reported for the similar

bis(pyrazole) complex,* a less intensive wave at 0.38V (vs Fc+/Fc) is also observed, which is
assigned to the oxidation of the deprotonated monocationic cis-[Ru(bipy),(indz)(indzH)]PFg
complex, formed in situ.®> As for complexes 1 and 2, scanning to negative potentials under Ar
(Table 1, Figures S19, and S22) leads to several waves, indicating that 3 undergoes successive
electron transfer reductions, attributed to reduction processes centered at the bipyridine
ligands, as indicated above. Again, the cyclic voltammograms at different rates performed for 3
(Figure S20) support that the first reduction is reversible. Finally, the electrochemical behavior

in CO, media (Table 1, Figure S21) is also consistent with CO, electrocatalyzed reduction,

lcar(CO2)

where the value of the catalytic activity : L AD) is 5, that is, a similar value to those obtained
p

for the complexes 1 and 2, which contain only one 1,2-azole ligand.

The electrochemical behavior in CO, of the bis(acetonitrile) complex 4 is herein
described, since it has not been previously reported. It is indicative of a very weak CO,

electrocatalyzed reduction (Table 1, Figure S22), with a value of the catalytic activity lcftg%)z)
P

of 2.1, that is, clearly below those obtained for the complexes 1, 2, and 3, which contain 1,2-

azole ligands.

Electrocatalysis voltammetry

The mechanism for the electrocatalytic reduction of CO, with complexes containing the "cis-
Ru"(bipy)," moiety is well established,"* and starts with a one-electron reduction followed
immediately by a second one-electron reductive dehalogenation, which affords a five-
coordinate species of the type [Ru’(bipy),L]. This neutral complex is the active species which
initiates the catalytic cycle by coordinating a CO, molecule to form the n'-CO, adduct required
to start the reduction process. In our case, the first reduction is always reversible, as indicated
above (Figures S5 for 1b, S13 and S14 for 2b, and S20 for 3), and the onset potential of the CO,

reduction always occurs after the second or with the third electron reduction process (see

12



Figure 2, as well as Figures S2, S6, S8, S10, S15, S17, and S21). We have found a precedent in
the literature where this situation occurs,®* and it is related to the presence of acidic OH
groups near the Ru(ll) centre. In that case, reductions of the complexes were irreversible due
to reductive deprotonation of the ligands. As the 1,2-azole ligands present in our complexes
contain also an acidic proton, a similar process might be herein proposed, where the third

reduction observed in the cyclic voltammograms occurs with a reductive deprotonation.

A second effect observed is the higher catalytic activity of the aquo complexes
compared to that of the chlorido complexes. This is to be expected, because of the higher
lability of the hard aquo ligand in comparison with the softer chlorido ligand when coordinated
to a soft metallic centre, such as Ru(ll). After the reduction observed in the voltammograms,
this effect should be even more pronounced, since reduction occurs with further softening of

the metallic centre.

A third important feature is the peak of the enhanced current at reduction potentials
reached by the complexes, which is ca. —3 V for all them, except for 1b and 1c, where the
plateau is reached at —2.7 V or —2.6 V (see Figures S2, S6, S8, S10, S15, S17, and S21), thus
improving the overpotential n.: parameter by 0.3 and 0.4 volts respectively. This is also
observed in Table 2, and it is supported by the experiment described in the next paragraph.
Finally, the presence of the 1,2-azole ligands in the electrocatalytic reduction of CO, seems to
be a determining factor, possibly helping to stabilize some of the intermediates active in the
catalytic cycle. It should be also pointed out that the onset potential of the CO, reduction in
the bis(acetonitrile) complex 4 occurs after the third electron reduction process (see Figure
S22), what suggest that the lower catalytic activity in this complex may occur by a different

mechanism.

Controlled potential electrolysis

To further evaluate the catalytic activity of the ruthenium complexes described in this work,
we performed controlled potential electrolysis (CPE) studies. CPE was carried out in CH3;CN
using a three-electrode set-up with a glassy carbon working electrode and at —2.7 V vs the
Fc'/Fc couple. The gaseous products, H, and CO, were then analyzed by sampling the
headspace of the electrolysis cell using gas chromatography. The determination of formic acid
was accomplished using *H NMR spectroscopy.® The results, compiled in Table 2, show that

the catalysts are selective towards the reduction of CO, over that of protons. Two products are

13



formed from CO,, formic acid and CO, the former being produced at higher yields than the
latter. The formation of formic acid may be due to the presence of adventitious water present
in the experiment, as reported by other groups.* No signals of free 1,2-azole were detected in
the '"H NMR spectra recorded after the CPE experiments, what is an indication of the high
stability of the complexes during the catalytic process. Just as observed in the cyclic
voltammetry experiments, the aquo complexes are more active and produced c.a. 20% more

product than their chloride counterparts.

Table 2. Faradaic efficiencies and turnover numbers (TON) for all complexes in acetonitrile
after CPE experiments with a reticulated vitreous carbon working electrode held at —2.7 V for 2
hours.

Catalyst FEat—-2.7 V° TON TOF® (h™)
H, CO HCOOH co HCOOH co HCOOH
1a <1%  31%  44% 2.6 5 13 2.5
1b 1%  34%  47% 3 5.1 15 2.5
1c <1%  30%  44% 2.9 5 15 25
2a <1%  32%  54% 3.4 6.1 1.7 3.1
2b <1%  35%  52% 3.8 5.9 1.9 2.9
2¢ <1%  29% = 48% 3.5 5.1 1.7 25
3 <1%  30%  49% 2.8 5.1 1.4 25
4 <1%  26%  39% 2.3 4.2 12 2.1

*potential V vs Fc/Fc'. "Determined from CPE.

