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Chapter 1 

 

Introduction 
 

The activation of small molecules represents a growing area in Chemistry. Molecules, 

such as N2, O2, CO2, NOx, CH4, are abundant in our atmosphere.1 Ideal starting materials 

given their vastness, availability, and renewability, although difficult to transform by 

applying traditional chemistry methods. Given their high thermodynamic stability and 

kinetic inertness, finding chemical strategies to activate such inert substrates through an 

efficient conversion is a subject of continuous research, since they can serve as synthons 

for the preparation of more complex molecules. 

Besides the synthetic perspective, other interests are involved in utilizing air 

pollutants, such as CO2
2 and NOx,3 which could also represent a viable strategy to 

mitigate their atmospheric accumulation.4,5 Equally crucial in the current global energy 

crisis, converting H2O or CO2 into fuels could represent a feasible alternative for energy 

storage.6  

Chemical reactions in nature are driven efficiently, mediated by a piece of 

sophisticated machinery that activates even the most inert substrates. For instance, 

during photosynthesis, water is oxidized in the presence of light. The products of this 

reaction (protons and electrons) are transferred to [NiFeS]-metalloenzyme catalytic 

center, where CO2 is reduced into carbohydrates.7 In these bio-transformations, 

metalloenzymes are the key components, complex structures that catalytically promote 

chemical transformations. Constituted by a metal cofactor bound to a protein unit, they 

can be conceived as super-active inorganic catalysts. Thus, taking inspiration from 

nature, the most reasonable starting point in small molecule activation research is 

exploring the reactivity of such molecules with metal complexes. In this regard, a 

considerable amount of work has been devoted to investigate the activation and 

subsequent transformation of small molecules using metal catalysts, where it has been 

demonstrated that the high tunability and redox capabilities of these species could 

effectively mediate substrate transformation.8,9  
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1. Carbon dioxide 

Carbon dioxide is a relatively simple compound produced naturally by mammals' 

respiration, biomass degradation, and geochemical phenomena. Being the main 

greenhouse gas generated by the combustion of fossil fuels, its overproduction since 

the Industrial Revolution has caused a dramatic effect on atmosphere dynamics.10 

Recent reports indicate CO2 emissions will rapidly rise if no actions are taken, causing 

an increase of the global temperature of 5°C by 2100.11  

CO2 capture and sequestration by adsorbing the gas on porous materials' surfaces to 

store it underground could be a potential strategy to decrease CO2 atmospheric 

concentration. However, it represents a temporary solution since it does not seek a 

practical purpose for CO2 other than confinement. Therefore, CO2 capture, and 

sequestration combined with its conversion are attractive because they aim to convert it 

into valuable chemicals which would turn CO2 into a renewable C1 building block for 

synthesis.12 As mentioned above, extensive research has focused on CO2 conversion 

mediated by transition metal complexes similar to what nature does. However, before 

entering in-depth into the reactivity of metal complexes towards CO2, a brief 

introduction to the chemical properties of CO2 as a substrate is developed in the next 

section. 

1.1 Electronic structure and reactivity 

In its ground state, carbon dioxide is a triatomic linear molecule composed of a 

central carbon bound to two side-on oxygens. The highest-occupied molecular orbital 

1g is doubly degenerate and primarily localized on the oxygens. While the lowest-

unoccupied molecular orbital u is also doubly degenerate, this possesses mainly 

carbon character (Figure 1).13  

Disruption of the linearity by bending the O-C-O angle alters the energy and the 

extent of the degeneracy of -symmetry frontier orbitals. Notably, the LUMO (u) is 

stabilized (6a1 orbital), while HOMO (1g) rises in energy (4b2;1a2), see Figure 1.13,14 This 

bending is induced when electrons are placed on the LUMO as happens when CO2 

interacts with a nucleophile —such as late-transition metals in low oxidation states— or 

when it is reduced.14 
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Figure 1. Simplified Walsh diagram for CO2 bending. Modified figure taken from 
ChemPhysChem, 18(22), 2017, 3135–3141. 

Due to the polarized C∂+-O∂- bonds, CO2 may undergo both nucleophilic and 

electrophilic attacks. However, the terminal oxygens are weakly basic, so the molecule is 

more likely to undergo nucleophilic additions to the central carbon.  

In organic synthesis, the most typical reaction of CO2 is indeed nucleophilic addition. 

Carbanions, phenolates, alkoxides, and amines are the common nucleophiles that, in 

the presence of CO2 and auxiliary reagents, produce carboxylic acids, carbonates, and 

urea derivatives. However, the need for either the generation of the nucleophile or the 

requirement of strong bases, makes their application at the industrial level not very 

practical (Scheme 1).15 

 

Scheme 1. Uses of CO2 for organic syntheses. 

Metal complexes have shown more versatile reactivity towards CO2, and reports on 

its coordination chemistry are known since 1975.16 Overall, CO2 exhibits at least four 

coordination modes involving monodentate (1 = I, III) or bidentate coordination (2 = II, 

IV), that may differ if upon coordination, charge transfer from the metal to the ligand 

could occur, forming the respective carbonite species (CO2
2-).17,18 This is observed in 

modes III and IV, or radical anion-type complexes (CO2
●—),19 as depicted in I (Chart 1). 

14,20 
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Aresta and coworkers studied the reactivity of Ni(0) phosphine-based complexes in 

the presence of CO2 and isolated compound Ni(PCy3)2(CO2)]. In this species, the CO2 

ligand coordinates Ni through the C=O bond, similar to the metal-olefin interaction.16 

Upon coordination, the O-C-O angle is reduced, and the coordinated C-O bond is 

elongated compared to the free C-O arm. Interestingly, in the presence of early 

transition metals in a low oxidation state, the metal undergoes oxidative addition of CO2, 

yielding a metallocarboxylate species 18 

 

Chart 1.CO2 coordination complexes. 

1.2 Reduction of carbon dioxide 

Carbon dioxide can also be activated under reductive conditions. One-electron 

reduction of CO2 generates the corresponding radical anion CO2
●—. However, the high 

thermodynamic stability of the molecule and sluggish electron transfer hinders this 

process. It requires nearly 46 kcal/mol to proceed, partly due to the significant 

reorganization energy needed to bend the molecule.21 This is one of the main 

challenges in CO2 conversion because any value-added product we could synthesize 

from multiple direct reductions of CO2 has the radical anion formation as the first 

elementary step.  The standard redox potentials (E°) of the most common redox pairs 

CO2/Cred are shown in Scheme 2. These values also manifest the difficulty of forming the 

radical anion, a process that occurs at the most negative reduction potential of -1.90 V 

vs NHE. Proton-coupled electron-transfers, on the other hand, are more facile, as can be 

seen from the redox potentials in Scheme 2. Although the direct reduction to carbon 

monoxide and formic acid are theoretically the most favorable conversions (they do not 

require quite negative potentials, and only 2e-/2H+ are needed), the slow kinetics of the 

outer-sphere electron transfer shifts the thermodynamic redox potentials to even more 

negative values. Therefore, to trigger the reaction at a reasonable rate, an additional 

driving force is required, called overpotential ().22 
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Scheme 2. Cell-half reactions vs. NHE at pH =7 for the reduction of CO2. 

2. The electrocatalysis of CO2 reduction: the 
molecular approach  

Since both kinetic and thermodynamic restraints govern the activation and reduction 

of CO2, different approaches to facilitate the conversion have been considered. In this 

regard, transition metal complexes are a promising alternative because they can 

intervene in the conversion as substrate activators and catalysts. Because the radical 

anion CO2
●— is the critical intermediate in any electron transfer implicated in the 

reduction of CO2, one way to stabilize it is via coordination with a metal complex. Thus, 

the formation of a CO2-adduct can potentially decrease the kinetic barriers allowing the 

reduction to occur faster through an inner-sphere mechanism (Figure 2a).23 

Upon CO2 activation, the metal complex catalyzes the reduction. It serves as a bridge 

between the electron source and the substrate, enabling electron transfer. The electrons 

can be generated either electrochemically by applying a potential on a working 

electrode, or photochemically by using a sacrificial electron donor. In this case, one of 

the advantages of electrochemical reduction is that the applied potential can be easily 

controlled to match the target reaction's potential. Moreover, green sources like wind 

and solar energy can generate the electricity required to drive such transformations.15 
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Figure 2. a) Energy profile for one-electron reduction of CO2 in the absence and presence of a 
catalyst. b) General catalytic cycle for CO2 reduction mediated by metal complexes Modified 

figures taken from Dalton Trans. 2022, 6993–7010.  

Overall, the electrocatalytic cycle can be divided into three stages: i) in situ generation 

of the active catalyst, ii) formation of the CO2-catalyst adduct, and iii) further reduction 

and product release. During the first stage, the complex is reduced on the surface of the 

electrode with a potential E1. Subsequently, the reduced catalyst coordinates the 

substrate, and by supplying electrons and protons, the product is formed and released 

with a potential E2 (Figure 2b).23  

Therefore, structural changes in the metal complex may influence the catalytic activity 

because both E1 and substrate/product affinity depend on the intrinsic properties of the 

catalyst. In this respect, one of the benefits of using molecular catalysts is their precise 

tunability through ligand modifications.  

3. Redox-active ligands in small molecule 
activation and catalysis 

The properties of a metal complex are the consequence of metal-ligand interactions, 

wherein ancillary ligands modulate complex reactivity through electronic and steric 

effects. The traditional view about the passive role of ligands has changed over the last 

decades since the discovery of ligands capable of participating actively in chemical 

reactions. 

The term non-innocent is a descriptor applied to ligands that can engage in electron 

transfer processes or bond cleavage/formation.24 Redox-active ligands are non-

innocent fragments that can be reversibly oxidized or reduced when coordinated to a 

metal center. Since they can participate in ligand-based reductions, redox-active ligands 

can act as electron reservoirs, storing and releasing electrons whenever needed, an 
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important feature for redox catalysis. Consequently, these backbones adopt different 

resonance structures upon changing redox states, which could also provide an 

additional venue for reactivity. The Lewis acidity/basicity of the metal is also influenced 

when switching from one redox state to another; thus, having redox-active fragments 

could provide another strategy to modulate metal nucleophilicity. 

Substrate activation can be achieved via metal-ligand cooperativity if the metal is also 

redox-active. For instance, the catalyst can participate in two-electron reductions by 

delivering two electrons (one offered by the metal and the other by the ligand). This 

aspect is desirable when using abundant base metals due to their tendency to undergo 

one-electron reductions and, with that, the formation of highly reactive radical 

intermediates. Therefore, by combining a base metal with a redox-active ligand, we can 

induce noble metal-like reactivity to the catalyst so that it can carry out two-electron 

processes.25 

3.1 Redox-active ligands in the electrochemical catalytic reductions 

Electrochemical conversion of small molecules is challenging because it involves, 

besides substrate activation, multielectron redox reactions that are kinetically 

hindered.26 In this respect, Queyriaux27 recently summarized the implications of using a 

metal catalyst with a redox-active ligand in the electrocatalytic reduction of CO2 and H+. 

Although molecular electrocatalysts with redox-active ligands are usually shown to be i) 

selective, ii) efficient (work at low overpotentials with high turnover frequencies, and iii) 

stable, there are also potential disadvantages related to having such reactive fragments. 

3.1.1 Selectivity 

As mentioned above, the most efficient pathway for CO2 reduction is the proton-

coupled electron transfer. This means that upon supplying CO2 and protons, the active 

species must selectively catalyze CO2 reduction and no other competing 

transformations, e.g., hydrogen evolution reaction. However, proton reduction is 

thermodynamically favored (E° [H+/H2] = -0.41 V vs NHE) compared to the proton-

assisted reductions of CO2 to carbon monoxide and formic acid (E° [CO2/CO] = -0.53 

V; E° [CO2/HCOOH] = -0.61 V vs NHE, respectively). Consequently, it is commonly found 

to have a mixture of products during electrocatalytic tests. In these cases, it has been 

reported that redox-active ligands may influence product distribution and can thereby 

lead to higher faradaic efficiency towards the desired reduction product. In contrast, 

when the catalyst supports an innocent ligand, upon reduction, the negative charge 

most likely will be located at the metal, increasing its nucleophilicity. This effect has been 

found to favor protonation, forming a metal-hydride species, the intermediate that is 

often responsible for the competing hydrogen evolution reaction.  

 



Introduction 

28 

Therefore, we should expect that control of nucleophilicity may be relevant for 

selectivity in electrocatalytic reduction of CO2. In fact, it has been hypothesized that 

having a redox-active motif frees the metal from excess charge lowering its 

nucleophilicity and, therefore, increasing its selectivity towards CO2. Of note, a balanced 

distribution of the electron density is desirable; otherwise, with a poor nucleophilic 

center, CO2 activation would not be achieved. 

Jurss and coworkers studied the influence of the extent of redox non-innocence 

character in nickel bipyridyl-N-heterocyclic carbene donors in the electrocatalytic CO2 

reduction. They found better faradaic efficiencies for CO production in catalyst III with a 

more rigid and planar framework (Figure 3). DFT calculations showed the correlation 

between the electronic structure of the active double reduced form and its selectivity 

towards CO2. In catalyst III, with the more rigid and planar ligand, the electron density 

resides on the ligand framework, decreasing metal nucleophilicity and, thereby, 

discouraging metal-hydride formation. In contrast, disruption of the macrocyclic 

structure, as observed in the N-methyl substituted catalyst I, reduces the ligand's redox-

active character. With that, metal nucleophilicity is enhanced, favoring H+ binding, thus 

the catalytic hydrogen evolution reaction.28  

With its cobalt analog, the influence of the metal was investigated. Interestingly, 

catalyst III with cobalt also exhibited the highest selectivity toward CO2 among the three 

complexes, although in this case, the electronic density is evenly distributed between 

the ligand and metal. As expected, having a poor nucleophilic metal and a double-

reduced ligand gives a 1:1 ratio of CO/H2 when the catalyst used is I. 29 

 

Figure 3. Cobalt complexes with bipyridine N-heterocyclic carbenes for CO2 reduction. 
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3.1.2 Overpotential requirements 

Previously introduced, overpotential () refers to the additional amount of energy 

needed to observe catalysis. This value compares the potential at which the catalysis 

occurs against the thermodynamic potential (E°) of the reaction to catalyze. Therefore, it 

is preferable that the potential of the active catalyst E1 should be close enough to 

E°(CO2/CO). In this case, modulation of E1 through systematic changes in the ligand 

framework is a relevant tool for decreasing overpotential requirements. However, this 

may also negatively impact the catalytic rate since with low  metal nucleophilicity falls, 

hampering CO2 activation.23 

In this regard, McCrory discussed the influence of incorporating groups on the ligand 

backbone to stabilize the CO2-adduct, avoiding losing catalytic performance while 

decreasing overpotential. For instance, adding positively charged functional groups can 

aid in stabilizing the adduct via attractive electrostatic forces, as shown for iron 

tetraphenylporphyrin complexes decorated with trimethylanilium groups (Figure 4a). 

These catalysts exhibit higher activity at relatively low overpotentials.30 A similar effect is 

observed when the ligand contains proton-responsive groups that stabilize the CO2 

adduct through secondary interactions.23 On this matter, Hess and coworkers recently 

reported the catalytic activity of Fe and Co complexes supporting the redox non-

innocent dihydropyrrole-bisquinazoline ligand [Mabiq] (Figure 4b). Their outcomes 

indicated that ligand-based reductions in the Fe species positively influence 

overpotential requirements and selectivity. In the presence of protons, the redox-active 

ligand undergoes protonation, preventing metal-hydride formation. 31,32 

 

Figure 4. a) Porphyrin and b) bisquinazoline iron-based catalysts for the proton-coupled CO2 
reduction. 

3.1.3  Stability and new venues for reactivity 

Since the catalyst is active in its reduced state, having a redox non-innocent ligand 

could improve its stability. Waymouth and coworkers investigated experimentally and 

computationally the impact of redox-active ligands in the electrochemical behavior of 

[MnBr(CO)3(L,L).  
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They discovered that exchanging the bipyridine ligand with the redox-active 

phenylazopyridine moiety enhances the stability of the first reduced state, avoiding 

bromide elimination upon one-electron reduction. In this family of catalysts, bromide 

elimination is followed by complex dimerization, a known deactivation pathway in the 

catalysis of CO2 reduction (Scheme 3). 33 

 

Scheme 3. One-electron reduction of Mn catalysts supporting nitrogen-based ligands. 

Accumulation of reducing equivalents in the ligand scaffold may trigger new reactivity 

patterns otherwise absent in innocent ligands. The Grapperhaus group explored the 

activity of a Zn(II) catalyst supported by a nitrogen-based macrocycle 

(thiosemicarbazonate-pyridinehydrozonato). Such catalyst fixes, activates and reduces 

CO2 through metal-ligand cooperativity interactions yielding formate (HCO2
-). It was 

found that the redox-active macrocyclic ligand featuring a frustrated Lewis pair 

interaction with Zn(II) promotes CO2 reduction (Scheme 4).34 

 

Scheme 4. CO2 capture and reduction by a Zn(II) macrocyclic complex. 

Since redox events may take place on the ligand, these fragments tend to be reactive. 

Thus, a ligand-based adduct is sometimes preferred over CO2 addition on the metal 

center. The ligand-CO2 interaction might be quite strong in these cases, rendering C-C, 

C-N, or C-O covalent bonds that inactivate the catalyst. For instance, Kubiak and 

coworkers observed the formation of a strong C-C coupling between CO2 and the 

pyridine monoimine (PMI) ligand when studying the electrocatalytic properties of 
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[ArPMI)Mo(CO)3] complexes for CO2 reduction. Although the presence of a redox-active 

moiety anodically shifts the redox potentials, the stability of the resulting ligand-CO2 

adduct prevents catalysis from taking place (Scheme 5a).35 

Redox-active ligands supporting proton-responsive groups have also shown side 

reactivity. Fujita and coworkers designed a bipyridine ligand with hydroxy functions as 

proton-responsive groups aiming to enhance the catalytic performance of the 

benchmark Lehn's catalyst ReCl(CO)3 (L,L) (L,L = bipyridine). They found the catalyst is 

unstable under reductive conditions and deprotonates with concomitant hydrogen 

evolution upon adding reducing equivalents. Electrochemical studies with the 

deprotonated species under catalytic conditions (CO2, H+) indicated reprotonation of 

the proton-responsive groups might be a potential deactivation pathway (Scheme 5b).36 

 

Scheme 5. a) CO2 activation mediated by a Mo(PMI) complex. b) Reductive deprotonation of a 
based- bipyridine Re(I) catalyst with proton-responsive groups. 

4. Group 7 catalysts for CO2 reduction 

Extensive research has been focused on developing metal complexes as molecular 

catalysts for CO2 reduction. Iron-based catalysts with porphyrins and ruthenium and 

osmium carbonyl complexes with bipyridine ligands have been studied for this purpose. 

Moreover, group 9 catalysts supporting N-macrocyclic and pincer-type ligands have also 

been reported. A feature in common in all these cases is the presumable non-innocent 

role of the ligand.22 For group 7, tricarbonyl complexes with -diimines are the family of 

catalyst that have been extensively exploited for the electrocatalytic CO2 reduction.  

In 1984, Lehn and coworkers reported the activity of the fac-ReCl(CO)3(bipy) (bipy = 

bipyrdine) complex for the electrochemical reduction of CO2. This was a following study 

inspired by their previous work with Ru(bipy)3(Cl)2 and ReCl(CO)3((bipy), for the 

photochemically induced reduction. Lehn's catalyst has endured up to now because it 

is a quite simple complex that selectively produces CO via a proton-coupled two-

electron pathway with current efficiencies up to 98%.37 
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Lehn's catalyst has been investigated in-depth to understand the fundamentals of its 

exceptional reactivity, aiming to develop more efficient systems. Computational studies 

supported by spectroscopic data indicate that the redox non-innocent nature of the 

bipyridine fragment is responsible for such high selectivity. This is mainly due to the 

better orbital interaction of the substrate with the catalyst that, in its active state, 

delocalized electron density on both the metal and the ligand.38 Although the complex 

is highly active, the catalysis occurs at somewhat high overpotentials ( = 1.57 V) (Chart 

2a).  

Several Re(I) complexes containing functionalized bipyridines have been studied. For 

instance, introducing electron-donating groups on the ligand framework enhanced 

catalytic activity, albeit at the cost of a higher overpotential ( = 1.74 V) (Chart 2b).39 

Moreover, the incorporation of hydrogen bond donors at the proximity of the metal 

center accelerated the catalysis but with increased overpotential (Chart 2c).40 

 

Chart 2.Re and Mn catalysts for CO2 reduction. The overpotentials were calculated using the 

expression  η= E°CO2/CO(MeCN)- Ecat
2⁄
 were E°cat

2⁄
= -0.541 V vs Fc+/0 when no explicit proton source 

is present.30 HO and LO correspond to high and low overpotential catalysis, respectively.b The low 
overpotential catalysis reported in the presence of Mg2+ as Lewis acid. 
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For group 7 catalysts, two pathways have been elucidated for generating the active 

complex, the double reduced species. In the two-electron mechanism, the catalyst is 

formed upon two consecutive one-electron reductions and subsequent halide loss 

(Scheme 6a). On the other hand, if the halide is released after the first reduction, a 17-

electron radical intermediate is formed. Then, dimerization may take place, associated 

with an increase in overpotential and thus detrimental to catalyst performance (Scheme 

6b).41 

 

Scheme 6. Reaction mechanism for the formation of the active catalyst for group 7 catalysts. 

Complexes with its earth-abundant congener, Mn, have also been studied. In these 

species, the rate of dimerization is higher. Modification of the ligand steric and 

electronics can help to hinder dimerization. As previously mentioned, using a redox-

active fragment has been shown to prevent halide dissociation.33 On the other side, 

including the sterically demanding mesityl groups on the bipyridine does not avoid 

halide elimination but can block radical dimerization. With this strategy, Kubiak and 

coworkers achieved catalysis at relatively lower overpotentials when Mg2+ is added as a 

Lewis acid (Chart 2d).42 It was found Mg2+ aided in weakening the C-O bond in the CO2 

adduct with the formation of MgCO3 as a driving force. In this case, the addition of 

trifluoroethanol —commonly used as proton source for the proton-coupled CO2 

reduction— did not improve catalytic response at low overpotentials. Since the 

thermodynamic redox potential for the proton-coupled reduction (E°(CO2/CO) = -0.541 

V vs Fc+/0) is more positive than the redox potential of the reduction under reductive 

disproportionation conditions (E°(CO2/CO) = -1.15 V vs Fc+/0 when MgCO3 is formed) 

the overpotential found for MnBr(CO)3(mesbpy) in the absence of protons is lower. 

The incorporation of different proton-donor groups on the bipyridine moiety also 

influenced product selectivity. Daasbjerg and coworkers found that the presence of a 

hydroxy substituent at the benzylic position of the 2,2-benzyl-bipyridine ligand 

promotes CO formation, while its substitution by an amine group catalyzes formic acid 

production (Chart 2e).43 Finally, the groups of Lloret-Fillol and Royo investigated the 

activity of bulky substituents in N-heterocyclic carbenes and reported enhanced catalytic 

activity but with high overpotentials (Chart 2f). 44 
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5. The formazan/ate scaffold, a promising redox-
active ligand in catalysis 

Throughout this chapter, the reactivity of non-innocent ligands in small molecule 

activation and catalysis was clearly emphasized. The bipyridine ligand and analogs (-

diimine motifs) have demonstrated their capabilities to support redox transformations, 

in which their non-innocent nature plays an essential role in selectivity. In this matter, a 

wide variety of conjugated nitrogen-based backbones with redox non-innocent 

character are available to be assessed for the electrochemical reduction of CO2.  

5.1 General features  

Within this library of compounds, the formazan/ate ligand attracted our attention. 

Formazans are a large family of molecules containing the skeleton                                                 

{—N=N—C(R)=N—NH—} (Figure 5a). First synthesized and characterized by von Pechmann 

and Bamberger,45 formazans are colorful compounds that exhibit well-defined redox 

states, widely used in clinical assays to quantify cell metabolism.46  

In coordination chemistry, their deprotonated form, the formazanate anion                      

{—N=N—C(R)=N—N—}-, has been used as a chelating ligand (Figure 5a). Although, 

structurally, it resembles the -diketiminate ligand, its properties might differ. For 

instance, -diketiminate ligands are less stable once they undergo redox changes.47 This 

contrasts to what is observed in formazanate ligands, in which case, having a nitrogen-

rich conjugated scaffold with low-lying frontier orbitals give rise to complexes with 

particular electrochemical and photophysical properties that are not accessible in the -

diketiminate analogs.48 An additional advantage is its straightforward derivatization —as 

long as the starting materials are available— that makes possible to functionalize the 

backbone and thereby, systematically tuning the electronic structure of the metal 

complex.45,49  

Four donor sites enable different coordination modes, making the formazanate 

ligand a flexible backbone. Complexes with the main group and transition elements 

have been described,50 exhibiting three characteristic coordination modes: closed, 

open, and linear. (Figure 5b).51–53  
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Figure 5. a) Structure of the formazan and formazanate ligand and b) different coordination 
modes for formazanate complexes. 

The most common binding fashion is the closed form that renders six-membered 

rings with full -delocalization within the metallacycle. Few examples have been 

reported for the open coordination, that gives access to five-membered chelates, 

wherein charge delocalization is less pronounced. It has been suggested that the steric 

hindrance of the substituents on the terminal N-atoms may influence the coordination 

pattern, and, usually, such species are in equilibrium with their corresponding closed 

forms (Scheme 7).54 

 

Scheme 7. Equilibrium between the open- and closed-form in Zn(II) formazanates. 

Formazanate ligands are strong -acceptors and their -acidity can be systematically 

tuned by changing the nature of the substituents. Since the frontier orbitals in 

formazanate complexes are mainly localized on the formazanate fragment, changes in 

the substitution pattern also alter the energy of the HOMO and LUMO levels and, with 

that, influence other properties such as redox potentials.50 
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5.2 Formazanate ligands as electron reservoirs 

Formazanate complexes display a characteristic redox behavior, typically defined by 

ligand-centered reversible redox events. In 2014, our research group described the 

electrochemical properties of bis(formazanate) Zn(II) complexes and reported their 

isolation in three redox states: neutral, anionic, and dianionic. One- and two-electron 

reductions were identified as ligand-centered processes yielding the anionic and 

dianionic metalloverdazyl radicals, respectively, wherein each ligand unit accepts one 

electron (Scheme 8).55  

 

Scheme 8. Reduction of bis-formazanate Zn(II) complexes, R = tBu, p-tol; 

More interestingly, the ability of the formazanate moiety to perform its role as an 

electron sink was exemplified with monoformazanate boron species. Such complexes 

can afford the addition of up to two reducing equivalents, rendering a dianionic 

formazanate complex. This study showed that steric constraints may have an impact on 

the reversibility of the second reduction event (Scheme 9).56 Similar outcomes were 

reported by Gilroy and coworkers for monoformazanate boron difluoride complexes, in 

which case the formazanate serves as a two-electron reservoir, although the double-

reduced species is less stable.57 

Electron storage capabilities have also been described for formazanate complexes 

with Al,58 Fe59, Ir60, Pt61. In complexes with the main group and transition elements, the 

redox potentials are significantly influenced by the nature of the substituents attached 

to the nitrogen atoms. With electron withdrawing groups, reduction potentials are 

shifted anodically, facilitating reduction processes. 
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Scheme 9. Mono(formazanate) boron species: neutral, monoanionic and dianionic; and the cyclic 
voltammogram of B(PhNNC(p-tol)NNAr)(Ph)2recorded in THF at 100 mV/s. Modified figure taken 

from Chem. Commum.,2017, 53(3), 513–516. 

5.3 Reactivity of the reduced formazanate fragment 

Reduced formazanate species have shown promising reactivity in bond activation and 

catalysis. For instance, the electrons stored in the two-electron reduced boron 

compound 1 (Scheme 9) are used to promote nucleophilic attacks on molecules of the 

type E-X (E+ = Bn+, H+) that generate the corresponding leucoverdazyl-type compounds. 

The N-E interaction in these species is shown to be weak as the addition of one 

equivalent of TEMPO yields the stable borataverdazyl radical anion and the 

corresponding oxypiperidine species (Scheme 10).62 
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Scheme 10. Electrophilic addition on the two-electron reduced boron species 1. 

Switchable catalysis stands for the use of external stimuli to control reactivity. 

Functional groups embedded in the catalyst's structure can respond reversibly to light, 

metal ion-coordination, changes in pH or redox state and thus promote one or more 

chemical events during catalysis.63 On this subject, redox-active units can play a role as 

triggers depending on their redox states.64 Recently, our group explored the activity of 

a dinuclear formazanate Zn(II) species as a catalyst for switchable ring opening 

polymerization (ROP). It was found the catalyst is only active in its reduced state with 94% 

conversion of the starting monomer (lactide), while oxidation of the ligand turns off the 

polymerization. 

Further investigation into the catalyst's electronic structure indicates it exists as a 

radical mononuclear complex that coordinates the substrate. The flexible six-membered 

formazanate species, then, is converted into the five-membered isomer, leaving a 

nucleophilic pendant N-arm that attacks the coordinated lactide monomer. At this step, 

the polymerization process starts with the incorporation of lactide units via the 

macrocycle radical-type intermediate. By nucleophilic attack of the zinc-coordinated 

oxygen to the Zn-bound carbonyl group, the catalyst is regenerated, and cyclic 

polylactide release as product (Scheme 11). The addition of an oxidant stops the 

catalytic activity. 65 This study showed that the redox activity and hemilability of the 

formazanate ligands are promising properties that one may take advantage of in other 

catalytic systems. 
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Scheme 11. Proposed catalytic cycle for switching ROP by a formazanate Zn(II) catalyst. Scheme 
taken from ACS Catal., 2022, 12, 4125–4130. 

 

5.4 Reactivity of formazanate complexes with CO2 

So far, there are few examples of the reactivity of formazanate complexes toward 

carbon dioxide. The group of Holland reported in 2018 that low-coordinate formazanate 

silylamide iron(II) complexes react with CO2 to yield trimethylsilyl isocyanate (TMSNCO) 

and the corresponding formazanate siloxide iron compound. The mechanism suggests 

that CO2 reversibly coordinates to the metal center in a 1(O) fashion upon solvent 

dissociation. By nucleophilic attack of the silylamide on the coordinated CO2 and 

subsequent SiMe3 migration, a silylamide carbamate iron intermediate is generated. 

Upon reaction with another carbamate molecule, a dinuclear species is afforded with 

concomitant release of TMSNCO. It was concluded that the presence of solvent 

molecules encourages additional pathways that also lead to the formation of TMSNCO. 

In this case, the formazanate behaves as a traditional 'innocent' ligand (Scheme 12a).66 

Similarly, our group informed in 2019 the catalytic studies of monoformazanate 

ferrate(II) dihalide complexes for selective conversion of CO2 into cyclic carbonates in 

the presence of epoxide.67 Ligand exchange of the labile halides by epoxide and 

subsequent nucleophilic attack of the free X- onto the coordinated oxirane enables ring 

opening.  
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Then, CO2 insertion into the Fe—O bond followed by ring closure regenerates the 

catalyst. Again, the metal drives the reaction in this example, while the formazanate acts 

as an ancillary ligand (Scheme 12b). 

 

Scheme 12. Carbon dioxide activation by iron formazanate complexes. Schemes taken from. 
Angew. Chem. Int. Ed., 2018 130, 6617–6621 and. ChemSusChem, 2019, 12, 3635–3641. 

Very recently, a report from the Roesky group describes the insertion of CO2 into a 

bis(formazanate) magnesium complex as a precedent of substrate activation achieved 

through metal-ligand cooperativity. The reaction was carried out with an excess of dry 

ice in toluene with immediate color change, a highly indicative of ligand-based 

reactivity. Isolation of crystalline material along with spectroscopic characterization, 

evidences CO2 insertion into the Mg—N bond, rendering a trimeric species. The insertion 

was proven to be reversible as heating the reaction mixture regenerates the starting 

material. It was proposed magnesium coordinates CO2 in a 1(O) fashion; then, by 

nucleophilic attack of the terminal formazanate nitrogen to the electrophilic carbon and 

further rearrangement, a five-membered formazan chelate fused to a five-membered 

carbamate-like ring is afforded. It subsequently assembles into a trinuclear compound 

(Scheme 13).68 
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Scheme 13. Reversible insertion of CO2 into a bis(formazanate)magnesium complex. 

6. Motivation  

Although the coordination chemistry of the formazanate ligand has been described 

since 1941 for various transition elements,50,69 for d7 metals, it has been scarcely 

explored. Brown and coworkers reported the reaction of Mn(acac)3 with an excess of the 

neutral benzothiazolylformazan ligand in refluxing ethanol that yielded the 

bis(benzothiazolylformazanate) Mn(II) complex, wherein the formazan served both as 

ligand and reducing agent.70 Apart from this, examples of coordination complexes with 

its heavier Re congener are still unknown to the best of our knowledge. Furthermore, 

inspired by the precedents on chemical reactivity driven by complexes with redox-active 

ligands in small molecule activation, we developed in this project a fundamental study 

on the coordination chemistry of formazan/ate ligands towards carbonyl Re(I) species, 

aiming to evaluate the catalytic properties of the resulting complexes for the 

electrochemical reduction of CO2 (Scheme 14). 

We envisioned replacing the redox non-innocent bipyridine moiety with the redox-

active formazan/ate ligand in ReX(CO)3(bpy) catalyst could enhance its stability, 

preventing the detrimental dimerization pathway that takes place as a consequence of 

the poor ability of the catalyst to distribute the electronic equivalents upon reduction 

(Scheme 6). Moreover, by synthesizing Re(I) complexes with the neutral formazan ligand, 

we sought to design a catalyst that could act as a two-electron/one-proton reservoir 

aiming to facilitate substrate activation and reduction via secondary interactions. Finally, 

with the preparation of the formazanate Re(I) analogs, we pursued to compare the 

influence of the proton relay. 
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Our findings indicate that careful considerations must be taken in designing catalysts 

with redox non-innocent ligands, as an enhanced redox activity can be translated into 

poor reactivity of the metal center. On the other hand, our outcomes also represent 

another example of the key role of redox-active ligands to drive small molecule 

activation.  

 

Scheme 14. Proposed project. 

7. Thesis outline 

In this chapter, we have revised the fundamentals of CO2 conversion and discussed 

the previous literature on electrocatalysis mediated by metal complexes. Chapter 2 

describes the synthetic studies of Re(I) complexes supporting the neutral formazan 

ligand. The complete characterization of five complexes with different triarylformazan 

ligands is presented, and their electronic properties are studied by spectroscopic and 

computational methods. In Chapter 3, the preparation of formazanate Re(I) derivatives 

is described, and their electronic properties are compared against their formazan 

analogs by spectroscopic and computational studies. 

