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ABSTRACT

Cationic fac-[Re(CO)3(pz*H)(pypzH)]OTf (pz*H = pyrazole, pzH; 3,5-dimethylpyrazole, 

dmpzH; indazole, indzH; 3-(2-pyridyl)pyrazole, pypzH) were obtained from fac-

[ReBr(CO)3(pypzH)] by halide abstraction with AgOTf and subsequent addition of the 

corresponding pyrazole. Successive deprotonation with Na2CO3 and NaOH gave the neutral 

fac-[Re(CO)3(pz*H)(pypz)] and anionic Na{fac-[Re(CO)3(pz*)(pypz)]} complexes, 

respectively. The cationic, neutral complexes and fac-[Re(CO)3(pypz)2Na] were subjected to 

photophysical and electrochemical studies. They exhibit phosphorescent decays from a 

prevalently 3MLCT excited state with quantum yields (Φ) in the range between 0.03 and 0.58, 

and long lifetimes (τ from 220 to 869 ns). The electrochemical behavior in Ar atmosphere of 
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cationic and neutral complexes indicates that the oxidation processes assigned to ReI →ReII 

occurs at lower potentials for the neutral compared to cationic complexes. The reduction 

processes occur at the ligands and do not depend on the charge of the complexes. The 

electrochemical behavior in CO2 media is consistent with CO2 electrocatalyzed reduction, 

where the values of the catalytic activity [icat(CO2)/icat(Ar)] ranged from 2.7 to 11.5 

(compared to 8.1 for fac-[Re(CO)3Cl(bipy)] studied as a reference). These values are higher 

for indazole complexes and may be related to the acidity of the coordinated pyrazole.

INTRODUCTION

The first report on the photophysical properties of rhenium(I) tricarbonyl diimine complexes 

was described 45 years ago.1 Since then, this class of compounds has been very intensively 

studied, and many luminescent fac-[ReX(CO)3(N-N)] complexes have been reported, 

showing rich excited-state properties associated with their long-lived triplet metal-to-ligand 

charge transfer (3MLCT) excited state.2 The study of these photophysical properties has led to 

the development of diverse applications for this type of compounds, such as biomolecular 

agents,3 molecular sensors or photoswitches,4 light-emitting devices,5 photocatalysts for the 

reduction of CO2,6 or for the production of H2.
7

These applications are usually the result of an adequate tuning by varying the diimine 

ligand, the "sixth" ligand "X" (a halide or pseudo halide for neutral complexes, a neutral 

ligand for cationic complexes), or the solvent.2 An alternative and efficient strategy in order to 

induce systematic and tunable modifications in the donor/aceptor properties of the ligands 

emerges from the presence of either acidic hydrogens or protonatable sites. They allow 

reversible protonation/deprotonation processes in mild conditions, thus favoring smooth 

differences in the electron distributions of the ground and the excited states, and therefore 
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helping to adjust their photophysical properties.6c,8 However, there are scarce reports on the 

role of ligands able to undergo protonation/deprotonation processes on the chemical and 

physical properties of rhenium(I) tricarbonyl diimine complexes. The first report described 

the absorption and luminescent properties of several complexes containing carboxylic acid-

functionalized ligands.9 The use of diimine ligands bearing acidic phenol substituents,10 or 

imidazole groups,11 as well as reports on oxazolylidene or tetrazolate moieties as "sixth" 

ligand12 have also been described. There are also reports on the involvement of ligands with 

acidic hydrogens or protonatable sites in proton-coupled electron transfer (PCET) processes 

on photoexcited rhenium(I) tricarbonyl diimine complexes.13

Following our aim to design systems which allow a systematic control of both the 

electronic and steric properties of the ligands coordinated to the fac-[ReI(CO)3)] fragment,14 

we devised a family of complexes destinated to allow successive deprotonations in order to 

obtain cationic, neutral and anionic compounds with similar ligands but different electronic 

and steric properties. Herein we report the syntheses, photophysical, and electrochemical 

properties of cationic fac-[Re(CO)3(pz*H)(pypzH)]OTf (Scheme 1; pypzH = 2-pyridyl-3-

pyrazole; pz*H = pyrazole, pzH; 3,5-dimethylpyrazole, dmpzH; indazole, indzH; or pypzH), 

and of the complexes obtained after their sucessive deprotonations: neutral fac-

[Re(CO)3(pz*H)(pypz)] and anionic Na[fac-Re(CO)3(pz*)(pypz)] (Scheme 1). Their 

luminescence and their electrochemistry is herein described and compared to those of other 

complexes closely related which have been previously reported, such as the parent complex 

which contains a bromido and pypzH,15 or those containing bipy as diimine ligand and other 

pyrazolates as "sixth" ligand.16
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Scheme 1. Compounds herein described (pz*H = pzH, dmpzH, indzH, pypzH). 

As indicated above, one of the more attractive applications of this type of complexes is 

their role as catalysts for photochemical CO2 reduction, since it is related with probably the 

most important issue worldwide today, such as global warming and the shortage of fossil-fuel 

resources.6 Nowadays, it is widely accepted that the incorporation of a proton source in the 

substrate facilitates the catalytic process via intramolecular hydrogen bonding interactions, 

that may eventually alter the reaction products, and therefore allow to tune the selectivity of 

the reaction. Although the concept of local proton source was firstly applied in iron 

porphyrins,17 several recent reports describe reductions of CO2 catalyzed by rhenium(I) 

tricarbonyl diimine complexes with ligands containing different proton sources.18 This led us 

to explore the catalytic activity towards CO2 reduction of the complexes herein described.

DISCUSSION AND RESULTS

Syntheses and characterization of the complexes

The reaction of fac-[ReBr(CO)3(pypzH)] (1)19 with a slight excess of AgOTf (OTf = O3SCF3) 

leads to the precipitation of AgBr and to fac-[Re(OTf)(CO)3(pypzH)] (2), which results from 

the substitution of the bromido ligand by the more labile triflato (Scheme 2). The reaction 

occurs in THF, so the presence in solution of fac-[Re(THF)(CO)3(pypzH)](OTf) can not be 

discarded (see Experimental). The triflato (or THF) ligand is then substituted by different 
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5

pyrazoles (pzH, dmpzH, indzH, or pypzH), so cationic pyrazole complexes fac-

[Re(CO)3(pz*H)(pypzH)]OTf (3) (pz*H = pzH, 3a; dmpzH, 3b; indzH, 3c; pypzH, 3d) are 

obtained after 24 h at 40 ºC.
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Scheme 2: Syntheses of the complexes.

The NH protons of the pyrazole and of the pypzH ligands are acidic, so as one of them 

can be easily removed by treatment with Na2CO3. These reactions afford the neutral 

complexes fac-[Re(CO)3(pz*H)(pypz)] (4) (pz*H = pzH, 4a; dmpzH, 4b; indzH, 4c; pypzH, 

4d; Scheme 2). The proposal of a deprotonated pypz and a protonated pyrazole in complexes 

4a-d is based in the crystal structure of 4a (see below). However in solution this proton might 
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6

be delocalized among both nitrogen donor atoms of the pyrazolate and pypz groups, as 

discussed below.

Deprotonation of the remaining proton requires a stronger base, and the anionic 

complexes Na[fac-Re(CO)3(pz*)(pypz)] (5) (pz* = pz, 5a; dmpz, 5b; indz, 5c; pypz, 5d; 

Scheme 2) are obtained in solution after reaction of 4a-d with the equimolar amount of 

aqueous NaOH. Complex 5d had been previously synthesized by an alternative method, and 

was then completely characterized.19 All the attempts to isolate the rest of anionic complexes 

5a-c were unsuccessful, due to their high instability both in the solid state and in solution. The 

presence of an extra nitrogen donor atom in 5d (Figure 1) might explain the higher stability of 

this complex. In fact, similar manganese(I) complexes of formula [{fac-Mn(CO)3(μ2-pypz)(μ-

pypz)M}n] (M = Li, n =1; M = Na, K; n =2) could be also crystallographically 

characterized.19 Therefore, complexes 5a-c are herein characterized by 1H NMR and IR in 

solution after deprotonation of the corresponding cationic or neutral complexes 3a-c or 4a-c 

(see Experimental).
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Figure 1. Complexes Na[fac-Re(CO)3(pz*)(pypz)] (pz* = pz, 5a; dmpz, 5b; indz, 5c; pypz, 

5d).
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7

Complexes 3a, 3d, and 4a have been characterized crystallographically. The crystal 

structures are displayed in Figure 2, and distances and angles may be obtained from the cif 

(see Supplementary Information). As expected, rhenium shows an octahedral coordination in 

all the structures, and the distances and angles are similar to those found in the crystal 

structures of other pypzR rhenium(I) tricarbonyl complexes.20 The acidic proton of the 

pyrazolyl unit in the neutral complex 4a was localized in the pyrazole, and it is involved in 

hydrogen bonding with the deprotonated nitrogen of the pypz moiety (Figure 2, below, right). 