With all these data in mind, a mechanism may be proposed in order to explain the
electrochemical catalysis, displayed in Scheme 2. The first reduction is assumed to occur at the
bipyridine ligands and is reversible giving A. The second reduction should occur with
elimination of the weaker ligand (chlorido in 1, aquo in 2, indzH in 3) affording the five-
coordinate complex [Ru’(bipy),(1,2-azole)], B. Reductive deprotonation of the 1,2-azole ligand
would afford C, which should be the active species, initiating the catalytic cycle by coordinating
a CO, molecule to form the n*-CO, adduct (D) which starts the reduction process. According to
the well established mechanism for the electrocatalytic reduction of CO, with complexes
containing the "cis-Ru"(bipy)," moiety, the protonation (in our case probably by the presence
of traces of water) with removal of a water molecule would give E. The cycle would finish with
decarbonilation of E coupled with a two-electron reduction, leading again to the initial active
species C. The formation of formic acid may be explained considering the protonation of C to
five the hydrido complex F, which would insert CO, to give the species with a formato ligand G.

The protonation of the latter would liberate formic acid, with concomitant two electron
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reduction leading again to C. The formation of formic acid through an hydrido intermediate

14,28,67
d.

has been previously supporte Therefore, the observed formation of CO or formic acid

depends on which path takes place from of the n'-CO, adduct D.

TJin-1)+

L=Cl,n=1(1)
L=H,0,n=2(2)
L =indzH,n=2(3)

Scheme 2. Mechanism proposed in order to explain the electrochemical catalysis of complexes 1, 2, and

3.
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Photophysical studies.

The absorption and emission spectral data for complexes 1 and 2 are summarized in Table 3
and Table 4. Complexes 3 and 4 did not show any luminescent behavior. The absorption
spectral data of the pzH (1a) and dmpzH (1c) chlorido complexes had been previously reported
by Jude et al.,* and the indzH (1b) complex was characterized by Fonteles et al.*® However, we
have measured again all of them under the same conditions in order to compare the results
with those of the (1,2-azole)-aquo complexes 2. The absorption and emission spectra (those of
2a are shown in Figure 3), as well as the wavelengths maxima detected in different deaerated
solvents at 298 K are collected in the supporting information (Figure S23). The spectra show
absorption profiles similar to previously reported complexes of this type.*®>® All the complexes
display intense absorption bands in the 250-300 nm region which may be attributed to
m(L)->m*(L) IL, and lower energy broad bands above 300 nm, corresponding to dm(Ru)->m*(L)
MLCT. The low energy band of all the complexes are blue shifted when the chlorido ligand is
substituted by the aquo ligand. These blue shifts are originated by electronic effects induced
by the substitution of the anionic, electron donating chlorido ligand by the neutral, o-donating

aquo ligand.

Normalized Absorption
fISUBIU UOISSILT paZIBULION
Mormalized Absorption
fysusiu| UoIssILT peziEULICN
Normalized Absorption
fISUBIU UOISSILT paZIBULION

250 300 350 400 450 500 550 600 650 VOO 250 300 350 400 450 500 550 600 650 70O 350 400 450 500 550 600 850 700
Wavelength (nm} Wavelength (nm) Wavelength (nm}

Figure 3. Normalized UV/vis absorption (black) and emission (blue, L., = 420 nm) spectra at 298 K, in

optically dilute solutions of 2a in MeCN (left), THF (center), and acetone (right).

The emission spectra show one unstructured broad band, which are solvent-
dependent (around 20 nm shifts for all the complexes). The intensities in the emission spectra
show a dramatic increase in deaerated solutions compared to those prepared without
exclusion of air, with no variation in the emission maxima (Figure S24). These results, along
with luminescent emission lifetimes (see below), are characteristic features of >MLCT

phosphorescent emissions.®®*°
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Table 3. Absorption and emission data of complexes in MeCN.

Absorption Emission
Comp Anm Aeme
(8 X 10—3 M—lcm—l) [Aexcit - 420
nm]
1la 237 (19.9), 287 (49.5), 341 (7.3), 477 (7.3) 625
1b 236 (24.1), 287 (54.9), 338 (8.1), 476 (8.3) 646
1c 236 (23.5), 287 (55.8), 341 (8.6), 473 (8.5) 640
2a 237 (18.3), 282 (43.1), 339 (5.4), 364 (5.5), 444 (7.1) 624
2b 232 (21.8), 281 (48.9), 333 (5.9), 373 (8.1), 411 (9.2), 429 (9.0) 621
2c 236 (19.4), 283 (43.9), 342 (6.5), 358 (6.4), 455 (6.9) 638
Table 4. Emission data of complexes in different solvents.
Emission
Comp Solvent @ x1072 t/ns xz k,/10*s™ k,/10*s™
1a THF 1.41 46.1 1.01 30.6 2138.6
1b MeCN 0.15 42.1 1.30 3.6 2371.7
1c MeCN 0.92 178.5 1.18 5.2 555.1
2a THF 2.23 37.3 1.08 59.8 2621.2
2b THF 1.33 64.9 1.05 20.5 1520.3
2c MeCN 1.01 144.9 1.11 7.0 683.2

As the solvent does not affect the quantum yields and the luminescent emission
lifetimes, they have been measured in different solvents depending on their solubility (Table
4). Both are similar to those reported for other bis(bipyridine)ruthenium(ll) complexes.”® The
comparison among the quantum yields of (1,2-azole)-aquo complexes 2 with the (1,2-azole)-
chlorido complexes 1 leads to significant variations, showing that complexes 2 have higher
quantum vyield in all the cases. A reviewer points out the higher values of the luminescent
emission lifetimes for complexes 1c and 2c compared to the rest. Unfortunately, we are unable
to find an straightforward explanation for this feature. The radiative and non-radiative rate-
constants 1c and 2c are shorter than those for the other complexes, what is also in accordance
with their lesser values of quantum vyields. The data obtained for all complexes are well
described by single-exponential decays, as indicated by the quality-of-fit x2 ranged in 1.01 -

1.30, close to the ideal value of 1.
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Photocatalytic experiments

The complexes herein described are both catalyst for CO, reduction and luminescent,
therefore, we decided to explore their activity as photocatalysts. However, the results of the
experiments carried out with these complexes as both the photocatalyst and photosensitizer
were unsatisfactory. Therefore, we decided to explore their photocatalytic activity in the
presence of [Ru(bipy)s]**. The photocatalytic CO, reduction experiments were carried out in a
CO, saturated CH;CN-TEOA (5:1 v/v) solution containing a mixture of catalyst and [Ru(bipy)s]**
as the photosensitizer in a glass vial with a volume of 10 mL under continuous irradiation (light
intensity = 150 mW/cm?, 25 °C, A > 300 nm) (Table 5). To validate the photocatalytic data,
various control experiments under different experimental conditions were carried out under
irradiation with light. In the absence of [Ru(bipy);]**, catalyst or the sacrificial electron donor,
TEOA, only trace amounts of product or none was produced, indicating that all the three
components are necessary for efficient CO, activation. Formic acid produced was quantified

70
l.

using the protocol reported by Kubiak et a For all complexes, after 24 h, formic acid

production was 2-3 times that of CO formation.