Chapter 4 is devoted to an extensive study of the (spectro)electrochemical properties 

of formazan and formazanate Re(I) species and the electronic structure of their reduced 

forms elucidated by computational methods. Finally, in Chapter 5, the evaluation of the 

electrocatalytic activity of the complexes herein investigated is presented. In this 

chapter, we discussed the correlation between the electronic structure of the reduced 

forms and their reactivity towards CO2.  
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Chapter 2 

 

Neutral Formazan Ligands Bound to 

the fac-(CO)3Re(I) fragment: 

Structural, Spectroscopic and 

Computational Studies 
 

Metal complexes with ligands that coordinate via the nitrogen atom of azo (N=N) or 

imino (C=N) groups are of interest due to their π-acceptor properties and redox-active 

nature, which leads to interesting (opto)electronic properties and reactivity. Here we 

describe the synthesis and characterization of rhenium(I) tricarbonyl complexes with 

neutral N,N bidentate formazans, which possess both N=N and C=N fragments within 

the ligand backbone (Ar1-N=N-C(R3)=N-NH-Ar5). The compounds were synthesized by 

reacting equimolar amounts of [ReBr(CO)5] and the corresponding neutral formazan. X-

Ray crystallographic and spectroscopic (IR, NMR) characterization confirmed the 

generation of formazan-type species with the structure fac-[ReBr(CO)3(κ2-N2,N5(Ph-N1H-

N2=C(R3)-N4=N5-Ph))]. The formazan ligand coordinates the metal center in the ‘open’ 

form, generating a five-membered chelate ring with a pendant NH arm. The electronic 

absorption and emission properties of these complexes are governed by the presence 

of low-lying π*-orbitals on the ligand as shown by DFT calculations. The high orbital 

mixing between the metal and ligand results in photophysical properties that contrast 

to those observed in fac-[ReBr(CO)3(L,L) species with -diimine ligands. 

 

 

 

This work has been published in: 

Capulín Flores, L.; Paul, L. A., Siewert, I.; Havenith, R.; Zúñiga-Villarreal, N.; Otten, E. 

Inorg. Chem., 2022, 61, 13532–13542.   
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1. Introduction 

Formazans are a large family of compounds containing the R1-N=N-C(R3)=N-NH-R5 

backbone, known for their use as analytical reagents for metal detection,1 and as 

cellular2 and textile dyes.3 These applications are the consequence of its well-defined 

redox chemistry4 and its ability to chelate metal centers in its deprotonated form, i.e., 

the delocalized formazanate anion (R1-N=N-C(R3)=N-N-R5)-. Although formazanate 

coordination chemistry was first described in 1941,5 it was not until the last decade that 

its study has reemerged due to its electrochemical and optical properties.6 In addition 

to taking advantage of the unique optoelectronic properties imparted by formazanate 

ligands, recent reports show that their redox-active nature can also be used to obtain 

new catalytic reactivity.8 A wide variety of formazanate complexes with both main group 

and transition metal elements have been reported, wherein the (anionic) ligand usually 

coordinates through the terminal donor sites to form 6-membered chelates.7 In contrast 

to complexes with anionic formazanates, reports on coordination of the neutral 

formazan fragment remain scarce to date. In 2015, our group described the first 

example of a formazan-type complex,9 in which the neutral ligand binds Zn(C6F5)2  

through one terminal and one internal nitrogen atoms yielding a five-membered chelate 

(Scheme 1), also described as the ‘open’ coordination mode. It was hypothesized that 

the poor basicity of the Zn-C6F5 group in the precursor allowed the isolation of the Zn-

formazan compound, as the more basic reagent ZnMe2 does result in rapid 

deprotonation of the formazan NH group.9 

 

Scheme 1. Synthesis of Zn formazan species. 

Metal complexes with ligands containing the NH functionality have gained 

importance in catalysis since the NH arm can serve as an anchor for substrate 

recognition, thus enhancing catalyst selective and activity.10 A proton source located at 

the proximity of the metal center has been widely investigated in the proton-coupled 

electron transfer reduction of small molecules relevant in energy conversion reactions 

such as hydrogen evolution11,12 and CO2 reduction13–15 It was proposed to modulate the 

redox properties, aid in the stabilization of intermediates or impact the kinetics due to 

the increased local proton concentration. Furthermore, deprotonation of the NH group 

is known to modify the electronic and geometric structure of such complexes.16–18  
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Extensive research has focused on the properties and potential applications of fac-

[L,LReX(CO)3] (L = -diimine) compounds in medicinal inorganic chemistry,19,20 material 

science, 21,22, and catalysis.23,24 Particularly, these compounds have shown to be good 

candidates for electrochemical CO2 reduction, in which a proton source is required 

either for enhancing or triggering the catalytic process.25,26 Mainly, Re-based bipyridine 

systems have been reported as catalysts for CO2 electroreduction, wherein the presence 

of XH (X = O, N, C)18,27,28 functionalizations boosts the catalytic effect or induces other 

reactivity patterns (Chart 1).29–31 Key to the catalytic conversion of CO2 to CO by the well-

studied bipyridine Re and Mn complexes is the involvement of the supporting (‘redox-

active’) ligand in the reduction chemistry.28,32–34 We hypothesize that replacing the 

bipyridine ligand (an aromatic α-diimine) for a redox-active formazan ligand (formally an 

amino-substituted α-azoimine) could provide an avenue to influence the potential at 

which reduction of the catalyst occurs.35,36 In addition, such ligands provide access to 

flexible coordination modes (hemilability)37 due to the presence of four nitrogen atoms 

in the backbone, as well as proton-responsivity via the NH moiety that is in close 

proximity to the metal center, features that are key to the activity/selectivity of 

metalloenzymes but challenging to emulate in synthetic catalysts.38 Herein, we report 

the synthesis of a series of fac-Re(CO)3(formazan) complexes and investigate their 

(electronic) structures and photophysical properties. 

 

Chart 1.Representative examples of Re complexes bearing an XH functionality. 
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2. Results & discussion 
2.1 Ligand synthesis 

Formazan ligands L1H-L4H were synthesized according to the procedure reported by 

Hicks and coworkers, via aldehyde condensation with phenylhydrazine followed by a 

coupling reaction with phenyldiazonium chloride in a biphasic reaction medium 

(CH2Cl2/water) under mild basic conditions.4 Similarly, L5H was prepared using the 

methodology previously described by our group, in which the coupling step is carried 

out in acetone/water with NaOH as base (Scheme 2).9 In all cases, the compounds were 

obtained in moderate yields after purification (27-54%). 

 

Scheme 2. Synthesis of formazan ligands. 

2.2 Complex synthesis 

Equimolar amounts of ReBr(CO)5 and the corresponding formazan, L1H-L4H, reacted 

in refluxing toluene for 1 h to afford complexes H1Br-H4Br in moderate to good yields 

(28-67%) (Scheme 3a). In all cases complete conversion of the starting material was 

confirmed by 1H NMR and infrared spectroscopy. The compounds are air-stable solids 

with dark red color and are soluble in low to medium polarity solvents. Complexes H2Br-

H4Br were isolated as pure materials by either recrystallization or rinsing with pentane. A 

minor impurity was invariably present (1H NMR spectroscopy) in the isolated material of 

H1Br. Attempts to further purify the material by crystallization were unsuccessful. The 

reaction of the asymmetric formazan L5H with ReBr(CO)5 in refluxing toluene gave a 

mixture of two complexes (H5Bra and H5Brb) based on 1H NMR spectroscopy (Scheme 

3b), which differ in the substituent at the NH position (Mes or Ph). Unsurprisingly, 

complexes H5Bra/b present similar physical properties —dark red solids soluble in low 

polarity solvents—that we were unable to separate, and solution characterization data 

are reported below for the mixture.  
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Scheme 3.General synthesis of compounds a) H1Br-H4Br, and b) the mixture of isomers H5Bra, and 
H5Brb. 

2.3 Characterization 

2.3.1 FT-IR spectroscopy  

The infrared spectra of complexes H1Br-H4Br and the mixture H5Bra/b feature the 

characteristic pattern for fac-tricarbonyl species: three intense bands in the (CO) 

carbonyl region arising from the IR-active 3A normal vibration modes for complexes with 

a C1 symmetry (Figure 1). The CO stretching frequencies for compound H1Br are 

observed at 2035, 1959 and 1923 cm-1 in CH2Cl2 solution. The effect of the para-

substituent on the aromatic ring (R3) is minimal, and compounds H2Br-H5Br show virtually 

identical IR spectra.  

 

Figure 1. CO stretching bands ((CO)) in the FT-IR spectra of complexes H1Br-H4Br, and the 
mixture H5Bra-H5Brb in CH2Cl2 solution at rt. 
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2.3.2 NMR studies 

1H NMR spectra of H1Br-H4Br show a singlet ca. 8.5 ppm assigned to the hydrazo 

proton, consistent with the presence of a neutral formazan ligand (see Figure S1 in the 

supporting information section). In agreement with the presence of an asymmetric, 

protonated formazan ligand, the 13C NMR spectrum shows three distinct carbonyl 

resonances between 185 and 192 ppm indicative of C1 symmetry for these Re 

complexes (Figure S2). In 13C NMR spectroscopy, the N-Ph ipso-carbon atoms attached 

to the formazan backbone display distinctive chemical shifts. Unequivocal assignment 

of these was possible based on an HSQC experiment where coupling between the 

hydrazo NH group and one of the Ph ipso-C resonances was observed. The resonance 

of the ipso-C bound to the azo group appears at 157 ppm, which is downfield from both 

the ipso-C linked to the NH function located ca. 141 ppm, and the ipso-C of the C-Ar 

group (120-125 ppm). Similarly, the N-Ph groups are inequivalent in the 1H NMR 

spectrum also at elevated temperature (80 °C in toluene-d8), suggesting that chemical 

exchange by proton transfer between the azo (C-N=N-Ph) and hydrazo (C=N-NH-Ph) 

fragments does not readily occur. This was further corroborated by the absence of 

exchange crosspeaks in the 2D EXSY spectrum (60 °C, mixing time of 0.5 s, Figure S4).  

1H NMR analysis of the reaction mixture of complexes H5Bra/b indicates the 

generation of two main products in ratio of 0.7:1.0 with both compounds exhibiting the 

characteristic NH proton signal of the neutral formazan ligand at 8.15 and 7.60 ppm, 

respectively (Figure 2a). Minor signals for another species were observed (< 5%), but 

not investigated further. For the two major products, the observation of eight unique 

resonances in the aliphatic region of the 1H and 13C NMR spectra indicates that all CH3 

groups are inequivalent: each of the two products features four signals due to the CH3 

substituents at the p-tolyl (1) and mesityl (3) rings. Thus, at room temperature the rotation 

around the N-Mes bond is slow on the NMR timescale. In the most downfield part of the 
13C{1H} NMR spectrum, i.e., between 180 and 200 ppm, there are six resonances which 

can be attributed to carbonyl ligands, which corroborates that both H5Bra and H5Brb are 

tricarbonyl rhenium complexes (Figure S3). Based on the spectroscopic data, we assign 

H5Bra and H5Brb as two different isomers with the composition [(L5H)Re(CO)3Br] which 

differ in the nature of the ‘pendant’ (non-coordinating) N-Ar group of the formazan (see 

Scheme 3b). Heating an NMR tube containing the mixture of complexes H5Bra/b to 80 

ºC inside the NMR spectrometer did not significantly change their molar ratio. 

Inspection of 2D NMR experiments allowed the assignment of 1H and 13C spectra (see 

Figure S3). Unequivocal identification of the m-CH (Mes), and the m- and o-CH (p-tolyl) 

protons allowed to establish the connectivity in both of the isomeric compounds 

present in solution. The 1H,13C correlations in the HMBC spectrum between the NH 

fragment and the carbon atoms that are two and three bonds away indicate that in the 

major isomer (H5Brb) the NH group is bound to a mesityl group, whereas in H5Bra it is 

connected to a phenyl group.  
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The greater shielding effect of mesityl compared to the phenyl group causes the NH 

proton of the former to appear at higher field (δ = 7.61 ppm in H5Brb, and 8.22 ppm in 

H5Bra).  

To investigate the dynamics of isomers H5Bra/b in solution, we collected a 1H EXSY 

NMR spectrum at 80 °C in toluene-d8 (Figure 2b). Crosspeaks are observed between the 

Mes ortho-CH3 groups within each isomer due to rotation around the N-Mes bond, but 

not between isomers H5Bra and H5Brb. Whereas free formazans undergo intramolecular 

proton exchange rapidly (‘tautomerization’), 39,40 the lack of exchange between H5Bra/b 

indicates that the Re-N bonds are non-labile and coordination to the Re center 

effectively blocks exchange. This is in agreement with the data for the symmetrical 

derivative H4Br, which also does not show exchange between the azo and hydrazo 

fragments (vide supra). It should be noted that, however, the EXSY spectrum does 

evidence exchange between the NH groups in H5Bra/b; we believe it occurs by an 

intermolecular pathway instead. This is further corroborated by the observation of 

exchange crosspeaks between the NH protons in H5Bra/b and residual H2O when the 

NMR solvent is not fully anhydrous (Figure S5). 

a) 
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b) 

 

Figure 2.a) 1H NMR spectrum of the mixture H5Bra/b at room temperature in benzene-d6. b) EXSY 
experiment at 80°C in toluene-d8. 

Additional experiments were conducted to determine whether intermolecular proton 

interchange processes also place in the complexes containing a symmetric formazan 

ligand. Partial H/D exchange of the NH proton in complex H4Br was achieved by mixing 

a CDCl3 solution of the aforementioned complex with D2O. 1H NMR analysis of the 

resulting mixture indicated that it was composed of 60% D4Br (deuterated product) and 

40% the non-deuterated species H4Br. Remaining D2O was subsequently removed by 

stirring over MgSO4. The H4Br/4DBr mixture was isolated and then reacted with an 

equivalent of H2Br in C6D6. We chose a different formazan complex to corroborate the 

intermolecular proton exchange, and in our case H2Br was available. Monitoring the 

composition by 1H NMR spectroscopy showed that the intensity of the NH resonance of 

H4Br increased (to 72%) in the course of 30 min with a concomitant decrease of that in 

H2Br, confirming that intermolecular proton exchange is taking place (see Figure S6). 

2.3.3  Structural studies 

Crystals suitable for single-crystal X-ray diffraction were obtained from slow diffusion 

of pentane into a CHCl3 solution of compounds H3Br and H4Br, respectively. The mixture 

of H5Bra/b did not crystallize using the same method, but we were able to obtain a 

microcrystalline sample from hot hexane that contained some small needles that were 

suitable for X-ray crystallographic characterization. This was identified as isomer H5Brb, 
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in which the sterically most demanding Mes group is situated at the non-coordinated N 

atom of the ligand; the structure observed for this material is consistent with the major 

species in solution by NMR spectroscopy. Analysis of the molecular structures of H3Br, 

H4Br, and H5Brb shows that the three compounds are isostructural (see Figure 3 and 

Table 1 for pertinent bond lengths and angles). The geometry around the metal center 

is pseudo-octahedral with the carbonyl ligands in a facial arrangement. The formazan 

fragment coordinates in a bidentate fashion through atoms N1 and N3, generating a 

five-membered chelate. Coordination of the neutral formazan is scarce, only observed 

in the complex [L2H]Zn(C6F5)2 previously reported by our group.9 The formazan bite 

angles are virtually identical in the three complexes (H3Br = 73.04(9)º, H4Br = 73.0(2)º, 

H5Brb = 72.9(1)°), and somewhat smaller than the bite angle reported for the 

[L2H]Zn(C6F5)2 complex (74.23(13)º). The C7-N2 and C7-N3 bond lengths are different 

from each other, the magnitude of C7-N3 bond lies in between the typical values for C-

N single and double bonds (–C(sp2) -N– = 1.355Å; –C(sp2)=N– = 1.279 Å), while the C7-

N2 bond length indicates a single bond character. The N1-N2 bond length is longer 

than a N=N double bond (–N=N–  = 1.240 Å), and smaller than a N-N single bond (–N-

N– = 1.454 Å).41 The metallacycle is not fully planar as the Re atom is displaced out of 

the ligand plane (N1-N2-C7-N3) by 0.213-0.393 Å. The dihedral angle between the 

ligand plane and a phenyl group in the R1 position is similar in complexes H3Br (50.67°) 

and H4Br (51.12°). Changing the R1 substituent for the bulkier mesityl group (H5Brb) 

causes a rotation out of the ligand plane by almost 30° resulting in a dihedral angle of 

79.52° that prevents steric interactions between the Mes substituent and the equatorial 

CO ligand. The structure indicates that rotation around the N-Mes bond cannot occur 

freely due to these steric interactions, which is in agreement with the solution NMR data 

discussed above. The Re1-N1 bond length to the azo moiety is virtually the same in the 

three complexes (2.099- 2.126 Å) but it is shorter than the Re-N(azo) bond length 

reported for a related [ReBr(CO)3(azopyridine)]42 complex (2.156(3) Å). The Re1-N3 

bond lengths are in accordance with the typical Re-N(imine) bond distances (2.173- 

2.185 Å in compounds H3Br-H5Br vs. 2.173(3) Å in [ReBr(CO)3(6-methoxipyridine-2-yl)-N-

(2-methylthiophenyl)methanimine)], respectively).43 The unusually short Re-N1(azo) 

bond length reflects that -backdonation from the Re center to the azo group is more 

pronounced in the formazan species than in azopyridine complexes.44 The -acceptor 

capabilities of the azo ligand are also reflected in the Re-carbonyl bond lengths. The Re-

C20 bond length, trans to the azo group, is longer than the Re-C21 bond length. This is 

consistent with the considerable -acidity of the azo group,45,46 which appears to be 

more significant in our formazan complexes than in the corresponding azopyridine 

analogues.42 These complexes are not isomorphic in the solid state as their crystalline 

parameters differ from each other. 
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Figure 3.ORTEP representation of the molecular structures of a) H3Br, b) H4Br, and c) H5Brb 
showing 50% of ellipsoids. 
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Table 1.Selected metrical parameters for H3Br, H4Br, and H5Brb (bond lengths in Å, angles in °). 

 H3Br H4Br H5Brb 

Re1-Br1 2.5977(3) 2.6236(7) 2.5946(6) 

Re1-N1 2.126(2) 2.099(6) 2.122(3) 

Re1-N3 2.173(3) 2.185(5) 2.174(4) 

Re1-C20 1.955(3) 1.955(6) 1.957(5) 

Re1-C21 1.921(3) 1.919(5) 1.916(6) 

Re1-C22 1.941(2) 1.918(6) 1.964(4) 

N1-N2 1.298(3) 1.291(7) 1.293(5) 

C7-N2 1.363(4) 1.382(7) 1.364(8) 

C7-N3 1.330(4) 1.319(8) 1.326(5) 

N3-N4 1.343(4) 1.324(8) 1.343(7) 

Br1-Re1-C22 178.02(9) 176.8(2) 178.6(2) 

N1-Re1-C20 170.3(1) 168.7(2) 170.2(2) 

N3-Re1-C21 166.5(1) 169.7(2) 170.3(2) 

N1-Re1-N3 73.04(9) 73.0(2) 72.9(1) 

 

2.3.4 UV-vis spectroscopy 

The electronic spectra of complexes H1Br-H4Br and the mixture of complexes H5Bra/b 

were measured at 25°C in toluene (c 10-5 M), Figure 4. Their corresponding data are 

summarized in Table 2. Compounds H1Br-H4Br show similar features: an intense band in 

the range of 490-510 nm with maximum molar absorptivities from 18 000 to 28 000 M-

1cm-1. DFT calculations and comparison to literature data allows us to assign this band 

to electronic excitations that are Re(d)→azo(π*)42 MLCT and formazan π→π* in nature.9 

A band of lower intensity in the range of 330-400 nm ( =15 000-16 500 M-1cm-1) is 

observed in all compounds. While bands at similar energies are typically assigned to 

metal-to-ligand charge transfer in related compounds,47,48 time-dependent DFT 

calculations for H4Br instead indicate little involvement of the Re d-orbitals in this 

transition (vide infra). In this case, the calculations suggest, this band arises from intra-

ligand and ligand to metal charge transfers. Overall, the λmax values of H1Br, H2Br, and 

H4Br do not differ significantly, suggesting that the substituent at the para-position of the 

N-Ar rings has little influence on the energy of the electronic transitions, which is in line 

with the notion that the acceptor orbital in these transitions is a formazan π*-orbital that 

is relatively insensitive to the para-substituent. In the case of complex H3Br, λmax is slightly 

red-shifted (509 nm) compared to complex H1Br (490 nm), indicating that the 

involvement of the π-donating OMe group on the conjugated system is noticeable. 

When the spectrum of H4Br was recorded in acetonitrile, a modest hypsochromic shift 

was observed (λmax
AcCN = 483 nm (Figure S18); λmax

Toluene = 495 nm), showing that these 

species manifest a small, negative solvatochromism (Figure S7). Comparing λmax values 

to those reported for complexes with anionic formazanate ligands,9,49,50 the absorption 
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maxima in H1Br-H4Br are blue-shifted due to a smaller extent of π-conjugation within the 

backbone of the neutral ligands compared to the fully delocalized anions. The mixture 

of complexes H5Bra/b features two intense bands at 520 and 452 nm derived from the 

MLCT and -* formazan electronic transitions and a shoulder at 350 nm. Overall, the 

influence of the substituents on the lowest energy band is more pronounced when they 

are located at the N=N and NH formazan positions, similar to what was observed in 

complexes with anionic formazanate ligands.6 Clearly, the nature of electronic 

absorptions for the two isomers H5Bra/b is quite distinctive, as is manifested by the 

significant shift in max. 

 

Figure 4. Absorption spectra for compounds H1Br-H4Br and H5Bra/b in toluene solution. 

Table 2. UV-vis absorption data. 

Compound λmax(nm) (M-1cm-1) λmax (nm) (M-1cm-1) 

H1Br 356 16 500 490 18 100 

H2Br 353 15 300 485 19 400 

H3Br 375 10 500 509 14 100 

H4Br 353 15 300 495 27 000 

H5Bra/b   452 

~520a 

 

 
a approximate band position due to its appearance as a shoulder on the more intense absorption 

of the other isomer. 
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2.4 Density Functional Theory (DFT) calculations 

For representative complexes H4Br and H5Bra/b, geometry optimizations were carried 

out in the ground state using density functional theory (DFT; MN15L51 functional and 

def2-TZVP52 basis set) using the crystallographic coordinates as a starting point. The 

geometries were confirmed to be minima on the potential energy surface by frequency 

calculations (no imaginary frequencies); the resulting structures are in good agreement 

with the metrical parameters obtained from X-Ray diffraction (complexes H4Br and 

H5Brb), albeit that the Re-Br and hydrazo N-N bonds are slightly overestimated (Tables 

S2-3). Analysis of the frontier orbitals at the optimized geometry of H4Br showed that the 

HOMO is mainly localized on the fac-[ReBr(CO)3] core, and is composed of a Re dπ 

orbital that is antibonding with a bromine p orbital and π-bonding with the CO ligand 

located trans to Br. The HOMO level also contains some ligand character (the hydrazo-

phenyl fragment). On the other hand, the LUMO is primarily a π*-orbital of the formazan 

framework, with minor Re 5d character (Figure 5).  

 

Figure 5. Frontier orbitals for H4Br (isovalue = 0.05). 

The optimized structures of H5Bra and H5Brb are overall similar, but the variation in the 

position of the Mes group (on the azo or hydrazo N-atom, respectively) leads to 

somewhat different frontier orbitals. While those of H5Brb are similar to H4Br, the HOMO 

of H5Bra has noticeably smaller formazan contribution (Figure 6). The relative stability 

between the isomeric forms H5Bra and H5Brb was also evaluated based on these DFT 

calculations. Using the gas phase geometries, the Gibbs free energy difference between 

both compounds was computed in toluene solution using the solvation energies from 

SMD calculations and found to be 1.6 kcal/mol at room temperature, with H5Brb being 

the most stable isomer. Qualitatively, the trend in relative stability is consistent with our 

empirical data since compound H5Brb is the predominant species in the reaction mixture 

according to the NMR integration. It should be noted that it is also possible that the 

H5Bra/b ratio found experimentally is kinetically controlled, as no interconversion 

between both isomers was observed. 
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Figure 6. Frontier orbitals for the isomers H5Bra/b (isovalue = 0.05). 

Time-dependent Density Functional Theory (TDDFT) calculations were carried out on 

complex H4Br as a representative example. Relevant excitations were analyzed in more 

detail using natural transition orbital calculations (NTOs) to provide insight into their 

nature (Table S4). According to the calculations, the three lowest-energy transitions in 

H4Br (λcalc = 645, 539 and 526 nm) all have small oscillator strength, and involve 

transitions from orbitals centered on the [ReBr(CO)3] fragment (π*(Re-Br) and (π(Re-CO)) 

into the formazan π*-orbital. The fourth excited state with the highest oscillator strength 

in the visible range (λcalc = 487 nm; λmax,exp = 495 nm, Figure S8) has more pronounced 

formazan (intraligand) π-π* character, involving an occupied azo π-orbital as the donor 

(see Table S4 for the corresponding NTO), but also here the contribution of metal-based 

orbitals is still noticeable. Thus, in all excitations in the visible range, there is extensive 

mixing between the metal and ligand orbitals in the ground and excited states which 

results in electronic transitions of mixed nature: all show contributions from MLCT 

Re(dπ)→formazan(π*), LLCT Br(p)→formazan(π*) and ILCT azo(π)→formazan(π*) 

excitations. The strong metal-ligand orbital mixing results in reduced charge transfer 

character in the MLCT bands, which is reflected in the minor influence of solvent polarity 

(toluene vs. acetonitrile) on the empirical electronic absorption spectrum (vide supra).53 

Similar to the absorptions in the visible range, analysis of the NTOs of the higher energy 

transitions shows that these involve the formazan π*-orbital as the acceptor, and are also 

highly mixed in character. 
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TDDFT calculations were performed on the optimized structures of complexes 

H5Bra/b to understand the impact of the pendant R1/R5 arms on the electronic 

transitions. The intense low-energy absorption is computed to be shifted to higher 

energy for H5Bra (444 nm) compared to H5Brb (489 nm), see Figure S9, Table S5-6. This 

is in agreement with the empirical UV/vis spectrum, which shows two distinct bands at 

452 and 520 nm for the H5Bra/b mixture. As in H4Br, the natural transition orbital pair for 

the main low-energy excitation in H5Brb consists of a ‘hole’ NTO on the [ReBr(CO)3] core, 

whereas the excited electron (‘particle’ NTO) consists primarily of the * formazan 

orbital. A comparison of the NTOs for H5Bra and H5Brb shows that the main difference 

between the two isomers is found in the hole NTO (Figure 7), which has a higher 

formazan contribution in H5Bra. Based on the optimized geometries, the orientation of 

the azo-NAr ring changes upon swapping the aryl groups on the nitrogen atoms 

(Ph/Mes): the angle between the plane defined by the five-membered chelate ring and 

the Mes-substituent is 73.77° in H5Bra, whereas the corresponding angle with the Ph-

substituent in H5Brb is only 39.28°.  

To test our hypothesis that the orientation of the azo-NAr group has a major impact 

on the spectral properties, we took the geometry of H5Brb and rotated the N-Ph group 

out of the ligand plane to be in the same orientation as the N-Mes group in H5Bra. This 

structure is labeled H5Brb_rot. The main visible band in the TDDFT spectrum calculated 

at the H5Brb_rot geometry is blue-shifted by 30 nm (1342 cm-1) compared to H5Brb, but 

the other transitions remain at similar energies (Figure S10). An analysis of the orbital 

mixing between the azo-NAr ring and the rest of the ligand π-system confirms that 

rotating the Ar ring out of the plane disrupts conjugation (Table S7), and thus we 

conclude that this is responsible for the spectral shift observed.   
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Figure 7.Natural transition orbitals for the highest-intensity excitation in the visible (isovalue = 
0.05) for a) H5Bra and b) H5Brb represented as a hole → electron. 

2.5 Luminescence spectroscopy 

The emission spectrum of H4Br measured at room temperature in acetonitrile using 

an excitation wavelength of 320 nm shows a broad featureless emission band at 380 nm 

(Figure 8). The excited state showed a monoexponential decay (λex = 370 nm) with a 

lifetime () of 3.69 ns under N2 atmosphere, which does not appreciably change under 

O2 ( = 3.60 ns) (see Figure S12). Furthermore, the excitation spectrum (λem = 380 nm) 

exhibits a broad band centered at 310 nm (Figure 8). In contrast to the majority of fac-

[ReX(CO)3(L,L)] complexes with bidentate N-donor ligands (e.g., α-diimines), which 

typically show emission at higher wavelengths (400-600 nm),54,55 this data shows that the 

triplet (metal-ligand or ligand-centered)56 excited states typical for the 

photoluminescence of fac-[ReX(CO)3(L,L)] compounds57 are non-emissive in formazan 

Re(I) species. This also stands in contrast to complexes with anionic formazanate ligands, 

which show highly tunable emission with large Stokes shifts at much lower energies.58–60  



Chapter 2 

65 

  
 

Figure 8. Normalized absorption and emission spectra of H4Br in MeCN recorded at λexc = 320 nm 
(left). Excitation spectrum of H4Br in MeCN. The data were collected at room temperature (right). 
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3. Conclusions 

We described the straightforward synthesis of the first complexes bearing the neutral 

formazan ligand towards a group 7 metal. The fac-(CO)3ReBr(formazan) complexes 

obtained contain a five-membered chelate ring, in which ligand binds via the nitrogen 

atoms of the azo (N=N-Ar) and hydrazo (C=N-NHAr) groups which leaves a pendant 

acidic (exchangeable) NH moiety in close proximity to the metal center. Structural and 

spectroscopic data demonstrate that the formazan ligand is tightly bound to the metal 

center which is due to the strong π-acceptor character of the ligand. The effect of ligand 

substituents on the properties of the complexes is only minor, but the preparation of an 

asymmetric derivative with a N-Mes substituent demonstrates that changes in the sterics 

shifts the electronic absorption spectrum due to changes in the conjugation within the 

ligand. Computational studies at the DFT level confirm a high degree of covalency in 

the metal-formazan interaction and highly mixed metal-ligand character of the frontier 

orbitals, which is sensitive to the degree of conjugation within the ligand as 

demonstrated by sterically switching ‘off’ π-interactions in the derivative with a N-Mes 

group (compound H5Bra). Unlike many fac-[ReX(CO)3(L,L)] compounds (L,L = -diimine 

ligands) reported in the literature, our formazan complexes are only weakly luminescent 

in the near-UV (λem = 380 nm), and emission from the lower-energy excited states is not 

observed. In ongoing work, we are investigating the possibility of using the proton-

responsive nature of the NH group (i.e., formazan/formazanate interconversion) in 

‘cooperative’ reactivity of this type of complexes.  

4. Experimental section 

General considerations. All work —except ligand synthesis —was conducted under 

nitrogen atmosphere using conventional Schlenk and vacuum-line techniques. Pentane 

and toluene (Aldrich, anhydrous. 99.8%) were passed over columns of Al2O3 (Fluka) and 

BASF R3-11-supported Cu oxygen scavenger. [ReBr(CO)5] was prepared according to 

the published procedures61 from [Re2(CO)10] (Aldrich, 98%) and Br2 (Aldrich, 98%). The 

ligands: 1,5-diphenyl-3-p-tolylformazan (L2H), 1,5-diphenyl-3-p-

methoxyphenylformazan (L3H) and 1,5-diphenyl-3-p-flourophenylformazan (L4H) were 

synthesized using the methodology reported by Hicks and coworkers.4 Particularly, 5-

mesityl-1-phenyl-3-p-tolylformazan (L5H) was prepared using a modified procedure 

published by our group.9 1,3,5-triphenylformazan (L1H, TCI, 92%), p-tolualdehyde 

(Aldrich 97%), 4-methoxybenzaldehyde (Aldrich, 98%), 4-fluorobenzaldehyde (Aldrich, 

98%), phenylhydrazine (Aldrich, 99%), aniline (Aldrich 99%), sodium nitrite (Aldrich, 

99%), sodium carbonate (Aldrich, 99.5%), and [NBu4]Br were used as received. CHCl3 

(Aldrich, 99%) and CDCl3 (Aldrich, 99.8 atom %D) were used without further purification. 

NMR spectra were measured on Mercury 400, Varian Inova 500 or Bruker 600 MHz 

spectrometers. Residual solvent signals were used as internal reference for 1H and 13C 

spectra and reported in ppm relative to TMS (0 ppm). Complete assignments were 
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based on two-dimensional experiments (COSY, HSQC, HMBC) using standard pulse 

sequences. FT-IR spectra were collected in DCM solution on a JASCO 4600 series FT-IR 

spectrometer in transmission mode using a liquid cell with CaF2 windows. UV-vis spectra 

were recorded in toluene solution on an Agilent Technologies 8453 UV-vis 

spectrophotometer. Luminescence spectroscopy were measured on a Fluorolog®-3 

spectrometer from HORIBA Jobin Yvon. X-ray diffraction data were collected at 100 K on 

a Bruker D8 Venture diffractometer with Mo K (λ = 0.71073 Å) (compounds 3 and 4) or 

Cu K (λ = 1.54178 Å) (compound 5b) radiation source. Crystal structures were refined 

using the SHELXL62 software. Non-hydrogen atoms were refined anisotropically.  

Table 3.Crystallographic data for H3Br, H4Br and H5Brb. 

 H3Br H4Br H5Brb 

chemical formula C23H18BrN4O4Re C22H15BrFN4O3Re C26H24BrN4O3Re 

Mr 680.52 668.49 706.6 

cryst syst triclinic monoclinic Triclinic 

color, habit Purple, needle Purple, needle Purple, block 

size (nm) 0.42×0.13×0.04 0.70 ×0.170×0.060 0.40×0.33×0.20 

space group P1̅ (No.2) P 21/n (No.14) P1̅ (No.2) 

a (Å) 9.0463(6) 10.095(2) 9.9235(12) 

b (Å) 11.0459(7) 18.586(6) 10.9196(13) 

c (Å) 12.7033(8) 12.219(4) 13.0134(15) 

 (deg) 107.379(2) 90 77.085(4) 

 (deg) 94.935(3) 107.191(8) 72.218(4) 

 (deg) 103.227(2) 90 75.163(4) 

V (Å3) 1162.89(13) 2190.1(11) 1281.7(3) 

Z 2 4 2 

calc (g  cm-3) 2.302 2.027 1.831 

radiation, λ (Å) Mo, K, 0.71073 Mo, K, 0.71073 Cu, K, 1.54178 

(Mo, K) 

(mm-1) 

8.777 7.413 11.384 

F(000) 750 1272 684 

temp (K) 100(2) 100(2) 100(2) 

 range (deg) 3.028-27.191 3.044-27.200 3.612-70.304 

data collected (h, k, l) −11:11, −14:14, 

−16:16 

−12:12, −23:23, −15:15 −12:12, −13:13, 

−15:15 

no. of reflns collected 45523 27390 21942 

no. of indep reflns 5166 4818 4526 

obsd reflns  

Fo ≥2.0σ(Fo) 

4966 4288 4396 

R(F) [obsd reflns] (%) 1.78 2.81 2.19 

Rw(F2) [all reflns] (%) 5.24 6.13 5.51 

GOF 1.051 1.192 1.119 

weighing a, b 0.03300, 1.26140 0.0000, 12.4515 0.0000, 2.9889 

params refined 303 293 324 

min, max residual densities −1.04, 1.32 −1.61, 1.82 -0.83, 0.85 
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Procedure for the synthesis of complexes H1Br-H4Br. Equimolar amounts of [ReBr(CO)5] 

and the corresponding ligand were poured into a two-necked round bottom flask and 

dissolved in 20 mL of toluene. The reaction was heated up at reflux for 1 h observing 

that the mixture darkened upon completion. The solvent was evaporated to dryness. 

Specific details for the purification of the entitled complexes are mentioned below. 