In the structures of the cationic complexes 3a and 3d, the N-bound hydrogens of the pyrazoles 

or pypzH ligands are also involved in hydrogen bonding with molecules of solvent present in 

the crystals or with the anion. The distances N-H⋯E (E = heteroatom), N ⋯E, and the angles 

N-H⋯E are in accordance with "weak" or "moderate" hydrogen bonds.21

The spectroscopic and analytical data are included in the Experimental Section and 

support the proposed geometries. The only acidic proton present in the neutral complexes 4a-

d is very probably involved in a fast exchange equilibrium between both basic nitrogen atoms 

in both pyrazolyl groups, as it could only be detected as a broad signal in the 1H NMR of 

dmpzH complex 4b (see Experimental), whereas it is too broad to be detected for the rest of 

neutral complexes. This fact might be related with the higher basicity of dmpz compared to 

the rest of pyrazolates herein employed,22 what might explain the larger energetic difference 

between the dmpzH-pypz and dmpz-pypzH tautomers compared to those where the rest of 

pyrazolyl groups are involved.
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Figure 2. Perspective views of 3a (above, left), 3d (above, right), and 4a (below). Thermal 

ellipsoids are drawn at 30% probability.

The protonation/deprotonation equilibria among the cationic (3a-d), neutral (4a-d) and 

anionic (5a-d) species revealed to be fast, since mixtures of them give always averaged 

spectra. The variation of the chemical shifts for mixtures containing different species was 

determined as a function of the amount of hydroxide anion added to a solution of 3b, what 

allowed to obtain successively 4b and 5b (Figure S1).

Photophysical studies

The main absorption and emission spectral data for complexes 3a-d, 4a-d, and 5d are 

summarized in Table 1. The absorption and emission spectra, as well as the wavelengths 
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detected in different solvents at 298 K are collected in Figure S2. All the complexes display 

intense absorption bands in the 250-300 nm region which may be attributed to π(L)→π*(L) 

IL, and low energy broad bands in the near UV region, above 300 nm, corresponding to 

dπ(Re)→π*(L) MLCT. The different nature of the absorptions is confirmed by the 

solvatochromic nature of the MLCT absorptions, where larger electric dipole changes are 

associated with the electronic transitions. Thus, 15 nm to even 60 nm blue shifts are observed 

in the MLCT bands when going from less polar CHCl3 to more polar MeCN (Figure S2). 

Meanwhile, the transitions assigned to IL π-π* are associated with minimal electric dipole 

changes and therefore are almost insensitive to the solvent change. These assignments are 

based on the absorption spectra of closely related metal complexes, which display similar 

bands, such as 271 and 352 nm for 1 in CHCl3.15 The similar high-energy MLCT transitions 

displayed by 1 and 3a-d or 4a-d (ca. 355 nm, see Table 1) indicates that the replacement of 

bromido ligand in 1 by different pyrazoles (complexes 3a-d) does not seem to affect the 

d(Re) orbital energy. On the other hand, no significative variations are observed when 

comparing the absorption spectra maxima of each neutral with the corresponding cationic 

complex (each complexes 3a-d vs. each 4a-d), as previously reported for the deprotonation of 

a Re(I) complex containing 2-(2'-pyridyl)benzimidazole as chelating ligand.11 This contrasts 

with the deprotonation of 4d to afford 5d, which occurs with a hypsochromic shift (ca. 40 

nm), as previously described for the deprotonation of different ReI(CO)3 complexes 

containing 5-aryl tetrazoles, coordinated as "sixth" ligand.12b 
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10

Table 1. Absorption and emission data of complexes in CHCl3.

Absorption EmissionComp
  nm 
( x 10-3 M1cm1)

em nm
[excit = 360 nm]

Ø x 102

(± 8%)
 
(ns)

kr
105 s1

knr
105 s1

115 271 (25.0), 352 (2.5) 519 5.0 188 26.5 504.9
3a 267 sh (12.1), 290 (8.7), 335 (3.2) 497 43 392 11.0 14.5
3b 252 sh (8.2), 297 (2.8), 366 (0.2) 497 3,1 341 0.9 28.4
3c 268 (21.8), 287 sh (15.9), 300 sh (11.9), 

352 (2.8)
494 21 490 4.3 16.1

3d 266 sh (18.6), 283 (19.4), 360 (2.3) 499 58 610 9.5 6.9
4a 256 (13.1), 296 (8.0), 324 (4.9), 355 sh 

(2.8)
504 17 696 2.4 11.9

4b 259 (10.4), 273 sh (8.8), 298 (5.2), 359 
(1.9)

502 11 281 3.9 31.7

4c 269 (20.8), 289 sh (14.6), 299 sh (10.8), 
364 sh (1.3)

495 23 869 2.6 8.9

4d 276 (20.1), 295 sh (17.7), 318 sh (11.1), 
350 sh (4.1)

501 31 591 5.2 11.7

5d 236 (7.2), 313 (6.9) 508 2.6 220 1.2 44.5

Some of the complexes were also studied theoretically by means of density functional 

and time-dependent density functional theory (TD-DFT) calculations. Computational details 

can be found in the Experimental section, and the complete list of results are included in the 

Supplementary Information. The ground-state geometries were optimized at the PBE1PBE 

level (PBE0) with no symmetry restraints for the complexes studied and the minimum 

obtained compares well with both crystal structures obtained by X-ray diffraction. As shown 

in Figure 3, the calculations results are consistent with the band shapes of the optical spectra 

of 3c. In order to compare analogous cationic and neutral complexes, frontier Molecular 

Orbital calculations in the ground state at the PBE1PBE level for complexes 3a and 4a 

(Tables S1 and S2) confirms that the HOMO-LUMO energy gap is very similar for both 

complexes (3.800 eV for 3a vs. 3.998 eV for 4a). However, the relative contribution of the 

orbitals differs: the HOMO of 3a has a mixed Re/CO/pzH (58.3/23.4/13.8) character, 

whereas that of 4a has a mixed Re/CO/pypzH (38.7/19.0/38.1) character. The LUMOs are 

localized almost exclusively on the pypz fragment, with higher contribution from the pyridine 

ring, specially in neutral 4a (py/pz = 58.4/32.9 for 3a, py/pz = 76.0/14.8 for 4a). We have 
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been able to find only one precedent of such a different contribution between both rings of a 

diimine ligand, specifically in pyridyltriazolato ligands.23 
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Figure 3. Calculated (above) and experimental (below) absorption spectra for 3c.

The emission spectra of all the complexes show one unstructured broad band, which is 

solvent-dependent (3-16 nm shifts for 3a-d, 14-41 nm shifts for 4a-d, 33 nm shift for 5d). The 

intensities in the emission spectra of all the complexes show a dramatic increase in deaerated 

solutions compared to those prepared without exclusion of air, with no variation in the 

emission maxima (see Figure S2 in Supplementary Information). These results, along with 

luminiscent emission lifetimes (see below), are characteristic features of 3MLCT 

phosphorescent emissions.2 Deprotonation of complexes 3a-d to afford the corresponding 4a-
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d and futher deprotonation of 4d to ontain the anionic 5d takes place with a slight 

bathochromic shift of the emission band (1-7 nm). This contrasts with previous reports of 

deprotonation of different NH groups present in the ligands, where blue-shifts (48 nm) are 

detected when deprotonation occurs in the diimine ligands,11 whereas deprotonation in the 

"sixth" ligand induced red-shift (50-58 nm) of the emission bands.12 

The quantum yields of 3a-d, 4a-d, and 5d are similar to those previuosly reported for 

other rhenium(I) tricarbonyl complexes containing azolates as "sixth" ligands,16,24 or azolyl 

fragments in the diimine ligand.15,20b,23,25 The comparison among the quantum yields of 

cationic complexes 3a-d with those of their corresponding deprotonated neutral complexes 

4a-d and also with that of the anionic 5d leads to significative variations for the pz (0.43 for 

3a vs. 0.17 for 4a) and pypz (0.59 for 3d, 0.31 for 4d and 0.026 for 5d) complexes. Similar 

decreases were observed for similar deprotonations occurred in complexes containing NH 

groups in either the "sixth"26 or in the diimine ligands.11,12b 

Finally, the luminescent emission lifetimes are in the range of those previously 

reported for similar Re complexes.16,23,24,25a,25d No relevant variations are observed depending 

of whether the complex is cationic, neutral or anionic, as previously reported for similar 

systems able to undergo acid-base processes.11,12b,26 

Electrochemical studies

The cyclic voltammetries of complexes 1, 3a-d, 4a-d, and 5d show an electrochemical 

behavior consistent with CO2 activation, i.e. electrocatalyzed reduction (see Figures S3 to S18 

in the Supplementary Information). As a representative example, the results registered for 

complex 3c are shown in Figure 4. Blue (corresponding to the experiment performed in CO2 

atmosphere) and red (experiment performed in Ar atmosphere) traces overlap completely in 

the range 1.5 V to +2.0 V. The black trace corresponds to the window of the blank, i.e. the 
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solvent plus the supporting electrolyte. Changing the atmosphere from Ar to CO2 a great 

enhancement of the current at potentials below 2.0 V is observed.