Recently, a similar complex, [Ru(bipy),(CO),]**, was shown to produce formic acid over
CO under similar photocatalytic conditions using [Ru(bipy)s]** as a photosensitizer.”* When a
different photosensitizer, [Ir(ppy)s] (ppy = 2-phenylpyridine), was used the ratio of products
changed to favor CO formation, regardless of whether acetonitrile or DMF was used as a
solvent. All photocatalysts produced similar amounts of products, with TON for the production
of formic acid ranging from 48 to 76, whereas TON for CO formation varied from 12 to 31. It is
likely that more formate is produced under these reaction conditions since the presence of
traces of water can act as the source of protons. '"H NMR experiments show that mixing
complexes 1, 2, or 3 in CD3;CN solution with excess TEOA does not deprotonate the 1,2-azole.
However, the option that deprotonation by TEOA might occur in the reduced complexes can
not be completely discarded, even though the 1,2-azole ligand would be less acidic in these
conditions. Similarly to the electrocatalysis results, the aquo complexes are the best
photocatalysts under these reaction conditions. It is likely that for the photocatalysts
presented in this work the reaction conditions can be optimized for the production of either
CO or formic acid, as demonstrated by Rodrigues et al.,” thus, we will not speculate on the

influence of the ligands towards selectivity.
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Table 5. Photocatalytic experiments with Ru complexes (0.1mM) in a solvent mixture of
CH3CN-TEOA (5:1 v/v) with 1.6mM [Ru(bipy)s]Cl, as photosensitizer (PS) and TEOA as the
electron donor (ED). Two of the control experiments are shown in entries 7 and 8. Irradiation
with >300 nm light for 24 h, light intensity = 150 mW/cm?, 25 °C.

Entry Catalyst pS co CO HCOOH HCOOH H, D (%)
(umol) (TON) (umol) (TON) (umol) CO HCOOH

1 1a [Ru(bipy);]** 5.1 21 15 60 2 058 2.8
2 1b [Ru(bipy)s]* 4.4 18 16 66 4 0.68 1.8
3 1c [Ru(bipy);]** 5.8 23 13 56 3 056 2.3
4 2a [Ru(bipy)s]* 7.2 28 18 68 3 0.69 3.1
5 2b [Ru(bipy)s]** 5.6 23 17 70 2 075 2.1
6 2c [Ru(bipy)s]** 7.6 31 19 76 3 0.85 3.5
7 3 [Ru(bipy)s]** 4.5 18 16 66 3 058 3.1
8 4 [Ru(bipy)s]** 3.2 12 11 48 2 068 1.3
9 1a - <1 <2 <1 <1 <1 - -

10 1a°  [Ru(bipy)s]* - - - - - - .

Entry 10. TEOA was not added to the mixture.

CONCLUSIONS

A family of the scarcely explored complexes of the type [Ru"(bipy),LX], (L = N-donor
monodentate ligand; X = halido or labile ligand) are described (herein L is a 1,2-azole derivative
and X is Cl or H,0). Four of them have been crystallographically characterized. The complexes
show phosphorescent behaviour with quantum yields comparable to that of other
ruthenium(ll) complexes. The complexes efficiently reduce, both electrochemically and
photochemically, CO, into CO and formic acid. Formic acid is the major product in the
reactions. A plausible mechanism for this process is herein provided, where reductive
deprotonation of the 1,2-azole ligand present in the five-coordinate species [Ru’(bipy),(1,2-
azole)] would afford the active species. Among the metal complexes with electrochemical
and/or photochemical activity for CO, reduction, this is a very viable option, as they can be

easily synthesized and may allow a fine tuning of the electrochemical, luminescent and
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catalytic activity simply by using different 1,2-azoles (or other ligands) or by substituting the
chlorido or aquo ligand by different donors. Further studies in this direction are currently

underway.

EXPERIMENTAL SECTION

General remarks. All manipulations were performed under a N, atmosphere following
conventional Schlenk techniques. Solvents were purified according to standard procedures.
cis-[Ru(bipy),Cl,],>* was obtained as previously described by our group. All other reagents were
obtained from the usual commercial suppliers and used as received. Infrared spectra were
recorded in solid in a Bruker Tensor 27 FTIR. Standard abbreviations are used to indicate
intensity: w = weak, m = medium, s = strong, vs = very strong. NMR spectra were recorded on
500 MHz Agilent DD2 and 400 MHz Agilent MR instruments in the Laboratorio de Técnicas
Instrumentales (LTI), University of Valladolid, using (CD3),CO or (CD;),SO as solvents at room
temperature (r.t.). 'H, *C NMR and N NMR chemical shifts (8) are reported in parts per
million (ppm) and are referenced to tetramethylsilane (TMS, for 'H and *C NMR) or to
nitromethane (CHsNO,, for >N NMR), 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, m = multiplet. The full assignment of the "H NMR spectra was supported by
typical homonuclear "H-'H correlations such as COSY, TOCSY and NOESY experiments and the
assignment of C{'"H} and N NMR data was supported by HMBC and HSQC heteronuclear
experiments (Figure 4). Elemental analyses were performed on a Thermo Fisher Scientific EA

Flash 2000.

n+

L=Cl,n=1
L=H,0,n=2
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Figure 4. Numbering of bipy for NMR assignment.