H1Br (C22H16BrN4O3Re). [ReBr(CO)5] (0.0934g, 0.230 mmol), L1H (0.06938 g, 0.230 

mmol). Work-up. 5 mL of pentane were added to the mixture and the crude was stirred 

for 30 min allowing the formation of a dark-crimson solid material. The compound was 

filtered out and rinsed with pentane (3 x 5 mL). (41.8 mg, 27.9 %). 1H NMR (CDCl3, 25 

°C, 400 MHz) δ/ppm: 7.30 (d, 2 H,3J = 8 Hz, Ph-NH o-H), 7.39 (t, 1 H, 3J = 8 Hz, Ph-NH p-

H), 7.45-7.57 (m, 5H, Ph-NH m-H, Ph-N=N m-H, Ph-NC p-H), 7.64 (m, 3H, Ph-NC m-H, 

Ph-N=N p-H,) 7.84 (d, 2 H, 3J= 8 Hz, Ph-NC o-H ), 7.89 (d, 2 H, 3J = 8 Hz, Ph-N=N o-H), 

8.58 (s, 1 H, NH). 13C{1H} NMR (CDCl3, 25 °C, 150 MHz) δ/ppm: 123.21 (Ph-NH o-CH), 

123.95 (Ph-N=N o-CH), 127.90 (Ph-NH p-CH), 128.48 (Ph-CN ipso-C), 128.93 (Ph-CN o-

CH), 129.31 (Ph-N=N m-CH), 129.39 (Ph-NH m-CH), 130.10 (Ph-CN m-CH), 131.69 (Ph-

N=N p-CH), 131.86 (Ph-CN p-CH), 140.83 (Ph-NH ipso-C), 157.20 (Ph-N=N ipso-C), 

164.65 (NCN C), 185.33 (CO trans Br C), 192.35 (CO trans Ph-NH-N C), 192.89 (CO trans 

Ph-N=N C). IR(CH2Cl2) (CO)/cm-1: 2035(s), 1959(s), 1923(s). MS (FAB+) (m/z): [MH+2]+ 

= 653, [MH]+ = 651, [MH-CO]+ = 623, [MH-3CO]+ = 567. HRMS (ESI +) (m/z): Calcd. for 

[MH]+ = 651.004167. Found = 651.00337. [MH-3CO]+ = 567.01942. Found = 

567.01817.  

H2Br (C23H18BrN4O3Re). [ReBr(CO)5] (0.1235 g, 0.304 mmol), L2H (0.0959g 0.305 mmol). 

Work-up: Similar to the procedure described above. (93.3 mg, 46.0%). 1H NMR (CDCl3, 

25 °C, 600MHz) δ/ppm: 2.47 (s, 1 H, CH3), 7.29 (d, 2 H, 3J= 8 Hz, Ph-NH o-H), 7.38 (t, 1 

H, 3J= 7 Hz, Ph-NH p-H), 7.43-7.56 (m, 7H, Ph-NH m-H, Ph-N=N m-H, p-tol m-H, Ph-N=N 

p-H), 7.74 (d, 2 H, 3J= 8 Hz, p-tol o-H ), 7.88 (d, 2 H, 3J= 7 Hz, Ph-N=N o-H), 8.56 (s, 1 H, 

NH). 13C{1H} NMR (CDCl3, 25 °C, 150 MHz) δ/ppm: 21.71 (CH3), 123.11 (Ph-NH o-CH), 

123.97 (Ph-N=N o-CH), 125.58 (p-tol ipso-C), 127.75 (Ph-NH p-CH), 128.85 (p-tol o-CH), 

129.29 (Ph-NH m-CH), 129.40 (Ph-N=N m-CH), 130.72 (p-tol m-CH), 131.65 (Ph-N=N p-

CH), 140.96 (Ph-NH ipso-C), 142.49 (p-tol p-C), 157.24 (Ph-N=N ipso-C), 165.02 (NCN 

C), 185.37 (CO trans Br C), 192.40 (CO trans Ph-NH-N C), 192.88 (CO trans Ph-N=N C). 

IR(CH2Cl2) (CO)/cm-1: 2035(s), 1959(s), 1924(s). MS (DART+) (m/z): [MH+2]+ = 667, 

[MH]+ = 665, [MH-CO]+ = 637, [MH-2CO]+ = 609, [MH-3CO]+ = 581. HRMS (ESI+) (m/z): 

Calcd. for [MH]+ = 665.01982. Found = 665.01917 [MH-3CO]+ = 581.035072. Found = 

581.03365.  

H3Br (C23H18BrN4O4Re). [ReBr(CO)5] (0.0930 g, 0.229 mmol), L3H (0.0758 g, 0.229 

mmol). Work-up. The compound was recrystallized by slow diffusion of 15 mL of pentane 

into 5 mL of a DCM solution of H3Br. The system was kept in the freezer for one day 

allowing the formation of crystalline material. The solid was washed with 3x5 mL of 

pentane. (105 mg, 67.07%). 1H NMR (CDCl3, 25 °C, 600MHz) δ/ppm: 3.88 (s, 1 H, CH3O 

H), 7.10 (d, 2 H, 3J= 8 Hz, p-CH3OPh m-H), 7.27 (d, 2 H, 3J= 8 Hz, Ph-NH o-H), 7.35 (t, 1 
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H, 3J= 8 Hz, Ph-NH p-H), 7.45 (t, 2H, 3J= 8 Hz, Ph-N=N m-H), 7.49 (t, 2H, 3J= 8 Hz, Ph-NH 

m-H), 7.53 (t, 1H, 3J= 7 Hz, Ph-N=N p-H), 7.81 (d, 2 H, 3J= 6 Hz, p-CH3OPh o-H), 7.88 (d, 

2 H, 3J= 8 Hz, Ph-N=N o-H), 8.47 (s, 1 H, NH). 13C{1H} NMR (CDCl3, 25 °C, 150 MHz) 

δ/ppm: 55.64 (CH3O, C), 115.39 (p-CH3OPh m-CH), 120.64 (p-CH3OPh ipso-C), 122.80 

(Ph-NH o-CH), 123.96 (Ph-N=N o-CH), 127.52 (Ph-NH p-CH), 129.29 (Ph-NH m-CH), 

129.41 (Ph-N=N m-CH), 130.82 (p-CH3OPh o-CH), 131.68 (Ph-N=N p-CH), 141.14 (Ph-

NH ipso-CH), 157.26 (Ph-N=N ipso-C), 162.17 (p-CH3OPh p-C), 165.25 (NCN C), 185.38 

(CO trans Br C), 192.40 (CO trans Ph-NH-N C), 192.92 (CO trans Ph-N=C C). IR(CH2Cl2) 

(CO)/cm-1: 2034(s), 1958(m), 1923(s). MS (DART+) (m/z): [MH+2]+= 683,  [MH]+= 681, 

[MH-CO]+= 653, [MH-2CO]+=625, [MH-3CO]+=597. Anal. Calcd. For (C23H18BrN4O4Re): 

C 40.59, H 2.67, N 8.23; found C 39.81, H 2.59, N 7.90.  

H4Br (C22H15BrFN4O3Re). [ReBr(CO)5] (0.0951 g, 0.234 mmol), L4H (0.0745 g, 0.234 

mmol). Work-up. After solvent evaporation, the crude was recrystallized by diffusion of 

pentane into a CHCl3 solution at -30 °C. The crystalline material was filtered out and 

rinsed with 3x5 mL of pentane. (96 mg, 61.3%). 1H NMR (CDCl3, 25 °C, 600MHz) δ/ppm: 

7.32 (d, 2H, 3J = 8 Hz, Ph-NH o-H ), 7.35 (t, 2H, 3JH-H = 8 Hz, 3JH-F = 8 Hz, p-FPh m-H), 7.41 

(t, 1H, 3J = 7 Hz, Ph-NH p-H), 7.49 (t, 2H, , 3J = 8 Hz, Ph-NH m-H), 7.54 (t, 2H, 3J = 8 Hz, 

Ph-N=N m-H), 7.58 (t, 1H, 3J = 7 Hz, Ph-N=N p-H), 7.90 (m, 4H, Ph-N=N o-H, p-FPh o-H), 

8.42 (s, 1H, NH). 19F NMR (CDCl3, 25 °C, 565MHz) δ/ppm: -105.92 (m, p-FPh F). 13C{1H} 

NMR (CDCl3, 25 °C, 150 MHz) δ/ppm: 117.38 (2JC-F = 22 Hz , p-FPh m-CH), 122.88 (Ph-

NH o-CH), 123.94 (Ph-N=N o-CH), 124.74 (4JC-F = 3 Hz, p-FPh ipso-C), 127.85 (Ph-NH p-

CH), 129.36 (Ph-N=N m-CH), 129.47 (Ph-NH m-CH), 131.51 (3JC-F = 9 Hz, p-FPh o-CH), 

131.80 (Ph-N=N p-CH), 140.92 (Ph-NH ipso-C), 157.30 (Ph-N=N ipso-C), 164.39 (JC-F = 

253.5 Hz, p-FPh p-C), 164.26 (NCN C), 185.25 (CO trans Br C), 192.14 (CO trans Ph-NH-

N C), 192.63 (CO trans Ph-N=C C). IR(CH2Cl2) (CO)/cm-1: 2036(s), 1961(s), 1925(s). MS 

(DART +) (m/z): [MH]+ = 669, [M-CO]+ = 641, [M-3CO] = 585. Anal. Calcd. For 

(C22H15BrFN4O3Re): C 39.53, H 2.26, N 8.38; found C 39.12, H 2.04, N 8.29.  

H5Bra and H5Brb (C26H24BrN4O3Re). [ReBr(CO)5] (0.0886 g, 0.22 mmol) and L5H ( 0.0778 

g, 0.022 mmol) were dissolved in 20 mL of toluene and heated in refluxing toluene for 

2.5 h. An oily material was afforded after removal of the volatiles; then, the crude was 

triturated with 5 mL of pentane, yielding a dark solid. (95 mg, 61.5%). 1H NMR (CDCl3, 

25 °C, 600MHz) δ/ppm: (H5Bra) 1.99 (s, 3H, p-tol p-CH3), 2.05 (s, 3H, Mes-N=N p-CH3), 

2.07 (s, 3H, Mes-N=N o-CH3), 2.81 (s, 3H, Mes-N=N o-CH3), 6.64 (s, 1H, Mes-N=N m-H), 

6.71 (s, 1H, Mes-N=N m-H), 6.82 (d, 2H, , 3J= 6 Hz, Ph-NH o-H), 6.93 (m, 3H,  Ph-NH p-H, 

p-tol m-H), 7.05 (t, 2H, 3J= 6 Hz, Ph-NH m-H), 7.68 (d, 2H, 3J= 6 Hz, p-tol o-H), 8.22 (s, 1H, 

NH). (5b) 2.05 (s, 3H, Mes-NH p-CH3), 2.05 (s, 3H, Mes-NH o-CH3), 2.09 (s, 3H, p-tol p-

CH3), 2.41 (s, 3H, Mes-NH o-CH3), 6.70 (s, 2H, Mes-NH m-H), 6.93 (m, 3H, Ph-N=N p-H, 

m-H), 6.99 (d, 2H, 3J= 6 Hz, p-tol m-H), 7.47 (d, 2H, 3J= 6 Hz, p-tol o-H), 7.61 (s, 1H, NH). 

7.85 (m, 2H, Ph-N=N o-H). 13C{1H} NMR (CDCl3, 25 °C, 150 MHz) δ/ppm: (5a) 17.80 (Mes 

o-CH3), 20.42 (Mes o-CH3), 20.80 (Mes p-CH3), 21.37 (p-tol p-CH3) , 121.53 (Ph o-CH), 

126.68(p-tol p-C), 126.94 (Ph m-CH), 128.6 (Mes m-C), 129.24 (p-tol o-CH), 129.47 17 
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(Mes o-C), 130.17 (Mes m-C), 130.48 (p-tol m-CH), 131.17 (Mes o-C), 138.18 (Mes p-C), 

142.20 (Ph ipso-C), 142.20 (p-tol ipso-C) , 155.20 (Mes ipso-C), 167.11 (NNCN C), 

186.34 (CO trans Br C), 192.25 (CO trans Mes-N=N C), 193.04 (CO trans PhN-NH C). 

(H5Brb) 18.61 (Mes p-CH3), 19.56 (Mes o-CH3), 21.14 (Mes o-CH3), 21.33 (p-tol p-CH3), 

124.09 (Ph o-CH), 129.14 (p-tol p-C), 129.43 (p-tol o-CH), 129.49 (Mes m-C), 129.93 

(Mes m-C), 130.94 (p-tol m-CH), 131.23 (Ph m-CH), 136.53 (Mes ipso-C), 137.70 (Mes o-

C), 137.89 (Mes o-C), 140.68 (Mes p-C), 141.79 (p-tol ipso-C), 157.15 (Ph ipso-C), 161.04 

(NNCN C), 184.77 (CO trans Br C), 192.29 (CO trans Mes-NH C), 194.16 (CO trans Ph-

N=N C). IR(CH2Cl2) (CO)/cm-1: 2036(s), 1959(s), 1922(s). MS (DART+) (m/z): [MH+2]+ = 

709, [MH]+ = 707, [MH-CO]+ = 678, [MH-3CO]+ = 623. HRMS (ESI+) (m/z): Calcd. for 

[MH]+ = 707.06677. Found = 707.06667. [MH-2CO]+ = 651.07684. Found = 651.07610. 

[MH-3CO]+ = 623.08193. Found = 623.08092. 
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5. Supporting information 
5.1 NMR 

a) 1H 

 

Figure S1. Proton NMR spectra in CDCl3. 
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b) 13C{1H} 

 

Figure S2. Carbon NMR spectra in CDCl3. 
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a) 1H 

 

b) 13C{1H] 
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Figure S3. NMR spectra of the mixture of isomers H5Bra/b. a)1H and b)13C{1H} in benzene-d6. 

 

Figure S4.1H EXSY of H2Br at 60°C in benzene-d6.  
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Figure S5. 1H EXSY experiment of the mixture H5Bra/b at 60°C in benzene-d6. 
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Figure S6. 1H NMR spectra of H/D exchange reactions: a) in H4Br and b) between H/D4Br and H2Br. 

5.2 UV-vis 

 

Figure S7. UV-vis of H4Br in MeCN. 
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5.3 Computational studies 

Density Functional Theory (DFT) calculations were carried out in Gaussian 16 Revision 

C.0263 software, and visualized using Gaussview 664 or Avogadro.65 Geometry 

optimizations in the ground state were performed in the gas phase at a MN15L51 level 

of theory combined with a triple −basis set: def2tzvp.52 The carbonyl frequency values 

were scaled using a factor of 0.957866 (see Table S1). TDDFT calculations were 

performed on the optimized structures at the CAM-B3LYP/def2tzvp level of theory. 

Solvent effect was simulated using the continuum polarized model (CPM).67  

Table S1.Comparison between experimental and theoretical carbonyl frequencies (scaled by a 
factor of 0.9578). 

Compound (CO)/ cm-1 

H4Br H5Bra H5Brb 

Exp. Theor. Exp Theor. Exp. Theor. 

2036 

1961 

1925 

2025 

1965 

1930 

2036 

1959 

1922 

2026 

1965 

1933 

2036 

1959 

1922 

2021 

1960 

1926 

 

Table S2. Comparison between the bond lengths obtained from X-ray diffraction vs theoretical 
values for H4Br.a 

Bond length Experimental (Å) Theoretical (Å) Difference (Å)a 

Re1-Br1 2.6236(7) 2.65547 0.03187 

Re1-N1 2.099(6) 2.10272 0.00372 

Re1-N3 2.185(5) 2.19551 0.01051 

Re1-C20 1.955(6) 1.97518 0.02018 

Re1-C21 1.919(5) 1.92875 0.00975 

Re1-C22 1.918(6) 1.92473 0.00673 

N1-N2 1.291(7) 1.2997 0.0087 

C7-N2 1.382(7) 1.3701 0.0119 

C7-N3 1.319(8) 1.32976 0.01076 

N3-N4 1.324(8) 1.37402 0.05002 
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Table S3. Comparison between bond lenghts obtained from X-ray diffraction vs theoretical values 
for H5Brb.a 

Bond length Experimental (Å) Theoretical (Å) Difference (Å)a 

Re1-Br1 2.5946(6) 2.64731 0.05271 

Re1-N1 2.122(3) 2.11241 -0.00959 

Re1-N3 2.174(4) 2.18773 0.01373 

Re1-C20 1.957(5) 1.96716 0.01016 

Re1-C21 1.916(6) 1.93083 0.01483 

Re1-C22 1.964(4) 1.92394 -0.04006 

N1-N2 1.293(5) 1.29652 0.00352 

C7-N2 1.364(8) 1.3711 0.0071 

C7-N3 1.326(5) 1.32938 0.00338 

N3-N4 1.343(7) 1.37085 0.02785 

a Values in bold indicate that the difference is statistically significant. Underestimated 

bond lengths are reported as negative values. 

5.3.1 Time-dependent DFT  

 

Figure S8. Comparison between experimental (yellow trace) and theoretical (dash line) spectra in 
H4Br. 

 

 

 

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0

5000

10000

15000

20000

25000

30000

300 400 500 600 700 800 900

O
s

c
il

la
to

r 
s

tr
e
n

g
th

E
p

s
il

o
n

Wavelength [nm]

1 
2 

3 

4 

7 

8 

9 



Chapter 2 

79 

Table S4. Natural transitions orbitals (isovalue = 0.05) for the main electronic transitions in H4Br. 

 

 

 

 

 

 



Neutral formazans bound to the fac-(CO)3Re(I) fragment 

80 

 

 

Figure S9. Comparison between experimental (blue trace) and theoretical (dash line) spectra in 
the isomers H5Bra (upper) and H5Brb. (down). The numbers refer to the corresponding excited 

state.  
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Table S5. Natural transition orbitals (isovalue = 0.05) for the main electronic transitions in H5Bra. 
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Table S6. Natural transition orbitals (isovalue = 0.05) for the main electronic transitions in H5Brb. 
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Figure S10. Comparison between TDDFT-calculated transitions in H5Bra, H5Brb and H5Brb_rot in 
the range 300 to 650 nm. Structure H5Brb_rot has the N-Ph group rotated to match the orientation 

found in H5Bra. 

 

 

H5Bra 

H5Brb 

H5Brb_rot 
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Figure S11. Overlayed structure of H5Brb (yellow)and H5Brb_rot (green). 

5.3.2 Fragment-based NBO analysis 

Using Gaussian16, a CAM-B3LYP/def2-TZVP calculation was performed, followed by an 

NBO analysis [A.E. Reed, F. Weinhold, Natural bond orbital analysis of near-Hartree-Fock 

water dimer, J. Chem. Phys. 78, 4066-4073 (1983)]. The NBOs were subsequently 

divided in NBOs localized on the azo-bound Ph ring, the connecting bond between the 

Ph ring and the rest of the complex. The Fock matrix elements between NBOs localized 

on different fragments were set to 0.0, and was diagonalized to find the orbitals of the 

complex with no interaction between the Ph-ring and the rest of the molecule. The 

original Fock matrix was then transformed to the basis of the non-interacting MOs, and 

was diagonalized to obtain the MOs of the complex in the basis of the fragment MOs. 

Table S7. Orbital mixing (percentage contributions) between the azo-bound Ph ring and the rest 
of the complex in the geometries H5Brb and H5Brb_rot (only the orbitals involved in the excited 
state 4 are shown). 

H5Brb H5Brb_rot 

MO C=N Re phenyl MO C=N Re phenyl 

H-3 0.3 98.9 0.8 H-3 0.3 91.2 8.5 

H-2 0 92.9 7.1 H-2 0 98.5 1.5 

H-1 0 99.4 0.6 H-1 0 99.8 0.2 

H 0 95.3 4.7 H 0 99.7 0.3 

L 0 89.5 10.5 L 0 98 1.9 

L+1 0 87.9 12.1 L+1 0 95.5 4.5 

 

5.4 Luminescence studies of complex H4Br 

Luminescence spectroscopy was performed with a Fluorolog®-3 spectrometer from 

HORIBA Jobin Yvon. A four-window cuvette from Hellma® Analytics (d = 1 cm) was used. 

A TBX Picosecond Photon Detection Module from HORIBA Jobin Yvon served as 

detector. In time-dependent luminescence spectroscopy a Nano-LED pulsed diode light 

source (λmax = 370 nm) from HORIBA Scientific combined with a Single Photon counting 
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controller FluoroHub from HORIBA Jobin Yvon as a pulse control unit were used. 

Luminescence decay data were corrected for scattered light by a separate measurement 

of a non-emissive silica suspension at equal excitation and detection wavelength (λ = 

370 nm). Lifetimes were obtained from mono exponential fits of the luminescence decay 

using fit options implemented in originPro® from OriginLab®. Excitation in steady state 

luminescence spectroscopy was performed using a Xenon Short Arc Lamp from Ushio 

Inc. light source. 

 

Figure S12. Lifetime decay for H4Br under N2 (upper) and under O2 (down). 
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Chapter 3 

 

Formazanate Re(I) complexes: 

Synthesis, characterization, and 

computational studies 
 

Herein, we describe the synthesis and characterization of Re(I) carbonyl complexes 

[ReX(CO)3(L,L)]n (n=-1 X = Br; n = 0 X = MeCN) bearing the anionic formazanate ligand 

[R1-N1-N2=C(R3)-N4=N5-R5]-. These compounds were prepared by deprotonating their 

Re(I) neutral open-formazan conjugated acids. Spectroscopic (NMR, IR) and structural 

characterization of these species indicate that open coordination is retained in the 

formazanate anions. Methylation of the N1-position was shown to be useful to block the 

proton-responsive nature of the ligand, which allows establishing a comparison 

between the electrochemical properties of complexes containing the neutral formazan 

fragment vs the anionic formazanate species in the following chapter. DFT calculations 

showed the LUMO orbital in formazanate species is purely ligand-based, unlike 

formazan complexes, wherein the LUMO possesses metal-ligand character. Although 

formazanate complexes exhibit different electronic properties to those observed in their 

formazan analogs —derived from their greater extent of -delocalization— both 

compounds display low emissive features in the visible range.  
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1. Introduction 

Redox-active ligands represent an emerging field in Coordination Chemistry. Gray 

and coworkers' first report on the redox non-innocent nature of the dithiolene ligand in 

the 60s,1,2 inaugurated a new area for ligand design. Besides controlling metal reactivity 

by electronic and steric effects —as innocent ligands do— redox-active fragments could 

confer other attributes to the metal complexes. To mention a few, reversible switching 

of ligand redox states can influence the Lewis acidity/basicity of the metal center and 

create new venues for substrate activation/redox catalysis, either solely on the ligand or 

in a bifunctional manner via metal-ligand cooperativity.3–6 

The highly conjugated, 1,2-di-thiolates, -phenolates, -aminophenolates, and -

diimines motifs are commonly found in redox-active fragments, where charge 

delocalization within the ligand backbone allows stabilization of different redox states 

on the complex. Other combinations also involve merging one of these features with 

other functional groups. For instance, in the anionic formazanate ligand [R1-N1-N2=C(R3)-

N4=N5-R5]-, an azo and imine fragment are combined. In metal complexes, this scaffold 

has shown to give access to reversible redox properties, a feature recently harnessed in 

catalysis.7,8  

Our group described the reactivity of the two-electron reduced boron formazanate 

complex [LBPh2]2- [L= PhNNC(p-tol)NNPh]- with H2O and BnBr, as electrophiles. By SN2 

reaction, a boratoleucoverdazyl compound with an N-E bond (E = H, Bn) is afforded, and 

by homolytic N-E cleavage with TEMPO, the stable formazanate radical and the 

corresponding TEMPO-E product were obtained (Chapter 1, Scheme 9). This example 

demonstrates the capabilities of the formazanate ligand in these species to behave as a 

two-electron/one-electrophile storage.9  Recently, we reported that the neutral formazan 

R1-N1H-N2=C(R3)-N4=N5-R5 could also serve as a bidentate ligand and chelates metals in 

an open fashion. We prepared a series of formazan-type Re(I) complexes containing an 

NH pendant arm.10 We hypothesized that these ligands could also operate as two-

electron/one-proton reservoirs, and we, therefore, explore the reactivity of the NH 

fragment (deprotonation, alkylation) in this chapter, as well as its electrochemical 

properties later in the thesis (Chapter 4). Here, we discuss the synthetic studies and 

characterization (NMR, UV-vis, FT-IR, XRD, DFT) of formazanate and methylformazan 

Re(I) complexes (Figure 1). 
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Figure 1. Open formazan and formazanate Re(I) complexes, herein studied R3 = H, Ar, R1, R5 = Ar. 

2. Results & Discussion 
2.1 Synthesis of formazanate Re(I) complexes 

Triethylammonium rhenium formazanate complexes [1Br]--[4Br]- were synthesized by 

deprotonation of the corresponding neutral precursors H1Br-H4Br using NEt3 as base 

(Scheme 1). When the reaction is carried out in low-polarity solvents such as toluene, the 

formazanate complexes gradually are re-protonated by adventitious water, affording 

their neutral rhenium formazan precursors. Formazanate Re(I) species are less prone to 

protonation in polar solvents such as THF, acetonitrile, and acetone, presumably due to 

the stabilization of the charge species in polar media (Figure S8).11 Indeed, we took 

advantage of the influence of solvent polarity on the stability of the formazanate 

complexes to isolate the ionic species in good yields.  

Rhenium formazanate complexes exhibit a quite characteristic dark green color that 

can easily distinguish them from their dark purple conjugated acids. Although 

complexes [1Br]--[4Br]- differ in the para-substituent attached to the central ring (R = H, 

Me, MeO, F), their spectroscopic characterization by FT-IR, NMR and UV-vis indicates 

that they present similar electronic environments (see Figure S1 and S10). Therefore, we 

focused our subsequent studies on the reactivity of the F-containing derivative [4Br]- 

since tracking changes by 19F NMR is more convenient. 

In-situ addition of one equivalent of either bis(triphenylphosphine)iminium chloride 

[PPN][Cl] or tetraphenylphosphonium bromide [PPh4][Br] to a solution of the 

triethylammonium formazanate [NHEt3][4Br] resulted in cation exchange to provide the 

corresponding ionic compounds [PPh4][4Br] and [PPN][4Br] as solid microcrystalline 

materials, respectively. These species are less prone to protonation than their analog 

triethylammonium derivatives. Additionally, bromide substitution was achieved via 

ligand exchange. The reaction of the neutral formazan H4Br with AgPF6 in acetonitrile 

and subsequent deprotonation with DABCO afforded the neutral acetonitrile complex 

4MeCN (Scheme 1).  
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Scheme 1. Syntheses of formazanate Re(I) complexes. 

As formazan/ate Re(I) species possess acid-base properties, we prepared an N-alkyl 

formazan Re(I) complex aiming to suppress the proton responsivity of the hydrazo/azo 

N5 atom (Scheme 1). Unfortunately, attempts to prepare the N-methyl-triphenyl 

formazan ligand were unsuccessful since it rapidly cyclizes to generate the 

corresponding leucoverdazyl compound,12,13 which oxidizes in air to a stable verdazyl 

radical. We also tried direct methylation on complex H4Br with an excess of CH3I in the 

presence of Na2CO3. Even though the expected product was identified, the reaction was 

difficult to reproduce. Finally, we opted to synthesize a derivative with a small substituent 

(H) at the R3 position, which is less prone to cyclization. N-methyl-1,5-diphenyl formazan 

(L6Me) was prepared following the procedure that Neugebauer and coworkers 

reported via methylation of 1,5-diphenyl formazan (L6H) in basic conditions.12 

Subsequent treatment of ligand L6Me with one equivalent of ReBr(CO)5 afforded 

complex Me6Br in good isolated yield (Scheme 2). 

 

Scheme 2. Synthesis of 1,5-diphenyl formazan Re(I) complexes. 
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2.2 Characterization 

Full deprotonation of the neutral formazan species H1Br-H4Br to give the formazanate 

complexes [1Br]-[4Br] upon treatment with NEt3 was confirmed by 1H-NMR spectroscopy. 

The absence of the diagnostic resonance of the NH group at ca. 8.5 ppm indicated the 

reaction proceeded to completion (Figure S1). The IR spectra (in THF solution) of anions 

[1Br]-[4Br] are essentially identical regardless of the countercation ([NHEt3]+, [PPN]+ or 

[PPh4]+ (Figure S11), or the ligand substituent (Figure S9), and exhibit three ( CO)bands 

around 2010, 1911, and 1891 cm-1 as expected for tricarbonyl complexes of C1 

symmetry. 

170018001900200021002200

Wavenumber [cm-1]

 

Figure 2. Comparative FT-IR spectra in THF solution between the formazan H4Br and formazanate 
[PPN][4Br] complexes. 

Deprotonation shifts the carbonyl bands of the product formazanate tricarbonyl 

anions to lower frequencies due to the increased donor ability of the formazanate ligand 

(e. g H4Br = 2031, 1955, 1918 cm-1; [PPN][4Br] = 2007, 1912, and 1880 cm-1, see Figure 

2). For 4MeCN (2024, 1992(br) cm-1), the carbonyl bands are shifted to higher energies 

compared to [4Br]- as substitution of the anionic bromide for the neutral acetonitrile 

ligand decreases the electron density at the metal center. 

To study the influence of the methyl group on the N-methyl formazan complex Me6Br 

we also prepared its non-alkylated version H6Br (Scheme 2). Surprisingly, methylation of 

the NH function does not significantly alter the carbonyl stretching vibrations in the 

infrared spectra (H6Br = 2031, 1953, 1919 cm-1 vs Me6Br = 2031, 1952, 1915 cm-1), making 

Me6Br a useful reference for comparison of reactivity studies (vide infra). 
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Analysis of the 1H-NMR spectra showed that the formazanate ligand coordinates 

asymmetrically in [4Br]- and 4MeCN, as different sets of signals were identified for the 

aromatic protons in ortho-, meta, and para- positions (Figure S1-S3). Previous reports 

have established the preference for the asymmetric (open, five-membered chelate) over 

the symmetric (closed, six-membered chelate) coordination mode in formazanate 

ligands in sterically demanding environments.14,15 To investigate the dynamics of the 

five-membered formazanate species in solution, we measured the 1H-EXSY spectrum of 

[PPN][4Br] at 80°C in toluene-d8. The asymmetry of the ligand is retained at elevated 

temperature, and the lack of cross-peaks between the two distinct sets of N-Ar 

resonances indicates that exchange via a symmetrical six-membered formazanate 

chelate does not occur at an appreciable rate under such conditions (Figure S9). In the 
13C-NMR spectra of the anionic Re complexes, three resonances due to the CO ligands 

appear in the region 190-198 ppm, which are downfield shifted compared to their 

neutral precursors (185-193 ppm). Particularly, variations of the electronic distribution of 

the metallacycle upon ligand deprotonation are reflected in the chemical shift of the CO 

group trans to the deprotonated (-C=N2-N1-) imine-amide group (198 ppm), the most 

shifted downfield compared to the same CO ligand in the neutral formazan complex 

H4Br (193 ppm).  

The increased charge delocalization of the anionic fragment was also manifest in the 

chemical shift of the imine carbon, which is substantially shifted upfield (155 ppm) 

relative to the imine carbon in the protonated formazan complexes (164 ppm) (Figure 

S4). The NMR spectroscopic features of the formazanate ligand in the neutral acetonitrile 

complex 4MeCN
 are very similar to those of the anionic Re complexes (Figure S5). Finally, 

also the complexes with ligands L6H and L6Me have very similar NMR spectroscopic 

features, indicating that all compounds in this series are obtained with the Re center in 

a similar environment, i.e., a five-membered formazan(ate) chelate (Figure S6-S7).   

2.3 Electronic spectroscopy  

The electronic absorption spectrum of complex [PPN][4Br] was measured in THF at 

25°C (c 10-5M). It exhibits a broad and intense absorption band at 605 nm with a molar 

absorptivity of 54 800 M-1 cm-1 (Figure 3a), which is red-shifted compared to the neutral 

precursor (H4Br: 515 nm). This feature is typical for metal complexes containing the 

formazanate ligand,16 and is assigned to the -* electronic transitions centered on the 

formazanate backbone. The low-energy absorption of [4Br]- undergoes negative 

solvatochromism and shifts to the red when the spectrum is recorded in toluene (620 

nm). Exchanging the axial bromide ligand by acetonitrile in 4MeCN does not perturb the 

energy of these absorptions. However, within minutes after dissolution in THF, the main 

absorption band of 4MeCN undergoes a subtle shift to lower energy (Δλ ≈ 13 nm), 

suggesting the displacement of MeCN by THF (Figure S12). In addition to the intense 

low-energy absorption, a less intense band is observed in the visible range at 440-460 

nm arising from excitations of MLCT character ((Re(d) → formazanate (*) based on 
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TDDFT calculations) (see Table S1). In comparison to complex H4Br, which contains a 

triarylformazan ligand, the low-energy absorption maxima of the diphenylformazan 

complex H6Br (470 nm) or the N-methyl derivative Me6Br (450 nm) are blue-shifted 

(Figure 3b).  

 

Figure 3. Absorption spectra of a) formazanate complexes [PPN][4Br] and 4MeCN and b) formazan 
complexes H4Br, H6Br and Me6Br in THF. 

Table 1. UV-vis spectrochemical data in THF 

Compound λmax(nm) [M-1cm-1] λmax (nm) [M-1cm-1] λmax (nm) [M-1cm-1] 

[PPN][4Br] 

[NHEt3][4Br]a 

603 

615 

54 800 

26 300 

441 

462 

28 400 

13 600 

350 

350 

39 200 

26 600 

4MeCN 

4MeCN a 

603 

611 

39 500 

22 000 

440 

466 

11 454 

8 400 

350 

350 

29 900 

18 200 

4THF 627 40 100 470 14 300 342 37 700 

H4Br 515 59 400 ----- ----- 353 29 200 

H6Br 470 22 600 ----- ----- 328 9 500 

Me6Br 449 40 700 ----- ----- 317 12 200 

a = Measured in toluene 
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2.4 Structural characterization 

Repeated attempts to obtain crystals of the anionic formazanate complex [4Br]- were 

unsuccessful, regardless of the countercation used. Ultimately, we were able to 

crystallize the compound as the decamethylcobaltocenium salt, [Co(Cp*2][4Br], by slow 

evaporation of a THF solution. An X-ray structure determination confirmed [4Br]- to 

consist of a pseudo-octahedral Re(I) center with a formazanate ligand bound in the 

'open' fashion, rendering a five-membered rhenacycle, whereas the carbonyl ligands 

are placed in a facial arrangement. The refinement showed substitutional disorder in the 

Br/CO fragments trans to each other, but the rest of the molecule is well-defined. The 

metrical parameters within the metallacycle indicate that the Re1-N1 bond length 

(2.112(4) Å) is similar to that in the neutral precursor H4Br (2.099(6) Å); however, it is 

shorter than Re-N(azo) bond lengths (2.156(3) Å 17) in related species. The Re1-N3 bond 

length (2.192(4) Å) is typical for Re-N(imine) bonds.18 Overall, the metrical parameters 

within the deprotonated formazanate backbone in [4Br]- are quite similar to that of the 

precursor, albeit a larger degree of delocalization is indicated by the equivalence of the 

N-N and C-N bonds, and the rhenium center is less displaced from the ligand plane 

(0.18 Å in [4Br]- vs. 0.46 Å in H4Br). The complexes with the diphenylformazan ligand (H6Br 

and Me6Br) also display similar structures (Figure 4, Table 2).  
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Figure 4. ORTEP representation of the molecular structure of a) H6Br, b) Me6Br and c) 
[Co(Cp*)2][4Br] (the counterion is omitted for clarity). 