Figure 4. Cyclic voltammograms of fac-[Re(CO)3(pypzH)(indzH](TfO) (3c) under Ar (red 

trace) and under CO2 (blue trace). See SI and experimental sections for details.

Table 2 gathers the observed potential values referenced to the redox pair 

ferrocenium/ferrocene, following the IUPAC recommendations.27 The experimental raw 

values observed using silver wire (as pseudoreference electrode) or AgCl/Ag (3M NaCl 

reference electrode) are collected in Tables S3 and S4. The ratio  ranges from 2.7 to 
𝑖𝑐𝑎𝑡(𝐶𝑂2)
𝑖𝑐𝑎𝑡(𝐴𝑟)  

11.5 and allows to compare the catalytic activity of the complexes. 

Neutral complexes 1 and 4a-d (under Ar) have a common pattern in the anodic scan to 

positive potentials that consists of one irreversible peak in the range 0.61-0.96 V, followed by 

a second reversible wave in the range 1.08-1.36 V. A similar behavior has been previously 

reported for analogous [ReX(CO)3(diimine)] (X = Cl, Br) complexes, as well as a mechanistic 
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proposal.28 The oxidation of cationic complexes 3a-d occurs, as expected by simple 

coulombic considerations, to more positive potentials. 

Table 2. Electrochemical data obtained by cyclic voltammetry in this study and referenced to 

the redox system ferrocenium/ferrocene.a

Observed  and valuesb𝑬𝒐𝒙
𝒑𝒌 𝑬𝒓𝒆𝒅

𝒑𝒌Complex
Anodic scan Cathodic scan

icat(Ar)c icat(CO2)c Ratiod

icat(Ar)/icat(CO2)
fac-
[ReCl(CO)3(bipy)]

1.78 2.15 24 195 8.1

1 0.41e, 0.96, 
1.36r

2.04, 2,14 133 953 7.2

3a 1.21r 1.94, 2.30, 2.74, 
2.89

200 1300 6.5

3b 1.19r 1.15, 2.30, 2.75 166 1400 8.4
3c 1.26r 1.87, 2.18, 2.64, 

2.81
168 1935 11.5

3d 1.12sh, 1.29 2.10, 2.65 94 800 8.5
4a 0.70, 1.19r 2.63, 2.93 57 490 8.6
4b 0.67, 1.10r 2.40, 2.74, 2.98 114 303 2.7
4c 0,74, 1.26r 2.20, 2.64 52 590 11.3
4d 0.39, 0.61, 1.08r 2.72 58 562 9.7
5d 0.34, 0.54, 0.96r 2.77 55 311 5.6
(a) The reduction potential mean value observed for Ferrocenium/Ferrocene (Fc+/Fc) used as internal calibrant 
under the employed experimental conditions was E0 = 0.443 0.005 V vs. the AgCl/Ag (3M NaCl) electrode (see 
values at Table S4).
(b) Anodic or cathodic scan peaks observed under Ar unless stated otherwise.
(c) Maximum registered cathodic current (µA) under Ar, icat(Ar),  or under CO2, icat(CO2).
(d) Ratio between the Faradaic currents observed under Ar, icat(Ar), or under CO2, icat(CO2).
(e) Assigned to bromide earlier for the analogous fac-[MnBr(CO)3(pypzH)].19 This peak appears in the reverse of 
the cyclic scan from 0V to +2V to 0V (See Figure S4).
(r) Waves where both peaks iox and ired were observed. Value of E1/2 is given in those cases.
(sh) Shoulder, not resolved peak (see Figure S13).

The values of the peak potentials observed at cathodic scans (under Ar) seem quite 

erratic. The change of bromido-pyridylpyrazole (neutral complex 1) by pyrazole-

pyridylpyrazolate (neutral complexes 4a-d) renders reduction more difficult (more negative 

potential values observed). For cationic pyrazole-pyridylpyrazole complexes 3a-d, the 

potentials shift to less negative values, i.e. adding electrons becomes easier, as expected when 

the charge of the complexes changes from zero to +1. Two, three or even four peaks are 

observed depending on the complex. Previous mechanistic studies indicate that several 

different species might account for the observed peaks at cathodic scans.6a Furthermore, 
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deprotonation in complexes 3a-d may add new active species, as reported previously for 

similar imidazole complexes.29 In spite of the random cathodic scans under argon, a parallel 

behavior is observed under CO2 which consists in a large enhancement of the cathodic current 

associated to the reduction of CO2 (see Figure 4 and Figures S3 to S18 in the Supplementary 

Information).

The electrocatalytic reduction of CO2 by fac-[ReCl(CO)3(bipy)] has been recognized 

and explored since the report by Lehn et al. in 1984.30 It is very difficult indeed to compare 

the catalytic activity on the basis of overpotentials and current enhancement values reported. 

Such data are strongly dependent both on the working electrode and on the solvent used. 

Also, dryness of the solvent is crucial. Therefore, for comparison purposes we have repeated 

electrochemical measurements of fac-[ReCl(CO)3(bipy)] under the same experimental 

conditions than for the complexes herein reported. The cyclic voltammograms of fac-

[ReCl(CO)3(bipy)] are depicted in Figure S3, and potentials collected in Table 2. The 

enhancement ratio of the cathodic currents is  and the maximum of the cathodic 
𝑖𝑐𝑎𝑡(𝐶𝑂2)
𝑖𝑐𝑎𝑡(𝐴𝑟) = 8.1

current was observed at 2.86 V (vs. Fc+/Fc).

We have previously reported the electrochemistry of 1 under N2 at a platinum 

electrode using the SCE reference electrode in THF.19 Herein we report the electrochemistry 

at a GC (glassy carbon) electrode in dry MeCN using the AgCl/Ag reference electrode. The 

different working electrodes and solvents used led to important differences, what supports the 

feasibility to make comparisons only when the experimental conditions are exactly the same. 

Under Pt/THF only one single-electron irreversible oxidation wave assigned to ReI →ReII at 

 = 1.615 V vs. SCE (1.070 V vs. Fc+/Fc) was detected.19 Under GC/MeCN we now observe 𝐸𝑜𝑥
𝑝𝑘

(Figure S4 and Table S4) the one-electron irreversible oxidation at = 1.40 V vs. AgCl/Ag 𝐸𝑜𝑥
𝑝𝑘 

(NaCl, 3M) (0.96 V vs. Fc+/Fc), followed by an apparently reversible wave at E1/2= 1.80 V vs. 

AgCl/Ag (NaCl, 3M). Comparable anodic scan pattern and potentials have been reported for 
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complexes fac-[ReX(CO)3(bipy)] (X = Cl, Br), including detailed mechanistic insights which 

may be applied to our complexes.28 Related complexes with different aromatic diimines 

generally show irreversible oxidation waves between 0.9 and 1.2 V vs. Fc+/Fc.31 The ReI/ReII 

couple was reported to be "quasi-reversible" for a six-membered chelate ring diimine.32 The 

small peak (more prominent under CO2) at +0.85 V (vs. AgCl/Ag) that was reported for fac-

[MnBr(CO)3(pypzH)] under Pt/THF but not for 1 under Pt/THF,19 is here assigned again to 

the presence of bromide ion. The role of bromine during the oxidation of related rhenium(I) 

tricarbonyl diimine complexes has been already reported.28,33

The electrochemistry of 1 scanning to negative reduction potentials (cathodic scan) 

had not been reported to date. On the basis of the electrocatalytic activity of fac-

[ReCl(CO)3(bipy)] for the reduction of CO2 and its structural and electronic similarity with 1, 

we decided to explore its electrochemical behavior both under argon and under carbon 

dioxide, what led to observe a 5-fold current enhancement at 2 V (see Figure S4) for the 

latter. This experiment points to the need for scanning to more negative potentials (< 2 V). 