cis-[Ru(bipy),Cl(pzH)]OTf, 1a. This complex was prepared by a modification of the method
previously described in the literature. Its synthesis and some spectroscopic data have been

previously reported.*®

AgOTf (0.256 g, 1.0 mmol) was added to a mixture of cis-[Ru(bipy),Cl,] (0.520 g, 1.0
mmol) in MeOH (40 mL), and the mixture was stirred at r.t. for 24 h in the absence of light. The
solution was filtered to remove solid AgCl. pzH (0.068 g, 1.0 mmol) was then added, and the
mixture was stirred at 40°C for 24 h. The solvent was then removed in vacuo to give a red
solid, which was washed with Et,0 (3 x 5 mL approximately), and dried in vacuo, yielding 0.579
g (87%). 'H NMR (500 MHz, Acetone-ds) &: 12.78 (s, NH pzH, 1 H), 9.99 (d, J = 1.1 Hz, H® bipy?,
1H),8.72 (d, J = 8.1 Hz, H® bipy? 1 H), 8.69 (d, J = 8.2 Hz, H® bipy*, 1 H), 8.65 (d, J = 8.2 Hz, H’
bipy®, 1 H), 8.60 (d, J = 8.1 Hz, H* bipy? 1 H), 8.27 (d, J = 5.4 Hz, H® bipy? 1 H), 8.16 (t, J= 7.9
Hz, H* bipy! and H* bipy? 2 H), 8.06 (d, J = 4.4 Hz, H® bipy®, 1 H), 8.03 — 7.96 (m, H® pzH and H*
bipy', 2 H), 7.94 (td, J = 7.9, 1.4 Hz, H* bipy?, 1 H), 7.83 (d, J = 5.1 Hz, H® bipy?, 1 H), 7.79 (ddd, J
=7.4,5.7,1.3 Hz, H* bipy*, 1 H), 7.69 (ddd, J = 7.4, 5.6, 1.3 Hz, H® bipy?, 1 H), 7.39 (ddd, J = 7.4,
5.7, 1.4 Hz, H® bipy', 1 H), 7.31 (ddd, J = 7.3, 5.7, 1.3 Hz, H® bipy?, 1 H), 6.66 (t, J = 1.8 Hz, H?
pzH, 1 H), 6.37 (dd, J = 2.3 Hz, H* pzH, 1 H). **C NMR (126 MHz, Acetone-dg) &: 160.01 (1C, C*
bipy'), 159.02 (1C, C? bipy?), 158.31 (1C, C* bipy?), 157.98 (1C, C* bipy"), 153.09 (1C, C° bipy"),
153.01 (1C, C¥ bipy'), 152.17 (1C, C° bipy?), 152.08 (1C, C® bipy?), 139.75 (1C, C* pzH), 136.25
(1C, C* bipy?), 136.02 (1C, C* bipy'), 135.88 (1C, C* bipy?), 135.58 (1C, C* bipy'), 131.58 (1C, C°
pzH), 126.79 (1C, C° bipy®), 126.60 (1C, C* bipy?), 126.37 (1C, C* bipy"), 125.94 (1C, C° bipy?),
123.72 (1€, C? bipy?), 123.31 (1C, C* bipy?), 123.2 (1C, C* bipy')7, 123.00 (1C, C* bipy?), 107.48
(1C, C* pzH). >N NMR (51 MHz, Acetone-dg) 6: —116.80 (1N, N* bipy?), —121.20 (1IN, N* bipy?),
—-121.66 (1N, N* pzH), —124.84 (1IN, N* bipy?), —127.13 (1N, N* bipy'), —172.33 (1N, N* pzH)). IR
(solid, cm™): 3598 w, 3529 w, 3250 m, 3108 w, 3076 w, 2288 w, 2189 w, 2165 w, 2141 w, 2113
w, 2051 w, 1981 w, 1625 w, 1602 m, 1562 w, 1520 w, 1483 w, 1463 s, 1444 5, 1419 s, 1348 W,
1257 vs, 1224 vs, 1148 vs, 1123 vs, 1055 m, 1029 vs, 968 w, 888 w, 857 w, 801 w, 761 vs, 730
vs, 659 m, 635 vs. Anal. Calcd for 1a-CH;CO CysHp3CIFsNgO4RUS: C, 44.03; H, 3.26; N, 11.85; S,
4.52. Found: C, 43.91; H, 3.05; N, 12.10; S, 4.62.
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cis-[Ru(bipy),Cl(indzH)]OTf, 1b. This complex was prepared by a modification of the method
previously described in the literature. Its synthesis and some spectroscopic data have been

previously reported.*

To a solution containing [Ru(bipy),CI(OTf)] (1.0 mmol) in MeOH (40 mL), obtained as
indicated for 1a, indzH (0.118 g, 1.0 mmol) was added, and the mixture was stirred at 50°C for
24 h. Work up as for 1a gave 1b as a red solid. Yield 0.630 g (88%). "H NMR (500 MHz, Acetone-
de) 6 12.83 (s, NH indzH, 1 H), 9.99 (d, J = 5.6 Hz, H® bipy", 1 H), 8.75 — 8.63 (m, H? bipy", H*
bipy* and H* bipy? 1 H), 8.61 (d, J = 8.2 Hz, H® bipy?, 1 H), 8.41 (d, J = 5.5 Hz, H® bipy?, 1 H),
8.18 — 8.05 (m, H* bipy?, H* bipy* and H® bipy*, 3 H), 8.00 (t, J = 7.9 Hz, H* bipy*, 1 H), 7.93 (t, J
= 7.9 Hz, H* bipy? 1 H), 7.82 (d, J = 5.6 Hz, H® bipy?, 1 H), 7.81 — 7.71 (m, H’ indzH, H> bipy’, 1
H), 7.62 (t, H® bipy? 1 H), 7.57 (d, J = 8.2 Hz, H* indzH, 1 H), 7.45 — 7.35 (m, H? indzH, H® indzH
and H’ bipy', 3 H), 7.32 (t, H® bipy?, 1 H), 7.13 (t, J = 7.6 Hz, H’ indzH, 1 H). *C NMR (126 MHz,
Acetone-dg) § 159.85 (1C, C? bipy?), 158.71 (1C, C? bipy?), 158.16 (1C, C* bipy?), 157.91 (1C, C*
bipy'), 153.10 (1C, C°® bipy"), 152.96 (1C, C°¥ bipy"), 152.28 (1C, C¥ bipy?), 152.00 (1C, C°® bipy?),
140.88 (1C, C"* indzH), 136.55 (1C, C* bipy"), 136.22 (1C, C* bipy?), 136.16 (1C, C* bipy?), 136.01
(1C, €% indzH), 135.89 (1C, C* bipy?), 127.60 (1C, C® indzH), 127.01 (1C, C° bipy?), 126.69 (1C, C*
bipy?), 126.46 (1C, C* bipy'), 126.03 (1C, C° bipy?), 123.94 (1C, C* bipy?), 123.82 (1C, C** indzH),
123.46 (1C, C? bipy?), 123.40 (1C, C¥ bipy?), 123.06 (1C, C* bipy?), 121.73 (1C, C’ indzH), 119.72
(1C, C*indzH), 110.27 (1C, C’ indzH). N NMR (51 MHz, Acetone-ds) 8: —117.96 (1N, N* bipy?),
—~122.63 (1N, N* bipy'), —125.19 (1IN, N* bipy?), —128.08 (1IN, N* bipy'), —132.97 (1IN, N* indzH),
—195.70 (1IN, N* indzH). IR (solid, cm™): 3496 w, 3265 w, 3108 w, 3074 w, 2973 w, 2873 w,
1739 w, 1624 w, 1603 w, 1566 w, 1508 w, 1485 m, 1462 m, 1445 m, 1421 m, 1378 w, 1354 w,
1313w, 1257 vs, 1234 s, 1221 vs, 1145 s, 1123 m, 1112 m, 1073 w, 1029 vs, 962 w, 901 w, 875
w, 830 w, 802 w, 755 vs, 729 vs, 659 w, 634 vs. Anal. Calcd for C,gH,,CIFsNgOsRuUS: C, 46.96; H,
3.10; N, 12.74; S, 4.48. Found: C, 46.40; H, 3.07; N, 12.42; S, 4.32.