Table 2. Selected metrical parameters for [Co(Cp*)2][4Br]. H4Br, H6Br and Me6Br (bond lengths in Å, 
angles in °).  

Bond 

Formazanate Formazan Alkylformazan 

[4Br]- H4Br1 H6Br Me6Br 

Re1-Br1 2.6000(14)b 2.6236(7) 2.6278(8) 2.6191(3) 

Re1-N1 2.112(4) 2.099(6) 2.116(5) 2.124(2) 

Re1-N3 2.192(4) 2.185(5) 2.161(4) 2.186(2) 

Re1-C20 1.939(5) 1.955(6) 1.961(7) 1.941(3) 

Re1-C21 1.912(5) 1.919(5) 1.936(6) 1.915(3) 

Re1-C22 1.887(13)b 1.918(6) 1.917(6) 1.913(3) 

N1-N2 1.300(6) 1.291(7) 1.293(6) 1.292(3) 

C7-N2 1.341(7) 1.382(7) 1.347(8) 1.369(4) 

C7-N3 1.370(6) 1.319(8) 1.315(8) 1.309(4) 

N3-N4 1.301(7) 1.324(8) 1.347(7) 1.354(3) 

1Values taken from: Inorg, Chem., 2022, 61, 13532–13542. 
b these bond lengths were restrained in the refinement, values shown are for the major disorder 

component; the large standard uncertainty in these numbers means that a comparison with the 

other compounds is not meaningful.  
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2.5 Computational studies 

To gain more information about the electronic structure of the complexes herein 

described, DFT calculations were carried out. Geometry optimizations were run at 

MN15L19/def2-tzvp20 level in the ground state, using the crystallographic coordinates of 

[4Br]- as starting point. Analytical frequency calculations confirmed that the resulting 

geometries were minima on the potential energy surface (zero imaginary frequencies), 

and frequency values were scaled by a factor of 0.9578.21 Time-dependent DFT 

computations were performed at CAM-B3LYP22/def2-tzvp level and the solvent was 

simulated using the continuum polarized model (CPM).23 

Overall, bond lengths in the optimized structure of [4Br]- were comparable to those 

found in the single-crystal X-ray diffraction, although Re1-Br1 and Re1-N1 bonds are 

slightly overestimated (0.07638 Å, 0.03786 Å, respectively). In [4Br]-, the HOMO is mainly 

localized on the formazanate backbone and spread out to some extent into the aryl 

groups; it contains only a minor contribution from the Re d orbitals. The LUMO has 

primarily formazanate character (*-orbitals) and it is extended to both terminal aryl 

rings. This contrasts to what we found for the neutral formazan H4Br, wherein HOMO and 

LUMO orbitals possess a mixed metal-ligand character (Figure 5).   

 

Figure 5. Comparison between H4Br and [4Br]- frontier orbitals (isovalue = 0.05). 
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Additionally, we optimized the structure of [4Br]- with the ligand binding the metal 

through the terminal N-atoms, rendering a 6-membered chelate, since this is the most 

common coordination mode found in formazanate complexes.16 The calculations 

showed the open fashion is the most thermodynamically stable configuration for 

formazanate Re(I) species, but only by a very small margin of 0.46 kcal/mol. Although 

sterics may predominantly govern the coordination mode, we cannot discard that 

electronic effects in carbonyl formazan/ate Re(I) species may have an influence. The 5-

membered chelation could be a favorable configuration where Re→CO -back bonding 

is maximized, as -acidity of the formazanate ligand in the open fashion is expected to 

be lower compared to the closed coordination as a result of the lesser extent of charge 

delocalization. 

The DFT-optimized structures for H6Br and Me6Br reproduce the experimental bond 

lengths reasonably well. In these complexes, the HOMO is composed of Re d orbital 

that interacts with the Br p orbital in an antibonding fashion. The contribution of the 

neutral formazan backbone and the N5-Ar fragment is more prominent in H6Br. The 

LUMO is essentially the same in all complexes containing the neutral (alkyl)formazan 

ligand (Figure 6). 

 

Figure 6. Comparison between frontier orbitals in H6Br and Me6Br (isovalue = 0.05). 

Additionally, we carried out time dependent DFT calculations to determine the nature 

of the electronic transitions detected in the visible region by NTO analysis. The low-

energy and intense absorption observed at 600 nm in [4Br]- corresponds to the first 

excited state (λcalc = 539 nm) that occupies a high oscillator strength. It arises primarily 

from HOMO → LUMO transitions of intraligand nature involving the formazanate 

backbone with some metal character in the donor orbital (Figure S13). The latter differs 

from what has been found in the formazan analogs, in which the main absorption results 
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from charge transfers with highly mixed character between the metal and the 

surrounding ligands (MLCT, LLCT, and ILCT).10 The next four excited states (λcalc = 414, 

398, 379, 374 nm) build the shoulder observed at 430 nm and arise from electronic 

transitions from inner orbitals to the LUMO. Inspection of the NTOs showed these 

excitations correspond to MLCT Re(d) → formazanate (*) and LLCT Br(p) →formazan 

(*) (Table S1).  

We also studied the electronic spectra of H6Br and Me6Br by TDDFT calculations 

(Figure S14-S15). Essentially, both complexes display similar electronic transitions and 

include three excitations that account for the experimentally observed low-energy 

absorption band (λcalc (H6Br) = 557, 520, 474; λcalc (Me6Br) = 582, 487, 441 nm) from the 

HOMO/H-1/H-2/H-3 to the LUMO. Such excited states are consistent with electronic 

transitions of M-L (Re(d) → formazan(*)), L-L (Br(p)→ formazan(*)) and intra-L 

formazan (→*) character. The absorption band at a lower wavelength that in related 

species has been assigned to a MLCT, contains several excited states at λcalc (H6Br) = 361, 

338, 322 474 nm and λcalc = 349, 319, 300 nm. These transitions result from charge 

transfers from orbitals of metal-ligand character (d + np(formazan)) to acceptor orbitals 

that have a high degree of metal-ligand mixing (d + *(formazan)) (Tables S2-3). 

The electronic properties of formazan/ate Re(I) contrast with the ones reported for 

well-studied -diimine Re(I) species. In the latter, the MLCT band usually lies at lower 

energy than the intra-ligand → * electronic transition.24 This could represent a 

limitation in using formazanate Re(I) species as photoactive materials since, in transition-

metal polypyridyl systems, the low-lying MLCT states are usually responsible for their 

luminescent properties.25 

2.6 Luminescence spectroscopy 

The emission spectrum of the anionic formazanate [4Br]- was recorded in acetonitrile 

at room temperature with an excitation wavelength of 320 nm (Figure 7). It displays a 

structureless band at 380 nm, a feature that was also observed for the neutral analog, 

H4Br. The excited state exhibits a bi-exponential decay with lifetimes 1 = 2.52 and 2 = 

8.72 ns that are barely influenced by the presence of O2 (1 = 2.28; 2 = 8.71 ns), Figure 

S16. As discussed in Chapter 2, emission from 3MLCT is typical in Re(I) complexes with 

N-ligands and usually observed within a 500-600 nm range,24 but such low-energy 

emission bands are absent in the complexes studied here. Since the emission band 

observed for [4Br]- at 380 nm is not quenched in the presence of oxygen, it does not arise 

from a 3MLCT state. Similar observations were found in tryptophan-bisquinoline and 

indole-phenanthroline Re(I) derivatives. These complexes were reported to have weak 

emissions with short lifetimes not quenched by oxygen. It was proposed that via 

resonance-energy transfer from a fragment of the molecule (tryptophan, indole) to the 

chromophore, the 3MLCT emission was extinguished.26,27 Thus, this could also explain 

the absence of a triplet emission. 
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Formazanate-containing complexes of main group elements (boron in particular) 

have been studied extensively for their photophysical properties, which feature highly 

tunable emission wavelengths and large Stokes shifts.28,29 The lack of emissive 

properties of the low-energy excited states in the formazanate Re complexes studied 

here may originate from the difference in the coordination mode of the ligand. In the Re 

complexes that were studied here, the ligand is present as a 5-membered chelate ring 

regardless of its protonation state. The presence of a 'free', uncoordinated terminal N-

Ph group of the ligand may introduce pathways for non-radiative decay that are less 

prominent in the more rigid 6-membered chelates. Vibrational-induced decay is known 

to be a deactivation pathway reported for complexes with O-H, N-H and C-H 

oscillators.30                 

 

Figure 7. Emission (left) and absorption (right) spectra of [4Br]- recorded in acetonitrile. 

3. Conclusions  

In this chapter, we described synthetic studies for the preparation of formazanate Re(I) 

complexes through deprotonation of their neutral formazan Re(I) analogs. The 

formazanate core binds the metal center in an open fashion. Although the open 5-

membered coordination preference over the closed 6-membered chelation has been 

observed in species with sterically demanding environments, our outcomes suggest 

that electronic effects may also influence ligand coordination.  

Structural modifications on the formazanate backbone in R2 or the axial ligand have 

little influence on the electronic properties of the resulting complexes, as shown by FT-

IR and UV-vis spectroscopy. These species are stable in the solid state but are found to 

revert to the starting materials (NH-formazan complex) in low-polarity media due to re-

protonation by water.  

Compared to formazan complexes, the deprotonated formazanate analogues 

possess different electronic properties derived from the higher extent of -

delocalization. Computational studies indicate that the degree of covalency of the 

metal-ligand interaction is somewhat reduced in the anionic ligands as the LUMO orbital 
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was found to be purely ligand-centered. Despite this, neutral and anionic complexes 

display virtually identical emission spectra. Their poor luminescence properties 

compared to related Re(I) species and the highly emissive 6-membered boron 

formazanates were rationalized to be a consequence of self-quenching that could 

involve dissipation of the excited state energy by vibrational motion of the N-Ph pendant 

arm or resonance-energy transfer. Methylation of the N-terminal position was a valuable 

strategy to block the proton-responsivity of the formazan/ate core. The methylformazan 

Re(I) derivative exhibits similar properties to those observed in their formazan 

counterparts, although the NH acid-base equilibrium in the alkylated species is absent. 

N-alkylation did not result in substantial changes in the donor strength of the ligand, as 

demonstrated by spectroscopic and computational analysis. Full characterization by 

spectroscopic and DFT calculations of three different derivatives, formazanate, 

protonated, and methylated formazan Re(I) species, will allow to correlate the electronic 

structure of these species with their electrochemical behavior in Chapter 4 and their 

reactivity patterns in the electrocatalysis of small molecule conversion in Chapter 5. 

4. Experimental section 

General considerations. All manipulations were performed under N2 atmosphere using 

Schlenk/vacuum line and glovebox techniques. The solvents (Aldrich, anhydrous 99.8%) 

were passed over columns of Al2O3 (Fluka) and BASF R3-11-supported Cu oxygen 

scavenger. H4Br was synthesized using the methodology previously reported by our 

group.95 Bis(triphenylphosphine)iminium chloride [PPN][Cl] (Aldrich, 97%) 

tetraphenylphosphonium bromide [PPh4][Br] (Aldrich 97%), CH3I (Merk 99%), NEt3 

(Aldrich 99.5%) and (1,4-diazabicyclo[2.2.2]octane) DABCO (TCI 98%), ethyl ortho-

formate (Aldrich 98%), phenylhydrazine (Aldrich 97%) and HBF4 (Aldrich 48 wt% in H2O) 

were used without further purification. L6Me was prepared following the procedure 

reported by Neugebauer80 from L6H and CH3I.THF-d8 was dried over Na/K and distilled 

via vacuum transfer. NMR spectra were measured on Mercury 400, Varian Inova 500, or 

Bruker 600 MHz spectrometers. Residual solvent signals were used as an internal 

reference for 1H and 13C spectra and reported in ppm relative to TMS (0 ppm). Full 

assignments were based on two-dimensional experiments (COSY, HSQC, HMBC) using 

standard pulse sequences. FT-IR spectra were collected in THF solution on a JASCO 

4700 series FT-IR spectrometer in transmission mode using a liquid cell with CaF2 

windows. UV-vis spectra were recorded in THF solution on an Avantes AvaSpec-2048 

UV/Vis spectrophotometer.  

Data from X-ray diffraction was measured at 100 and 295 K on a Bruker APEX2 

diffractometer with Mo K (λ= 0.71073 Å) compound [Co(Cp*)2][4Br] or Cu (λ= 1.54178 

Å) H/Me6Br. Cell refinement and data reduction were performed with the Bruker SAINT 

program. Structure final refinement was carried out on SHELXTL.96 
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Table 3. Crystallographic data for [Co(Cp*)2][4Br], H6Br and Me6Br. 

 

 

1,5-diphenylformazan, L6H. It was synthesized using a modified procedure from the one 

reported by von Pechmann.45 Equimolar amounts of ethyl-orthoformate (6.7 mmol, 1.1 

mL) and phenylhydrazine (13.4 mmol, 1.3 mL) under acidic conditions (30 drops of HBF4 

solution) were dissolved in 15 mL of acetonitrile. The reaction was refluxed overnight, 

turning dark red. The solvent was evaporated until 1/3, and cold water was poured into 

the flask till complete precipitation. The solid was filtered and purified by column 

chromatography in silica using as eluent DCM. The red fraction was collected, and violet 

crystals were formed upon solvent evaporation. (751 mg, 50%) 1H NMR (CDCl3, 25 °C, 

400MHz) δ/ppm: 7.24 (t, 3J = 8 Hz, 2H, Ph p-H), 7.43 (t, 3J = 8 Hz, 4H, Ph m-H), 7.57 (d, 3J 

= 8 Hz, 4H, Ph o-H), 7.87 (s, 1H, NNCNN, CH), 11.02 (s, 1H, NNCNN, NH). 

 [Co(Cp*)2][4Br] H6Br Me6Br 

chemical formula C42H44CoFBrN4O3Re C16H12BrN4O3Re C17H14BrN4O3Re 

Mr 996.86 574.41 588.43 

cryst syst Monoclinic triclinic orthorhombic 

color, habit Black, needle Dark-red, block Dark-red, needle 

size (nm) 0.37×0.07×0.06 0.06×0.02×0.01 0.14×0.01×0.01 

space group P 21/n (No.14) P-1 (No. 2) P b n c (No.60) 

a (Å) 15.0946(10) 7.3741(10) 30.805(3) 

b (Å) 17.0051(14) 9.1941(12) 7.5141(3) 

c (Å) 15.5791(12) 13.765(3) 15.9819(10) 

 (deg) 90 71.633(11) 90 

 (deg) 101.586(3) 86.853(10) 90 

 (deg) 90 81.765(14) 90 

V (Å3) 3917.4(5) 876.5(3) 3699.4(4) 

Z 4 2 8 

calc (g  cm-3) 1.690 2.176 2.113 

radiation, λ(Å) Mo, K, 0.71073 Cu, K, 1.54178 Cu, K, 1.54184 

(Mo, K) (mm-1) 4.579 16.440 15.601 

F(000) 1976 540 2224 

temp (K) 100 295(2) 295(2) 

 range (deg) 2.091-26.469 3.383-69.964 2.869-72.859 

data collected (h, k, l) -18:18, -21:21, -19:19 -8:8, -11:11, -16:16 -38:37, -9:9, -19:19 

no. of reflns collected 85,881 15,403 74,921 

no. of indep reflns 8052 3267 3628 

obsd reflns Fo 

≥2.0σ(Fo) 

6854 2988 3530 

R(F) [obsd reflns] (%) 3.65 2.87 1.93 

Rw(F2) [all reflns] (%) 8.052 7.15 4.83 

GOF 1.321 1.049 1.137 

weighting a, b 0.0000, 22.1095 0.0000 2.2659 0.0198 3.4590 

params refined 516 230 236 

min, max residual 

densities 

-1.15, 1.08 -0.97, 1.03 -0.707, 0.691 
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[NHEt3] [HnBr] (n = 1-4). The neutral formazan species HnBr (0.08 mmol) was dissolved in 

THF (5 mL) and an equimolar amount of NEt3 (0.08 mmol) was added, observing an 

immediate color change from dark red to blue-greenish. The mixture was stirred at room 

temperature for 30 min. The solvent was removed under vacuo, leaving an oily dark 

residue. Upon trituration with 5 mL of pentane, the product precipitates as a black 

powder. The mixture was filtered out, and the solid was washed (2x5 mL) with pentane. 

Finally, the solid was dried under vacuum.  [NHEt3][1Br]. 1H NMR (THF-d8, 25 °C, 400MHz) 

δ/ppm: 1.13 (t, 3J = 8 Hz, 9H, NHEt3
+, CH3), 2.96 (q, 3J = 8 Hz, 6H, NHEt3

+, CH2), 3.1 (s, 

1H, NHEt3
+ NH), 7.10 (m, 3H, Ph-CN m-H, Ph-CN p-H), 7.20 (m, 2H , Ph-N=N p-H, Ph-N-

N p-H), 7.32 (m, 6H, Ph-N=N o-H, Ph-N-N m-H, Ph-N=N m-H), 7.85 (d, 2H, 3J = 8 Hz, Ph-

N-N o-H), 8.03 (d, 2H, 3J = 8 Hz, Ph-NC o-H). IR(C7H8) (CO)/cm-1: 2011(s), 1912(s), 

1891(s). [NHEt3][2Br]. 1H NMR (THF-d8, 25 °C, 400MHz) δ/ppm: 1.10 (t, 3J = 8 Hz, 9H, 

NHEt3
+, CH3), 2.33 (s, 3H, p-tol CH3) 2.93 (q, 3J = 8 Hz, 6H, NHEt3

+, CH2), 4.11 (s, 1H, 

NHEt3
+, NH), 7.10 (t, 1H, 3J = 8 Hz, Ph-N-N p-H), 7.15 (m, 4H, p-tol m-H, Ph-N=N o-H), 

7.20 (t, 1H , 3J = 8 Hz, Ph-N=N p-H), 7.31 (m, 4H, Ph-N=N m-H, Ph-N-N m-H), 7.86 (d, 2H, 
3J = 8 Hz, Ph-N-N o-H), 7.95 (d, 2H, 3J = 8 Hz, p-tol o-H). 13C{1H} NMR (THF-d8, 25 °C, 151 

MHz) δ/ppm: 8.04 (NHEt3
+ CH3), 20.08 (p-tol CH3), 46.19 (NHEt3

+ CH2), 121.64 (Ph-N-N 

ipso-C), 121.82 (Ph-N-N o-CH), 124. 14 (Ph-N-N p-CH), 125.45 (Ph-N=N p-CH), 127.25 

(Ph-N-N m-CH), 127.44 (p-tol m-CH), 127.67 (Ph-N=N m-CH), 128.91 (p-tol o-CH), 

131.24 (Ph-N=N ipso-C), 136.05 (p-tol p-C ),156.82 (Ph-N-N ipso-C), 157.51 (imine-C), 

189.97 (CO trans Br C), 193.25(CO trans Ph-N=N C), 197.39 (CO trans Ph-N-N C). 

IR(C7H8) (CO)/cm-1: 2011(s), 1912(s), 1891(s). [NHEt3][3Br]. 1H NMR (THF-d8, 25 °C, 

400MHz) δ/ppm: 1.09 (t, 3J = 8 Hz, 9H, NHEt3
+, CH3), 2.92 (q, 3J = 8 Hz, 6H, NHEt3

+, CH2), 

3.79 (s, 3H, p-MeO-Ph CH3), 4.0 (s, 1H, NHEt3
+, NH), 6.93 (d,  2H, 3J = 8 Hz, p-MeO-Ph 

m-CH), 7.18 (m, 4H, Ph-N=N p-H, Ph-N-N p-H, Ph-N=N o-H), 7.35 (m, 4H, Ph-N-N m-H, 

Ph-N=N m-H), 7.87 (d, 2H, 3J = 8 Hz, Ph-N-N o-H), 7.98 (d, 2H, 3J = 8 Hz, p-MeO-Ph o-H). 
13C{1H} NMR (THF-d8, 25 °C, 151 MHz) δ/ppm: 9.15 (NHEt3

+ CH3), 47.30 (NHEt3
+ CH2), 

55.34 (p-MeO-Ph CH3), 113.73 (p-MeO-Ph m-CH), 122.42 (Ph-N=N p-CH), 123.30 (Ph-

N-N o-CH), 126.52 (Ph-N=N o-CH), 128.63 (Ph-N-N m-CH), 129.02 (Ph-N=N m-CH), 

131.40 (p-MeO-Ph o-CH), 158.07 (Ph-N-N ipso-C), 160.50 (imine-C), 190.18 (CO trans 

Br C), 194.24 (CO trans Ph-N=N C), 197.55 (CO trans Ph-N-N C). IR(C7H8) (CO)/cm-1: 

2011(s), 1912(s), 1891(s). [NHEt3][4Br]. Similar spectroscopical data to those reported 

with other counterions. 

[PPN][4Br]. A Schlenk flask was charged with 0.0490g (0.073 mmol) of H4Brand 0.0422 g 

(0.073 mmol) of [PPN]Cl. The solids were dissolved in 5 mL of THF, and 0.01 mL (0.073 

mmol) of NEt3 were added, observing an immediate color change from dark purple to 

green-blue. The mixture was kept under stirring for 2 h, filtered out, and evaporated to 

dryness. A dark precipitate was formed after the addition of 5 mL of pentane. The solid 

was rinsed twice with pentane (5 mL) and dried under vacuum. (41.3 mg, 84 %). 

[PPh4][4Br].  A similar procedure was followed. The reaction was carried out with 

equimolar amounts of H4Br (0.05 g, 0.075 mmol), NEt3 (0.01 mL, 0.075 mmol), and 

[PPh4][Br] (0.0323 g, 0.075 mmol). (29.7 mg, 40%). [Co(Cp*)2][4Br]. In a 20 mL vial, 0.0580 
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g (0.087 mmol) of H4Br and 0.0286g (0.087 mmol) of Co(Cp*)2 were added and mixed 

with 5 mL of THF. The reaction was stirred for 24 h, and gradually, the solution turned 

dark green-blue: the characteristic color of the formazanate species. The solution was 

filtered, and by slow evaporation, a crystalline material was obtained. 1H NMR (THF-d8, 

25 °C, 600MHz) δ/ppm: 1.67 (s, 30H, Cp* CH3), 6.95-6.99 (m, 3H, Ph-N-N p-H, p-FPh m-

H), 7.13-7.17 (m, 3H, Ph-N=N o-H, Ph-N=N p-H), 7.22 (t, 2H, 3J = 8 Hz, Ph-N-N m-H), 7.28 

(t, 2H, 3J = 8 Hz, Ph-N=N m-H), 7.83 (d, 2H, 3J = 8 Hz, Ph-N-N o-H), 8.12 (dd, 2H, 3JH-H = 

8 Hz, 4JH-F = 6 Hz, p-FPh o-H). 19F NMR (THF-d8, 25 °C, 565MHz) δ/ppm: -115.80 (m, p-

FPh F). 13C{1H} NMR (CDCl3, 25 °C, 151 MHz) δ/ppm: 6.73 (CH3 Cp*), 93.73 (ipso-C Cp*), 

112.81 (d, 2JC-F = 21 Hz, p-FPh m-CH), 121.94 (Ph-N=N o-CH), 122. 97 (Ph-N-N p-CH), 

124.89 (Ph-N=N p-CH), 126.91 (Ph-N-N m-CH), 127.20 (Ph-N=N m-CH), 130.82 (d,3JC-F 

= 7 Hz, p-FPh o-CH), 131.25 (d, 4JC-F = 3 Hz, p-FPh ipso-C), 155.15 (imine-C), 156.94 (Ph-

N-N ipso-C), 157.39 (Ph-N=N ipso-C), 160.93 (JC-F = 245 Hz, p-FPh p-C), 190.49 (CO 

trans Br C), 193.64 (CO trans Ph-N=N C), 197.96 (CO trans Ph-N-N C). FT-IR(THF) 

(CO)/cm-1: 2007(s), 1912(s), 1879(s). Anal. Calcd. For (C42H44CoFBrN4O3Re): C 50.6, H 

4.45, N 5.62; found C 50.38, H 4.50, N 5.58.  

4MeCN. In 15 mL of acetonitrile were dissolved 0.3036 g (0.45 mmol) of H4Br with 1.2 

equivalents (0.1400 g) of AgPF6. The system was refluxed for 3 h in the darkness and 

then passed over celite. Assuming full conversion to the resulting brown solution, 0.0509 

g (0.45 mmol) of DABCO were added, observing immediately a blue intense color. After 

stirring 30 min, the solvent was evaporated to dryness, and the mixture redissolved in 

ether. Then, the solution was filtered over neutral alumina, and the volatiles were 

removed, yielding a dark solid. (131 mg, 46 %) 1H NMR (Acetonitrile-d3, 25 °C, 600MHz) 

δ/ppm: 1.76 (s, 3H, NCCH3 CH3), 6.86 (d, 2H, 3JH-H = 8 Hz Ph-N=N o-H), 6.96 (t, 2H, 3JH-F, 

3JH-H = 8 Hz, p-FPh m-H), 6.99 (t, 1H,3JH-H = 8 Hz, Ph-N-N p-H), 7.22 (m, 5H, Ph-N-N m-H 

,Ph-N=N m-H , Ph-N=N p-H), 7.53 (d, 2H, 3J = 8 Hz, Ph-N-N o-H), 7.72 (dd, 2H, 3JH-H = 8 

Hz, 4JH-F = 6 Hz, p-FPh o-H). 19F NMR (Acetonitrile-d3, 25 °C, 565MHz) δ/ppm: -116.1 (m, 

p-FPh F). 13C{1H} NMR (CDCl3, 25 °C, 151 MHz) δ/ppm: 0.71 (NCCH3 CH3), 117.1 (NCCH3 

CN), 114.81 (d, 2JC-F = 21 Hz, p-FPh m-CH), 121.95 (Ph-N-N o-CH), 122.12 (Ph-N=N o-

CH), 125.61 (Ph-N-N p-CH), 128.08 (Ph-N=N p-CH), 128.69 (Ph-N=N m-CH), 129.24 (Ph-

N-N m-CH), 130.29 (d, 4JC-F = 5 Hz, p-FPh ipso-C), 132.02 (d,3JC-F = 7 Hz, p-FPh o-CH), 

156.63 (Ph-N-N ipso-C), 157.27 (Ph-N=N ipso-C), 157.72 (imine-C), 162.31 (JC-F = 245 

Hz, p-FPh p-C), 191.19 (CO trans Br C), 192.36 (CO trans Ph-N=N C), 195.04 (CO trans 

Ph-N-N C). IR(THF) (CO)/cm-1: 2024(s), 1922(broad). HRMS (ESI+) (m/z): Calcd. for 

[MH]+ = 631.102958. Found = 631.09616. [M]+ = 630.095133. Found = 630.09281. [M-

CO]+ = 602.100218. Found = 602.09800. [M-3CO]+ = 547.118213. Found = 546.09710. 

Anal. Calcd. For (C24H17FN5O3Re): C 45.86, H 2.73, N 11.14; found C 46.95, H 3.23, N 

11.00.  

H6Br. In a 50 mL two-necked round bottom flask were added 0.1018 g (0.25 mmol) of 

ReBr(CO)5 and 0. 05621 g (0.25 mmol) of L5H (1,5-diphenylformazan). The mixture was 

dissolved in 20 mL of toluene, rendering an orange-red solution that turned dark brown 
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when the reaction proceeded. The solution was heated up to reflux for 45 min, and the 

volatiles were evaporated under vacuum to dryness, yielding a black fine powder. The 

solid was rinsed with hexane (3 x 5 mL). (130 mg, 91%) ( 1H NMR (CDCl3, 25 °C, 600MHz) 

δ/ppm: 7.46 (d, 2 H, 3J= 8 Hz, Ph-NH o-H), 7.49 (t, 1 H, 3J= 8 Hz, Ph-N=N p-H), 7.54 (t, 

2H, 3J= 8 Hz, Ph-N=N m-H), 7.57 (m, 3 H, 3J= 8 Hz, Ph-NH m-H, p-H), 7.85 (d, 2H, 3J= 8 

Hz, Ph-N=N o-H), 8.72 (s, 1 H, NH), 9.1 (s, 1H, NCN H). 13C{1H} NMR (CDCl3, 25 °C, 150 

MHz) δ/ppm: 123.89 (Ph-N=N o-CH), 125.19 (Ph-NH o-CH), 129.34 (Ph-N=N m-CH), 

129.39 (Ph-N=N p-CH), 130.34 (Ph-NH m-CH), 131.89 (Ph-NH p-CH), 138.52 (Ph-NH 

ipso-C), 150.52 (imine C), 156.54 (Ph-N=N ipso-C), 180.82 (CO trans Br C), 193.07 (CO 

trans Ph-NH-N C), 194.33 (CO trans Ph-N=N C). FT-IR (THF) (CO)/cm-1: 2031(s), 1953(s) 

1919(s). HRMS (ESI-) (m/z): Calcd. for [MH]- = 574.95461. Found = 574.95544. [M]- = 

573.96001. Found = 573.96034. [M-3CO]- = 489.980297. Found = 489.95629.  

Me6Br. Equimolar amounts of ReBr(CO)5 (0.1173 g, 0.29 mmol) and [L6Me] (0. 0688 g, 

0.29 mmol) were dissolved in 20 mL of toluene. The yellow-orange solution was refluxed 

for 45 min. The resulting dark-brown mixture was cooled down to room temperature, 

and the solvent evaporated to dryness, yielding a dark crystalline material. The solid was 

rinsed with hexane (3 x 5 mL). Crystals were obtained by redissolving the solid in CH2Cl2 

and subsequent slow solvent evaporation. (152.6 mg, 90%) 1H NMR (CDCl3, 25 °C, 

600MHz) δ/ppm: 3.93 (s, 3H, NMe CH3) 7.41 (d, 2 H, 3J= 8 Hz, Ph-NMe o-H), 7.54 (m, 6 

H, Ph-N=N m-H, p-H; Ph-NMe m-H, p-H), 7.84 (d, 2H, 3J= 8 Hz, Ph-N=N o-H), 8.96 (s, 1H, 

NCN H). 13C{1H} NMR (CDCl3, 25 °C, 150 MHz) δ/ppm: 45.78 (Ph-NMe CH3), 123.74 (Ph-

N=N o-CH), 125.43 (Ph-NMe o-CH), 129.22 (Ph-N=N m-CH), 129.56 (Ph-N=N p-CH), 

129.71 (Ph-NMe m-CH), 131.26 (Ph-NMe p-CH), 146.41 (Ph-NMe ipso-C), 149.87 (imine 

C), 156.84 (Ph-N=N ipso-C), 184.54 (CO trans Br C), 191.96 (CO trans Ph-NH-N C), 

193.15 (CO trans Ph-N=N C). FT-IR (THF) (CO)/cm-1: 2031(s), 1952(s) 1915(s). HRMS 

(ESI-) (m/z): Calcd. for [M]- = 587.98013. Found = 587.98046. [M-3CO]+ = 503.99547 

Found = 503.98046. Anal. Calcd. For (C17H14BrN4O3Re): C 34.70, H 2.40, N 9.52; found 

C 33.64, H 2.22, N 9.77.  
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5. Supporting information 
5.1 NMR 

 

Figure S1.1H NMR spectra of complexes [1Br]--[3Br]- in THF-d8. 
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Figure S2. 1H NMR spectra of [4Br]- with different counterions in THF-d8. 

Figure S3. 1H NMR spectrum of 4MeCN in CD3CN. 
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Figure S4. 13C{1H} NMR spectra for [2Br]--[4Br]- in THF-d8. 

 

Figure S5. 13C{1H} NMR spectrum for 4MeCN in CD3CN. 
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Figure S6. 1H NMR spectra of H6Br and Me6Br in CDCl3. 

 

Figure S7. 13C{1H} NMR spectra of H6Br and Me6Br in CDCl3. 
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Figure S8. Protonation of [1Br]- in benzene-d6, the signals of the protonated species H1Br are 
labelled with a star. 

 

Figure S9. 1H EXSY experiment at 80°C in toluene-d8. 
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5.2 FT-IR 

 

Figure S10. FT-IR spectra of triethylammonium formazanate Re(I) complexes in toluene (c 10-3 M) 

at rt. 
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Figure S11. FT-IR spectra of [4Br]- with different counterions in THF (c  10-3 M) at rt. 
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5.3 UV-vis 

 

Figure S12. UV-vis spectra of 4MeCN taken in THF at rt.  

 

5.4 Computational details 

Density functional theory (DFT) calculations were carried out in Gaussian 16 Revision 

C.0234software, and the results were visualized using Gaussview 635 or Avogadro.36 

Geometry optimizations in the ground state were performed in the gas phase at a 

MN15L19/def2tzvp.20 level of theory. Theoretical carbonyl frequencies were scaled by a 

factor of 0.9578 21(see Table S1). Using the optimized geometries, TDDFT calculations 

were performed at CAM-B3LYP22/def2tzvp level of theory. The solvent effect was 

simulated with the continuum polarized model (CPM).23 
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Figure S13.Comparison between experimental (turquoise trace) and theoretical (dash line) 
spectra in [4Br]-. 
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Table S1. Natural transition orbitals (isovalue = 0.05) for the main electronic transitions in [4Br]- 
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Figure S14. Comparison between experimental (red trace) and theoretical (dash line) spectra in 
H6Br. 

 

Figure S15.Comparison between experimental (purple trace) and theoretical (dash line) spectra 
in Me6Br. 
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Table S2. Natural transition orbitals (isovalue = 0.05) for the main electronic transitions in H6Br. 
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Table S3. Natural transition orbitals (isovalue = 0.05) for the main electronic transitions in Me6Br.   
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5.5 Luminescence studies 

Experimental details found in supporting information Chapter 2. 

 

Figure S16. Lifetime decay for [4Br]- under N2 (left) and under O2 (right). 
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Chapter 4 

 

Electrochemistry of (alkyl)formazan 

and formazanate Re(I) complexes 
 

In this chapter, the electrochemistry of (alkyl)formazan and formazanate Re(I) species 

was investigated by (spectro)electrochemical and computational methods. The results 

indicate that the methylformazan Re(I) derivative can be reversibly reduced and oxidized 

via one-electron reactions, while formazanate Re(I) complexes exhibit a less reversible 

behavior. Both ligands behave as two-electron reservoirs, allowing two consecutive one-

electron reductions to take place on the ligand. Although halide-dissociation upon one-

electron transfer was observed, the formation of ligand-based radical seems to prevent 

its dimerization. The redox potentials are cathodically shifted in formazanate complexes, 

as expected for the negatively charged ligand. Reduction of protonated formazan Re(I) 

complexes generates their formazanate analogues by reductive deprotonation. The 

potential reduction pathways that generate the mono-, double- and triple-reduced 

species are discussed. 
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1. Introduction 

Azo-based compounds have been investigated as active materials since they exhibit 

reversible redox and photophysical properties.1,2 Having low-lying frontier orbitals 

centered on the N=N fragment, these molecules show low-energy intense absorptions 

and accessible redox potentials. Adding one electron into the *-azo centered LUMO 

generates the azo radical anion II as an intermediate, and with a second-electron 

transfer, a hydrazido species III is formed (Scheme 1a).3 

As ligands, azo-compounds are strong -acceptors involved in -backbonding 

interactions with metal centers in low oxidation states.4,5 Being azo species redox active 

fragments, when coordinated to a metal, the accessible frontier orbitals enable 

multielectron redox events generally of ligand-based nature.6,7 In particular, for 

formazan (azo-imine) compounds, their oxidation to the corresponding tetrazolium salts 

is quite characteristic and harnessed in clinical assays (Scheme 1b).8 In contrast, metal 

formazanate complexes are more prone to be engaged in reduction processes.  