Therefore, cyclic voltammograms of 1 were recorded in the range +1 V to 3 V (see Figure 

S5). In order to avoid adventitious undesired water from the AgCl/Ag (3M NaCl) reference 

electrode, a silver wire was used as pseudo-reference electrode, and ferrocene was added at 

the end of the measurements as internal calibrant. As displayed in Figure S5 (red trace), 

scanning to negative potentials under Ar led to several waves indicating that the complex 

undergoes successive electron transfer reductions. Repeating the same scan under CO2 leads 

to intense enhancement of the cathodic current. The maximum cathodic current under CO2 

was found at 2.78 V (vs. Fc+/Fc). At this potential, the ratio of the cathodic current is 
𝑖𝑐𝑎𝑡(𝐶𝑂2)
𝑖𝑐𝑎𝑡(𝐴𝑟)

. According to these experimental results, the electrocatalytic activity of complexes fac-= 7.2

[ReCl(CO)3(bipy)] and 1 are quite similar. The different shapes of the waves associated to 

electrocatalytic reduction of CO2 come from the competition at the electrode surface between 
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CO2 consumption (related to the rate-determinant step of the catalytic cycle) and the arrival of 

new substrate by diffusion.6c 

Neutral complexes 4a-d formally result from the substitution of the bromido anionic 

ligand in complex 1 by different pyrazolates, even though the remaining acidic proton is 

formally bonded to the pyrazole, as discussed above. In all the complexes the first oxidation 

peak (related to the HOMO) is shifted to less positive potentials, indicating that the couple 

pyridylpyrazolate-pyrazole is better donor than the pyridylpyrazole-bromido pair. This is 

confirmed by the IR CO wavenumbers (CO average 1944.7-1946.7 cm1 for 4a-d vs. 1950.7 

for 1,19 in THF).

The complex 4a is poorly soluble in MeCN, in fact it was measured as a cloudy 

mixture, instead of a clear solution. The observed anodic scan pattern (see Figure S14) 

reproduces that observed for 1 but shifted to lower potentials (see Table 2), as pointed out in 

the precedent paragraph. A small peak sometimes detected on oxidative scans, at ca. +0.2 V, 

may be attributed to coatings of the working electrode formed when very negative potentials 

have been previously reached, being cleaned in the following scan to positive potentials. Note 

in Table 2 that more negative potentials are needed to reduce 4a compared to 1, what would 

indicate that pyrazolate ligand destabilizes the LUMO. The cathodic current enhancement is 

.
𝑖𝑐𝑎𝑡(𝐶𝑂2)
𝑖𝑐𝑎𝑡(𝐴𝑟) = 8.6

Under anodic scan to positive potentials, 4b repeats the same pattern (Figure S15) as 

the analogous unmethylated 4a. However, the observed potentials shift to more positive 

values under CO2 atmosphere (green trace in Figure S15), suggesting that CO2 modifies the 

chemical steps that follow the first electron transfer. The maximum cathodic current under 

CO2 is found at 3.09 V (vs. Fc+/Fc), and the ratio of the cathodic currents is , 
𝑖𝑐𝑎𝑡(𝐶𝑂2)
𝑖𝑐𝑎𝑡(𝐴𝑟) = 2.7

the lowest for all the complexes herein described.
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Complex 4c is poorly soluble in MeCN, leading to a cloudy mixture in the 

electrochemical cell. The anodic scan reproduces previous patterns (see Figure S16). No shifts 

are observed when changing from Ar to CO2. The maximum cathodic current under CO2 is 

found at 3.03 V(vs. Fc+/Fc), and the ratio of the cathodic currents is , the 
𝑖𝑐𝑎𝑡(𝐶𝑂2)
𝑖𝑐𝑎𝑡(𝐴𝑟) = 11.3

highest of the neutral complexes herein described.

The anodic scan of 4d, shown in Figure S17, deserves some comment, since an 

additional irreversible wave appears at lower potential (see also Table 2). The origin of this 

new wave with an  (vs. Fc+/Fc) may be associated to the possibility of a higher 𝐸𝑜𝑥
𝑝𝑘 = 0.39 𝑉

proton-resonance effect, between the protonated and deprotonated pypz ligands. In fact, in 

this complex the remaining proton may be delocalized among three nitrogen donor atoms, 

instead of two nitrogen atoms for the rest of neutral complexes 4a-c. The maximum cathodic 

current under CO2 is found for 4d at 3.03 V(vs. Fc+/Fc), and the ratio of the cathodic 

currents is  at this potential.
𝑖𝐶𝑂2

𝑖𝐴𝑟
= 9.7

As for 1, the electrochemistry of 5d under N2 at a platinum electrode using the SCE 

reference electrode in THF has been previously studied,19 whereas herein is included the 

electrochemistry at a GC (glassy carbon) electrode in dry MeCN using the AgCl/Ag reference 

electrode. Two single-electron irreversible oxidations wave at = 0.97 and 1.30 V vs. SCE 𝐸𝑜𝑥
𝑝𝑘 

were detected under Pt/THF.19 We now observe under GC/MeCN (Figure S18 and Table S4) 

three one-electron irreversible oxidations at  = 0.78, 0.98, 1.40 V vs. AgCl/Ag (NaCl, 𝐸𝑜𝑥
𝑝𝑘 

3M). One one-electron reduction is detected when scanning to negative potentials under Ar, 

and an intense enhancement of the cathodic current is observed when repeating the same scan 

under CO2 (Figure S18). The maximum cathodic current under CO2 is found at 2.77 V (vs. 

Fc+/Fc), and the ratio of the cathodic current is , at this potential. As shown in Table 
𝑖𝐶𝑂2

𝑖𝐴𝑟
= 5.6

2, the electrochemical properties of 5d are very similar to those of its protonated parent 4d, 
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although the main difference is precisely their behavior under CO2, where the ratio of the 

cathodic current is higher for the neutral complex 4d (9.7). This similarity may be explained 

considering the structural analogy between the neutral complex 4d and its deprotonated form 

5d (Figure 5), where a covalently bonded sodium atom may be proposed, according to the 

crystal structures of the manganese(I) complexes [{fac-Mn(CO)3(μ2-pypz)(μ-pypz)M}n] (M = 

Li, n =1; M = Na, K; n =2), which could be crystallographically characterized.19 In fact, the 

main electrochemical difference between 4d and 4d is precisely their behavior under CO2, 

where the ratio of the cathodic current is higher for the neutral complex 4d (9.7 vs. 5.6 for 

5d). This is in accocdance with the relevance of the presence of protons in the electrochemical 

reduction of CO2. The lower stability of the other complexes 5a-c may be related to their 

prominent anionic nature, as depicted in Figure 2.

N

N
N

Re
OC

OC
CO

N
N

N

Na

5d

N

N
N

Re
OC

OC
CO

N
N

N

H

4d

+ NaOH,  H2O

+ H+,  Na+

Figure 5. Complexes fac-[Re(CO)3(pypzH)(pypz)] (4d) and Na[fac-Re(CO)3(pypz)2] (5d).

Cationic complexes 3a-d display similar results of the anodic scans. A clean and 

apparently reversible wave at +1.42 V assigned to one-electron transfer Re(I) to Re(II) is 

detected for 3a, as shown in Figures S6 and S7. This wave is not affected by the change from 

Ar to CO2 atmosphere (the blue and red traces overlap completely), indicating a pure electron 

transfer reaction. The observed reversibility may be understood in terms of the proposed 

mechanism by Bullock et al.28 According to this mechanism, a ligand bridges two Re(II) units 
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following the electron transfer, but cationic complexes 3a-c do not contain a ligand able to 

bridge two metal atoms, thus avoiding the chemical step that follows the electron transfer. On 

the contrary, neutral complexes 4a-d do contain an available lone pair in the 

pyridylpyrazolate ligand to behave as bridging ligand, and thus they follow the expected 

pattern. Going to reduction potentials, four peaks are observed at 1.94, 2.30, 2.74, 2.89 

V (210 A) under Ar. However, under CO2 only two peaks at 1.73 V and 2.09 V remain 

observable, since the peaks at more negative potentials are hidden by the catalytically 

enhanced current. This means that reduction of CO2 only starts when the complex has been 

reduced by, at least, two electrons. The observation that the peak of the enhanced current does 

not reach a plateau is another particular feature of 3a. Such plateau current may be unveiled at 

lower concentration of CO2. Figure S7 displays the evolution of the CV’s when the 

concentration of CO2 is progressively reduced by bubbling Ar: under saturated CO2 a current 

value of 2200 A without plateau was recorded (Figure S6), but removing CO2 by bubbling 

Ar for 3 min (Figure S7, black trace) the current value obtained is 612 A, at 5 min (Figure 

S7, red trace) is reduced to 447 A and after 7 min (Figure S7, blue trace) to 262 A, a close 

value to the current observed under Ar (210 A, Figure S6). A similar experiment on 3b is 

shown in Figure S11. For 3a, the maximum cathodic current under CO2 is found at 3.03 

V(vs. Fc+/Fc), and the ratio of the cathodic currents is  at this potential.
𝑖𝐶𝑂2

𝑖𝐴𝑟
= 6.5

For 3b, the scan to positive potentials (Figures S8 and S9) shows a "quasi-reversible" 

wave at +1.40 V assigned to one-electron transfer ReI →ReII. This wave is not affected by the 

change form Ar to CO2 (the black and red traces overlap completely in Figure S9) indicating a 

pure electron transfer reaction. This complex has been selected to illustrate (Figure S10) how 

potentials and currents are perturbed by the presence of ferrocene, which is used as internal 

reference calibrant at the end of each electrochemical measurement. In addition, this 
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experiment allows to compare the results under the silver wire pseudoreference electrode 

(Figures S8 and S9) or the AgCl/Ag (3M NaCl) reference electrode (Figure S10). 