cis-[Ru(bipy),Cl(dmpzH)]OTf, 1c. This complex was prepared by a modification of the method
previously described in the literature. Its synthesis by conventional methods and some

spectroscopic data have been previously reported.*®

To a solution containing [Ru(bipy),CI(OTf)] (1.0 mmol)in MeOH (40 mL), obtained as
indicated for 1a, dmpzH (0.111 g, 1.0 mmol) was added, and the mixture was stirred at 50°C
for 24 h. Work up as for 1a gave 1c as a red solid. Yield 0.583 g (84%). "H NMR (500 MHz,
Acetone-dg) 6 12.40 (s, NH dmpzH, 1 H), 10.03 (d, J = 5.6 Hz, HE bipyl, 1H),8.74 (d, J=8.2 Hz,
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H* bipy? 1 H), 8.67 (d, J = 9.1 Hz, H* bipy", 1 H), 8.60 (d, J = 8.2 Hz, H® bipy" and H° bipy?, 2 H),
8.56 (d, J = 4.2 Hz, H® bipy?, 1 H), 8.22 — 8.13 (m, H* bipy® and H* bipy', 2 H), 8.11 (d, J = 6.5 Hz,
H® bipy*, 1 H), 7.97 — 7.89 (m, H* bipy* and H* bipy? 2 H), 7.82 (ddd, J = 7.6, 5.7, 1.3 Hz, H*
bipy®, 1 H), 7.76 — 7.69 (m, H® bipy® and H° bipy?, 2 H), 7.33 — 7.25 (m, H® bipy* and H° bipy?, 2
H), 5.89 (d, J = 2.5 Hz, H* dmpzH, 1 H), 2.28 (s, CH5> dmpzH, 3 H), 1.31 (s, CH5> dmpzH, 3 H). °C
NMR (126 MHz, Acetone-ds) & 160.23 (1C, C* bipy?), 159.09 (1C, C* bipy?), 158.33 (1C, C* bipy?),
158.23 (1C, C* bipy?), 153.66 (1C, C® bipy'), 153.32 (1C, C* dmpzH), 153.08 (1C, C® bipy?),
152.79 (1C, C¥ bipy?), 152.11 (1C, C° bipy?), 141.35 (1C, C° dmpzH), 136.22 (1C, C* bipy?),
136.10 (2C, C* bipy* and C* bipy?), 135.33 (1C, C* bipy'), 126.61 (1C, C° bipy?), 126.38 (1C, C°
bipy?), 126.26 (1C, C* bipy'), 126.11 (1C, C* bipy?), 123.60 (1C, C* bipy?), 123.45 (1C, C* bipy?),
123.08 (1C, ¢ bipy?), 122.99 (1C, C? bipy?), 107.84 (1C, C* dmpzH), 11.83 (1C, CH;®> dmpzH),
9.78 (1C, CHs> dmpzH). >N NMR (51 MHz, Acetone-ds) 6: —117.30 (1IN, N* bipy?), —121.56 (1N,
NY bipy'), —125.19 (1N, N bipy?), —=126.75 (1N, N* bipy?), —163.15 (1N, N* dmpzH), —173.61
(1IN, N* dmpzH). IR (solid, cm™): 3302 m, 3078 w, 2287 w, 2051 w, 1981 w, 1602 w, 1570 m,
1461 m, 1444 m, 1420 m, 1373 w, 1255 vs, 1222 s, 1146 s, 1123 m, 1067 w, 1029 vs, 971 w,
895 w, 801 w, 785 w, 761 vs,728 s, 683 w, 658 w, 634 vs. Anal. Calcd for CysH,4CIFsNgOsRuUS: C,
44.99; H, 3.49; N, 12.11; S, 4.62. Found: C, 44.95; H, 3.46; N, 12.02; S, 4.60.