 

Scheme 1. Reversible two-electron reduction in azo-compounds. 

Our group has extensively studied the electrochemical properties of metal 

formazanates with main group and transition elements and found that in most cases, the 

ligand can accept up to two reducing equivalents. No reports have been published on 

formazan/ate complexes with group 7. However, some Re(I) complexes with azo-type 

ligands are known, and their electrochemical properties were studied. Kaim and 

coworkers investigated a series of tricarbonylhalidorhenium(I) (F, Cl, Br, I) complexes 

bearing the azobispyridine (abpy) ligand. Such complexes exhibit two redox events, 

poorly influenced by the X ligand. In these species, the first reduction is a ligand-based 

reversible process, mainly attributed to the formation of a stable azo-type radical, also 

been observed in ReCl(CO)3(azpy) (azpy = 2-(chloropenylazo)pyridine).9 The second 

reduction is accompanied by halide dissociation yielding the double-reduced anion 

(Scheme 2).10  
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Scheme 2. Reduction of ReX(CO)3(abpy) complexes. 

In this chapter, we discuss the electrochemistry of heteroleptic Re(I) (alkyl)formazan 

and formazanate complexes. By combination of (electro)chemical and theoretical 

methods we identify the plausible mechanisms during the reduction of these species. 

2. Results & Discussion 
2.1 Electrochemical studies 

Cyclic voltammograms were recorded at 0.05 V/s in a 0.1 M [NBu4][PF6] acetonitrile 

solution containing 1 mM of the analyte. The potentials herein reported (Table 1) were 

referenced internally with ferrocene. We first discussed the electrochemistry of the 

neutral methyl formazan derivative Me6Br since it exhibits the neatest redox behavior. 

On the first cycle, three reductions were identified when scanning to negative potentials 

at I' = -0.53, II' -0.84 and III' = -2.83 V. On the reverse scan, the oxidations coupled to 

these reductions were observed at I" = -0.60, II" = -0.89, and III" = -2.73 V, an additional 

feature was observed at IV" = -0.38 V (Figure 1a, turquoise trace). Starting the second 

cycle, the corresponding cathodic wave IV' was detected at -0.41 V (Figure 1a, blue 

trace). We carried out complementary experiments at different potential windows and 

found that IV" only appears when the potential is swept past I' (Figure 1b). Thus, the 

formation of the species at IV" requires the generation of the first reduced complex at I'. 

In all cases, the peak separation (58 mV<p<74 mV) and current indicate such events 

are quasi-reversible one-electron reductions. Such peak separation gradually increases 

at higher scan rates (Figure S1.) 
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a) b) 

  
  

Figure 1. Voltammograms of complex Me6Br in acetonitrile at 50 mV/s. a) Whole potential 
window, first (turquoise trace) and second cycle (blue trace). b) At different potential windows 

showing the first cycle. 

Table 1. Electrochemical data for Me6Br. 

Redox 

Event 

I"/I' II"/II' IIb
" /IIb

'  III”/III’ IV”/IV’ 

E1/2 [V] -0.59 -0.87 -0.97 -2.80 -0.38 

 

The four redox events detected during the electrochemical reduction of Me6Br are 

depicted in Scheme 3. They were assigned based on the collected spectroscopic data 

and supported by computational studies, as described in detail below. This proposal is 

in agreement with the electrochemical characterization of group 7 fac-MX(CO)3(L,L) 

species (X = Cl, Br; L,L = -diimines) informed in several reports.11,12 The one-electron 

transfer at I' corresponds to the formation of the radical intermediate [Me6Br] ●—
. The 

current at this step decreases on the second cycle, suggesting [Me6Br]●—
. is unstable. 

Based on what has been reported in analogous systems, it is very likely that bromide 

dissociation is occurring, rendering the neutral radical [Me6]● or its solvato species 

[Me6S]● S = MeCN. The second electron transfer can take place on [Me6]●, generating 

the double-reduced species [Me6]−. At III', the third reduction is achieved tentatively 

assigned to the radical dianion [Me6]2●—. This feature has also been reported in fac-

MnBr(bpy)(CO)3
13 and fac-ReCl(bpy((C(O)Me)2)14 although not investigated in detail. On 

the reverse scan, the oxidation wave III" corresponds to the formation of the double-

reduced [Me6]−. Removing an electron from [Me6] – then affords [Me6]● assigned to the 

anodic peak II". This species is in equilibrium with [Me6Br]●— since an oxidation current is 

observed at I". The observation of a significantly decreased current at I" suggests the 

concentration of [Me6Br]●—
 is low. Instead, direct oxidation of [Me6]● occurs, yielding its 
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solvent-adduct [Me6S]+ at IV". This was further confirmed by running the voltammogram 

of the solvato complex [Me6S]+[PF6]- , which was independently synthesized by treatment 

of Me6Br with AgPF6 (see Figure S2a). As expected, the CV of the cationic complex lacks 

the redox waves I' and I" assigned to the [Me6Br]●—
 / [Me6Br] couple- Additional oxidation 

waves were not observed in the voltammogram of Me6Br at more positive potentials, 

that could indicate dimerization of the radical [Me6]●, as reported in fac-

MnBr(CO)3(bpy)12 nor indicia of its formation was found by FT-IR (Scheme 3, in blue). 

When the cyclic voltammogram of Me6Br is run in excess of Br- (50 equivalents of 

NBu4Br were added), the electrochemical profile exhibits only three reversible redox 

events (Figure 2a, green trace). The first reduction at I' that regained reversibility in the 

presence of bromide is assigned to the species [Me6Br]●—. The second reduction is 

cathodically shifted ca. 0.15 V at IIb
' , which we assigned to a one-electron transfer on 

[Me6Br] ●— yielding the double reduced species [Me6Br]2-, that upon halide loss will afford 

[Me6]−. Then, the reduction III' yields [Me6]2●—. On the reverse scan, the oxidation III" 

corresponds to [Me6] −. Of note, a subtle cathodic shift at II" indicates that in excess of 

bromide the complex [Me6Br]●— is afforded at IIb
" . Then, the oxidation at I" regenerates 

Me6Br. No prominent features were observed at more positive potentials (either on the 

second cycle, Figure 2b), confirming that increasing bromide concentrations effectively 

prevents halide dissociation. Under those conditions, the CV shows exclusively the 

electron transfer series indicated in green in Scheme 3.  
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Scheme 3. Mechanistic pathway for the reduction of Me6Br. 

a) b)  

  
Figure 2. Voltammograms of Me6Br run with (green trace) and without an excess of bromide (blue 

trace), depicting the a) first and b) second cycle.  
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The electrochemical response of the non-alkylated species H6Br is more complex, 

similar to the one observed for the neutral formazan H4Br (Figure 3a-b). In both cases, a 

pronounced irreversible cathodic wave, labeled as a in the voltammograms, is observed 

at -0.6 — -0.7V followed by a series of sequential redox steps of irreversible nature, as 

sweeping at higher scan rates showed (Figure S4). Moving toward more negative 

potentials, a redox wave at III"/III' = -2.8 V is observed, which exhibits reversibility, similar 

feature to the one detected for the triple reduction of Me6Br. On the reverse scan, at 

least two prominent oxidations are identified at E = -1.5 — -1.6V and E = -1V. Finally, the 

reduction wave previously detected at -0.6 V is faded on the second cycle. Given the 

intricacy of the voltammograms, we decided to explore these processes separately by 

other means. 

a) b) 

  
Figure 3. Voltammograms of a) H6Br first (yellow) and second (purple) cycle and b) H4Br first 

(turquoise trace) and second (red) cycle. 

We studied the first reduction a by chemical means, using decamethylcobaltocene 

Co(Cp*)2 as a reducing agent. Adding one equivalent of Co(Cp*)2 into a solution of H4Br 

in THF resulted in an immediate color change from purple to dark blue, characteristic of 

formazanate species. Analysis of the reaction mixture by FT-IR showed that the resulting 

product indeed exhibits bands in the carbonyl region at 2008, 1912, and 1880 cm-1, 

which are in agreement with those determined in [4Br]-. Such changes are equivalent to 

what was observed after the chemical deprotonation of H4Br (Figure S6). UV-vis and 19F 

NMR spectroscopy further corroborated this, wherein a broad and intense band at 600 

nm and a singlet at -115 ppm, respectively, indicates the generation of the formazanate-

based product [Co(Cp*)2][4Br]. Ultimately, the isolation of crystalline material from this 

reaction mixture allowed its characterization by X-ray diffraction, verifying the formation 

of a formazanate Re(I) complex via reductive deprotonation of compound H4Br (see 

Scheme 4). Similar reactivity was reported for metal complexes bearing ligands 

containing proton-responsive groups, such as dihydroxy-bipyridine15,16 and imidazole 
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fragments.17  The fate of the putative H• radical generated upon reductive deprotonation 

is still unclear as the typical signal of H2 was not detected in 1H NMR. 

Although the electrochemical response of the protonated formazan derivatives 

seems more complex than the behavior observed in the formazanate species, this must 

be a consequence of additional equilibria and not background reactivity, since FT-IR 

SPEC detected the same intermediates for both classes of complexes. (see below). 

Having identified reductive deprotonation as the first step in the reduction of 

formazan complexes, we decided to focus our attention on the electrochemistry of the 

corresponding formazanate species. To this end, we recorded the voltammogram of the 

formazanates [4Br]- and 4MeCN and compared their electrochemical response (Figure 4, 

Scheme 4 and Table 2). Overall, the four redox events detected previously for Me6Br are 

present, although in this case, they are less reversible, as was also observed at higher 

scan rates (Figure S3). The redox potentials are cathodically shifted compared to Me6Br 

as a consequence of having an anionic formazanate fragment. Starting the first cycle, the 

reduction at I' is anodically shifted (ca. 100 mV) for the neutral formazanate complex 

4MeCN compared to the anionic analogue [4Br]-, which indicates the addition of one 

electron yields the radicals [4(S)]●— and [4Br]2●—, respectively. Since the second reduction 

II' occurs at similar E in both cases regardless of whether 4MeCN or [4Br]- is used as analyte, 

it is likely that both complexes lose bromide after the first reduction to form the radical 

[4]●—. This subsequently gets reduced at II' to form the double-reduced complex [4]2-. 

Additional features (*) were identified at more negative potentials that may come from 

decomposition of [4]2- (Figure 4). The CV of the anionic complex [4Br]- shows a reduction 

wave at ca. -2.5 V that is absent in 4MeCN, this feature corresponds to the [PPN]+ 

counterion, as confirmed by measuring the CV of the simple salt [PPN]+[Cl]- (see Figure 

S1 in Chapter 5). In both formazanate species, we recognized a redox event at -2.80 V 

that was also observed in the voltammogram of Me6Br assigned to the putative triple-

reduced complex, in this case [4]3●—. On the reverse scan, the oxidation III" produces [4]2. 

The anodic wave at II" exhibits similar potentials in 4MeCN and [4Br]-, accounting for species 

[4]●—. The lack of an oxidation peak at I” suggests that a chemical step takes place that 

gives rise to the anodic feature at IV”, that it is only observed when sweeping the 

potential past the first reduction I” in 4MeCN and [4Br]-. We discard dimerization occurs 

since FT-IR SPEC did not show indicia of the dimer formation (see below). However, it 

indicates the presence of [4]●— and [4S]●—  (as calculations supported, vide infra) that 

points out the existence of an  equilibrium between coordination and decoordination 

of the axial ligand.  
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a)  b)  

  
Figure 4. Voltammograms of complexes a) [4Br]- and b) 4MeCN in acetonitrile at 50 mV/s at different 

potential windows showing the second cycle. 

 

Table 2. Redox potentials for [4Br]- and 4MeCN. 

Compound 
Redox event [V] vs Fc+/0 

I’ II”/II’ III”/III’ IV” 

[4Br]- -1.51 -1.67 -2.90 -0.88 

4MeCN -1.40 -1.65 -2.80 -0.87 
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Scheme 4. Mechanistic pathway for the reduction of formazan/ate Re(I) complexes. 
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2.2 Spectroelectrochemistry 

To gain more insight into the nature of the intermediates generated upon reduction, 

IR and UV-vis spectroelectrochemical measurements were performed. For FT-IR 

spectroscopy, the data were collected by sweeping the potential from -0.5 to -2.5 V vs 

Ag+/0 at a scan rate of 2.5 mV/s. For UV-vis spectroscopy, the measurements were 

recorded at fixed potentials at the first and second reduction waves. Evolution of spectra 

is depicted as differential spectra considering as starting point the non-reduced species. 

We also performed computational studies to support the assignment (Table S1).  

In acetonitrile, Me6Br in its native form exhibits three bands at 2032, 1950, and 1919 

cm-1. Upon reaching the potential of the first reduction I', two intense carbonyl bands 

rise at 2019 and 1914 cm-1, along with two other bands of lower intensity at 2001 and 

1876(br) cm-1 (Figure 5; red trace). This profile is maintained upon passing the first 

reduction wave. The major species is assigned to the solvato-radical [Me6S]● and it was 

also detected via chemical reduction of either the neutral complex Me6Br or the cation 

[Me6S]+ (Figure S5). The carbonyl bands of the minor product (2001, 1876 cm-1), are 

assigned to the naked-radical [Me6]●, as computations indicate (see below). We discard 

radical dimerization, as the four-band characteristic pattern ([Re(CO)3(bpy)]2 = 1991, 

1951, 1885, 1862)18 expected for these species was not observed.  

When the potential of the second reduction is reached, three carbonyl bands of 

similar intensity raised at 1977, 1870, and 1857 cm-1, attributed to the double-reduced 

complex [Me6]- (Figure 5, blue trace). The assignment of these bands to a two-electron 

reduction product is further supported by the appearance of the same three IR bands in 

a solution of Me6Br that was treated with two equivalents of Co(Cp*)2. This species is 

predominant in the mixture for a while until the potential reaches values that are more 

negative than -2 V. At that point, two new bands at 1960 and 1830 cm-1 start to appear, 

which we tentatively assigned to the triple-reduced complex [Me6]2●— (Figure 5, green 

trace).  

The shifting of the carbonyl bands to lower wavenumbers upon two- electron 

reduction (Me6Br → [Me6]-) is in agreement with the formation of more electron-rich 

compounds. However, the shift in the high-energy band is rather small (55 cm-1) 

compared to related complexes in the literature. For example, the archetypical complex 

fac-ReCl(CO)3(bpy) by Lehn shows a much larger shift of the CO band at higher 

wavenumbers upon two-electron reduction (74 cm-1).19 We attribute this to a difference 

in the supporting ligands used: the low-lying * orbitals of our formazan ligands result 

in ligand-based reductions, whereas reductions are more metal-centered in the case of 

the bipyridine. This is further supported by the work of Costentin and Chardon-Noblat, 

who reported that the introduction of electron-withdrawing groups onto the bpy 

scaffold makes reductions more ligand-centered, leading to a smaller shift in (CO) (37 

cm-1).14 
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Figure 5. FT-IR-SPEC of Me6Br under N2 in an 0.1 M NBu4PF6 solution in acetonitrile. 

For the UV-vis monitoring, controlled potential electrolysis was performed at I' = -0.6 

V and II' = -1 V. Setting the potential at the first reduction decreases the absorption of 

the native complex Me6Br at 449 nm, whereas a band at 360 nm arises. This profile is 

maintained during the electrolysis (red trace, Figure 6a). In the chemical reduction, two 

absorptions of lower intensity were detected at 530 and 700 nm (Figure 6c, red trace). 

The computed spectra of [Me6]● and [Me6S]● exhibit similar absorptions, making it 

difficult to unambiguously assign the experimental UV-vis. When the potential is set after 

the second reduction, sequential changes are observed (Figure 6b). First, Me6Br is 

consumed (band at 449 nm decreases). Then a decrease in absorbance at 530 nm and 

700 nm, with a concomitant rise of a new band at 419 nm (blue trace) hints that the 

neutral radical [Me6(S)]● was generated and consumed, yielding the double-reduced 

complex [Me6]−, (band at 419 nm). Two-electron reduction of Me6Br and [Me6S]+ in 

excess of Co(Cp*)2 renders the double-reduced complex [Me6]- as the only product with 

a broad absorption at 419 nm (Figure 6c, blue trace). We also tried to study the third 

reduction by spectroelectrochemical means, however, solvent decomposition was 

observed on the Pt mesh electrode of the SPEC setup, which prevented further analysis 

of the spectrum of the Re species generated at this negative potential. 
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a) b) 

  
c) 

 

Figure 6. UV-vis SPEC 2.5x10-5M in acetonitrile of Me6Br a) at the potential of the first reduction (-
0.3V) and b) after the second reduction (-1.0 V). Changes in absorption are depicted as a 

difference in absorbance with respect to the native species (yellow trace), meaning that traces 
above this line correspond to an increment in absorbance while the traces below are due to a 

decrease in absorbance. c) Chemical reduction of Me6Br with Co(Cp*)2 as reducing agent, 
depicting the UV-vis of the native species in orange, one-electron reduction in red and two-

electron reduction in blue. 

Table 3. Spectroscopic data of Me6Br, [Me6Br]▪−-, [Me6]▪ and [Me6]- in acetonitrile. 

Complex v(CO)[cm-1] Wavelength [nm] 

Me6Br 2032, 1950, 1919 449 

[Me6S]▪ 2019,1914(br) 360, 432, 530, 700 

[Me6]▪ 2001, 1876 360, 432, 530, 700 

[Me6]- 1977,1870,1857 419 
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We carried out FT-IR and UV-vis SPEC for the formazanate species [4Br]- and 4MecN as 

well. Similar intermediates were detected by FT-IR, in accordance with what was 

observed by cyclic voltammetry (Figure 7). Upon reaching the potential of the reduction 

I', two sets of bands rise at 1976, 1868(br) and 1858(sh) cm-1 and 1995,1894(sh). The 

former corresponds to the free-radical anion [4]●—, while the latter set of bands can be 

attributed to the solvated-radical [4S]●—, as DFT calculations predict. One-electron 

chemical reduction of [4Br]- and 4MecN displayed a similar profile (Figure S7). No evidence 

of dimerization was detected by FT-IR. Finally, at the E = II', two bands arose at 1958 and 

1830(br) cm-1 that were assigned to the double-reduced complex [4]2-. The carbonyl 

shifting of the CO high-energy band upon two-electron reduction in formazanate 

complexes is similar to the CO shifting found for the methylformazan species (52 cm-1 

vs 55 cm-1, respectively). Thus, the small shifting indicates these reductions are ligand-

centered. Moreover, it means Re→ CO -backdonation is similar for the neutral 

formazan and the anionic formazanate complexes despite the charge of the supporting 

ligand.  

170018001900200021002200

Wavenumber [cm-1]

170018001900200021002200

Wavenumber [cm-1]

 

Figure 7. FT-IR-SPEC of a)4MeCN and b)[4Br]-  under N2 in an 0.1 M NBu4PF6 solution in acetonitrile 

In UV-vis SPEC, passing the potential of the first reduction, an absorption at 440 nm 

emerges while the band of the formazanate native species at 600 nm decreases its 

absorbance (Figure 8a). One-electron reduction of [4Br]- using a chemical agent, renders 

a spectrum with an intense band at 440 and another one of lower intensity at 590 nm 

that are assigned to the radical anion [4(S)]●— (Figure 8c, red trace) There is no evidence 

of dimerization since no absorptions were observed beyond 600 nm. After the potential 

of the second reduction, the decrease in absorbance of the band at 600 nm is more 

pronounced (blue trace), while the band at 440 nm remains (Figure 8b).  
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This profile is assigned to the double-reduced complex [4]2-, as was also confirmed 

by the two-electron chemical reduction of [4Br]- (Figure 8c, blue trace). The spectroscopic 

signatures of reduced formazanate complexes past the potentials I' and II' are 

summarized in Table 4. 

a) b)  

  
c) 

 

Figure 8. UV-vis SPEC 2.5x10-5M in acetonitrile past the a) first reduction (-1 V) and b) the second 
reduction (-1.4 V) in 4MeCN. Changes in absorption are depicted as a difference in absorbance with 
respect to the native species (orange trace), c) UV-vis spectra  1.x10-5 M in THF for the chemical 

reduction of [4Br]- with [Na][C6H5)2(CO)]▪−. 
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Table 4. Spectroscopic data of [4Br]-, 4MeCN [4] ▪−, and [4]2- in acetonitrile. 

Complex v(CO)[cm-1] Wavelength [nm] 

[4Br]- 2010, 1912, 1884 603, 440 

4MeCN 2026 1924(br) 603, 440 

[4]▪− 1976, 1868, 1856 
590, 440 

[4S]▪− 1995, 1894(br) 

[4]2- 1958, 1830(br) 440 

 

2.3 Computational studies 

We computed the structure of the first, second and third-reduced complexes of the 

methylformazan and formazanate derivatives to determine the nature of such 

reductions, using the crystallographic structure of the native species as starting point. 

(Scheme 5). The scaled analytical frequency calculations are comparable to those 

detected by FT-IR (Table S1).  

Unrestricted DFT calculations were carried out on the bromide one-electron reduced 

radicals [Me6Br]●— and [4Br]2●—. The rather elongated Re-Br bond compared to the native 

species accounts for its labile nature observed experimentally (Me6Br = 2.64078 Å, 

[Me6Br]•−= 2.70624 Å; [4Br]- = 2.68058 Å, [4Br]2●— = 2.76518 Å). For the halide-free radicals 

[Me6]● and [4]●— the low energy conformation was found in a distorted square pyramidal 

geometry. The bond lengths within the five-membered metallacycle also differ from the 

ones observed in the non-reduced complexes. The shortening of C7-N2 bond and 

elongation of N1-N2 bond are consistent with a more bond-localized picture. 

Dissociation of bromide stretches C7-N2 and C7-N3 bonds while shortens the N1-N2 in 

the methylformazan derivative. In the formazanate species, halide dissociation shrinks 

the C7-N2 bond, whereas C7-N3 is elongated. For the solvato species [Me6S]● and [4S]●, 

the trends in metrical parameters are similar to those observed in the non-solvated 

radicals. Spin density calculations on these species indicate the unpaired electron is 

mainly confined to the formazan fragment, being the first reduction of ligand character 

(Figure 9). We also studied the structure of the dimers [Me6]2 and [4]2
2-and the 

somewhat elongated Re-Re bond compared to [Re(CO)3(bpy)]2 ([Me6]2 = 3.2093 Å, [4]2
2- 

= 3.29279 Å vs 3.0791 Å in [Re(CO)3(bpy)]2) suggests dimerization is less favorable in 

formazan and formazanate species. 
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Figure 9. Spin density plots (isovalue = 0.003) for the methylformazan and formazanate Re(I) 
radicals [Me6]● and [4]●—, respectively. 

The broken symmetry approach was used when computing the structure of the 

double-reduced complexes to determine whether the most stable configuration would 

be an open or closed- shell singlet. The calculations for [Me6]− and [4]2- converged to a 

closed-shell singlet-state solution. The gradual reduction of the C7-N2 bond length 

(Me6Br = 1.355 Å, [Me6Br]●—= 1.329 Å, [Me6]●= 1.335 Å [Me6]− = 1.297 Å; [4Br]- = 1.338 

Å, [4Br]2●— = 1.329 Å, [4]●— =1.322, [4]2- = 1.316 Å ) strongly suggests the second reduction 

is also ligand-based. In both cases, the double-reduced complex displays a trigonal 

bipyramidal(TBP)-like geometry placing N1 in the apical position. We also optimized 

these structures in the triplet state and found the singlet is more stable by 30-40 

kcal/mol. The computed metrical parameters indicate that the stability of the two-

electron reduction products is due to the presence of the five-membered chelate in 

which the ligand has a neutral azo-imine structure (N=N-C=N) that can be reduced to a 

dianionic N-N=C-N fragment, analogous to the well-known redox chemistry of -

diimines.20,21 

For the triple-reduced state, we studied the structure that results from adding one 

electron into the double-reduced complex. Therefore, we conducted the computational 

analysis on [Me6]2●— and [4]3●—. The unrestricted calculations rendered as more stable 

configuration a distorted TBP geometry. Bond elongation in the five-membered 

metallacycle compared to the double-reduced complex is observed, except for the C7-

N3 bond, which is shortened. Spin density calculations place the unpaired electron into 

the Re d-orbital. Thus, the third electron transfer is metal based in nature (Figure 10).  
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Figure 10. Spin density plots (isovalue = 0.003) for the methylformazan and formazanate Re(I) 
radicals [Me6]2●— and [4]3●—, respectively. 
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2.3.1 Time-dependent DFT calculations 

TD-DFT calculations were performed to identify the characteristic electronic 

transitions expected for the different reduced species detected by UV-vis SPEC. PCM 

was used as a solvation model (acetonitrile).  

The one-electron reduced species [Me6Br]●—, [Me6]● and [Me6S]● exhibit somewhat 

different electronic spectra (Figure 11b). In [Me6Br]●— the low-energy absorption 

corresponds to ML(Br) → ML(*-formazan) charge transfer (λtheo = 561, 468, 448 nm), 

while the neutral radical [Me6]● displays excitations with high oscillator strength at low-

energy (λtheo = 817 nm) and high energy (λtheo = 535, 441 nm), both of highly mixed 

nature arising from Re(d)/L(formazan) → Re(d)/(NCNN(*) electronic transitions. 

While its solvated species [Me6S]● renders similar absorptions at low (λtheo1 = 596 nm) 

and high energy (with three main excitations at 360, 327, and 324 nm). We also 

computed the UV-vis spectrum of the dimer [Me6]2 and found its predicted spectrum 

exhibits excitations of MLCT character (λtheo = 720, 500, 427 nm) in a similar region to 

those observed in [Me6]●. Thus, it is not possible to distinguish these species in the 

experimental UV-vis during one-electron reduction since [Me6S]●, [Me6]● and [Me6]2  

depict comparable features (see Figure SX). The theoretical spectrum of the double-

reduced complex [Me6]- reasonably resembles the experimental one. The less intense 

absorption observed experimentally at 440 nm emerges from a HOMO of 

Re(d)/NCNN() character to a metal (d) LUMO orbital (λtheo = 402 nm). 

The mono-reduced formazanate complexes [4Br]2●—, [4]●— and [4S]●— were also studied. 

The three species display excitations in a similar region: [4Br]2●— (λtheo = 758 nm, 448 nm) 

of mainly ILCT character, [4]●— (λtheo = 712 nm, 530; 369 nm) LMCT, MLCT and ILCT, and 

[4S]●—. (λtheo = 718 nm, 448, 382 nm) ML/ILCT. For the doubly reduced species [4]2-, the 

low energy absorption (λtheo1 = 410 nm) comprises electronic transitions of ML/IL charge 

character (Figure 12). 
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a) b) 

  
 

 

Figure 11. a) UV-vis spectra  1.4x10-5 M in MeCN for the chemical reduction of Me6Br with 
Co(Cp*)2. Yellow trace Me6Br, red trace Me6Br + 1 eq of red. agent, blue trace Me6Br + 2 eq. of red. 

agent. b) Computed spectra, Yellow trace Me6Br, purple trace [Me6Br] ▪−, red trace [Me6]▪, dark 
green trace [Me6S]▪, gray trace [Me6]2 and light blue trace [Me6]-. 

a)                                                                           b) 

 

Figure 12. a) UV-vis spectra  1.x10-5 M in THF for the chemical reduction of [4Br]- with 
[Na][C6H5)2(CO)]▪−. Yellow trace [4Br]-, red trace [4Br] + 1 eq of red. agent, blue trace [4Br] + 2 eq. of 
red. agent. b) Computed spectra yellow trace [4Br]-, purple trace [4Br]2▪−, red trace [4]▪-, dark green 

trace [4S]▪- and blue  trace [4]2-.  
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3. Conclusions 

The electrochemical properties of (methyl)formazan and formazanate Re(I) 

complexes were studied, and the different reduced forms were identified and their 

electronic structure elucidated by computational methods. Complexes with the 

protonated formazan showed to be unstable under reductive conditions, limiting their 

use as a proton-responsive ligand. In this regard, alkylation of the pendant N-H arm 

effectively blocks the reductive deprotonation pathway, enabling the access of one-, 

two- and three-electron reduced forms of the methylformazan Re(I) complex. Similarly, 

three different reduced species were also identified in the formazanate derivatives. Two 

consecutive one-electron reductions of ligand nature and a third metal-based reduction 

were observed. Calculations revealed that methylformazan and formazanate ligands in 

Re(I) species are redox-active and behave as a two-electron sink. However, the reduced 

forms from the methylformazan species are more stable, as manifested by its enhanced 

electrochemical reversibility compared to the formazanate analogues.  

Radical dimerization has been reported in the bipyridine Re(I) complexes as a 

consequence of the poor charge stabilization of the nitrogen-donor ligand, leading to 

halide dissociation upon one-electron transfer. Although in formazanate and 

methylformazan complexes, halide decoordination takes place, the resulting highly 

stabilized azo-type radical prevents localization of the electron density on the metal 

center, thus disfavoring dimerization. Dimerization is a known deactivation pathway for 

the family of catalysts of group 7 for CO2 reduction. In this matter, the incorporation of 

bulky substituents on the ligand framework has been shown to be a useful strategy to 

eliminate the deleterious reaction. Herein, we have also demonstrated that dimerization 

can also be prevented through electronic effects, in which case, the ability of the ligand 

to accept and distribute electrons within its backbone could be an important feature to 

be considered for catalytic design. 
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5. Supporting information 
5.1 Synthesis 

[Me6MeCN][PF6]. In a round-bottom flask, 0.0995 g (0.17 mmol) of Me6Br and 1.2 

equivalents of AgPF6 (0.0561g, 0.22 mmol) were dissolved in 5 mL of MeCN. The 

reaction was performed in the darkness and heated to reflux for 2.5 h. Then, the mixture 

was cooled down and filtered through celite. The supernatant solution was evaporated, 

obtaining a crystalline dark brown powder (73.1 mg,63%). 1H NMR (CDCl3, 25 °C, 

400MHz) δ/ppm:2.44 (s, 3H, MeCN CH3), 4.07 (s, 3H, NMe, CH3), 7.42 (m, 2 H, Ph-NMe 

o-H), 7.54 (m, 6 H, Ph-N=N m-H, p-H; Ph-NMe m-H, p-H), 7.82 (d, 2H, 3J= 8 Hz, Ph-N=N 

o-H), 9.13 (s, 1H, NCN H). FT-IR (THF) (CO)/cm-1: 2048(s), 1968(s) 1952(s).  

5.2 Electrochemical studies 

Cyclic voltammograms were recorded in a CHI600C potentiostat under N2 

atmosphere at room temperature in dry acetonitrile containing 0.1 M of NBu4PF6. The 

solutions were purged for 5 min with a stream of N2 prior to the electrochemical 

measurements. CV was performed using a three-electrode set up comprised of a glassy 

carbon working electrode (3 mm2), a silver wire as pseudoreference electrode, and a Pt 

wire as a counter electrode. The working electrode was polished before each 

measurement with an alumina slurry (0.05 μm), rinsed with distilled water, and sonicated 

for a few minutes, then washed with acetone. The concentration of the analyte was 1 mM 

in all cases. Ferrocene was added at the end of each measurement as an internal 

reference (1mM). 

a)                                                                             b) 

 

Figure S1. Cyclic voltammograms at different scan rates (0.05, 0.1, 0.25, 0.5, 1, 1.5 and 2V/s) 

showing the second cycle of a) Me6Br and B) Me6Br + 50 eq of NBu4Br. 
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 a)                                                                              b)

 

Figure S2. Cyclic voltammograms of a) [Me6MeCN]+[PF6] (red trace), Me6Br (green trace) and Me6Br 
+ 50 eq of NBu4Br (blue trace). The peak * could belong to an impurity. b) [Me6MeCN]+[PF6] at 

different scan rates (0.05, 0.1, 0.25, 0.5, 1, 1.5 and 2V/s) showing the second cycle. 

a)                                                                                  b) 

 

Figure S3. Cyclic voltammograms at different scan rates (0.05, 0.1, 0.2, 0.5, and 1 V/s) showing the 
second cycle of a) [PPN][4Br] and b) 4MeCN in acetonitrile, 0.1 M [NBu4][PF6]. 
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a)                                                                           b) 

 

Figure S4. Cyclic voltammograms at different scan rates (0.05, 0.1, 0.2, 0.5, and 1 V/s) showing the 
second cycle of a) H4Br and b) H6Bt in acetonitrile, 0.1 M [NBu4][PF6]. 
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5.3 Spectroelectrochemistry 

FT-IR spectroelectrochemical measurements were performed on a Bruker Invenio-R 

spectrometer with a MCT-Detector using an OTTLE cell containing a platinum mesh as 

the working electrode, Ag wire as pseudoreference electrode, and a platinum counter 

electrode. The potential was applied by a GamryReference 600 potentiostat. The spectra 

were recorded every twelve seconds during a linear potential sweep with a scan rate of 

2.5 mV/s. UV-vis SPEC was measured on a custom-made electrochemical cell assembled 

inside a 1 cm UV-vis cuvette, using graphite as a working electrode, a Pt wire as a counter 

electrode, and a Ag wire as a pseudoreference electrode. The measurements were 

recorded on a CHI600C potentiostat, and the spectra were measured every 1 s during 

a controlled potential electrolysis experiment until an end current ratio of 10%.  

5.4 Chemical reductions 

Chemical reductions were carried out inside the glovebox using dry and degassed 

solvents. Stock solutions from the reducing agent (Co(Cp*)2 or [Na][C6H5)2(CO)]▪−22) and 

the substrate were freshly prepared in 2.4 mM concentration in acetonitrile or THF, 

respectively. For UV-vis measurements, the solutions were diluted to 2.4x10-5M. Inside 

the UV-vis cuvette, 1.5 mL of complex's solution and 1.5 mL of reducing agent solution 

were mixed, and immediately, the spectrum was recorded. For the two-electron 

reduction, a 4.8x10-5M solution of the reducing agent was prepared from the same stock 

solution, and then 1.5 mL of this solution were poured into the UV-vis cuvette containing 

1.5 mL of the substrate solution. For FT-IR, equivalent volumes of the stock solutions 

were mixed, and the spectrum was recorded. 
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Figure S5. FT-IR upon chemical reduction of a) [Me6MeCN]+[PF6] and b) Me6Br in acetonitrile at rt. 

 

Figure S6. Comparison of FT-IR spectrum upon one-electron chemical reduction of H4Br and b) 
[PPN][4Br] in THFat rt. 
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Figure S7. FT-IR spectra upon one-electron chemical reduction of a) 4MeCN and b) [PPN][4Br] in THF 
at rt. 
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5.5 Computational details 

The geometry optimizations were calculated on the gas phase and confirmed to be 

a minimum on the potential energy surface (no imaginary frequencies were found). The 

analytical frequencies were scaled by a factor of 0.957823 and the values are comparable 

to the experimental ones (Table S1). For time-dependent DFT calculations, the 

computations were performed using PCM as a solvation model for acetonitrile.  

Table S1. Theoretical vs experimental carbonyl stretching frequencies. 