Complex 3c shows (Figure S12) the greatest current enhancement ratio ( ) 
𝑖𝐶𝑂2

𝑖𝐴𝑟
= 11.5

for all the complexes herein reported, a value close to that shown by the corresponding neutral 

complex 4c (11.3). This suggests that the presence of indazole ligand in the sixth coordination 

position might play a main role in the reduction mechanism of the CO2. This feature may be 

explained considering the acidity of the pyrazole ligand, as detailed below.

Finally, complex 3d shows a peculiar feature at oxidative or anodic scans (Figure 

S13). The pattern reminds that of the neutral complexes 4a-c discussed above. Complex 3d is 

the only cationic example with a free donor nitrogen atom able to bridge two rhenium atoms 

in order to follow the proposed mechanism by Bullock et al.28

The accepted mechanism for the electrocatalytic reduction of CO2 with Mn(I) and 

Re(I) tricarbonyl complexes starts with the dissociation of the "sixth" ligand from the one-

reduced-electron complex, generating a 17 electron species that binds CO2.6 In our system, 

the "sixth" coordination position is occupied by different pyrazole ligands, therefore 

determining the strengh of their bonds to the metal is crucial in order to explain the 

enhancement of the current observed for CO2 atmosphere. Thus, the energies of the different 

Re-pz*H bonds have been calculated both the for cationic complexes and for their one-

reduced-electron species (Figure S19 and Table S5). The results indicate that bond energies of 

the one-reduced-electron species (from 3.4 to 7.6 Kcal/mol) are much lower than those of the 

cationic complexes (from 23.9 to 25.2 Kcal/mol), supporting that dissociation of the "sixth" 

ligand is facilitated once the complex has been reduced. However, the values obtained (Table 

S5) do not depend on the nature of the pyrazole, what does not allow to explain the 

differences observed between the cationic compounds. This contrasts with the experimental 

values, since as indicated above, complexes containing indazole show the highest catalytic 
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activity (11.5 or 11.3 for 3c or 4c respectively vs. 7.2 for the related bromido complex 1, see 

Table 2). But this observation might be related to the second step in the catalytic process, 

where the η1-C-bound CO2 is activated by proton donors, so C−O bond cleavage is 

facilitated.6c Therefore, a higher acidity of the uncoordinated pyrazole might promote this 

second step, and in fact the values obtained for the catalytic activity in the electrocatalytic 

reduction of CO2 are similar to those reported for the acidity of pyrazoles experimentally 

determined (indzH > pzH > dmpzH, no pypzH nor 3-phenylpyrazole were included in these 

studies).22 In conclusion, one determining factor in order to explain the different behavior of 

the complexes herein described as catalysts for CO2 reduction might be related to the acidity 

of the pyrazoles coordinated in the "sixth" position, which after being liberated, may activate 

the coordinated CO2 once the first one-electron-reduction occurs. The lower catalytic activity 

of 5d, which is the only complex without protons, also supports this proposal.

CONCLUSIONS

Cationic rhenium(I) tricarbonyl complexes containing pypzH as chelate ligand and different 

pyrazoles pz*H as monodentate ligands have been synthesized and successively deprotonated 

in order to obtain the corresponding neutral and anionic complexes. The latter are too unstable 

both in the solid state and in solution, what precluded the study. The first deprotonation 

occurs formally on the pypzH ligand, even though the remaining proton is delocalized in 

solution among the basic nitrogen atoms of the pyrazolyl groups. The luminiscent and 

electrochemical properties of the cationic, neutral and one of the anionic complexes have been 

studied in order to determine the influence of the deprotonation process on these properties. 

The luminescent properties of the complexes herein described is similar to related fac-

ReI(CO)3 species, as well as their behavior in acid-base processes, in some cases with 
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significative decreases of quatum yields as protons are removed. The complexes are active in 

the electrocatalyzed reduction of CO2, some of the catalytic activities being higher than those 

reported for similar bromido complexes. In fact, the catalytic activity of the complexes herein 

reported might be related to the acidity of the pyrazoles coordinated in the "sixth" position.

EXPERIMENTAL

General remarks. All manipulations were performed under a N2 atmosphere following 

conventional Schlenk techniques. Solvents were purified according to standard procedures.34 

Compounds 1,15 and 5d,19 were obtained as previously described. All other reagents were 

obtained from the usual commercial suppliers, and used as received. Infrared spectra were 

recorded in a Perkin-Elmer RX I FT-IR apparatus using 0.2 mm CaF2 cells for solutions or in 

a Bruker Tensor 27 FTIR for solid samples. NMR spectra were recorded in a Agilent MR 400 

or in a Agilent 500 DD2 instruments in (CD3)2CO at room temperature (r.t.) unless otherwise 

indicated, and are referred to the internal residual solvent peak for 1H and 13C{1H} NMR. 

Assignment of the 1H NMR spectra (Figure 6) was supported by COSY, TOCSY and NOESY 

experiments and assignment of 13C{1H} NMR data was supported by HMBC and HSQC 

heteronuclear experiments. Elemental analyses were performed on a Thermo Fisher Scientific 

EA Flash 200.

N N NH
1'

2'

3'4'

5'

6' 12

3
4 5

N
NH
1

2

3

4

5 6

7
3a 7a

Figure 6. Numbering of pypzH and indzH for NMR assignment.
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fac-[Re(CO)3(pzH)(pypzH)]OTf, 3a.

AgOTf (0.152 g, 0.6 mmol) was added to a solution of 1 (0.245 g, 0.5 mmol) in THF (20 

mL), the mixture was stirred at r.t. for 1 h in the absence of light, and then filtered to remove 

solid AgBr. Removal of the solvent in vacuo gave 2 as an orange oil.35 This oil was dissolved 

in THF (25 mL), pzH was added (0.034 g, 0.5 mmol) and the solution was stirred at 40 ºC for 

24 h. The solution was concentrated in vacuo, and Et2O was added (ca. 25 mL). Cooling al 

20 ºC gave a yellow microcrystalline solid, which was decanted, washed with Et2O (3  3 

mL), and dried, yielding 0.230 g (73 %). 1H NMR (500 MHz) δ: 6.38 (t, J = 2.4 Hz, H4 pzH 1 

H), 7.25 (d, J = 2.3 Hz, H3,5 pzH, 1 H), 7.45 (d, J = 2.6 Hz, H5 pypzH, 1 H), 7.77 (ddd, J = 

7.3, 5.5, and 1.8 Hz, H5´ pypzH, 1 H), 7.97 (d, J = 2.6 Hz, H5,3 pzH, 1 H), 8.31-8.53 (m, H4, 

H3´ and H4´ pypzH, 3 H), 9.27 (d, J = 5.4 Hz, H6´ pypzH, 1 H), 12.94 (br s, NH pzH, 1 H), 

14.18 (br s, NH pypzH, 1 H). 13C{1H} NMR (101 MHz) δ: 105.7 (C5 pypzH), 107.1 (C4 pzH), 

123.3 (C3´ pypzH), 127.0 (C5´ pypzH), 132.9 (C5,3 pzH), 135.4 (C4 pypzH), 141.3 (C4´ 

pypzH), 141.9 (C3,5 pzH), 151.2 (C2´ pypzH), 153.9 (C3 pypzH), 154.2 (C6´ pypzH), CO not 

detected, all signals are singlets. IR (THF, cm1): 2035 vs, 1935 s, 1920 vs. IR (solid, cm1): 