cis-[Ru(bipy),(H,0)(pzH)](OTf),, 2a. AgOTf (0.128 g, 0.5 mmol) and 500 pL of distillated water
were added to a solution of 1a (0.333 g, 0.5 mmol) in Me,CO (20 mL) and the mixture was
stirred at r.t. for 24 h in the absence of light. The solution was filtered to remove solid AgCl and
dried in vacuo. The red residue was crystallized in acetone/Et,0 at -20°C, giving a red
microcrystalline solid, which was decanted, washed with Et,O (3 x 5 mL approximately), and
dried in vacuo, yielding 0.319 g (80%). "H NMR (500 MHz, Acetone-dg) & 9.51 (d, J = 5.5 Hz, H®
bipy*, 1 H), 8.77 (d, J = 8.2 Hz, H¥ bipy?, 1 H), 8.69 (d, J = 5.6 Hz, H® bipy?, 1 H), 8.65 (m, H*
bipy* and H? bipy?, 2 H), 8.54 (d, J = 8.1 Hz, H? bipy®, 1 H), 8.29 — 8.19 (m, H* bipy” and H* bipy’,
2 H), 8.03 — 7.96 (m, H* bipy® and H° bipy', 2 H), 7.96 — 7.87 (m, H* bipy", H® bipy?, H> bipy* and
H® pzH, 4 H), 7.78 (t, J = 6.6 Hz, H® bipy?, 1 H), 7.38 — 7.29 (m, H® bipy", H® bipy® and H? pzH, 3
H), 6.44 (s, H* pzH, 1 H). *C NMR (126 MHz, acetone) & 159.95 (1C, C* bipy®), 458.91 (1C, C*
bipy?), 158.30 (1C, C* bipy?), 157.58 (1C, C* bipy"), 154.14 (1C, C° bipy"), 153.24 (1C, C° bipy?),
153.08 (1C, C° bipy?), 151.47 (1C, C% bipy'), 141.26 (1C, C* pzH), 137.73 (1C, C* bipy'), 137.38
(1C, ¥ bipy?), 137.24 (1C, C* bipy?), 136.16 (1C, C* bipy"), 132.86 (1C, C° pzH), 127.31 (1C, C*
bipy?), 127.26 (1C, C* bipy?), 126.83 (1C, C° bipy?), 126.55 (1C, C° bipy?), 123.92 (1C, C* bipy?),
123.79 (1C, C bipy?), 123.61 (1C, C* bipy?), 123.52 (1C, C? bipy?), 107.47 (1C, C* pzH). *N NMR
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(51 MHz, Acetone-dg) 6: —124.77 (1N, N* bipy'), —126.10 (1N, N bipy?), —130.38 (1N, N bipy?),
—134.49 (1N, N* bipy?), —153.58 (1N, N? pzH), —174.07 (1N, N* pzH). IR (solid, cm™): 3251 m,
3113 m, 2324 w, 2164 w, 2113 w, 2051 w, 1981 w, 1605 m, 1529 w, 1486 m, 1467 m, 1426 m,
1358 w, 1314 vs, 1242 vs, 1155 vs, 1128 vs, 1064 w, 1050 m, 1028 vs, 970 m, 950 m, 909 m,
872 w, 759 vs, 730 vs, 661 w, 632 vs, 609 m. Anal. Calcd for 2a-H,0 C,sH,,FsNgO-RUS,: C, 36.81;
H, 2.97; N, 10.30; S, 7.86. Found: C, 36.77; H, 3.02; N, 9.73; S, 8.13.

cis-[Ru(bipy),(H,0)(indzH)](OTf),, 2b. The same procedure as for 2a, using 1b (0.358 g, 0.5
mmol) as starting material, gave 0.351 g (83%) of 2b as a red microcrystalline solid. *H NMR
(500 MHz, Acetone-dg) & 9.55 (d, J = 5.6 Hz, H® bipy®, 1 H), 8.82 — 8.76 (m, H® bipy? and H*
bipy?, 2 H), 8.66 (d, J = 8.2 Hz, H? bipy?, 1 H), 8.63 (d, J = 8.1 Hz, H* bipy', 1 H), 8.54 (d, J = 8.2
Hz, H® bipy®, 1 H), 8.26 (t, J = 8.4 Hz, H* bipy? 1 H), 8.20 (t, J = 7.5 Hz, H* bipy’, 1 H), 8.08 — 7.98
(m, H? indzH, H* bipy? and H® bipy*, 3 H), 7.98 — 7.87 (m, H* bipy*, H® bipy* and H® bipy*, 3 H),
7.73 (t, J = 7.3 Hz, H” bipy? 1 H), 7.66 (d, J = 8.3 Hz, H* indzH, 1 H), 7.56 (d, J = 8.6 Hz, H’ indzH,
1 H), 7.43 — 7.34 (m, H® indzH, H’ bipy" and H’ bipy?, 3 H), 7.16 (t, J = 8.0 Hz, H> indzH, 1 H). ©°C
NMR (126 MHz, acetone) & 159.83 (1C, C* bipy'), 158.72 (1C, C* bipy?), 158.20 (1C, C* bipy?),
157.49 (1C, C* bipy'), 154.20 (1C, C° bipy?), 153.27 (1C, C° bipy?), 152.94 (1C, C° bipy?), 151.50
(1C, C¥ bipy?), 141.79 (1C, C"* indzH), 137.92 (1C, C* bipy?), 137.63 (1C, C* bipy?), 137.49 (1C,
C? indzH), 137.20 (1C, C* bipy?), 136.44 (1C, C* bipy*), 128.00 (1C, C* bipy'), 127.44 (1C, C*
bipy"), 127.32 (1C, C* bipy?), 127.01 (1C, C’ bipy?), 126.65 (1C, C° IndzH), 124.00 (1C, C* bipy?),
123.91 (1C, C° bipy'), 123.68 (1C, C* bipy?), 123.58 (1C, C° bipy?), 123.34 (1C, C* indzH), 122.00
(1C, C° indzH), 119.96 (1C, C* indzH), 110.10 (1C, C” indzH). >N NMR (51 MHz, Acetone-dg) &:
—126.29 (1IN, N* bipy'), =126.95 (1IN, N* bipy?), —131.04 (1IN, N bipy?), —135.68 (1N, N* bipy"),
—135.93 (1N, N? indzH), —197.76 (1N, N* indzH). IR (solid, cm™): 3235 m, 3117 m, 2324 w, 2164
w, 2051 w, 1981 w, 1626 m, 1605 m, 1568 w, 1509 w, 1466 m, 1426 m, 1385 w, 1357 w, 1222
vs, 1162 vs, 1125 vs, 1067 m, 1025 vs, 965 m, 902 w, 854 w, 840 w, 800 w, 763 vs, 729 s, 661
w, 632 vs. Anal. Calcd for 2b-H,0 Cy9H,4FsNgO-RUS,: C, 40.23; H, 3.03; N, 9.71; S, 7.41. Found: C,
39.89; H, 2.83; N, 9.46; S, 7.68.