Complex Theoretical Experimental Complex Theoretical Experimental 

Me6Br 2022 

1960 

1924 

2032 

1950 

1919 

[4Br]— 1997 

1915 

1911 

2010 

1912 

1884 

[Me6Br]●— 1986 

1908 

1880 

 [4Br]2●— 1969 

1877 

1861 

 

[Me6]● 2009 

1936 

1920 

2001 

1876(br) 

[4]●— 1977 

1892 

1889 

1976 

1868(br) 

 

[Me6S]● 2011 

1932 

1929 

2019 

1914(br) 

[4S]●— 1991 

1912 

1885 

1992 

1894 

1880 

[Me6]2 2003 

1991 

1935 

1924 

 [4]2
2— 1971 

1956 

1901 

1885 

1877 

1865 

 

[Me6]— 1969 

1883 

1876 

1977 

1869 

1857 

[4]2— 1951 

1860 

1827 

1958 

1830 

[Me6]2●— 1875 

1796 

1781 

 [4]3●— 1882 

1772 

1773 
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Chapter 5 

 

(Alkyl)formazan and formazanate 

Re(I) complexes in the 

electrocatalytic reduction of CO2 
 

In this section, we describe the studies on the catalytic activity of formazanate and 

methylformazan Re(I) complexes for the electrochemical reduction of CO2. Although the 

cyclic voltammogram of these complexes exhibit a significant current enhancement 

under CO2 at -2.4 — -2.8 V vs Fc+/0 without a proton source, low turnovers are observed 

in controlled potential electrolysis experiments, which suggests the conversion occurs 

at stoichiometric level. In particular, formazanate catalysts also display a current 

increment at more positive potentials (-1.2 — -1.5 V vs Fc+/0) in CO2 saturated electrolytic 

solutions, behavior that is suppressed in the presence of a Brønsted acid. Controlled 

potential electrolysis experiments confirmed CO formation with low faradaic efficiencies 

in both voltage regimes for formazanate complexes. In the methylformazan Re(I) species 

also CO was detected. Studies on the reactivity of formazanate species by 

(spectro)electrochemical techniques revealed the mono-reduced complex captures 

CO2, but CO conversion is triggered at more negative potentials. The absence of activity 

at low overpotentials for the methylformazan Re(I) catalyst contrasted to what was 

observed in formazanate complexes, suggesting the involvement of the pendant azo-

fragment in formazanate derivatives in substrate activation. These findings provide new 

insights into the advantages and limitations of using catalysts with redox-active ligands 

to activate and convert small molecules. 
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1. Introduction 

Energy transition from fossil-based fuels to renewable energy sources will continue to 

be a priority area in research as the consequences of the increased CO2 concentration 

into the atmosphere are severe. For instance, the product of liquid fuels from CO2 

through the Fisher-Tropsch process (nCO + (2n+1)H2 
cat
→  CnH(2n+2) + nH2O) could alleviate 

the environmental impact by reducing ca. 30% of the CO2 emissions.1,2 However, the 

high thermodynamic and kinetic stability of CO2 make its conversion to value-added 

chemicals highly challenging. Electrocatalytic CO2 reduction is under active 

investigation using both homo- and heterogeneous catalysis, but in general large 

overpotentials are required to achieve meaningful turnovers. Molecular catalysts offer 

the possibility for fine-tuning the reactivity by using ligand design strategies, both via 

the environment directly around the catalytically active metal3,4 as well as its secondary 

coordination sphere.5–8 This has led to a large variety of molecular catalysts that can drive 

the electrochemical CO2 reduction through increasingly energy-efficient pathways. 

Extensively explored for the electrochemical reduction of CO2 to CO, fac-

[(L,L)ReX(CO)3] (L = functionalized bipyridine) catalysts have been shown to operate by 

two different mechanisms depending on whether the electron transfer is aided or not 

by protons. 4 For the more efficient proton-assisted two-electron pathway,9 the double 

reduced complex II' captures CO2, forming a metallocarboxylate species that releases 

CO and water upon protonation (Scheme 1b). In this scenario, the redox non-innocent 

bipyridine fragment has been proposed to play an essential role in product selectivity 

by delocalizing the negative charge to render the metal center a softer nucleophile that 

preferentially binds CO2 over H+.10 Incorporation of proton-relays within the ligand 

framework to control local proton concentration has been shown to improve, in some 

cases, catalyst activity.11 

For the proton-free pathway a bimolecular mechanism has been proposed, in which 

the one-electron reduced complex I' (active species) incorporates sequentially two 

equivalents of substrate forming a bridging CO2 adduct. A subsequent reduction 

produces CO and CO3
2- and the catalyst is regenerated (Scheme 1a).12 One of the 

advantages of this pathway relies on avoiding constantly supplying protons to sustain 

catalysis, circumventing the parasitic hydrogen evolution reaction, hence enhancing 

product selectivity.13  

Transition metal complexes are good candidates for CO2 reductive 

disproportionation because they are robust reductants. 14 In 2015, Kubiak reported that 

MnBr(CO)3(mesbpy) (mesbpy = 6,6'dimesityl-2,2'-bipyridine) promotes the reductive 

disproportionation reaction at low overpotentials ( = 0.3-0.45 V), wherein Mg2+ 

stabilizes the CO2 adduct, resulting from the coordination of the substrate into the 

double reduced complex.  
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Similarly, Luca and coworkers informed that the dicarbene-pyridine complex 

[MnCNCBn(CO)3]Br (CNCBn = 2,6-bis(1-(alkyl)imidazole-2-ylidene)pyridine) afforded the 

catalytic reductive disproportionation of CO2 with good faradaic efficiencies (93%).  

 

Scheme 1. General pathway for electrochemical reduction of CO2 driven by the Lehn's catalyst, 
modified scheme taken from Chem. Soc. Rev., 2017,46, 761-796 

In this chapter, we investigated the impact of a proton-responsive catalyst by 

comparing the activity of both formazanate and alkylformazan Re(I) complexes in the 

electrochemical reduction of CO2 with and without protons. Two suspected catalytic 

regimes were observed at low and high overpotentials in formazanate Re(I) complexes 

under reductive disproportionation conditions. In contrast, the alkylformazan Re(I) 

derivative exhibits solely activity at high overpotentials under similar conditions. 

(Spectro)electrochemical studies and labeling experiments revealed the redox-active 

formazanate ligand promotes substrate activation at low overpotentials via the 

formation of a putative formazanate-CO2-based adduct, while CO2 conversion into CO 

and CO3
2- is triggered upon applying more negative potentials. Although N-alkylation 

of the pendant N-Ar arm in the methylformazan Re(I) derivative enhances the 

electrochemical stability of the complex, it suppresses the reactivity at low 

overpotentials.  
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2. Results & Discussion 
2.1 Electrochemistry under CO2 atmosphere 

2.1.1 Cyclic voltammetry 

The cyclic voltammograms of Me6Br, [4Br]-, and 4MeCN were recorded upon CO2 

saturation in the absence and the presence of phenol as a weak Brønsted acid (Figure 

1). We chose phenol as a proton source since it has been shown to enhance the catalytic 

rates more efficiently than other acids.15 As NMR experiments demonstrated, it does not 

protonate the formazanate-based complexes under these conditions. The potential at 

which an increase in the current that could be due to an electrocatalytic reaction was 

observed, Ecat/2, was determined from the value of half the catalytic current icat/2, as 

reported by Helm and Appel.16 Therefore, the overpotentials herein reported 

correspond to  = E°(CO2/CO) – Ecat/2. Considering that small amounts of water were present 

in the electrochemical cell for the reductive disproportionation reaction in acetonitrile, 

the standard reduction potential for 2CO2 + H2O + 2e- → CO3
2- + CO + H2O, E° = -1.3 V 

vs Fc+/0 was used, since CO3
2- was produced under these conditions.17,18 For the proton-

coupled reduction CO2 + 2H+ + 2e- → CO + H2O in acetonitrile E° = -0.541 V vs Fc+/0 

was employed.19  

When running a voltammogram of the formazanate complexes [4Br]- and 4MeCN under 

CO2, a modest current increase was observed at the onset of the reduction waves II'( -

1.47 V) and I' (-1.13 V), respectively, that is at the potential at which one-electron 

reduction occurs and the radical anion [4]•—(or a solvent adduct thereof) is generated 

(Figure 1a-b). Such activation occurs at pretty low potentials compared to the E° of the 

reductive disproportionation of CO2. The current ratio is 1.6 times higher in [4Br]- 

compared to the current observed in 4MeCN as expected since the catalytic wave is 

slightly shifted to more negative potentials. However, it is only until reaching more 

negative values that a more prominent current is detected for 4MeCN.at -2.4 V vs Fc+/0 

(Figure 1a, Table 1), which has a peak current that is ca. 200 times higher than in the 

absence of CO2. In the case of [PPN][4Br]. The catalytic current overlaps with the 

reduction peak of [PPN]+, which complicates the analysis. A control experiment using 

the salt [PPN][Cl] in the absence of Re also showed an increase in current (Figure S1). 

Although this is an interesting observation in its own right, in the context of this research, 

it makes assignment of activity to the bromide Re species ambiguous. Of note, the fact 

that a current increase is observed in the formazanate 4MeCN (without the interference of 

any cation) indicates the complex is active in the presence of CO2. When the CVs were 

recorded in the presence of phenol (5%), the current at low overpotential decreases, 

and a current increase is only observed at -2.8 V vs Fc+/0 (Figure 1a). These observations 

suggest that two catalytic regimes are present under reductive disproportionation 

conditions.  
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A decrease in the faradaic current is observed in subsequent cycles, indicating catalyst 

degradation over time. Polishing the electrode allowed recovering some of the initial 

activity, suggesting that precipitation and electrode fouling may occur. 

The voltammogram under CO2 of the alkylated derivative Me6Br (Figure 1c) displays 

a subtle anodic shift (40-50 mV) of the reduction waves I'( -0.84 V) and II'(-0.57V) 

accompanied by the formation of a new reduction peak b at -1.52 V; however, no current 

increase was observed at such potentials. An increased current was identified at –2.6 V, 

close to the reduction III' detected under N2 assigned to the triple-reduced species 

[Me6]2•— with a current ratio of 8.6. Upon addition of phenol (5%), the reduction peak II', 

(at -0.77 V, corresponding to the double-reduced species) is anodically shifted ca. 80 

mV compared to the same reduction under CO2, while the reduction b at -1.52 V 

observed under CO2 is faded with added protons. Finally, the current detected at the 

onset of III' (-2.80 V, the potential at which the triple-reduced species, [Me6]2•— is formed) 

is 4-fold and anodically shifted in the presence of phenol by 250 mV (Ecat= -2.6 V). 

Although no current enhancement was observed at more positive potentials, changes 

on the voltammogram upon CO2 saturation in Me6Br suggest CO2 interacts with the two-

electron reduced species [Me6]-, but CO2 reduction is triggered by adding more 

electrons. 

The divergence in the electrochemical response of the formazanate and 

methylformazan Re(I) complexes in the presence of CO2 at low overpotentials manifests 

they react differently towards the substrate. The appearance of the reduction peak b in 

the methylformazan complex, passing the second reduction wave, advocates the 

double reduced complex [Me6]- might interact with CO2, while changes on the first 

reduction wave in formazanate species point out the one-electron radical [4]●— is active. 

The lack of reactivity at low overpotentials upon adding protons in the formazanate 

complex hints that the pendant free N-atom in the ligand could be involved in CO2 

activation. This behavior differs from what was reported for Lehn's catalyst. In this case, 

the cyclic voltammogram of [ReCl(bpy)(CO)3] measured in our set-up under the same 

conditions exhibits a catalytic current only after reaching the potential of the double 

reduced complex [Re(bpy)(CO)3]- (-2.1V), that improves by adding phenol (5-fold 

current increase). Johnson and coworkers explored in detail the reactivity of Lehn's 

catalyst. They reported that catalysis at the potential of the first reduction wave under 

reductive disproportionation conditions only takes place when the experiment is 

measured in poor coordinating solvents such as THF and DMF, allowing the formation 

of the naked radical [Re(bpy)(CO)3]●.20 Therefore, in formazanate species, the resulting 

azo-type radical [4]●— is stable enough to be formed in MeCN (as shown by FT-IR SPEC 

in Chapter 4) and react with the substrate.  
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Since both formazanate and methylformazan Re(I) complexes exhibit current 

enhancements ca -2.4 — -2.8 V, these compounds might follow analogous pathways at 

more negative potentials, which likely involve binding of CO2 at the metal center. In 

Lehn's catalyst, a current increase is not observed at the third reduction wave, 

suggesting the putative triple-reduced complex is inactive, behavior that contrasts with 

the analogous Mn catalyst, in which case a catalytic current is observed at the third 

reduction wave.21 
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Figure 1. Cyclic voltammograms under CO2 with and without 5% phenol at 50 mV/s for a) 4MeCN, 
b)[PPN][4Br], c) Me6Br and d)Rebpy, Lehn's catalyst.  
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Table 1. Electrochemical parameters under CO2 atmosphere for formazanate species. 

Catalyst 

CO2 

Low Overpotential High overpotential 

Ecat/2
1  [V] icat/ip Ecat/2

2  [V] icat/ip 2 

4MeCN -1.1 1.8 -2.4 173.6 1.1 

[4Br]- -1.5 2.8 -- -- -- 

Me6Br   -2.8 8.6 1.5 

 

Table 2. Electrochemical parameters under CO2 atmosphere with 5% phenol for formazanate 
species. 

Catalyst CO2 +5% Phenol 

Low overpotential High overpotential 

Ecat/2
1  [V] icat/ip Ecat/2

2  [V] icat/ip 2 

4MeCN -1.06 1.1 -2.8 201.7 2.2 

[4Br]- -1.47 1.5 --- --- --- 

Me6Br   -2.6 32.7 2.0 

 

2.1.2 Controlled potential electrolysis  

The current enhancements detected by cyclic voltammetry experiments suggest 

formazanate and methylformazanate Re(I) complexes exhibit catalytic behavior. 

Therefore, a bulk electrolysis technique was carried out to corroborate the current 

increased is due to catalysis. In controlled potential electrolysis experiments, the solution 

was exhaustively electrolyzed at the potential of suspected catalysis. At the end of the 

experiment, the headspace was analyzed by gas chromatography to identify and 

quantify the products. Then, one can conclude if the conversion is catalytically in nature 

based on the amount of product(s) generated.  

For the formazanate species, two different potentials where suspected catalysis was 

observed in the cyclic voltammograms under a CO2 atmosphere were studied using 

CPE. At low overpotentials (past the wave I' at ca. -1.5 V), the current decayed over 35 

min, accompanied by a color change of the solution from dark blue to yellow-green 

(Figure 2). Similar changes were observed regardless of whether [4Br]- or 4MeCN was used 

(Figure S5). In both cases, CO was identified by GC. We discarded the possibility it could 

be generated due to catalyst decomposition, as performing a CPE in similar conditions 

under N2 did not produce detectable quantities of CO by GC (Figure S6). Moreover, the 

yellow solution obtained during electrolysis with CO2 compared to the red solution 

under electrolysis without substrate indicates the Re complex reacts with CO2. 
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Figure 2. Bulk electrolysis solutions in an H-cell of 4MeCN. The cathode on the right compartment: 
before electrolysis (left), after electrolysis under CO2, (middle) and under N2 (right). 

Although the current enhancements observed for 4MeCN and [4Br]- by cyclic 

voltammetry suggest catalysis may occur, the TON < 1 indicates the process observed 

at low overpotentials is not catalytic (Table 3), but (sub)stoichiometric instead. For 

instance, it might be possible conversion does not proceed due to the formation of a 

stabilized adduct, and it will be triggered only upon applying negative potentials, as 

proposed for [MnX(CO)3(mesbpy)]n (X = Br, n= 0; X = M(eCN, n =1+)17. We did not 

explore this path in the presence of phenol since the cyclic voltammograms did not 

show an enhanced current under these conditions.   

For the second wave at high overpotentials (-2.8 V), CPE experiments were conducted 

under CO2 for 2 h (Figure S4), wherein CO gas was identified by GC, albeit with poor 

faradaic efficiencies and low TON (Table 3). The poor catalytic performance could be 

caused by the inherent instability of the catalyst at rather quite negative potentials or the 

consequence of solvent decomposition that could lead to unwanted background 

reactivity. Moreover, we cannot discard the possibility that in [PPN][4Br] the counterion 

could have an influence. Traces of formic acid, besides 13CO3
2- (164.4 ppm), H-13CO3

- 

(160.2 ppm), 13CO2, (125 ppm) and an unidentified C-product (170.7 ppm), were 

detected by 1H and 13C{1H] NMR when the CPE was conducted at -2.4 V vs Fc+/0 with 
13CO2 and [4Br]- (Figure S7).22 The unexpected generation of formic acid under 

'anhydrous' conditions suggests that adventitious water is present in the electrolysis cell, 

either from the solvent or absorbed on the surface of the glass or electrode. The 

addition of phenol did not improve catalyst performance (Table 4, Figure S5), which we 

rationalize is due to the deactivation of the proton-responsive formazanate complex, as 

similarly reported for [ReCl(CO)3(6DHBP)] (6DHBP = 6,6’-dihydroxy-2,2’-bipyridine).23 

Table 5 shows that hydrogen evolution reaction accounts for only 1-2% of the observed 

current in the experiments when phenol is added. 
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Table 3. Data from controlled potential electrolysis for formazanate complexes 4MeCN and [4Br]- 

under CO2. 

Catalyst 

CO2 

Low Overpotential High Overpotential 

FECO % TON FECO % FEHCOOH % TON 

4MeCN 25 0.63 48 --- 4.97 

[4Br]- 19 0.45 9 <1 0.67 

 

Table 4. Data from controlled potential electrolysis for formazanate complexes 4MeCN and [4Br]- 
under CO2 and 5% phenol. 

Catalyst 

CO2 + 5% Phenol 

High Overpotential 

FECO% TON FEH2% 

4MeCN 19 0.66 1 

[4Br]- 21 1.62 2 

Me6Br 16 0.93 7 

 

Therefore, we expected that by blocking the proton-responsive group, the catalytic 

activity may be improved. However, CPE experiments carried out on the alkylated 

formazan Me6Br with 5% phenol also showed only stoichiometric amounts of CO, with 

faradaic efficiencies of 16% for CO and 7% for H2. Overall, these outcomes indicate that 

the current increase observed in cyclic voltammetry under CO2 atmosphere are not due 

to efficient electrocatalytic CO2 reduction by the Re complexes studied here.  

2.2 CO2 activation at low overpotentials 

The poor catalytic performance at quite negative potentials for formazan/ate Re(I) 

catalysts discouraged us from studying this pathway further. Instead, we focused on 

understanding what causes the changes that occur in the cyclic voltammetry at low 

overpotentials for the formazanate Re(I) complexes. 

2.2.1 Spectroelectrochemistry 

FT-IR SPEC of 4MeCN was carried out by dissolving the complex in a solution partially 

saturated with CO2 (0.14 M), that was prepared by diluting to 1:1 ratio a saturated 

solution of CO2 in acetonitrile. We use 4MeCN in the discussion below as a representative 

example as similar outcomes were found for [4Br]-, which is consistent with the notion 

that both compounds generate the same bromide-free species upon reduction (see 

Chapter 4). Under N2, at the potential of the first reduction (ca -1.4 V), the species in 

solution are the radicals [4]•— and [4S]●—, but in the presence of CO2, three IR bands in the 

metal-carbonyl region appeared at 1976, 1867 and 1854 cm-1 —which coincidentally, are 

similar to those detected for [4]•— — and an additional band is observed at 1714 cm-1 
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(Figure 3, red trace). These bands become more intense when sweeping to more 

negative potentials (-2.0 V vs Fc+/0, Figure 3a, green trace), unlike what was observed 

under N2, in which case CO bands at 1958 and 1830(br) were identified at similar 

potentials assigned to the double-reduced complex [4]2- (Figure 3b, green trace). 

Therefore, the CO bands at 1976, 1867, 1857 and 1714 cm-1 may correspond to a 

different metal carbonyl species, that we tentatively assigned to the CO2-adduct A. The 

bands of A continue growing until reaching quite negative potentials (-2.7 V vs Fc+/0, 

Figure 3a, blue trace) From then on, new CO absorptions, not well-resolved, were 

observed at 1999 and 1894 cm-1  while the bands of the adduct A started to disappear. 

The new CO bands detected at 1999 and 1894 cm-1 lie in a similar region to those 

reported for metallocarboxylate or metallocarbonate species in related complexes 

under reductive disproportionation conditions (for [(bpy)-Mn-CO2-Mg]+ CO = 2006 

1907 cm-1,17; for [Re(DAB)(CO)3(OCO2)]- DAB: 1,4-diazabutadiene, CO = 2003 1870 cm-

1,24). Moreover, a simultaneous decrease of the band at 2332 cm-1 assigned to CO2. was 

observed at such negative potentials, indicating substrate conversion was occurring. At 

lower frequencies, three intense bands at 1683, 1648, and 1616 cm-1 were identified 

(Figure S7). The vibrations at 1683 and 1648 cm-1 are consistent with HCO3
-/CO3

2-,.25
 

formation, while CO was detected from CPE experiments by off-line analysis of the 

headspace by GC, expected products for CO2 reduction via disproportionation. The 

identity of the band at 1616 cm-1 is still unknown.  
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Figure 3. FT-IR SPEC of 1.5 mM of 4MeCN with 0.1 M of NBu4PF6 under a) a solution partially 
saturated with CO2and b) N2 by linear potential sweep. 

2.2.2 Chemical reductions in the presence of 13CO2 

Cyclic voltammetry results under an atmosphere of CO2 pointed out the radical [4]•—  

could be involved in substrate activation, as differences in the voltammogram under 

CO2 were observed at the onset of the first reduction wave. Thus, to collect more 

evidence about the activation at low overpotentials, we carried out NMR experiments 

with 13CO2. We prepared samples of the mono- and double-reduced complexes [4(S)]●— 

and [4]2- by dissolving complex 4MeCN with one and two equivalents of Co(Cp*)2 in 

CD3CN saturated with 13CO2 . The samples were analyzed by 13C{1H} NMR, and the 

spectra is depicted in Figure 4. Upon one-electron reduction, the spectrum exhibits two 

signals at 159.4 and 161.3 pm, and at 125.72 ppm the peak corresponding to 13CO2 is 

observed. This indicates that the one-electron reduction product of 4MeCN already reacts 

with CO2. The new signals lie in the region of amide-type derivatives, consistent with the 

formation of metal carbamate-like species26. These spectroscopic features are also 
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similar to those reported by the Roesky group for the formazanate magnesium complex 

that reversibly incorporates CO2. The resulting magnesium formazanate-carbamate 

species exhibits in carbon-NMR a chemical shift of 155 ppm and an IR band at 1702        

cm-1, assigned to the carbamate group. 27   

When two equivalents of reducing agent are added, a new intense peak at 160.5 ppm 

is observed along with traces of the signals at 159.3 and 161.3 ppm. We discard the 

peak corresponds to a CO2-adduct because 19F NMR showed the double-reduced 

complex [4]2- is the major species. Thus, we suggest the signal at 160.2 be consistent 

with a product derived from 13CO2 activation that, based on the chemical shift, we 

tentatively assigned to bicarbonate [H-O-13C(=O)O]-.22 With this in mind, we studied the 

nature of the putative CO2 adduct by computational means.  

Figure 4. 13C{1H} NMR upon 13CO2 saturation of a solution of a) mono and b) double reduced 

species in acetonitrile. 
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2.3 Nature of the CO2 adduct 

The spectroscopic evidence suggests the one-electron reduced formazanate Re(I) 

radical [4]•— reacts with the substrate in the absence of protons. In related one-electron 

reduced species under reductive disproportionation conditions —for instance, 

[Re(CO)3(bpy)]•— it has been proposed the metal center is the site where CO2 is bound 

and activated for further transformation. (Spectro)electrochemical experiments along 

with DFT calculations support the reduction is of ligand-based nature making the ligand 

a better nucleophile upon reduction compared to Re. Analysis of the charge distribution 

in [4]•— evidences that part of the electron density is located on the terminal nitrogen in 

the formazanate ligand (see Mulliken charge distribution in Figure S11). Furthermore, 

the detection of signals in the carbamate region in the labeling experiment and by FT-

IR (spectro)electrochemistry, supports the hypothesis that the activation proceeds by 

nucleophilic attack of the terminal nitrogen on the electrophilic carbon in CO2. 

Assumption that agrees with the absence of activity in the presence of protons, as H+ is 

a stronger electrophile. In such case, ligand protonation would be favored over 

carbamate formation. This could also explain the poor reactivity of the one-electron 

reduced methylformazan radical [Me6]•, since the terminal nitrogen is less nucleophilic 

in this species (see Mulliken charge distribution Figure S11).  

The nucleophilic nature of the N-atoms in reduced formazanate species was also 

manifested in other complexes. For instance, in the 5-membered mono-formazanate 

Zn(II) radical (obtained from the one-electron reduction of a dinuclear formazanate Zn(II) 

species), the nucleophilic character of the pendant terminal nitrogen has been 

harnessed to initiate ring opening polymerization via nucleophilic attack of the N-Ar 

fragment to the carbonyl group in the O-coordinated lactide.28 In the case of the 6-

membered boron monoformazanate doubly-reduced species, the addition of 

electrophiles takes place at the internal nitrogen, manifesting the nucleophilic nature of 

the internal N-atoms, reactivity that was rationalized in terms of the stability of the 6-

membered chelate over the 5-membered boratacycle (Figure 5.).29 

 

Figure 5. Nucleophilic character of reduced formazanate complexes. 
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Taking inspiration from the magnesium formazanate CO2 complex reported by 

Roesky, we investigated the structure mer-[4N-CO2]•— that results from the nucleophilic 

addition of the terminal N-atom to CO2 and subsequent coordination of the pendant-

oxo fragment to the metal center that generates a formazanate-carbamoyl pincer-like 

moiety with two 5-membered rings fused. In this structure, the CO ligands are arranged 

in a meridional conformation. Geometry optimization and analytical frequency 

calculations indicate mer-[4N-CO2]•—
 is a minimum on the potential energy surface (no 

imaginary frequencies) with scaled-theoretical frequencies at 2000, 1907, 1879, and 

1730 cm-1, which deviate from the experimental ones by 40-16 cm-1. Spin density 

calculations placed the unpaired electron on the formazanate fragment, a stabilized azo-

radical (Figure S12). We computed, as well, the structure of the facial isomer fac-[4N-CO2]•; 

however, the optimized geometry rendered a carbamate species that is formed with the 

internal nitrogen atom instead of the terminal one (Scheme 2). Thus, we discarded it as 

a potential configuration since the internal nitrogen is not expected to be nucleophilic 

enough to lead to the activation of CO2. 

 

Scheme 2. Structures studied by DFT-calculations. 

To confirm the resulting adduct did not correspond to the typical metal-CO2 species, 

we also investigated the structure [4Re-CO2]•—
 that arises from substrate coordination to the 

metal and found no interaction between CO2 and the complex upon convergence. We 

neither observed metal-CO2 binding in the double reduced species [4Re-CO2]2- and only 

obtained a stable Re-CO2 structure for the triple reduced adduct [4Re-CO2]3•— (Table S1). 

Such outcome is in accordance with the electronic structure predicted for the triple 

reduced complex [4]3•—  by DFT calculations, a metal-based radical —formally Re(0) 

species— that can be engaged in CO2 activation. 

Taking together the experimental and theoretical studies, we can conclude the 

presence of redox-active fragments in the structure of Re(I) catalyst has a detrimental 

effect on the catalytic activity because these ligands prevent metal-based reductions, 

therefore metal-CO2 binding affinity. A particular case are redox-active ligands with 
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negatively charged groups, as the formazanate ligand in its open-form. Molybdenum 

carbonyl complexes supporting a pyridine monoimine ligand in their reduced forms 

also displayed similar ligand-based reactivity in the presence of CO2.30 In these cases, 

the ligands play the role of nucleophiles instead. It is likely that the formation of strong 

E-C bonds (E = C, N) may prevent catalysis from taking place.  

3. Conclusions  

In this chapter, we assessed Re(I) tricarbonyl complexes with the formazanate and 

methylformazan ligands as catalysts for the electrochemical reduction of CO2. It was 

found that both complexes convert CO2 at the potential of the third reduction wave with 

CO identified as the main product, with and without a proton source present in solution. 

Although cyclic voltammetry experiments suggest the behavior was catalytic in nature, 

the low FE and TON determined by bulk electrolysis experiments failed to confirm 

catalytic turnover, presumably due to decomposition reactions that could take place at 

such negative potentials (possibly involving the solvent). This contrasts with the behavior 

reported for the Lehn's catalyst, in which case catalysis is observed at the potential of 

the double-reduced species with high FE for CO production. Since CO2 binding to the 

metal center is the first requirement for substrate activation, we rationalized the lack of 

catalytic activity of the double reduced formazan/ate Re(I) complexes as the 

consequence of having a redox-active fragment that decreases metal nucleophilicity; 

thereby, reactivity is only observed when reduction is metal-centered, which is only the 

case for three-electron reduction to form a Re(0) species.  

For the formazanate species, the observation of current enhancement at low 

overpotentials in the absence of protons suggests the redox-active fragment can be 

involved in substrate activation, demonstrating the versatility of redox-active ligands to 

serve not only as an electron reservoir but also as a center of reactivity. Labeling 

experiments confirmed CO2 activation took place at low overpotentials. Perhaps the 

incorporation of strong electron-donating groups on the ligand scaffold or the 

substitution of one of the ancillary CO groups by a strong donor ligand in the structure 

of the catalyst might enhance the nucleophilicity of the Re center, albeit likely at the 

expense of a cathodic shift in redox potentials. 

Although our initial interest was to replace the redox non-innocent bipyridine ligand 

in the structure of Lehn's catalyst by the redox-active formazanate ligand to suppress 

catalyst degradation pathways (e.g., dimerization), our findings highlight the crucial role 

of the non-innocent motif in the catalysis of the electrochemical reduction of CO2. 

Herein, the distinction between redox-non-innocent and redox-active character in the 

ligand becomes relevant for an efficient and selective electrocatalytic reduction of CO2.  
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While catalysts with redox-active fragments are barely reactive at the metal center, 

redox-non innocent ligands allow a suitable control of metal nucleophilicity that 

increases their selectivity towards CO2 reduction over protons, avoiding compromising 

catalytic performance.31  

Despite redox processes where a metal-based nucleophile drives the activation step 

are not facilitated by complexes with redox-active ligands32, this does not restrict the use 

of these motifs in other redox reactions. For instance, in radical catalysis via single-

electron transfer from a redox-active moiety to a substrate33 or in ligand-centered 

coupling reactions circumventing the use of precious metals34,35  Overall, a better 

understanding of the role that the redox-active ligand plays in multielectron reactions 

(e.g. as electron reservoir, center of reactivity) is key for a rational catalytic design and 

thereby could expand the applicability of these fragments in novel chemical 

transformations.  
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5. Supplementary information 
5.1 Electrochemical studies under CO2 

All measurements were recorded in 0.1 M solution of NBu4PF6 in dry acetonitrile at a 

scan rate of 50 mV/s, unless otherwise is stated. For CV, the voltammograms were 

recorded in a custom-made cell with a three-electrode set up using a glassy carbon (3 

mm2) working electrode, a Pt wire counter electrode and a Ag/AgCl wire 

pseudoreference electrode. The experiments were measured on CHI600C potentiostat. 

The solution was purged with a stream of N2 prior to starting the experiments. Upon 

recording the voltammogram of the complex, the electrolytic solution was saturated 

with CO2 for 5 min (0.28 M), then the CV was measured. In experiments with added 

proton source, phenol was added (0.500 g, 0.53 M) into the CO2 saturated solution and 

the voltammogram collected. The electrode was polished between each measurement. 

For controlled potential electrolysis (CPE), the experiments were carried in an air-tight 

two-port cell, where the Pt spiral counter electrode was separated from the bulk solution 

by a immersing the electrode in a capillary with a porous glass frit containing the 

supporting electrolyte solution (0.1 M of NBu4PF6). A glassy carbon rod (3 mm) was used 

as a working electrode and a Ag/AgNO3 as a reference electrode. The cell was charged 

with 3 mL of supporting electrolyte solution with a 1mM concentration of the catalyst. 
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The solution was purged for 10 min with CO2, then 500 μL of methane were injected as 

an internal standard. After electrolysis, samples from the headspace were taken and 

analyzed by gas chromatography. Gas quantification was carried out on a a Shimadzu 

GC-2014 equipped with a TCD detector and on a ShinCarbon column. The number of 

moles of H2 and CO were determined in independent experiments, where helium and 

argon were used as carrier gas, respectively. Calibration curves were built by injecting 

know quantities of the respective gas (CO or H2) into the bulk electrolysis cell and mixed 

with a constant amount of CH4. Faradaic efficiencies were determined by multiplying the 

number of moles of CO by 2F/Q, where 2 corresponds to the number of electrons 

needed for the reduction of CO2 to CO, F stands for the Faraday constant equals to 

96485 C/mol, and Q the charge passed during the bulk electrolysis experiment. 

For the controlled potential electrolysis experiments at lower overpotential, another 

custom-made cell was used, where the cathode and the anode were separated by a 

porous glass frit. A reticulated vitreous carbon (Duocel 45 ppi) working electrode and a 

Ag/AgCl wire pseudo reference electrode were placed in the cathode chamber with 6 

mL of the supporting electrolyte solution and the catalyst added in a 1mM 

concentration. On the anode chamber 6 mL of supporting electrolyte were added and 

a Pt mesh was used as a counter electrode. Both sides were purged for 5 min with N2 

and 10 min each with a stream of CO2. Upon electrolysis 1 mL of the headspace was 

injected into a HP 5890 series II instrument with a TCD detector. The sample was passed 

through a Varian CP-PoraBOND Q (50 m x 0.53 m x 10 μm) and an Agilent Technologies 

HP-Molsieve (30 m x 0.53 mm x 50 μm) column. The amount of CO was determined by 

comparing the area against a calibration mixture of known concentrations. 

 

Figure S1. CV of 1 mM of [PPN]Cl in 0.1 M NBu4PF6 in acetonitrile under CO2 and N2. 
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Figure S2. CV control experiment ran at 50 mV/s in acetonitrile in the absence of catalyst (black 
trace) no CO2 reduction was observed within the potential window. 
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Figure S3. CPE of [PPN][4Br] at -2.6 V vs Ag+/0 under CO2 (left) and under CO2 + 5% phenol.  

  

Figure S4. CPE of 4MeCN -2.9 V vs Ag+/0 under CO2 (left) and under CO2 + 5% phenol. 
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Figure S5. CPE at low overpotentials for 4MeCN and [4Br]- under CO2 and N2. 
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Figure S6. Chromatograms of the analysis of the headspace of electrolysis at low overpotentials. 
CO was only detected in samples sparged with CO2. 
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5.2 Spectroelectrochemical measurements 

FT-IR-SPEC experiments were performed in an OTTLE cell, that was equipped with a 

platinum working electrode, an Ag wire pseudoreference electrode and a platinum 

counter electrode and the spectra were recorded with a Bruker Vertex 70 IR 

spectrometer. The cell was filled with an electrolytic solution partially saturated with CO2 

containing the analyte in 1 mM concentration. The spectra were recorded every 12 s 

during a linear swept voltammetry. 

 

Figure S7. Evolution of the FT-IR spectra during linear swept voltammetry of 4MeCN spanning the 
1750-1580 cm-1 region. 