3146 w, 2031 vs, 1918 vs, 1616 w, 1440 w, 1367 w, 1284 m, 1240 s, 1222 s, 1159 s, 1138 m, 

1094 m, 1067 s, 1051 s, 1026 s, 910 w, 885 w, 802 w, 764 m, 634 m. Anal. Calcd for 

C15H11F3N5O6ReS: C, 28.48; H, 1.75; N, 11.07. Found: C, 28.67; H, 1.84; N, 11.14.

fac-[Re(CO)3(dmpzH)(pypzH)]OTf, 3b 

The oil containing 2 (0.5 mmol) obtained as indicated for 3a was dissolved in THF (25 mL), 

dmpzH was added (0.048 g, 0.5 mmol) and the solution was stirred at 40 ºC for 24 h. Work up 

as for 3a gave 3b as a pale brown microcrystalline solid. Yield 0.230 g (73 %). 1H NMR (400 

MHz) δ: 2.07 (s, CH3 dmpzH, 3 H), 2.09 (s, CH3 dmpzH, 3 H), 5.93 (s, H4 dmpzH, 1 H), 7.36 

(d, J = 1.9 Hz, H5 pypzH, 1 H), 7.79 (m, H5´ pypzH, 1 H), 8.33 (m, H3’, H4´ and H4 pypzH, 3 
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H), 9.39 (d, J = 4.3 Hz, H6´ pypzH, 1 H), 11.58 (br s, NH dmpzH, 1 H), 14.17 (br s, NH 

pypzH, 1 H). 13C{1H} NMR (101 MHz) δ: 9.5 (C5,3H3 dmpzH), 13.9 (C3,5H3 dmpzH), 106.7 

(C5 pypzH), 107.8 (C4 dmpzH), 124.2 (C3´ pypzH), 127.6 (C5´ pypzH), 136.1 (C4 pypzH), 

142.3 (C4´ pypzH), 145.1 (C5,3 dmpzH), 152.4 (C2´ pypzH), 154.5 (C3,5 dmpzH), 155.0 (C3 

pypzH), 155.8 (C6´ pypzH), CO not detected, all signals are singlets. IR (THF, cm1): 2035 vs, 

1937 s, 1918 vs. IR (solid, cm1): 3371 w, 3155 w, 3038 w, 2963 w, 2931 w, 2029 vs, 1910 vs 

br, 1617 w, 1578 w, 1439 w, 1372 w, 1294 m, 1280 m, 1238 m, 1222 m, 1210 m, 1165 m, 

1152 m, 1118 w, 1027 s, 817 w, 772 m, 632 s. Anal. Calcd for C17H15F3N5O6ReS: C, 30.91; 

H, 2.29; N, 10.60. Found: C, 31.07; H, 2.12; N, 10.30.

fac-[Re(CO)3(indzH)(pypzH)]OTf, 3c 

The oil containing 2 (0.5 mmol) obtained as indicated for 3a was dissolved in THF (25 mL), 

indzH was added (0.059 g, 0.5 mmol) and the solution was stirred at 40 ºC for 24 h. Work up 

as for 3a gave 3c as a yellow microcrystalline solid. Yield 0.326 g (95 %). 1H NMR (500 

MHz) δ: 7.19 (dd, J = 8.1 and 6.6 Hz, H6 indzH, 1 H), 7.42 (d, J = 1.9 Hz, H5 pypzH, 1 H), 

7.50 (m, H5 and H4 indzH, 2 H), 7.66 (d, J = 8.1 Hz, H7 indzH, 1 H), 7.79 (t, J = 5.6 Hz, H5´ 

pypzH, 1 H), 7.89 (s, H3 indzH, 1 H), 8.37 (m, H4, H3´ and H4´ pypzH, 3 H), 9.32 (d, J = 5.6 

Hz, H6´ pypzH, 1 H), 12.93 (sa, NH indzH, 1 H), 14.20 (sa, NH pypzH, 1 H). 13C{1H} NMR 

(101 MHz) δ: 105.9 (C5 pypzH), 110.2 (C4 indzH), 120.9 (C7 indzH), 122.3 (C7a indzH), 

122.7 (C6 indzH), 123.4 (C3´ pypzH), 127.1 (C5´ pypzH), 129.6 (C5 indzH), 135.6 (C4 pypzH), 

137.6 (C3 indzH), 141.3 (C3a indzH), 141.4 (C4´ pypzH), 151.3 (C2´ pypzH), 154.0 (C3 

pypzH), 154.3 (C6´ pypzH), CO not detected, all signals are singlets. IR (THF, cm1): 2037 vs, 

1938 s, 1922 vs. IR (solid, cm1): 3167 w, 2031 vs, 1933 vs br, 1630 w, 1618 w, 1439 w, 

1285 m, 1241 m, 1224 m, 1154 m, 1125 m, 1092 w, 1050 s, 1027 s, 1003 s, 867 w, 773 m, 
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745 m, 700 w, 630 m. Anal. Calcd for C19H13F3N5O6ReS: C, 33.43; H, 1.92; N, 10.26. Found: 

C, 33.60; H, 2.06; N, 10.11.

fac-[Re(CO)3(pypzH-κ1N)(pypzH-κ2N,N)]OTf, 3d 

The oil containing 2 (0.5 mmol) obtained as indicated for 3a was dissolved in THF (25 mL), 

pypzH was added (0.073 g, 0.5 mmol) and the solution was stirred at 40 ºC for 24 h. The 

volatiles were removed in vacuo and the resulting yellow oil was crystallized in CH2Cl2/Et2O 

at 20 ºC giving a pale yellow microcrystalline solid, which was decanted, washed with Et2O 

(3  3 mL), and dried, yielding 0.285 g (80 %). 1H NMR (400 MHz) δ: 6.90 (s, H5 pypzH-N, 

1 H), 7.28 (s, H4 pypzH-N, 1 H), 7.42 (m, H5´ pypzH-N, 1 H), 7.44 (d, J = 2.6 Hz, H5 pypzH-

N,N, 1 H), 7.82 (d, J = 5.8 Hz, H5´ pypzH-N,N, 1 H), 7.85 (d, J = 7.6 Hz, H3´ pypzH-N, 1 H), 

7.89 (d, J =7.6 Hz, H4´ pypzH-N, 1 H), 8.37 (d, J = 2.6 Hz, H4 pypzH-N,N, 1 H), 8.38 (m, H4´ 

pypzH-N,N, 1 H), 8.41 (s, H3´ pypzH-N,N, 1 H), 8.59 (d, J = 3.7 Hz, H6´ pypzH-N, 1 H), 9.32 

(d, J = 5.8 Hz, H6´ pypzH-N,N, 1 H), 12.94 (br s, NH, 1 H), 14.06 (br s, NH, 1 H). 13C{1H} 

NMR (101 MHz) δ: 105.5 (C5 pypzH-N), 105.8 (C5 pypzH-N,N), 121.2 (C3´ pypzH-N), 123.4 

(C3´ pypzH-N,N), 124.4 (C5´ pypzH-N), 126.9 (C5´ pypzH-N,N), 135.4 (C4 pypzH-N,N), 137.5 

(C4´ pypzH-N), 141.3 (C4´ pypzH-N,N), 143.2 (C4 pypzH-N), 145.9 (C2´,3 pypzH-N), 145.9 

(C3,2’ pypzH-N), 149.7 (C6´ pypzH-N), 151.3 (C2´ pypzH-N,N), 154.0 (C3 pypzH-N,N), 154.4 

(C6´ pypzH-N,N), CO not detected, all signals are singlets. IR (THF, cm1): 2036 vs, 1934 s, 

1921 vs. IR (solid, cm1): 3157 w, 2033 vs, 1912 vs br, 1615 w, 1456 w, 1432 w, 1274 m, 

1242 s, 1223 s, 1154 m, 1104 w, 1093 w, 1056 w, 1027 w, 994 s, 970 s, 805 s, 775 s, 709 w, 

632 s. Anal. Calcd for C20H14F3N6O6ReS: C, 33.85; H, 1.99; N, 11.84. Found: C, 33.98; H, 

1.88; N, 11.74.

fac-[Re(CO)3(pzH)(pypz)], 4a.
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Na2CO3 (0.064 g, 0.6 mmol) is added to a solution of 3a (0.127 g, 0.2 mmol) in THF (10 mL), 

and the mixture is stirred at r.t. for 1 h. The reaction mixture was filtered, and hexane (ca. 20 

mL) was added to the filtrate. The solution was concentrated and cooled to −20 °C, giving a 

pale yellow microcrystalline solid, which was decanted, washed with hexane (3 × 3 mL 

approximately), and dried in vacuo, yielding 0.060 g (62%). 1H NMR (500 MHz) δ: 6.27 (t, J 