cis-[Ru(bipy),(H,0)(dmpzH)](OTf),, 2c. The same procedure as for 2a, using 1c (0.347 g, 0.5
mmol) as starting material, gave 0.310 g (78%) of 2c as a red microcrystalline solid. '"H NMR
(500 MHz, Acetone-dg) 8 9.71 (d, J = 5.3 Hz, H® bipy*, 1 H), 8.83 (m, H® bipy” and H* bipy?, 2 H),
8.69 (m, H* bipy* and H? bipy?, 2 H), 8.57 (d, J = 8.0 Hz, H* bipy*, 1 H), 8.29 (td, J = 8.0, 1.4 Hz,
H* bipy?, 1 H), 8.25 (td, J = 8.0, 1.4 Hz, H* bipy’, 1 H), 8.09 (d, J = 5.7 Hz, H® bipy’, 1 H), 8.01 (td,
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J=8.0, 1.4 Hz, H* bipy?, 1 H), 7.96 — 7.86 (m, H” bipy®, H® bipy” and H> bipy', 4 H), 7.82 (ddd, J =
7.4,5.6, 1.2 Hz, H bipy?, 1 H), 7.34 (ddd, J = 7.4, 5.7, 1.3 Hz, H® bipy?, 1 H), 7.28 (ddd, J = 7.3,
5.8, 1.3 Hz, H’ bipy', 1 H), 5.97 (s, H* dmpzH, 1 H), 2.26 (s, CHs®> dmpzH, 3 H), 1.48 (s, CH;>
dmpzH, 3 H). *C NMR (126 MHz, acetone) & 160.28 (1C, C* bipy®), 159.09 (1C, C* bipy?), 158.48
(1C, €% bipy?), 157.78 (1C, C* bipy?), 154.77 (1C, C° bipy?), 153.88 (2C, C° bipy” and C* dmpzH),
153.51 (1C, C°® bipy?®), 152.23 (1C, C¥ bipy'), 143.19 (1C, C> dmpzH), 137.80 (1C, C* bipy?d),
137.28 (2C, ¢* bipy" and C* bipy?), 135.94 (1C, C* bipy?), 127.25 (1C, C° bipy?), 127.04 (1C, C*
bipy"), 126.59 (1C, C* bipy?), 126.17 (1C, C° bipy'), 124.09 (1C, C* bipy?), 123.64 (1C, C* bipy"),
123.59 (1C, C° bipy'), 123.48 (1C, C° bipy?), 108.18 (1C, C* dmpzH), 12.56 (1C, CH;*> dmpzH),
9.89 (1C, CH5> dmpzH). >N NMR (51 MHz, Acetone-ds) 6: —124.96 (1N, N* bipy?), —126.46 (1N,
NY bipy?), —130.52 (1IN, N* bipy?), —132.89 (1N, N* bipy?), —164.13 (1N, N> dmpzH), —180.07
(1IN, N* dmpzH). IR (solid, cm™): 3340 m, 3116 w, 3084 w, 2324 w, 2164 w, 2051 w, 1981 w,
1605 m, 1574 m, 1486 w, 1466 m, 1447 m, 1425 m, 1382 w, 1251 vs, 1150 vs, 1029 vs, 799 w,
787 m, 761s, 729 s, 660 w, 631 vs. Anal. Calcd for 2c:H20 C,;H,6FsNsO-RUS,: C, 38.44; H, 3.35;
N, 9.96; S, 7.60. Found: C, 38.26; H, 3.25; N, 9.35; S, 8.09.

cis-[Ru(bipy),(indzH),](PFs),, 3. A mixture of cis-[Ru(bipy),Cl,]-2H,0 (0.107 g, 0.2 mmol), indzH
(0.052 g, 0.44 mmol) and H,0 (10 mL) was refluxed for 2.30 h. Then NH4PF; (0.326 g, 2 mmol)
was added and an orange precipitate appears. The precipitate was filtered off and washed
with Et,0 (3 x 5 mL approximately), and dried, yielding 0.167 g, 84%. ‘H RMN ((CD5),SO, r,t.)
8:13.10 (s, H' indzH, 2 H), 9.23 (d, J = 7 Hz, H® indzH, 2 H), 8.62 (d, H® indzH, 2H), 8.56 (d, J = 8
Hz, H® bipy, 2 H), 8.19 (m, H’ indzH and H® bipy, 4 H), 8.00 (m, H** bipy, 2 H), 7.92 (d, H? bipy, 2
H), 7.87 (m, H* indzH, 2 H), 7.66 (d, J = 7 Hz, H® indzH, 2 H ), 7.49 (m, H® bipy, 2 H), 7.38 (m, Hy
H* bipy, 4 H), 7.14 (m, H> bipy, 2 H). *C {"H} RMN ((CDs),SO, r.t.) &: 157.6 (2C, C** bipy),
157.03 (2C, C* bipy), 156.9 (2C, C"* indzH), 153.8 (2C, C’ indzH), 152.9 (2C, C° bipy), 142.3 (2C,
C* indzH), 138.7 (2C, C’ indzH), 138.4 (2C, C*bipy), 138.1 (2C, C* bipy), 128.2 (2C, C* bipy),
127.9 (2C, C’ bipy), 127.8 (2C, C® indzH), 124.2 (2C, C° bipy), 123.3 (2C, C* indzH), 122.2 (2C, C?
bipy), 120.5 (2C, C* indzH), 110.3 (2C, C* bipy). IR (cm™): 3642 w, 3573 w, 3431 w, 3126 w,
2323 w, 2163 w, 2139 w, 2111 w, 2050 w, 1980 w, 1938 w, 1627 m, 1603 m, 1510 w, 1466 m,
1444 s, 1423 m, 1385 w, 1359 s, 1326 w, 1313 w, 1274 m, 1244 w, 1223 w, 1153 w, 1129 w,
1076 w, 1026 w, 1004 w, 967 w, 942 w, 902 w, 826 vs, 758 vs, 731 vs, 660 w, 617 w. Anal.
Calcd for 3-4MeCN, CsHaoF12N12P5RuU: C, 45.23; H, 3.40; N, 15.61. Found: C, 45.69; H, 3.65; N,
15.23.
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Photophysical experiments. The solvents for spectroscopic studies were of spectroscopic
grade and used as received. Ultraviolet-visible (UV-Vis) and fluorescence spectra were
recorded in optically dilute solutions (from 1x10™ M to 5x10~ M), at room temperature with a
quartz cuvette (1 cmx1 cm), using a Hitachi U-3900 and an F-7000 Hitachi Fluorescence
spectrophotometers, respectively. Fluorescence decay lifetimes were measured in deaerated
solvents, using a time-correlated single photon counting instrument (FLS980 Series, Edinburgh
instruments) with a 405 nm pulsed LED (Edinburgh instruments, EPL-510) light source having a
50-500 ns. The absolute fluorescence quantum yields in each solvent were measured using the
integrating sphere accessory with a FLS980 Series Edinburgh instrument, wherein the solvent
was used as a reference. x° is a stadistic parameter which accounts for the quality of fit
between the observed and the model exponential decays (ideal value = 1). Tail fits and
numerical reconvolution were obtained by using FAST software package (Edinburgh