5.3 Experiments with 13CO2 

Bulk electrolysis was conducted at -2.15 V vs Ag+/0 (-2.4 V vs Fc+/0) with [4Br]- in CD3CN 

sparged with 13CO2. Upon 2 h of electrolysis, a sample from the cathode was taken and 

analyzed by 1H and 13C{1H} NMR. A doublet at 8.7 ppm with a coupling constant of 174 

Hz (typical for C-H bonds) and a broad signal at 10.3 ppm in proton NMR were assigned 

to formic acid. In 13-carbon NMR, a peak at 166.7 ppm confirmed its presence. Besides 

the identification of carbonate (164.4 ppm), bicarbonate (160.2 ppm), and CO2 (125 

ppm), a peak at 170.4 ppm was detected (Figure S8-9).  
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Figure S8. NMR spectra after electrolysis of [4Br]- under 'dry' CO2 at -2.15V vs Ag+/0. 

 

Figure S9. HSQC experiment of the cathode solution upon CPE under 13CO2 at -2.15V vs Ag+/0. 
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5.4 Chemical reductions  

The samples were prepared inside the glovebox by adding 1.3 (6.8 mg, 0.021 mmol) 

or 2.3 (13 mg, 0.037 mmol) equivalents of the reducing agent Co(Cp*)2 with one 

equivalent of the catalyst 4MeCN (10 mg, 0.016 mmol) into an NMR Young-tube.  Then, 

0.5 mL of CD3CN previously saturated with 13CO2 were poured into the tube. The 

solutions were mixed at room temperature and after 2 h the NMR recorded. Samples of 

the one and two-electron reductions without the substrate were also prepared in the 

same manner for comparison. 

 

Figure S10. 19F spectra of the solutions for a) one and b) two electron reduction of 4MeCN with and 
without substrate.  
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5.5 Computational studies  

Geometry optimizations were calculated at MN15L/ def2tsvp level of theory on the 

gas phase and confirmed to be a minimum on the potential energy surface (no 

imaginary frequencies were found). The analytical frequencies presented were scaled 

by a factor of 0.957836. 

Table S1. Optimized structures of the potential CO2-adduct and their (CO) theoretical 
frequencies. 

 

 

mer-[4N-CO2]•— fac-[4N-CO2]•— 

2000 

1907 

1879 

1730 

1995 

1907 

1896 

1816 

 
 

fac-[4H-CO2]•— fac-[4Re-CO2]•— 

2005 

1932 

1928 

No interaction between the substrate 

and catalyst was found. 
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fac-[4Re-CO2]3•— 

1932 

1837 
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Figure S11. Mulliken charge distribution of the optimized structure of the formazanate [4]●— and 
[4]2- and methylformazan [Me6]● and [Me6]2- reduced species. 
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Figure S12. Spin density plot of mer-[4N-CO2]•— (isovalue = 0.003). 
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Summary  
Energy transition from fossil fuels to renewable sources will continue to be a priority 

area in the global agenda, as the energetic demand is gradually growing while fossil 

feedstocks are limited. With the perceptible havoc of global warming, the pursuit of 

carbon neutrality represents one of the major challenges of the new century. Carbon 

dioxide capture and utilization, therefore, signifies a viable alternative to the current 

energy and climate crisis. Herein, the challenge resides in transforming the inert carbon 

dioxide molecule into a carbon source that can be used to produce fine chemicals, 

either fuels or other C-valuable products. However, thermodynamic, and kinetic 

constraints impede the direct reduction of CO2. In this case, transition metal complexes 

have been investigated as catalysts that can function as electron carriers by successfully 

delivering electrons to the substrate. 

Transition metal complexes are robust catalysts that can successfully drive small 

molecule activation and their catalytic conversion. Indeed, their versatility relies on the 

metal-ligand interaction that governs complex’s reactivity, making possible to tailor an 

ad-hoc metal-ligand combination for a particular process. For redox transformations, 

such as reducing small molecules, catalysts able to reversibly accept and deliver multiple 

electrons whenever needed are required. Redox-active metals can play the role of 

electronic reservoirs; however, its capacity sometimes is limited to one electron, leading 

to reaction pathways that involve unwanted radical intermediates. Herein, the presence 

of redox-active ligands could harness, in cooperativity with the metal center, 

multielectron processes and, thereby, provide new vias for substrate transformation.  

In this thesis, we explored the coordination chemistry of the redox active formazan 

and formazanate ligands towards rhenium, and we studied in depth the metal-ligand 

interaction in these species by spectroscopic and computational methods. This allowed 

us to correlate the electronic properties of Re(I) formazan and formazanate complexes 

with their reactivity in the presence of CO2. The work presented here provides new 

insights into the role of redox-active ligands in the activation of small molecules, and 

thereby could serve as guidance in the development of more efficient catalysts for CO2 

reduction. 

Chapter 1 addresses the fundamental aspects of CO2 reduction and the difficulties 

regarding its activation. Moreover, a general view of the electrochemical CO2 reduction 

is presented, where the pioneering work on CO2 activation and its catalytic reduction by 

transition metal complexes is settled down. A section is devoted to the benchmark Re(I) 

bipyridine catalysts and the challenges to be tackled to afford more efficient catalytic 

conversions. The formazanate redox-active ligand is introduced, and key examples of 

their electrochemical properties and the reactivity of their reduced metal complexes are 

described. A particular section is given to briefly present the reactivity of metal 

formazanate complexes towards CO2. This section closes with the motivation of this 
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thesis, which aimed to establish a fundamental study on the electrochemical properties 

of formazan and formazanate Re(I) complexes for CO2 reduction. 

Chapter 2 describes the preparation of formazan metal-based derivatives that 

incorporate the protonated formazan scaffold. A series of Re(I) formazan complexes 

were prepared and characterized by spectroscopic and computational methods. 

Analysis of their electronic properties by DFT calculations revealed the high extent of 

covalency of the metal-ligand interaction. This work provides the first example of fully 

characterized protonated formazan complexes with a metal of group 7.  

In Chapter 3, we explored the reactivity of the protonated formazan Re(I) species and 

successfully isolated Re(I) complexes that contain the anionic formazanate ligand via 

direct deprotonation of their respective conjugated acids. The new formazanate Re(I) 

species were fully characterized in solution and solid state, providing evidence of the 

stability of formazanate Re(I) towards ligand protonation in polar media. Comparison of 

the electronic properties of both formazan and formazanate species by DFT calculations 

led to conclude that the higher extent of -delocalization in formazanate complexes 

decreases the degree of covalency of the metal-ligand bond. Herein, we also studied 

the coordination chemistry of the alkylformazan ligands and the preparation and 

characterization of a new alkylformazan Re(I) compound is described, aiming to block 

the proton-responsivity of the formazan/ate scaffold. 

Chapter 4 is devoted to an extensive study of the electrochemical behavior of 

formazan, alkylformazan, and formazanate Re(I) complexes through 

(spectro)electrochemical and computational means Protonated formazan species 

showed to be unstable under reductive conditions, and their one-electron reduction 

afforded their corresponding formazanate Re(I) analogous via a reductive 

deprotonation mechanism. Alkylation of the proton-responsive group in alkylformazan 

Re(I) complexes effectively blocked this pathway. Alkylformazan and formazanate Re(I) 

complexes exhibit three consecutive one-electron reductions that are cathodically 

shifted in the formazanate derivatives due to its anionic nature. Analysis of the electronic 

structure of the resulting reduced species by DFT calculations indicated the first two 

reductions are of ligand-based nature, while the reduction at most negative potentials 

is of metal character. Thus, alkylformazan and formazanate ligands behave as a two-

electron reservoir. Labilization of the axial ligand takes place upon one-electron 

reduction in alkylformazan and formazanate Re(I) species, affording a stabilized azo-type 

radical that does not dimerize. This observation contrasts with what was reported for the 

archetypical Re(I) bipyridine catalysts, in which case, dimerization of the one-electron 

reduced species is a known deactivation pathway. 

Finally, Chapter 5 presents the evaluation of the catalytic properties of alkylformazan 

and formazanate Re(I) complexes toward the electrochemical reduction of CO2. A 

correlation between the electronic structure of these species and their reactivity in the 

electrochemical reduction of CO2 is established. Our findings reveal that redox-active 
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ligands may negatively impact catalytic performance by decreasing metal 

nucleophilicity, thus CO2 activation by the metal center. However, a new activation 

pathway was found in complexes with the formazanate ligand, wherein the ligand fixates 

CO2. The nature of the putative formazanate-CO2 adduct was studied by DFT 

calculations. The conclusions derived from our work provide new insights into the use 

of redox-active ligands in catalytic transformations. 
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Sammenvatting 
De overgang van fossiele brandstoffen naar hernieuwbare energiebronnen heeft een 

hoge prioriteit op de wereldwijde agenda, aangezien de energievraag nog steeds 

toeneemt terwijl fossiele grondstoffen beperkt voorradig zijn. Door de opwarming van 

de aarde vertegenwoordigt het streven naar koolstofneutraliteit een van de 

belangrijkste uitdagingen van deze eeuw. Koolstofdioxideopvang en -gebruik zijn een 

mogelijke weg uit de huidige energie- en klimaatcrisis. Wellicht de grootste uitdaging 

hierbij is het omzetten van het inerte koolstofdioxide molecuul in een koolstofbron die 

kan worden gebruikt voor het maken van producten zoals brandstoffen of andere 

waardevolle, op koolstof gebaseerde chemische verbindingen. Thermodynamische en 

kinetische beperkingen belemmeren echter de directe reductie van CO2. 

Overgangsmetaal-complexen die fungeren als elektronendragers zijn onderzocht als 

katalysatoren om elektronen succesvol aan het substraat (CO2) over te kunnen dragen.  

Overgangsmetaalcomplexen zijn robuuste katalysatoren die in staat zijn om kleine, 

simpele moleculen te ‘activeren’ en vervolgens succesvol om te zetten in waardevolle 

producten. Hun veelzijdigheid berust op metaal-ligand interacties die de reactieve 

eigenschappen van het complex bepalen, waardoor het mogelijk is om een op maat 

gemaakte metaal-ligand combinatie te creëren voor een specifieke chemische 

omzetting. Voor redox-transformaties, zoals de reductie van koolstofdioxide, zijn 

katalysatoren nodig die in staat zijn om meerdere elektronen op een reversibele manier 

op te nemen en weer af te staan wanneer dat nodig is. Redox-actieve metalen kunnen 

de rol van elektronenreservoir spelen; hun capaciteit is echter veelal beperkt tot een 

enkel elektron, wat leidt tot reactiepaden met ongewenste radicaal intermediaren. In dit 

type reacties kan de aanwezigheid van redox-actieve liganden in samenwerking met het 

metaalcentrum multielectron-processen in gang zetten en zo nieuwe wegen openen 

voor de transformatie van substraten zoals CO2. 

In dit proefschrift hebben we de coördinatiechemie van de redox-actieve formazan- 

en formazanaat-liganden met het metaal rhenium verkend, en we hebben de interactie 

tussen metaal en ligand diepgaand bestudeerd met behulp van spectroscopische en 

computationele methoden. Dit stelde ons in staat om de elektronische eigenschappen 

van Re(I) formazan- en formazanaatcomplexen te correleren met hun reactieve 

eigenschappen in aanwezigheid van CO2. Het hierin beschreven werk biedt nieuwe 

inzichten in de rol van redox-actieve liganden bij de activering van kleine moleculen 

zoals CO2, en kan dienen als leidraad bij de ontwikkeling van efficiëntere katalysatoren 

voor de elektrochemische omzetting van koolstofdioxide. 

Hoofdstuk 1 behandelt de fundamentele aspecten van CO2-reductie en de 

uitdagingen met betrekking tot de activering van dit inerte molekuul. Bovendien wordt 

een algemeen beeld geschetst van elektrochemische CO2-reductie, en voorgaand werk 

op het gebied van CO2-activering en katalytische reductie door 
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overgangsmetaalcomplexen wordt besproken. Een sectie is gewijd aan de benchmark 

Re(I) bipyridine katalysatoren en de uitdagingen die er nog liggen om meer efficiënte 

katalytische omzettingen mogelijk te maken. Het redox-actieve formazanaat-ligand 

wordt geïntroduceerd, en enkele relevante voorbeelden van de elektrochemische 

eigenschappen en reactiviteit van (gereduceerde) metaal-formazanaat complexen 

worden beschreven. Een specifieke sectie geeft een beknopt overzicht van de in de 

literatuur beschreven reacties van metaal-formazanaat complexen met CO2. Dit 

hoofdstuk sluit af met de motivatie van dit proefschrift, dat tot doel had een 

fundamentele studie te verrichten naar de elektrochemische eigenschappen van 

formazan- en formazanaat Re(I)-complexen voor CO2-reductie. 

Hoofdstuk 2 beschrijft de synthese van metaal complexen met geprotoneerde 

formazan liganden. Een reeks Re(I) formazan-complexen werd gekarakteriseerd met 

spectroscopische en computationele methoden. Analyse van hun elektronische 

eigenschappen door DFT-berekeningen liet een hoge mate van covalentie van de 

metaal-ligand interactie zien. Dit werk biedt de eerste voorbeelden van formazan-

complexen met een metaal uit groep 7 van het periodiek systeem, en geeft inzicht in de 

(elektronische) structuur en spectroscopische eigenschappen.  

In hoofdstuk 3 onderzochten we de reactiviteit van de geprotoneerde formazan Re(I)-

verbindingen en isoleerden we de overeenkomstige complexen met anionische 

formazanaat-liganden via directe deprotonering van de geconjugeerde zuren. De 

nieuwe formazanaat Re(I) complexen werden volledig gekarakteriseerd in oplossing en 

in de vaste stof, en deze studies lieten de stabiliteit van deze complexen zien ten aanzien 

van protonering van het ligand. Een vergelijking van de elektronische eigenschappen 

van zowel formazan- als formazanaat-complexen met behulp van DFT-berekeningen 

leidde tot de conclusie dat de hogere mate van π-delokalisatie in 

formazanaatcomplexen het covalente karakter van de metaal-ligandbinding vermindert. 

In dit hoofdstuk hebben we ook de coördinatiechemie van gealkyleerde formazan-

liganden bestudeerd en de synthese/karakterisering van een nieuwe alkylformazan 

Re(I)-verbinding beschreven, met als doel de proton-responsiviteit van de formazan/ate-

scaffold te blokkeren. 

Hoofdstuk 4 is gewijd aan een uitgebreide studie van het elektrochemische gedrag 

van formazan-, alkylformazan- en formazanaat Re(I)-complexen door middel van 

(spectro)elektrochemische en computationele technieken. Geprotoneerde formazan 

complexen bleken instabiel te zijn onder reductieve condities, want hun één-elektron 

reductie leidde tot de overeenkomstige formazanaat Re(I)-analogen via een reductief 

deprotonatie mechanisme. Alkylering van de proton-responsieve groep in 

alkylformazan Re(I)-complexen blokkeerde dit reactiepad. Alkylformazan- en 

formazanaat Re(I)-complexen vertonen drie opeenvolgende één-elektronreducties die 

verschoven zijn naar meer negatieve potentialen in de formazanaat-derivaten vanwege 

hun negatieve lading. Analyse van de elektronische structuur van de resulterende 

gereduceerde producten door DFT-berekeningen gaf aan dat de eerste twee reducties 
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ligand-gebaseerd zijn, terwijl de reductie bij de meest negatieve potentiaal op het 

metaalcentrum plaatsvindt. Hiermee is aangetoond dat alkylformazan- en formazanaat-

liganden zich gedragen als een twee-elektronenreservoir in dit type verbindingen. Het 

axiale ligand (Br) laat los na één-elektronreductie in alkylformazan- en formazanaat Re(I)-

complexen, waarbij een gestabiliseerd azo-type radicaal wordt gevormd dat voorkomt 

dat het product verder reageert tot een dimeer. Deze observatie contrasteert met wat is 

beschreven voor de klassieke Re(I) bipyridine katalysatoren, waarbij dimerisatie van de 

één-elektron gereduceerde intermediaren een bekende deactiverings-reactie is. 

Tot slot beschrijft hoofdstuk 5 de evaluatie van de katalytische eigenschappen van 

alkylformazan- en formazanaat Re(I)-complexen voor de elektrochemische reductie van 

CO2. Er wordt een correlatie gelegd tussen de elektronische structuur van dit type 

complexen en hun reactiviteit in elektrochemische reductie van CO2. Onze bevindingen 

laten zien dat redox-actieve liganden de katalytische prestaties negatief kunnen 

beïnvloeden door de nucleofiliciteit van het metaal-centrum te verminderen, waardoor 

de binding van CO2 aan het metaal minder makkelijk optreedt. Daar staat tegenover dat 

er een nieuw activeringspad werd gevonden, waarbij het gereduceerde ligand in staat 

is om CO2 te binden. De structuur van het veronderstelde formazanaat-CO2 adduct 

werd bestudeerd met behulp van DFT-berekeningen. Deze studie biedt nieuwe 

inzichten in het gebruik van redox-actieve liganden bij katalytische processen. 
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Resumen 
La transición energética de combustibles fósiles a fuentes renovables seguirá siendo 

un área prioritaria en la agenda global dado que la demanda energética crece 

gradualmente a expensas de materias primas fósiles limitadas. Con los estragos 

perceptibles del calentamiento global, la búsqueda de la neutralidad de carbono 

representa uno de los principales desafíos del nuevo siglo. En este sentido, la captura y 

utilización de dióxido de carbono se presenta como una alternativa viable para combatir 

la actual crisis energética y climática. El reto aquí, se encuentra en transformar la inerte 

molécula de dióxido de carbono en otros derivados orgánicos de mayor utilidad, ya sea 

combustibles u otros productos químicos de relevancia a nivel industrial. Sin embargo, 

limitaciones cinéticas y termodinámicas impiden que la reducción directa de CO2 se 

lleve a cabo de manera eficiente. En este contexto, se ha explorado el uso de complejos 

de metales de transición como catalizadores en la reducción de CO2. Dichos sistemas 

pueden funcionar como intermediarios en el proceso de reducción al entregar de 

manera eficaz los equivalentes reductores al sustrato. 

Los complejos de metales de transición son catalizadores robustos que pueden 

promover la activación y conversión catalítica de moléculas pequeñas. Su versatilidad 

depende de la interacción metal-ligante, relación que gobierna la reactividad del 

complejo haciendo posible encontrar una combinación metal-ligante ad-hoc para un 

proceso en particular. Para transformaciones redox, tales como la reducción de 

moléculas pequeñas, se requieren catalizadores capaces de aceptar y ceder de manera 

reversible electrones cuando sea necesario. Metales activos redox puede fungir como 

reservorios de electrones, sin embargo, en algunos casos solo pueden transferir un 

electrón conduciendo a la formación de intermediarios radicalarios bastante reactivos. 

Es así que, la presencia de ligantes activos redox puede permitir, en cooperatividad con 

el centro metálico, reacciones multielectrónicas que, puedan promover nuevas vías de 

transformación del sustrato. 

En esta tesis, exploramos la química de coordinación de los ligantes activos redox 

formazán y formazanato hacia renio y estudiamos a profundidad la interacción metal-

ligante en los complejos resultantes por métodos computacionales y espectroscópicos. 

Este análisis nos permitió correlacionar las propiedades electrónicas de los complejos 

de formazán y formazanato de Re(I) con su reactividad en la presencia de CO2. El trabajo 

presentado proporciona nuevas ideas sobre el papel de los ligantes activos redox en la 

activación de molécula pequeñas y, por tanto, podría servir como guía en el desarrollo 

de catalizadores más eficientes para la reducción de CO2.  

En el Capítulo 1, los aspectos fundamentos sobre la reducción de CO2 y las 

dificultades derivadas de su activación son presentados. Asimismo, se desarrolló de 

manera general el proceso de reducción electroquímica de CO2, donde se expusieron 

los trabajos pioneros sobre la activación de CO2 y su reducción catalítica mediada por 
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metales de transición. Una sección se dedica a los catalizadores de Re(I) con bipiridina 

y los desafíos que deben abordarse para lograr conversiones catalíticas más eficientes. 

Finalmente, se presenta el ligante activo redox formazanato y se describen ejemplos 

clave de sus propiedades electroquímicas y la reactividad de sus complejos metálicos 

reducidos. Una sección es dedicada a describir brevemente la reactividad de complejos 

de formazanato hacia el CO2. Este capítulo cierra con la motivación de esta tesis que 

tiene como objetivo establecer un estudio fundamental sobre las propiedades 

electroquímicas de complejos de formazán y formazanato de Re(I) para la reducción 

electroquímica de CO2. 

El Capítulo 2 describe la preparación de complejos metálicos de formazán que 

incorporan el fragmento formazán protonado. Una serie de complejos de formazán de 

Re(I) fueron sintetizados y caracterizados mediante métodos espectroscópicos y 

computacionales. El análisis de sus propiedades electrónicas mediante teoría de 

funcionales de la densidad (TFD) reveló el alto grado de covalencia de la interacción 

metal-ligante. Este trabajo presenta la primera caracterización completa de complejos 

de formazán protonados con un metal del grupo 7.  

En el Capítulo 3, exploramos la reactividad de los complejos protonados de formazán 

de Re(I) y aislamos los correspondientes complejos que contienen el ligante aniónico 

formazanato mediante la desprotonación directa de sus respectivos ácidos conjugados. 

Los nuevos complejos de formazanato de Re(I) fueron caracterizados en solución y en 

estado sólido, lo que evidencia la estabilidad de los formazanatos de Re(I) hacia la 

protonación del ligante. Una comparación de las propiedades electrónicas entre los 

complejos de formazán y formazanato mediante TFD permitió concluir que un mayor 

grado de deslocalización electrónica en las especies de formazanato disminuye la 

covalencia del enlace metal-ligante. También se estudió la química de coordinación de 

ligantes de formazán alquilados y se presenta la preparación y caracterización completa 

de un nuevo complejo de alquilformazán de Re(I), buscando bloquear la respuesta 

hacia protones del fragmento formazanato. 

El Capítulo 4 se dedica a un estudio extensivo del comportamiento electroquímica 

de los complejos de formazán, alquilformazán y formazanato de Re(I) mediante medios 

espectroelectroquímicos y computacionales. Los complejos de formazán protonado 

son inestables hacia la reducción y su reducción de un electrón produce las 

correspondientes especies de formazanato vía un mecanismo de desprotonación 

reductora. La alquilación del grupo NH en las especies de alquilformazán bloquea 

efectivamente este proceso. Los complejos de formazanato y alquilformazán de Re(I) 

exhiben tres reducciones consecutivas de un electrón que se encuentran desplazadas 

catódicamente en las especies de formazanato debido a su naturaleza aniónica. El 

análisis de la estructura electrónica de las especies reducidas mediante TFD indica que 

las primeras dos reducciones ocurren en el ligante, mientras que la reducción a 

potenciales más negativos posee carácter del metal. Ambas clases de ligante se 

comportan como un reservorio de dos electrones. A pesar de la presencia del ligante 
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redox, se observó la labilización del ligante axial tras la primera reducción generando 

un radical estable de tipo azo que no dimeriza. Esta observación contrasta con lo 

observado en los complejos con bipiridina, en cuyo caso, la dimerización de la especie 

monoreducida es un mecanismo conocido de desactivación del catalizador. 

Finalmente, el Capítulo 5 presenta la evaluación de las propiedades catalíticas de los 

complejos de formazán y formazanato de Re(I) hacia la reducción electroquímica de 

CO2. Se estableció una correlación entre la estructura electrónica de estas especies y su 

reactividad en la reducción electroquímica de CO2. Nuestros hallazgos revelan que los 

ligantes activos redox pueden impactar de forma negativa el desempeño catalítico 

debido a la disminución en las propiedades nucleofílicas del metal y por tanto en el 

proceso de activación del sustrato por el centro metálico. Sin embargo, encontramos 

un nuevo mecanismo de activación en los complejos con el ligante formazanato, donde 

el ligante fija CO2. La naturaleza del supuesto aducto de formazanato con CO2 se 

estudió mediante TFD. Las conclusiones derivadas de este proyecto proporcionan 

nuevos conocimientos sobre el uso de ligantes activos redox en transformaciones 

catalíticas.
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ABSTRACT: Metal complexes with ligands that coordinate via the nitrogen atom
of azo (N�N) or imino (C�N) groups are of interest due to their π-acceptor
properties and redox-active nature, which leads to interesting (opto)electronic
properties and reactivity. Here, we describe the synthesis and characterization of
rhenium(I) tricarbonyl complexes with neutral N,N-bidentate formazans, which
possess both N�N and C�N fragments within the ligand backbone (Ar1-NH-
N�C(R3)-N�N-Ar5). The compounds were synthesized by reacting equimolar
amounts of [ReBr(CO)5] and the corresponding neutral formazan. X-ray crystallographic and spectroscopic (IR, NMR)
characterization confirmed the generation of formazan-type species with the structure fac-[ReBr(CO)3(κ2-N2,N4(Ar1-N1H-N2�
C(R3)-N3�N4-Ar5))]. The formazan ligand coordinates the metal center in the ‘open’ form, generating a five-membered chelate ring
with a pendant NH arm. The electronic absorption and emission properties of these complexes are governed by the presence of low-
lying π*-orbitals on the ligand as shown by DFT calculations. The high orbital mixing between the metal and ligand results in
photophysical properties that contrast to those observed in fac-[ReBr(CO)3(L,L)] species with α-diimine ligands.

■ INTRODUCTION
Formazans are a large family of compounds containing the R1-
NH-N�C(R3)-N�N-R5 backbone, known for their use as
analytical reagents for metal detection1 and as cellular2 and
textile dyes.3 These applications are the consequence of its
well-defined redox chemistry4 and its ability to chelate metal
centers in its deprotonated form, i.e., the delocalized
formazanate anion (R1-N�N-C(R3)�N-N-R5)−. Although
formazanate coordination chemistry was first described in
1941,5 it was not until the last decade that its study has
reemerged due to its electrochemical and optical properties.6 A
wide variety of formazanate complexes with both main group
and transition metal elements have been reported, wherein the
(anionic) ligand usually coordinates through the terminal
donor sites to form 6-membered chelates.7 In addition to
taking advantage of the unique optoelectronic properties
imparted by formazanate ligands, recent reports show that
their redox-active nature can also be used to obtain new
catalytic reactivity.8 In contrast to complexes with anionic
formazanates, reports on coordination of the neutral formazan
fragment remain scarce to date. In 2015, our group described
the first example of a formazan-type complex,9 in which the
neutral ligand binds Zn(C6F5)2 through one terminal and one
internal nitrogen atoms yielding a five-membered chelate
(Scheme 1), also described as the ‘open’ coordination mode. It
was hypothesized that the poor basicity of the Zn-C6F5 group
in the precursor allowed the isolation of the Zn-formazan
compound, as the more basic reagent ZnMe2 does result in
rapid deprotonation of the formazan NH group.9

Metal complexes with ligands containing the NH function-
ality have gained importance in catalysis since the NH arm can
serve as an anchor for substrate recognition, thus enhancing
catalyst selective and activity.10 A proton source located at the
proximity of the metal center has been widely investigated in
the proton-coupled electron transfer reduction of small
molecules relevant in energy conversion reactions such as
hydrogen evolution11,12 and CO2 reduction.13−15 It was
proposed to modulate the redox properties, aid in the
stabilization of intermediates, or impact the kinetics due to
the increased local proton concentration. Furthermore,
deprotonation of the NH group is known to modify the
electronic and geometric structure of such complexes.16−18
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Scheme 1. Synthesis of Zn Formazan Species
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Extensive research has focused on the properties and
potential applications of fac-[L,LReX(CO)3] (L = α-diimine)
compounds in medicinal inorganic chemistry,19,20 material
science,21,22 and catalysis.23,24 Particularly, these compounds
have shown to be good candidates for electrochemical CO2
reduction, in which a proton source is required either for
enhancing or triggering the catalytic process.25,26 Mainly, Re-
based bipyridine systems have been reported as catalysts for
CO2 electroreduction, wherein the presence of XH (X = O, N,
C)18,27,28 functionalizations boosts the catalytic effect or
induces other reactivity patterns (Chart 1).29−31 Key to the
catalytic conversion of CO2 to CO by the well-studied
bipyridine Re and Mn complexes is the involvement of the
supporting (‘redox-active’) ligand in the reduction chemis-
try.28,32−34 We hypothesize that replacing the bipyridine ligand
(an aromatic α-diimine) for a redox-active formazan ligand
(formally an amino-substituted α-azoimine) could provide an
avenue to influence the potential at which reduction of the
catalyst occurs.35,36 In addition, such ligands provide access to

flexible coordination modes (hemilability)37 due to the
presence of four nitrogen atoms in the backbone, as well as
proton-responsivity via the NH moiety that is in close
proximity to the metal center, features that are key to the
activity/selectivity of metalloenzymes but challenging to
emulate in synthetic catalysts.38

Herein, we report synthesis of a series of fac-Re-
(CO)3(formazan) complexes and investigate their (electronic)
structures and photophysical properties.

■ RESULTS AND DISCUSSION
Ligand Synthesis. Formazan ligands L1H−L4H were

synthesized according to the procedure reported by Hicks and
coworkers, via aldehyde condensation with phenylhydrazine
followed by a coupling reaction with phenyldiazonium chloride
in a biphasic reaction medium (CH2Cl2/water) under mild
basic conditions.4 Similarly, L5H was prepared using the
methodology previously described by our group, in which the
coupling step is carried out in acetone/water with NaOH as

Chart 1. Representative Examples of Re Complexes Bearing an XH Functionality

Scheme 2. Synthesis of Formazan Ligands

Scheme 3. General Synthesis of Compounds (a) 1−4 and (b) the Mixture of Isomers 5a and 5b
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base (Scheme 2).9 In all cases, the compounds were obtained
in moderate yields after purification (27−54%).
Complex Synthesis. Equimolar amounts of [ReBr(CO)5]

and the corresponding formazan, L1H−L4H, reacted in
refluxing toluene for 1 h to afford complexes 1−4 in moderate
to good yields (28−67%) (Scheme 3a). In all cases, complete
conversion of the starting material was confirmed by 1H NMR
and infrared spectroscopy. The compounds are air-stable solids
with dark red color and are soluble in low to medium polarity
solvents. Complexes 2−4 were isolated as pure materials by
either recrystallization or rinsing with pentane. A minor
impurity was invariably present (1H NMR spectroscopy) in the
isolated material of 1. Attempts to further purify the material
by crystallization were unsuccessful. The reaction of the
asymmetric formazan L5H with [ReBr(CO)5] in refluxing
toluene gave a mixture of two complexes (5a and 5b) based on
1H NMR spectroscopy (Scheme 3b), which differ in the
substituent at the NH position (Mes or Ph). Unsurprisingly,
complexes 5a/b present similar physical properties�dark red
solids soluble in low polarity solvents�that we were unable to
separate, and solution characterization data are reported below
for the mixture.
FT-IR Spectroscopy. The infrared spectra of complexes

1−4 and the mixture 5a/b feature the characteristic pattern for
fac-tricarbonyl species: three intense bands in the ν(CO)
carbonyl region arising from the IR-active 3A normal vibration
modes for complexes with a C1 symmetry (Figure 1). The CO

stretching frequencies for compound 1 are observed at 2035,
1959, and 1923 cm−1 in CH2Cl2 solution. The effect of the
para-substituent on the aromatic ring (R3) is minimal, and
compounds 2−5 show virtually identical IR spectra.
NMR Studies. 1H NMR spectra of 1−4 show a singlet ca.

8.5 ppm assigned to the hydrazo proton, consistent with the
presence of a neutral formazan ligand (see Figure S1a−S4a). In
agreement with the presence of an asymmetric, protonated
formazan ligand, the 13C NMR spectrum shows three distinct
carbonyl resonances between 185 and 192 ppm indicative of
C1 symmetry for these Re complexes. In 13C NMR spectros-
copy, the N-Ph ipso-carbon atoms attached to the formazan
backbone display distinctive chemical shifts. Unequivocal
assignment of these was possible based on an HSQC
experiment where coupling between the hydrazo NH group
and one of the Ph ipso-C resonances was observed. The
resonance of the ipso-C bound to the azo group appears at 157

ppm, which is downfield from both the ipso-C linked to the
NH function located ca. 141 ppm, and the ipso-C of the C-Ar
group (120−125 ppm). Similarly, the N-Ph groups are
inequivalent in the 1H NMR spectrum also at elevated
temperature (80 °C in toluene-d8), suggesting that chemical
exchange by proton transfer between the azo (C-N�N-Ph)
and hydrazo (C�N-NH-Ph) fragments does not readily
occur. This was further corroborated by the absence of
exchange crosspeaks in the 2D EXSY spectrum (80 °C, mixing
time of 0.5 s, Figure S7).

1H NMR analysis of the reaction mixture of complexes 5a/b
indicates the generation of two main products in ratio of
0.7:1.0 with both compounds exhibiting the characteristic NH
proton signal of the neutral formazan ligand at 8.15 and 7.60
ppm, respectively (Figure 2a). Minor signals for another
species were observed (<5%) but not investigated further. For
the two major products, the observation of eight unique
resonances in the aliphatic region of the 1H and 13C NMR
spectra indicates that all CH3 groups are inequivalent: each of
the two products features four signals due to the CH3
substituents at the p-tolyl (1) and mesityl (3) rings. Thus, at
room temperature, the rotation around the N-Mes bond is
slow on the NMR timescale. In the most downfield part of the
13C{1H} NMR spectrum, i.e., between 180 and 200 ppm, there
are six resonances that can be attributed to carbonyl ligands,
which corroborates that both 5a and 5b are tricarbonyl
rhenium complexes (Figure S6). Based on the spectroscopic
data, we assign 5a and 5b as two different isomers with the
composition [(L5H)Re(CO)3Br], which differ in the nature of
the ‘pendant’ (non-coordinating) N-Ar group of the formazan
(see Scheme 3b). Heating an NMR tube containing the
mixture of complexes 5a/b to 80 °C inside the NMR
spectrometer did not significantly change their molar ratio.
Inspection of 2D NMR experiments allowed the assignment of
1H and 13C spectra (see Figure S6). Identification of the m-CH
(Mes) and the m- and o-CH (p-tolyl) protons allowed
establishing of the connectivity in both of the isomeric
compounds present in solution. The 1H,13C correlations in the
HMBC spectrum between the NH fragment and the carbon
atoms that are two and three bonds away indicate that in the
major isomer (5b), the NH group is bound to a mesityl group,
whereas in 5a it is connected to a phenyl group. The greater
shielding effect of mesityl compared to the phenyl group
causes the NH proton of the former to appear at higher field (δ
7.61 ppm in 5b and 8.22 ppm in 5a).

To investigate the dynamics of isomers 5a/b in solution, we
collected a 1H EXSY NMR spectrum at 80 °C in toluene-d8
(Figure 2b). Crosspeaks are observed between the Mes ortho-
CH3 groups within each isomer due to rotation around the N-
Mes bond but not between isomers 5a and 5b. Whereas free
formazans undergo intramolecular proton exchange rapidly
(‘tautomerization’),39,40 the lack of exchange between 5a/b
indicates that the Re−N bonds are non-labile and coordination
to the Re center effectively blocks exchange. This is in
agreement with the data for the symmetrical derivative 4,
which also does not show exchange between the azo and
hydrazo fragments (vide supra). It should be noted however
that the EXSY spectrum does evidence exchange between the
NH groups in 5a/b, which we believe to occur by an
intermolecular pathway instead. This is further corroborated
by the observation of exchange crosspeaks between the NH
protons in 5a/b and residual H2O when the NMR solvent is
not fully anhydrous (Figure S8).