= 2.4 Hz, H4 pzH, 1 H), 6.81 (d, J = 1.9 Hz, H5 pypz, 1 H), 7.29 (d, J = 2.2 Hz, H3,5 pzH, 1 H), 

7.44 (ddd, J = 7.3, 5.6, and 1.4 Hz, H5´ pypz, 1 H), 7.58 (d, J = 2.0 Hz, H4 pypz, 1 H), 7.80 (d, 

J = 2.6 Hz, H5,3 pzH, 1 H), 7.91 (d, J = 8.0 Hz, H3´ pypz, 1 H), 8.09 (td, J = 7.8 and 1.5 Hz, 

H4´ pypz, 1 H), 9.09 (dt, J = 5.6 and 1.3 Hz, H6´ pypz, 1 H), NH not detected. 13C{1H} NMR 

(101 MHz) δ: 104.4 (C5 pypz), 107.3 (C4 pzH), 120.9 (C3’ pypz), 123.5 (C5’ pypz), 132.6 (C5,3 

pzH), 140.8 (C4’ pypz), 142.5 (C3,5 pzH), 143.0 (C4 pypz), 153.4 (C6’ pypz), 151.2 (C3 pypz), 

155.4 (C2’ pypz), CO not detected, all signals are singlets. IR (THF, cm1): 2021 s, 1914 s, 

1900 s. IR (solid, cm1): 3676 w, 3571 w, 2961 w, 2914 w, 2018 s, 1885 s br, 1609 m, 1536 

m, 1482 w, 1456 w, 1430 w, 1371 w, 1350 w, 1257 s, 1232 s, 1171 s, 1035 s, 978 w, 942 w, 

901 w, 879 w, 843 w, 801 w, 778 m, 765 m, 750 w, 709 w, 631 s, 588 w, 537 w, 516 m, 490 

w, 477 w, 422 m. Anal. Calcd for C14H10N5O3Re: C, 34.85; H, 2.09; N, 14.52. Found: C, 

34.68; H, 2.14; N, 14.33.

fac-[Re(CO)3(dmpzH)(pypz)], 4b.

The same procedure as for 4a, using 3b (0.132 g, 0.2 mmol) as starting material, gave 0.061 g 

(60%) of 4b as an white-yellow microcrystalline solid. 1H NMR (400 MHz) δ: 2.05 (s, CH3 

dmpzH, 3 H), 2.19 (s, CH3 dmpzH, 3 H), 5.82 (s, H4 dmpzH, 1 H), 6.74 (d, J = 2.1 Hz, H5 

pypz, 1 H), 7.37 (dd, J = 7.5 and 5.8 Hz, H5’ pypz, 1 H), 7.64 (d, J = 2.1 Hz, H4 pypz, 1 H), 

7.82 (d, J = 7.5 Hz, H3’ pypz, 1 H), 8.02 (t, J = 7.5 Hz, H4’ pypz, 1 H), 9.08 (d, J = 5.8 Hz, H6’ 

pypz, 1 H), 10.38 (br s, NH dmpzH, 1 H). 13C{1H} NMR (101 MHz) δ: 9.7 (CH3 dmpzH), 
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13.7 (CH3 dmpzH), 104.1 (C5 pypz), 106.2 (C4 dmpzH), 120.3 (C3’ pypz), 122.6 (C5’ pypz), 

139.9 (C4’pypz), 142.0 (C5,3 dmpzH), 143.0 (C4 pypz), 152.2 (C3 pypz), 152.3 (C3,5 dmpzH), 

153.0 (C6’ pypz), 155.6 (C2’ pypz), 194.1 (CO), 195.9 (CO), 198.0 (CO), all signals are 

singlets. IR (THF, cm1): 2021 s, 1916 s, 1897 s. IR (solid, cm1): 3899 w, 3272 m, 2961 w, 

2853 w, 2012 s, 1886 vs br, 1610 m, 1573 m, 1539 m, 1454 m, 1419 m, 1376 m, 1346 m, 

1259 m, 1201 m, 1156 m, 1146 m, 1127 m, 1096 m, 1049 m, 1017 m, 972 m, 929 m, 799 m, 

754 s, 698 m, 629 m, 614 m, 546 m, 538 m, 491 m, 476 m. Anal. Calcd for C16H14N5O3Re: C, 

37.64; H, 2.76; N, 13.72. Found: C, 37.51; H, 2.95; N, 13.94.

fac-[Re(CO)3(indzH)(pypz)], 4c.

The same procedure as for 4a, using 3c (0.132 g, 0.2 mmol) as starting material, gave 0.063 g 

(59%) of 4c as an white-yellow microcrystalline solid. 1H NMR (400 MHz) δ: 6.74 (s, H5 

pypz, 1 H), 7.13 (m, H5 indzH, 1 H), 7.31 (t, J = 6.0 Hz, H5’ pypz, 1 H), 7.41 (m, H6 indzH, 1 

H), 7.55 (d, J = 8.9 Hz, H7 indzH, 1 H), 7,59 (s, H4 pypz, 1 H), 7.65 (d, J = 11.1 Hz, H4 indzH, 

1 H), 7.68 (s, H3 indzH, 1 H), 7.78 (d, J = 8.3 Hz, H3’ pypz, 1 H), 7.98 (dd, J = 8.3 and 6.0 Hz, 

H4’ pypz, 1 H), 9.02 (d, J = 6.0 Hz, H6’ pypz, 1 H), NH not detected. 13C{1H} NMR (101 

MHz) δ: 103.7 (C5 pypz), 110.2 (C7 indzH), 120.0 (C3’ pypz), 120.2 (C5 indz), 120.8 (C4 

indzH), 122.2 (C3a indzH), 122.6 (C5´ pypz), 128.9 (C6 inzH), 137.2 (C3 indzH), 139.9 (C4’ 

pypz), 140.8 (C7a indzH), 142.4 (C4 pypz), 152.6 (C6’ pypz), 155.3 (C3 pypz), 155.6 (C2’ 

pypz), CO not detected, all signals are singlets. IR (THF, cm1): 2022 s, 1918 s, 1900 s. IR 

(solid, cm1): 3675 w, 3155 w, 2962 m, 2017 s, 1895 s br, 1611 m, 1538 w, 1503 w, 1457 w, 

1431 w, 1388 w, 1355 w, 1257 s, 1232 m, 1172 s, 1079 s, 1033 s, 952 w, 869 w, 845 w, 795 

s, 762 m, 741 m, 707 w, 631 m, 587 w, 534 m, 515 w, 476 w, 428 m. Anal. Calcd for 

C18H12N5O3Re: C, 40.60; H, 2.27; N, 13.15. Found: C, 40.44; H, 2.08; N, 13.04.
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fac-[Re(CO)3(pypzH-κ1N)(pypz-κ2N,N)], 4d 

The same procedure as for 4a, using 3d (0.132 g, 0.2 mmol) as starting material, gave 0.055 g 

(49%) of 4d as a pale yellow microcrystalline solid. 1H NMR (400 MHz) δ: 6.53 (s, H5 pypz-

N,N, 1 H), 6.67 (s, H5 pypzH-N, 1 H), 7.16 (s, H5´ pypzH-N, 1 H), 7.30 (m, H4 pypz-N,N, 1 

H), 7.33 (m, H5´ pypz-N,N, 1 H), 7.51 (m, H4 pypzH-N, 1 H), 7.55 (m, H3´ pypzH-N, 1 H), 

7.71 (m, H4´ pypzH-N, 1 H), 7.73 (m, H3´ pypz-N,N, 1 H), 7.94 (t, J = 7.8 Hz, H4´ pypz-N,N, 1 

H), 8.41 (s, H6´ pypzH-N, 1 H), 9.04 (d, J = 5.6 Hz, H6´ pypz-N,N, 1 H), NH not detected. 

13C{1H} NMR (101 MHz) δ: 102.1 (C5 pypz-N,N), 102.8 (C5 pypzH-N), 103.2 (C4 pypz-N,N), 

119.5 (C3´ pypzH-N), 119.8 (C3´ pypz-N,N), 120.9 (C2´ pypzH-N), 122.3 (C5´ pypz-N,N), 

136.9 (C4´ pypzH-N), 139.1 (C4´ pypz-N,N), 140.3 (C3 pypz-N,N), 141.7 (C4 pypzH-N), 148.9 

(C5´ pypzH-N), 149.2 (C6´ pypzH-N), 151.4 (C3 pypzH-N), 151.9 (C6´ pypz-N,N), 155.9 (C2´ 

pypz-N,N), CO not detected, all signals are singlets. IR (THF, cm1): 2021 s, 1918 s, 1896 s. 