Instruments).

Electrochemical experiments. Electrochemical measurements were carried out with Dropsens
pStat 400 (range —4V to +4V, software DropView 8400 Version 2.2), or Dropsens Stat 300
(range —2V to +2V) or PalmSens 3 potentiostats (range —5V to +5V, software PSTrace4 Version
4.4.2). Unless otherwise stated CV’s were scanned at 200 mVs 7, in acetonitrile (5 ml), 0.1M n-
Bu,4PF¢ supporting electrolyte, purging with Ar or CO, at room temperature through a PTFE
tubing. Working electrodes were of glassy carbon (3 mm diameter). The auxiliary electrode
was a platinum wire. The reference electrodes used were Ag/AgCl (3M NaCl) MF-2052 BASi
(separated from the bulk solution by a “thirsty” Vycor™ frit) or a silver wire pseudo-reference
electrode. Ferrocene was added at the end of the experiments. The observed
ferrocenium/ferrocene couple was E;/, = 0.443+0.005 V vs. Ag/AgCl. Potential values measured
with the Ag wire are plenty of uncertainty and, at the end of the experiment, measures must

be carried out with the Ag/AgCl (3M NaCl) electrode.

The solubility of saturated CO, in acetonitrile has been reported to be 0.28M at
25°C.”>” Changing atmosphere from pure Ar to pure CO, or vice versa required bubbling with
the new gas for not less than five minutes. Lasting such time, the CV’s obtained were the same

than those obtained in the first scan under a specific atmosphere. Bubbling was kept during
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the interim between scans. During scan time the PTFE was risen and kept above the surface of

the solution to avoid agitation.

Controlled potential electrolysis. Controlled potential electrolysis (CPE) studies of the
complexes (ImM) were carried out in CH;CN with 0.1 M TBAPF; as the electrolyte and at —2.7V
vs the Fc'/Fc couple for 2 h using a model CHI6012D electrochemical workstation. CPE studies
were performed in a specialized three compartment cell using a three-electrode set-up which
consisting of a glassy carbon working electrode, a Ag/AgNO; reference electrode and a
platinum wire counter electrode. The solution was saturated with CO, (that had been dried by
passing through 5 A molecular sieves) for 30 minutes after which it was made airtight and then

CPE initiated.

Product analysis was accomplished according to the nature of the product, i.e. gas or
liquid. The gaseous products were then analyzed by sampling the headspace of the electrolysis
cell using a gas tight Hamilton 1001 SL SYR, syringe at the conclusion of electrochemical runs.
The analysis was achieved by a Shimadzu GC2014 gas chromatograph equipped with 60/80
CARBOXEN-1000 15’ x 1/8” SS (2.1 mm 1.D.) column. For the gaseous sample analysis, a 0.5 mL
sample of the gas was injected via the on-column injector by the gas tight Hamilton syringe.
The carrier gas used was helium. The determination of formic acid was accomplished using *H
NMR spectroscopy by a previously reported method.®® Briefly, to quantify the amount of
formic acid in the bulk electrolysis samples, a calibration curve for formic acid was prepared
using an internal standard of dimethyl sulfone in a solvent of D,0. Thereafter 150 uL of the
bulk electrolysis sample was extracted and subsequently mixed with 600 uL of dimethyl
sulfone in a solvent of D,0. The mixture was then sonicated for 1 minute and 400 pL placed in
an NMR tube and 'H NMR spectra subsequently recorded. The integration value(s) for the
peak at 8.5 ppm was recorded and with reference to the calibration curve previously

established, the formic acid generated in each sample was quantified.

Photocatalysis Procedure. A 20 ml vial containing 0.1mM catalyst and 1.6mM [Ru(bipy)s]** was
added a solvent mixture of CH;CN-TEOA (5:1 v/v) to afford a total volume of 10 ml.
Subsequently the vial was sealed with a rubber septum and the solution was bubbled with CO,
for 20 minutes. The CO, saturated solution was thereafter irradiated with a 150W EKE Kramer

scientific corporation modulamp, light source having a UV-cut filter (>300nm). After conclusion
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of the photochemical run the head space was sampled using a gas tight Hamilton 1001 SL SYR,
syringe. The head space gas analysis was then accomplished using a SHIMADZU GC2014 gas
chromatograph equipped with 60/80 CARBOXEN-1000 15’ x1/8” SS (2.1 mm 1.D.) column. The
guantum vyields (QY) of the evolution of HCOOH and CO by the complexes under study were

determined according to a previously established protocol.”

Crystal Structure Determination for Compounds 1a, 1b, 2b and 2c. Crystals were grown in
concentrated solutions of the complexes in methanol (for 1a and 1b) at -20 °C, or by slow
diffusion of Et,0 into concentrated solutions of the complexes in acetone (for 2b and 2c) 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 collection. 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 positions
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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