Figure 1. CO stretching bands (ν(CO)) in the FT-IR spectra of
complexes 1−4 and the mixture 5a and 5b in CH2Cl2 solution at rt.
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Additional experiments were conducted to determine
whether intermolecular proton interchange processes also
place in the complexes containing a symmetric formazan
ligand. Partial H/D exchange of the NH proton in complex 4
was achieved by mixing a CDCl3 solution of the aforemen-
tioned complex with D2O. 1H NMR analysis of the resulting
mixture indicated that it was composed of 60% 4D (deuterated
product) and 40% the non-deuterated species 4. The

remaining D2O was subsequently removed by stirring over
MgSO4, the 4/4D mixture was isolated and then reacted with
an equivalent of 2 in C6D6. Monitoring the composition by 1H
NMR spectroscopy showed that the intensity of the NH
resonance of 4 increased (to 72%) in the course of 30 min with
a concomitant decrease of that in 2, confirming that
intermolecular proton exchange is taking place (see Figure S9).

Figure 2. (a) 1H NMR spectrum of the mixture 5a and 5b at room temperature in benzene-d6. (b) EXSY experiment at 80 °C in toluene-d8.

Figure 3. Molecular structures of 3 (left), 4 (middle), and 5b (right) showing 50% of ellipsoids.
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Structural Studies. Crystals suitable for single-crystal X-
ray diffraction were obtained from slow diffusion of pentane
into a CHCl3 solution of compounds 3 and 4, respectively.
The mixture of 5a/b did not crystallize using the same method,
but we were able to obtain a microcrystalline sample from hot
hexane that contained some small needles that were suitable
for X-ray crystallographic characterization. This was identified
as isomer 5b, in which the sterically most demanding Mes
group is situated at the non-coordinated N atom of the ligand;
the solid-state structure observed for this material is consistent
with the major species in solution by NMR spectroscopy.
Analysis of the molecular structures of 3, 4, and 5b shows that
the three compounds are isostructural (see Figure 3 and Table
1 for pertinent bond lengths and angles). The geometry

around the metal center is pseudo-octahedral with the carbonyl
ligands in a facial arrangement. The formazan fragment
coordinates in a bidentate fashion through atoms N1 and
N3, generating a five-membered chelate. Coordination of the
neutral formazan is scarce, only observed in the complex
[L2H]Zn(C6F5)2 previously reported by our group.9 The
formazan bite angles are virtually identical in the three
complexes (3 = 73.04(9)°, 4 = 73.0(2)°, 5b = 72.9(1)°) and
somewhat smaller than the bite angle reported for the
[L2H]Zn(C6F5)2 complex (74.23(13)°). The C7−N2 and
C7−N3 bond lengths are different from each other, the
magnitude of the C7−N3 bond lies in between the typical
values for C−N single and double bonds (−C(sp2)−N− =
1.355 Å; −C(sp2)�N− = 1.279 Å), while the C7−N2 bond
length indicates a single bond character. The N1−N2 bond
length is longer than a N�N double bond (−N�N− = 1.240
Å) and smaller than a N−N single bond (−N−N− = 1.425
Å).41 The metallacycle is not fully planar as the Re atom is
displaced out of the ligand plane (N1−N2−C7−N3) by
0.213−0.393 Å. The dihedral angle between the ligand plane
and a phenyl group in the R1 position is similar in complexes 3
(50.67°) and 4 (51.12°). Changing the R1 substituent for the
bulkier mesityl group (5b) causes a rotation out of the ligand
plane by almost 30° resulting in a dihedral angle of 79.52° that
prevents steric interactions between the Mes substituent and
the equatorial CO ligand. The structure indicates that rotation
around the N-Mes bond cannot occur freely due to these steric
interactions, which is in agreement with the solution NMR
data discussed above. The Re1−N1 bond length to the azo

moiety is virtually the same in the three complexes (2.099−
2.126 Å) but it is shorter than the Re−N(azo) bond length
reported for the related [ReBr(CO)3(azopyridine)]42 complex
(2.156(3) Å). The Re1−N3 bond lengths are in accordance
with the typical Re−N(imine) bond distances (2.173−2.185 Å
in compounds 3−5 vs 2.173(3) Å in [ReBr(CO)3(6-
methoxipyridine-2-yl)-N-(2-methylthiophenyl)methanimine)],
respectively).43 The unusually short Re−N1(azo) bond length
reflects that π-backdonation from the Re center to the azo
group is more pronounced in the formazan species than in
azopyridine complexes.44 The π-acceptor capabilities of the azo
ligand are also reflected in the Re−carbonyl bond lengths. The
Re−C20 bond length, trans to the azo group, is longer than the
Re−C21 bond length. This is consistent with the considerable
π-acidity of the azo group,45,46 which appears to be more
significant in our formazan complexes than in the correspond-
ing azopyridine analogues.42

UV−vis Spectroscopy. The electronic spectra of com-
plexes 1−4 and the mixture of complexes 5a/5b were
measured at 25 °C in toluene (c ≈ 10−5 M), Figure 4. Their

corresponding data are summarized in Table 2. Compounds
1−4 show similar features: an intense band in the range of
490−510 nm with maximum molar absorptivities from 18,000
to 28,000 M−1 cm−1. DFT calculations and comparison to
literature data allows us to assign this band to electronic
excitations that are Re(dπ) → azo(π*)42 MLCT and formazan
π → π* in nature.9 A band of lower intensity in the range of

Table 1. Selected Metrical Parameters for 3, 4, and 5b
(Bond Lengths in Å, Angles in °)

3 4 5b

Re1−Br1 2.5977(3) 2.6236(7) 2.5946(6)
Re1−N1 2.126(2) 2.099(6) 2.122(3)
Re1−N3 2.173(3) 2.185(5) 2.174(4)
Re1−C20 1.955(3) 1.955(6) 1.957(5)
Re1−C21 1.921(3) 1.919(5) 1.916(6)
Re1−C22 1.941(2) 1.918(6) 1.964(4)
N1−N2 1.298(3) 1.291(7) 1.293(5)
C7−N2 1.363(4) 1.382(7) 1.364(8)
C7−N3 1.330(4) 1.319(8) 1.326(5)
N3−N4 1.343(4) 1.324(8) 1.343(7)
Br1−Re1−C22 178.02(9) 176.8(2) 178.6(2)
N1−Re1−C20 170.3(1) 168.7(2) 170.2(2)
N3−Re1−C21 166.5(1) 169.7(2) 170.3(2)
N1−Re1−N3 73.04(9) 73.0(2) 72.9(1)

Figure 4. Absorption spectra for compounds 1−4 and 5a/b in
toluene solution.

Table 2. UV−vis Absorption Data

compound λmax (nm) ε (M−1·cm−1) λmax (nm) ε (M−1·cm−1)

1 356 16,500 490 18,100
2 353 15,300 485 19,400
3 375 10,500 509 14,100
4 353 15,300 495 27,000
5a/b 452

∼520a

aApproximate band position due to its appearance as a shoulder on
the more intense absorption of the other isomer.
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330−400 nm (ε =15,000−16,500 M−1 cm−1) is observed in all
compounds. While bands at similar energies are typically
assigned to metal-to-ligand charge transfer in related
compounds,47,48 time-dependent DFT calculations for 4
instead indicate little involvement of the Re d-orbitals in this
transition (vide inf ra). Overall, the λmax values of 1, 2, and 4 do
not differ significantly, suggesting that the substituent at the
para-position of the N-Ar rings has little influence on the
energy of the electronic transitions, which is in line with the
notion that the acceptor orbital in these transitions is a
formazan π*-orbital that is relatively insensitive to the para-
substituent. In the case of complex 3, λmax is slightly red-shifted
(509 nm) compared to complex 1 (490 nm), indicating that
the involvement of the π-donating OMe group on the
conjugated system is noticeable. When the spectrum of 4
was recorded in acetonitrile, a modest hypsochromic shift was
observed (λmax

AcCN = 483 nm (Figure 6a); λmax
Toluene = 495 nm),

showing that these species manifest a small, negative
solvatochromism. Comparing λmax values to those reported
for complexes with anionic formazanate ligands,9,49,50 the
absorption maxima in 1−4 are blue-shifted due to a smaller
extent of π-conjugation within the backbone of the neutral
ligands compared to the fully delocalized anions. The mixture
of complexes 5a/b features two intense bands at 520 and 452
nm derived from the MLCT and π−π* formazan electronic
transitions and a shoulder at 350 nm. Overall, the influence of
the substituents on the lowest energy band is more
pronounced when they are located at the N�N and NH
formazan positions, similar to what was observed in complexes
with anionic formazanate ligands.6 Clearly, the nature of
electronic absorptions for the two isomers 5a/b is quite
distinctive, as is manifested by the significant shift in λmax.
Density Functional Theory (DFT) Calculations. For

representative complexes 4 and 5a/b, geometry optimizations
were carried out in the ground state using density functional
theory (DFT; MN15L51 functional and def2-TZVP52 basis
set) using the crystallographic coordinates as a starting point.
The geometries were confirmed to be minima on the potential
energy surface by frequency calculations (no imaginary
frequencies); the resulting structures are in good agreement
with the metrical parameters obtained from X-ray diffraction
(complexes 4 and 5b), albeit that the Re−Br and hydrazo N−
N bonds are slightly overestimated (Tables S2 and S3).
Analysis of the frontier orbitals at the optimized geometry of 4
showed that the HOMO is mainly localized on the
[ReBr(CO)3] core and is composed of a Re dπ orbital that is
antibonding with a bromine p orbital and π-bonding with the
CO ligand located trans to Br. The HOMO level also contains
some ligand character (the hydrazo-phenyl fragment). On the
other hand, the LUMO is primarily a π*-orbital of the
formazan framework, with a minor Re 5d character (Figure
S10).

The optimized structures of 5a and 5b are overall similar,
but the variation in the position of the Mes group (on the azo
or hydrazo N-atom, respectively) leads to somewhat different
frontier orbitals. While those of 5b are similar to 4, the HOMO
of 5a has noticeably smaller formazan contribution (Figures
S12 and S14). The relative stability between the isomeric
forms 5a and 5b was also evaluated based on these DFT
calculations. Using the gas phase geometries, the Gibbs free
energy difference between both compounds was computed in
toluene solution using the solvation energies from SMD
calculations and found to be 1.6 kcal/mol at room temper-

ature, with 5b being the most stable isomer. Qualitatively, the
trend in relative stability is consistent with our empirical data
since compound 5b is the predominant species in the reaction
mixture according to the NMR integration. It should be noted
that it is also possible that the 5a/5b ratio found
experimentally is kinetically controlled as no interconversion
between both isomers was observed.

Time-dependent density functional theory (TDDFT)
calculations were carried out on complex 4 as a representative
example. Relevant excitations were analyzed in more detail
using natural transition orbital calculations (NTOs) to provide
insight into their nature. According to the calculations, the
three lowest-energy transitions in 4 (λcalc = 645, 539 and 526
nm) all have small oscillator strength and involve transitions
from orbitals centered on the [ReBr(CO)3] fragment (π*(Re-
Br) and (π(Re-CO)) into the formazan π*-orbital. The fourth
excited state, with the highest oscillator strength in the visible
range (λcalc = 487 nm; λmax,exp = 495 nm, Figure S11a-b), has a
more pronounced formazan (intraligand) π−π* character,
involving an occupied azo π-orbital as the donor (see Table S4
for the corresponding NTO), but also here the contribution of
metal-based orbitals is still clearly noticeable. Thus, in all
excitations in the visible range, there is extensive mixing
between the metal and ligand orbitals in the ground and
excited states, which results in electronic transitions of mixed
nature: all show contributions from MLCT Re(dπ) →
formazan(π*), LLCT Br(p) → formazan(π*), and ILCT
azo(π) → formazan(π*) excitations. The strong metal−ligand
orbital mixing results in reduced charge transfer character in
the MLCT bands, which is reflected in the minor influence of
solvent polarity (toluene vs acetonitrile) on the empirical
electronic absorption spectrum (vide supra).53 Similar to the
absorptions in the visible range, analysis of the NTOs of the
higher energy transitions shows that these involve the
formazan π*-orbital as the acceptor and are also highly
mixed in character.

TDDFT calculations were performed on the optimized
structures of complexes 5a/b to understand the impact of the
pendant R1/R5 arms on the electronic transitions. The intense
low-energy absorption is computed to be shifted to higher
energy for 5a (444 nm) compared to 5b (489 nm), see Figures
S13 and S14, respectively. This is in agreement with the
empirical UV/vis spectrum, which shows two distinct bands at
452 and 520 nm for the 5a/b mixture. As in 4, the natural
transition orbital pair for the main low-energy excitation in 5b
consists of a ‘hole’ NTO on the [ReBr(CO)3] core, whereas
the excited electron (‘particle’ NTO) consists primarily of the
π* formazan orbital. A comparison of the NTOs for 5a and 5b
shows that the main difference between the two isomers is
found in the hole NTO (Figure 5), which has a higher
formazan contribution in 5a. Based on the optimized
geometries, the orientation of the azo-NAr ring changes
upon swapping the aryl groups on the nitrogen atoms (Ph/
Mes): the angle between the plane defined by the five-
membered chelate ring and the Mes-substituent is 73.77° in
5a, whereas the corresponding angle with the Ph-substituent in
5b is only 39.28°. To test our hypothesis that the orientation
of the azo-NAr group has a major impact on the spectral
properties, we took the geometry of 5b and rotated the N-Ph
group out of the ligand plane to be in the same orientation as
the N-Mes group in 5a. This structure is labeled 5b_rot. The
main visible band in the TDDFT spectrum calculated at the
5b_rot geometry is blue-shifted by 30 nm (1342 cm−1)
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compared to 5b, but the other transitions remain at similar
energies (Figure S17). An analysis of the orbital mixing
between the azo-NAr ring and the rest of the ligand π-system
confirms that rotating the Ar ring out of the plane disrupts
conjugation (Table S7), and thus we conclude that this is
responsible for the spectral shift observed.
Luminescence Spectroscopy. The emission spectrum of

4 measured at room temperature in acetonitrile using an
excitation wavelength of 320 nm shows a broad featureless
emission band at 380 nm (Figure 6a). The excited state
showed a monoexponential decay (λex = 370 nm) with a
lifetime (τ) of 3.69 ns under a N2 atmosphere, which does not
appreciably change under O2 (τ = 3.60 ns) (see Figure S19).
Furthermore, the excitation spectrum (λem = 380 nm) exhibits
a broad band centered at 310 nm (Figure 6b). In contrast to
the majority of fac-[ReX(CO)3(L,L)] complexes with
bidentate N-donor ligands (e.g., α-diimines), which typically
show emission at higher wavelengths (400−600 nm),54,55 this
data shows that the triplet (metal−ligand or ligand-centered)56

excited states typical for the photoluminescence of fac-
[ReX(CO)3(L,L)] compounds57 are non-emissive in formazan
Re(I) species. This also stands in contrast to complexes with
anionic formazanate ligands, which show highly tunable
emission with large Stokes shifts at much lower energies.58−60

■ CONCLUSIONS
We described the straightforward synthesis of the first
complexes bearing the neutral formazan ligand toward a
group 7 metal. The fac-(CO)3ReBr(formazan) complexes
obtained contain a five-membered chelate ring, in which the
ligand binds via the nitrogen atoms of the azo (N�N-Ar) and
hydrazo (C�N-NHAr) groups, which leaves a pendant acidic
(exchangeable) NH moiety in close proximity to the metal
center. Structural and spectroscopic data demonstrate that the
formazan ligand is tightly bound to the metal center, which is
due to the strong π-acceptor character of the ligand. The effect
of ligand substituents on the properties of the complexes is
only minor, but the preparation of an asymmetric derivative
with a N-Mes substituent demonstrates that changes in the
sterics shift the electronic absorption spectrum due to changes

in the conjugation within the ligand. Computational studies at
the DFT level confirm a high degree of covalency in the metal-
formazan interaction and highly mixed metal−ligand character
of the frontier orbitals, which is sensitive to the degree of
conjugation within the ligand as demonstrated by sterically
switching ‘off’ π-interactions in the derivative with a N-Mes
group (compound 5a). Unlike many fac-[ReX(CO)3(L,L)]
compounds (L,L = α-diimine ligands) reported in the
literature, our formazan complexes are only weakly lumines-
cent in the near-UV (λem = 380 nm), and emission from the
lower-energy excited states is not observed. In ongoing work,
we are investigating the possibility of using the proton-
responsive nature of the NH group (i.e., formazan/
formazanate interconversion) in ‘cooperative’ reactivity of
this type of complexes.

■ EXPERIMENTAL SECTION
General Considerations. All work�except ligand synthesis�

was conducted under a nitrogen atmosphere using conventional
Schlenk and vacuum-line techniques. Pentane and toluene (Aldrich,
anhydrous. 99.8%) were passed over columns of Al2O3 (Fluka) and
BASF R3-11-supported Cu oxygen scavengers. [ReBr(CO)5] was
prepared according to the published procedures61 from [Re2(CO)10]
(Aldrich, 98%) and Br2 (Aldrich, 98%). The ligands 1,5-diphenyl-3-p-
tolylformazan (L2H), 1,5-diphenyl-3-p-methoxyphenylformazan
(L3H), and 1,5-diphenyl-3-p-flourophenylformazan (L4H) were

Figure 5. Natural transition orbitals for the highest-intensity
excitation in the visible (isovalue = 0.05) for (a) 5a and (b) 5b
represented as a hole → electron.

Figure 6. (a) Normalized absorption and emission spectra of 4 in
MeCN recorded at λexc = 320 nm; (b) excitation spectrum of 4 in
MeCN. The data were collected at room temperature.
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synthesized using the methodology reported by Hicks and cow-
orkers.4 Particularly, 5-mesityl-1-phenyl-3-p-tolylformazan (L5H) was
prepared using a modified procedure published by our group.9 1,3,5-
Triphenylformazan (L1H, TCI, 92%), p-tolualdehyde (Aldrich 97%),
4-methoxybenzaldehyde (Aldrich, 98%), 4-fluorobenzaldehyde (Al-
drich, 98%), phenylhydrazine (Aldrich, 99%), aniline (Aldrich 99%),
sodium nitrite (Aldrich, 99%), sodium carbonate (Aldrich, 99.5%),
and [NBu4]Br were used as received. CHCl3 (Aldrich, 99%) and
CDCl3 (Aldrich, 99.8 atom %D) were used without further
purification.

NMR spectra were measured on Mercury 400, Varian Inova 500, or
Bruker 600 MHz spectrometers. Residual solvent signals were used as
internal reference for 1H and 13C spectra and reported in ppm relative
to TMS (0 ppm). Complete assignments were based on two-
dimensional experiments (COSY, HSQC, HMBC) using standard
pulse sequences. FT-IR spectra were collected in DCM solution on a
JASCO 4700 series FT-IR spectrometer in transmission mode using a
liquid cell with CaF2 windows. UV−vis spectra were recorded in
toluene solution on an Agilent Technologies 8453 UV−vis
spectrophotometer. Luminescence spectroscopy were measured on
a Fluorolog-3 spectrometer from HORIBA Jobin Yvon.

X-ray diffraction data were collected at 100 K on a Bruker D8
Venture diffractometer with a Mo Kα (λ = 0.71073 Å) (compounds 3
and 4) or Cu Kα (λ = 1.54178 Å) (compound 5b) radiation source.
Crystal structures were refined using the SHELXL62 software (Table
3). Non-hydrogen atoms were refined anisotropically.
Computational Details. Density functional theory (DFT)

calculations were carried out in Gaussian 16 Revision C.0263 software
and visualized using Gaussview 664 or Avogadro.65 Geometry
optimizations in the ground state were performed in the gas phase
at a MN15L51 level of theory combined with a triple ζ-basis set:
def2tzvp.52 The carbonyl frequency values were scaled using a factor

of 0.957866 (see Table S1). TDDFT calculations were performed on
the optimized structures at the CAM-B3LYP/def2tzvp level of theory.
The solvent effect was simulated using the continuum polarized
model (CPM).67

Procedure for the Synthesis of Complexes 1−4. Equimolar
amounts of [ReBr(CO)5] and the corresponding ligand were poured
into a two-necked round bottom flask and dissolved in 20 mL of
toluene. The reaction was heated up at reflux for 1 h observing that
the mixture darkened upon completion. The solvent was evaporated
to dryness. Specific details for the purification of the entitled
complexes are mentioned below.
1 (C22H16BrN4O3Re). [ReBr(CO)5] (0.0934 g, 0.230 mmol), L1H

(0.06938 g, 0.230 mmol). Work-up: 5 mL of pentane was added to
the mixture, and the crude was stirred for 30 min allowing the
formation of a dark-crimson solid material. The compound was
filtered out and rinsed with pentane (3 × 5 mL). (41.8 mg, 27.9%).
1H NMR (CDCl3, 25 °C, 400 MHz) δ/ppm: 7.30 (d, 2 H,3J = 8 Hz,
Ph-NH o-H), 7.39 (t, 1 H,3J = 8 Hz, Ph-NH p-H), 7.45−7.57 (m, 5H,
Ph-NH m-H, Ph-N�N m-H, Ph-NC p-H), 7.64 (m, 3H, Ph-NC m-
H, Ph-N�N p-H,) 7.84 (d, 2 H,3J = 8 Hz, Ph-NC o-H), 7.89 (d, 2
H,3J = 8 Hz, Ph-N�N o-H), 8.58 (s, 1 H, NH). 13C{1H} NMR
(CDCl3, 25 °C, 150 MHz) δ/ppm: 123.21 (Ph-NH o-CH), 123.95
(Ph-N�N o-CH), 127.90 (Ph-NH p-CH), 128.48 (Ph-CN ipso-C),
128.93 (Ph-CN o-CH), 129.31 (Ph-N�N m-CH), 129.39 (Ph-NH
m-CH), 130.10 (Ph-CN m-CH), 131.69 (Ph-N�N p-CH), 131.86
(Ph-CN p-CH), 140.83 (Ph-NH ipso-C), 157.20 (Ph-N�N ipso-C),
164.65 (NCN C), 185.33 (CO trans Br C), 192.35 (CO trans Ph-
NH-N C), 192.89 (CO trans Ph-N�N C). IR(CH2Cl2) ν(CO)/
cm−1: 2035(s), 1959(s), 1923(s). MS (FAB+) (m/z): [MH + 2]+ =
653, [MH]+ = 651, [MH-CO]+ = 623, [MH-3CO]+ = 567. HRMS
(ESI +) (m/z): Calcd. for [MH] + = 651.004167. Found =
651.00337. [MH-3CO]+ = 567.01942. Found = 567.01817.

Table 3. Crystallographic Data for 3, 4, and 5b

3 4 5b

chemical formula C23H18BrN4O4Re C22H15BrFN4O3Re C26H24BrN4O3Re
Mr 680.52 668.49 706.6
cryst syst triclinic monoclinic triclinic
color, habit purple, needle purple, needle purple, block
size (nm) 0.42 ×0.13× 0.04 0.70 × 0.170 × 0.060 0.40 × 0.33 × 0.20
space group P1̅ (No.2) P21/n (No.14) P1̅ (No.2)
a (Å) 9.0463(6) 10.095(2) 9.9235(12)
b (Å) 11.0459(7) 18.586(6) 10.9196(13)
c (Å) 12.7033(8) 12.219(4) 13.0134(15)
α (deg) 107.379(2) 90 77.085(4)
β (deg) 94.935(3) 107.191(8) 72.218(4)
γ (deg) 103.227(2) 90 75.163(4)
V (Å3) 1162.89(13) 2190.1(11) 1281.7(3)
Z 2 4 2
ρcalc (g·cm−3) 2.302 2.027 1.831
radiation, λ (Å) Mo, Kα, 0.71073 Mo, Kα, 0.71073 Cu, Kα, 1.54178
μ(Mo, Kα) (mm−1) 8.777 7.413 11.384
F(000) 750 1272 684
temp (K) 100(2) 100(2) 100(2)
θ range (deg) 3.028−27.191 3.044−27.200 3.612−70.304
data collected (h, k, l) −11:11, −14:14, −16:16 −12:12, −23:23, −15:15 −12:12, −13:13, −15:15
no. of reflns collected 45,523 27,390 21,942
no. of indep reflns 5166 4818 4526
obsd reflns Fo ≥ 2.0σ(Fo) 4966 4288 4396
R(F) [obsd reflns] (%) 1.78 2.81 2.19
Rw(F2) [all reflns] (%) 5.24 6.13 5.51
GOF 1.051 1.192 1.119
weighting a, b 0.03300, 1.26140 0.0000, 12.4515 0.0000, 2.9889
params refined 303 293 324
min, max residual densities −1.04, 1.32 −1.61, 1.82 −0.83, 0.85
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2 (C23H18BrN4O3Re). [ReBr(CO)5] (0.1235 g, 0.304 mmol), L2H
(0.0959 g 0.305 mmol). Work-up: similar to the procedure described
above. (93.3 mg, 46.0%). 1H NMR (CDCl3, 25 °C, 600 MHz) δ/
ppm: 2.47 (s, 1 H, CH3), 7.29 (d, 2 H,3J = 8 Hz, Ph-NH o-H), 7.38
(t, 1 H,3J = 7 Hz, Ph-NH p-H), 7.43−7.56 (m, 7H, Ph-NH m-H, Ph-
N�N m-H, p-tol m-H, Ph-N�N p-H), 7.74 (d, 2 H,3J = 8 Hz, p-tol
o-H), 7.88 (d, 2 H,3J = 7 Hz, Ph-N�N o-H), 8.56 (s, 1 H, NH).
13C{1H} NMR (CDCl3, 25 °C, 150 MHz) δ/ppm: 21.71 (CH3),
123.11 (Ph-NH o-CH), 123.97 (Ph-N�N o-CH), 125.58 (p-tol ipso-
C), 127.75 (Ph-NH p-CH), 128.85 (p-tol o-CH), 129.29 (Ph-NH m-
CH), 129.40 (Ph-N�N m-CH), 130.72 (p-tol m-CH), 131.65 (Ph-
N�N p-CH), 140.96 (Ph-NH ipso-C), 142.49 (p-tol p-C), 157.24
(Ph-N�N ipso-C), 165.02 (NCN C), 185.37 (CO trans Br C),
192.40 (CO trans Ph-NH-N C), 192.88 (CO trans Ph-N�N C).
IR(CH2Cl2) ν(CO)/cm−1: 2035(s), 1959(s), 1924(s). MS (DART+)
(m/z): [MH + 2]+ = 667, [MH]+ = 665, [MH-CO]+ = 637, [MH-
2CO]+ = 609, [MH-3CO]+ = 581. HRMS (ESI+) (m/z): Calcd. for
[MH] + = 665.01982. Found = 665.01917 [MH-3CO]+ =
581.035072. Found = 581.03365.
3 (C23H18BrN4O4Re). [ReBr(CO)5] (0.0930 g, 0.229 mmol), L3H

(0.0758 g, 0.229 mmol). Work-up: the compound was recrystallized
by slow diffusion of 15 mL of pentane into 5 mL of a DCM solution
of 3. The system was kept in the freezer for 1 day allowing the
formation of crystalline material. The solid was washed with 3 × 5 mL
of pentane. (105 mg, 67.07%). 1H NMR (CDCl3, 25 °C, 600 MHz)
δ/ppm: 3.88 (s, 1 H, CH3O H), 7.10 (d, 2 H,3J = 8 Hz, p-CH3OPh
m-H), 7.27 (d, 2 H,3J = 8 Hz, Ph-NH o-H), 7.35 (t, 1 H,3J = 8 Hz, Ph-
NH p-H), 7.45 (t, 2H,3J = 8 Hz, Ph-N=N m-H), 7.49 (t, 2H,3J = 8
Hz, Ph-NH m-H), 7.53 (t, 1H,3J = 7 Hz, Ph-N�N p-H), 7.81 (d, 2
H,3J = 6 Hz, p-CH3OPh o-H), 7.88 (d, 2 H,3J = 8 Hz, Ph-N�N o-H),
8.47 (s, 1 H, NH). 13C{1H} NMR (CDCl3, 25 °C, 150 MHz) δ/ppm:
55.64 (CH3O, C), 115.39 (p-CH3OPh m-CH), 120.64 (p-CH3OPh
ipso-C), 122.80 (Ph-NH o-CH), 123.96 (Ph-N�N o-CH), 127.52
(Ph-NH p-CH), 129.29 (Ph-NH m-CH), 129.41 (Ph-N�N m-CH),
130.82 (p-CH3OPh o-CH), 131.68 (Ph-N�N p-CH), 141.14 (Ph-
NH ipso-CH), 157.26 (Ph-N�N ipso-C), 162.17 (p-CH3OPh p-C),
165.25 (NCN C), 185.38 (CO trans Br C), 192.40 (CO trans Ph-
NH-N C), 192.92 (CO trans Ph-N�C C). IR(CH2Cl2) ν(CO)/
cm−1: 2034(s), 1958(m), 1923(s). MS (DART+) (m/z): [MH + 2]+

= 683, [MH]+ = 681, [MH-CO]+ = 653, [MH-2CO]+ = 625, [MH-
3CO]+ = 597. Anal. Calcd. For (C23H18BrN4O4Re): C 40.59, H 2.67,
N 8.23; found C 39.81, H 2.59, N 7.90.
4 (C22H15BrFN4O3Re). [ReBr(CO)5] (0.0951 g, 0.234 mmol),

L4H (0.0745 g, 0.234 mmol). Work-up: after solvent evaporation, the
crude was recrystallized by diffusion of pentane into a CHCl3 solution
at −30 °C. The crystalline material was filtered out and rinsed with 3
× 5 mL of pentane. (96 mg, 61.3%). 1H NMR (CDCl3, 25 °C, 600
MHz) δ/ppm: 7.32 (d, 2H,3J = 8 Hz, Ph-NH o-H), 7.35 (t, 2H,3JH‑H
= 8 Hz,3JH‑F = 8 Hz, p-FPh m-H), 7.41 (t, 1H,3J = 7 Hz, Ph-NH p-H),
7.49 (t, 2H, ,3J = 8 Hz, Ph-NH m-H), 7.54 (t, 2H,3J = 8 Hz, Ph-N�N
m-H), 7.58 (t, 1H,3J = 7 Hz, Ph-N�N p-H), 7.90 (m, 4H, Ph-N�N
o-H, p-FPh o-H), 8.42 (s, 1H, NH). 19F NMR (CDCl3, 25 °C, 565
MHz) δ/ppm: −105.92 (m, p-FPh F). 13C{1H} NMR (CDCl3, 25 °C,
150 MHz) δ/ppm: 117.38 (2JC‑F = 22 Hz , p-FPh m-CH), 122.88
(Ph-NH o-CH), 123.94 (Ph-N�N o-CH), 124.74 (4JC‑F = 3 Hz, p-
FPh ipso-C), 127.85 (Ph-NH p-CH), 129.36 (Ph-N�N m-CH),
129.47 (Ph-NH m-CH), 131.51 (3JC‑F = 9 Hz, p-FPh o-CH), 131.80
(Ph-N�N p-CH), 140.92 (Ph-NH ipso-C), 157.30 (Ph-N�N ipso-
C), 164.39 (JC‑F = 253.5 Hz, p-FPh p-C), 164.26 (NCN C), 185.25
(CO trans Br C), 192.14 (CO trans Ph-NH-N C), 192.63 (CO trans
Ph-N�C C). IR(CH2Cl2) ν(CO)/cm−1: 2036(s), 1961(s), 1925(s).
MS (DART +) (m/z): [MH]+ = 669, [M-CO]+ = 641, [M-3CO] =
585. Anal. Calcd. For (C22H15BrFN4O3Re): C 39.53, H 2.26, N 8.38;
found C 39.12, H 2.04, N 8.29.
5a and 5b (C26H24BrN4O3Re). [ReBr(CO)5] (0.0886 g, 0.22

mmol) and L5H ( 0.0778 g, 0.022 mmol) were dissolved in 20 mL of
toluene and heated in refluxing toluene for 2.5 h. An oily material was
afforded after removal of the volatiles; then, the crude was triturated
with 5 mL of pentane, yielding a dark solid. (95 mg, 61.5%). 1H NMR
(CDCl3, 25 °C, 600 MHz) δ/ppm: (5a) 1.99 (s, 3H, p-tol p-CH3),

2.05 (s, 3H, Mes-N�N p-CH3), 2.07 (s, 3H, Mes-N�N o-CH3),
2.81 (s, 3H, Mes-N�N o-CH3), 6.64 (s, 1H, Mes-N�N m-H), 6.71
(s, 1H, Mes-N�N m-H), 6.82 (d, 2H, ,3J = 6 Hz, Ph-NH o-H), 6.93
(m, 3H, Ph-NH p-H, p-tol m-H), 7.05 (t, 2H,3J = 6 Hz, Ph-NH m-H),
7.68 (d, 2H,3J = 6 Hz, p-tol o-H), 8.22 (s, 1H, NH). (5b) 2.05 (s, 3H,
Mes-NH p-CH3), 2.05 (s, 3H, Mes-NH o-CH3), 2.09 (s, 3H, p-tol p-
CH3), 2.41 (s, 3H, Mes-NH o-CH3), 6.70 (s, 2H, Mes-NH m-H),
6.93 (m, 3H, Ph-N�N p-H, m-H), 6.99 (d, 2H,3J = 6 Hz, p-tol m-H),
7.47 (d, 2H,3J = 6 Hz, p-tol o-H), 7.61 (s, 1H, NH). 7.85 (m, 2H, Ph-
N�N o-H). 13C{1H} NMR (CDCl3, 25 °C, 150 MHz) δ/ppm: (5a)
17.80 (Mes o-CH3), 20.42 (Mes o-CH3), 20.80 (Mes p-CH3), 21.37
(p-tol p-CH3) , 121.53 (Ph o-CH), 126.68(p-tol p-C), 126.94 (Ph m-
CH), 128.6 (Mes m-C), 129.24 (p-tol o-CH), 129.47 17 (Mes o-C),
130.17 (Mes m-C), 130.48 (p-tol m-CH), 131.17 (Mes o-C), 138.18
(Mes p-C), 142.20 (Ph ipso-C), 142.20 (p-tol ipso-C) , 155.20 (Mes
ipso-C), 167.11 (NNCN C), 186.34 (CO trans Br C), 192.25 (CO
trans Mes-N�N C), 193.04 (CO trans PhN-NH C). (5b) 18.61
(Mes p-CH3), 19.56 (Mes o-CH3), 21.14 (Mes o-CH3), 21.33 (p-tol
p-CH3), 124.09 (Ph o-CH), 129.14 (p-tol p-C), 129.43 (p-tol o-CH),
129.49 (Mes m-C), 129.93 (Mes m-C), 130.94 (p-tol m-CH), 131.23
(Ph m-CH), 136.53 (Mes ipso-C), 137.70 (Mes o-C), 137.89 (Mes o-
C), 140.68 (Mes p-C), 141.79 (p-tol ipso-C), 157.15 (Ph ipso-C),
161.04 (NNCN C), 184.77 (CO trans Br C), 192.29 (CO trans Mes-
NH C), 194.16 (CO trans Ph-N=N C). IR(CH2Cl2) ν(CO)/cm−1:
2036(s), 1959(s), 1922(s). MS (DART+) (m/z): [MH + 2]+ = 709,
[MH]+ = 707, [MH-CO]+ = 678, [MH-3CO]+ = 623. HRMS (ESI+)
(m/z): Calcd. for [MH] + = 707.06677. Found = 707.06667. [MH-
2CO]+ = 651.07684. Found = 651.07610. [MH-3CO]+ = 623.08193.
Found = 623.08092.
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