IR (solid, cm1): 2973 w, 2932 w, 2006 vs, 1880 vs, 1868 vs, 1696 m, 1612 m, 1592 m, 1565 

m, 1536 m, 1512 m, 1454 m, 1427 m, 1347 m, 1149 m, 1128 m, 1118 m, 1089 m, 1056 m, 

972 w, 946 w, 761 s, 708 m, 643 m, 627 m. Anal. Calcd for C19H13N6O3Re: C, 40.78; H, 2.34; 

N, 15.02. Found: C, 40.52; H, 2.19; N, 14.72.

Na[fac-{Re(CO)3(pz)(pypz)}], 5a.

Method A: 3a (0.006 g, 0.01 mmol) was dissolved in (CD3)2CO or THF (0.5 mL) and 0.025 

mL of 1 M NaOH solution (0.025 mmol) in D2O or H2O was added. Method B: 4a (0.005 g, 

0.01 mmol) and 0.012 mL of 1 M NaOH solution (0.012 mmol) was added. The compound 

was not isolated. 1H NMR (500 MHz) δ: 8.84 (m, H4 pzH, 1 H), 6.65 (d, J = 1.9 Hz, H5 pypz, 

1 H), 6.91 (d, J = 2.0 Hz, H3,5 pzH, 1 H), 7.28 (m, H5´ and H4 pypz, 2 H), 7.48 (d, J = 1.9 Hz, 

H5,3 pzH, 1 H), 7.72 (dt, J = 8.0 and 1.2 Hz, H3´ pypz, 1 H), 7.93 (td, J = 7.7 and 1.6 Hz, H4´ 
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pypz, 1 H), 9.01 (dt, J = 5.6 and 1.3 Hz, H6´ pypz, 1 H). IR (THF, cm1): 2007 s, 1896 s, 1880 

s.

Na[fac-{Re(CO)3(dmpz)(pypz)}], 5b.

Method A: 3b (0.007 g, 0.01 mmol) was dissolved in (CD3)2CO or THF (0.5 mL) and 0.025 

mL of 1 M NaOH solution (0.025 mmol) in D2O or H2O was added. Method B: 4b (0.005 g, 

0.01 mmol) and 0.012 mL of 1 M NaOH solution (0.012 mmol) was added. The compound 

was not isolated. 1H NMR (400 MHz) δ: 1.85 (s, CH3 dmpzH, 3 H), 1.91 (s, CH3 dmpzH, 3 

H), 5.20 (s, H4 dmpzH, 1 H), 6.53 (s, H5 pypz, 1 H), 7.21 (t, J = 4.5 Hz, H5’ pypz, 1 H), 7.43 

(s, H4 pypz, 1 H), 7.58 (d, J = 5.5 Hz, H3’ pypz, 1 H), 7.82 (t, J = 5.5 Hz, H4’ pypz, 1 H), 9.13 

(d, J = 3.5 Hz, H6’ pypz, 1 H). IR (THF, cm1): 2009 s, 1898s, 1885s.

Na[fac-{Re(CO)3(indz)(pypz)}], 5c.

Method A: 3c (0.007 g, 0.01 mmol) was dissolved in (CD3)2CO or THF (0.5 mL) and 0.025 

mL of 1 M NaOH solution (0.025 mmol) in D2O or H2O was added. Method B: 4c (0.005 g, 

0.01 mmol) and 0.012 mL of 1 M NaOH solution (0.012 mmol) was added. The compound 

was not isolated. 1H NMR (500 MHz) δ: 6.73 (s, H5 pypz, 1 H), 6.96 (m, H5 indzH, 1 H), 7.22 

(m, H5’ pypz, 1 H), 7.38 (m, H6 indzH, 1 H), 7.46 (d, J = 10 Hz, H7 indzH, 1 H), 7,56 (m, H4 

pypz and H4 indzH, 2 H), 7.65 (m, H3 indzH, 1 H), 7.80 (d, J = 7 Hz, H3’ pypz, 1 H), 7.99 (m, 

H4’ pypz, 1 H), 9.15 (d, J = 4.0 Hz, H6’ pypz, 1 H). IR (THF, cm1): 2009 s, 1898 s, 1884 s.

Photophysical studies

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 10−5 M to 5×10−5 M), at room temperature with a quartz cuvette (1 cm×1 cm), 
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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 at r.t. The 

absolute fluorescence quantum yields in each solvent were measured using the integrating 

sphere accessory with a FLS980 Series Edinburgh instrument at r.t., wherein the solvent was 

used as a reference.

Electrochemical studies 

Electrochemical measurements were carried out with Dropsens Stat 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1, in MeCN (5 mL), 0.1M nBu4PF6 

supporting electrolyte, purging with Ar or CO2 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 each experiment. The observed 

ferrocenium/ferrocene couple was E1/2 = 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 CO2 in MeCN has been reported to be 0.28M at 25°C.36 Changing atmosphere from 

pure Ar to pure CO2 or vice versa required bubbling with the new gas for not less than 5 

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 the interim between scans. 
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During scan time the PTFE was risen and kept above the surface of the solution to avoid 

agitation.

Computational details

All calculations have been performed using the Gaussian 16 program package,37 in which the 

B3LYP functional was used.38 Geometry optimizations were performed under no symmetry 

restrictions, using initial coordinates derived from X-ray data of the same complexes when 

availables, and frecuency analyses were performed to ensure that a minimum structure with 

no imaginary frecuencies was achieved in each case. On the basis of the optimized ground 

and excited state geometries, the absorption and emission properties were calculated by TD-

DFT39 at the B3LYP level. In the calculations, effective core potentials (ECP) and their 

associated double- LANL2DZ basis set were used for the rhenium atoms,40 while the light 

elements (O, N, C, and H) were described with the 6-31G(d,p) basis.41 The contribution of 

every fragment in the molecules studied to the different orbitals involved in the optical 

transitions was calculated with the AOMix program,42 and the graphical representation of the 

orbitals was made with the help of GaussView.43

Acknowledgements

This research was supported by the Junta de Castilla y León (Ref. VA130618). E. C. thanks 

the UVa for her grant. The authors in Valladolid gratefully acknowledge financial support 

from the Spanish MINECO, Spain (PGC2018-099470-B-I00) and and Junta de Castilla y 

León (VA130618), and the authors in Burgos gratefully acknowledge financial support from 

the Spanish MINECO, Spain (Project CTQ2015-71353-R) and Junta de Castilla y León, 

Consejería de Educación y Cultura y Fondo Social Europeo (Project BU051U16).

Page 32 of 41

ACS Paragon Plus Environment

Submitted to Inorganic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



33

Supporting Information

The Supporting Information is available The Supporting Information is available free of 

charge on the ACS Publications website at DOI:

Chemical shifts of a Me2CO-d6 solution of 3b after succesive additions of NaOH (aq), 

obtaining succesively 4b and 5b (Figure S1). Normalized UV/vis absorption (black) and 

emission (blue, ex = 360 nm) spectra at 298 K, in deaerated solvents in optically dilute 

solutions. Absorption and emission (emission intensity decrease = 100 · Inon-deaerated/Iaerated) 

data at 298 K, in different solvents (Figure S2). Frontier Molecular Orbital Compositions (%) 

in the Ground State for Complexes 3a and 4a at the PBE1PBE Level (Tables S1 and S2). 

Experimental raw values observed using silver wire (as pseudoreference electrode) or 

AgCl/Ag (3M NaCl reference electrode) (Tables S3 and S4). Cyclic Voltammograms of fac-

[ReCl(CO)3(bipy)], 1, 3a-d, and 4a-d (Figures S3 to S17). Calculated energies of the Re-pzH 

bond for cationic complexes and for their one-reduced-electron species (Figure S18 and Table 

S5).

Crystal structures of complexes 3a, 3d, and 4a. CCDC 1971286-1971288 contain the 

supplementary crystallographic data for this paper. These data can be obtained free of charge 

via www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_request@ccdc.cam.ac.uk, or 

by contacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 

1EZ, UK; fax: +44 1223 336033.
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A family of cationic complexes, containing pypzH and different pyrazoles (pzH, dmpzH, indzH and 

pypzH) coordinated to the fac-[ReBr(CO)3] fragment, allow successive deprotonations in order to 

obtain neutral and anionic compounds with similar ligands, but different electronic and steric 

properties. They exhibit phosphorescent behavior consistent with a prevalently 
3
MLCT excited 

state. Their electrochemical behavior both in Ar atmosphere and under CO2 is described. The latter 

is consistent with CO2 electrocatalyzed reduction. 
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