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Abstract 

 

Reverse combustion is a process converting CO2 into its different reduced/hydrogenated forms 

while, ideally, oxygen is being released. Understanding how CO2 is interacting/reacting with vanadium 

(main component in the CB of m-BiVO4) in different oxidation states was our main goal. In this thesis 

we have attempted to contribute to the ongoing efforts for overcoming the formidable challenges 

posed by H2 production and CO2 activation. 

In the process to prove the role of each metal during a reverse combustion process mediated 

by m-BiVO4, several strategies were followed to prepare pure monoclinic BiVO4 using different starting 

materials (Chapter 2). Hydrothermal processes in an autoclave were determined as the most efficient 

way to obtain m-BiVO4. Photoirradiation experiments were performed in-situ and analyzed by EPR, 

demonstrating that a photoexcited species was generated. EPR spectra were compared with VO2, which 

suggested that one electron is being transferred from the VB to the CB in the photoexcitation process, 

in this case forming a vanadium(IV). This experiment suggested that the reduction process of CO2 is 

possibly occurring through a one-electron transfer process. Several attempts were made unsuccessfully 

to prepare a bismuth vanadate-like compound containing only vanadium(IV) in its structure. Bi4V2O10 

was obtained where the vanadium atom was present in a lower oxidation state but with different Bi/V 

ratio than in BiVO4. This species does not present any photo-catalytic activity. Instead, it presented mild 

reactivity in hydrogen formation from formaldehyde in basic media. Photocatalytic experiments on 

pure m-BiVO4 in the presence of water and CO2 were performed and methanol was obtained as a 

product. In this process, vanadium leached out from the structure affording a mixture of V(IV) and V(V). 

On the surface of the remaining m-BiVO4, Bi2O4−x was deposited as a result of the loss of vanadium. 



iii 
 

The initial idea behind the preparation of a compound different to BiVO4 was to produce a new 

photocatalyst that preserves the electronic characteristics of vanadium(V) as well as being a 

semiconductor (Chapter 3). In addition, a higher oxidation state than the vanadium +5 could provide 

longer electron-hole recombination times and increase lifetime of the photogenerated electrons. By 

having a +6-oxidation state, such as provided by a Cr atom, it could give a better chance to improve the 

reduction of CO2 by facilitating oxygen release. Unfortunately, photochemical activity was not observed 

under any conditions. On the other hand, both monoclinic and orthorhombic BiOHCrO4 were tested for 

formic acid thermal decomposition. These two unique crystal structures were analyzed by single crystal 

XRD. The monoclinic isomer displays a much higher thermal resilience and was chosen for the 

degradation of formic acid studies. During the process, an active species of BiCrO4 was formed and 

identified. 

When using vanadium aryloxide compounds in an oxidation state lower than +5 as possible 

reagents to reduce CO2, interesting results were obtained (Chapter 4). These compounds were 

prepared aiming at mimicking the reduction of CO2 as performed by hypothetically formed lower valent 

vanadium.  

As presented in chapter 2, during the photoirradiation of BiVO4 a new vanadium species is 

formed. EPR experiments indicated that it could be V(IV). As a result, while vanadium(IV) showed 

negligible reduction/interaction with CO2, vanadium(III) aryloxide was a powerful reductant. 

Experiments attempting to control the electron transfer to CO2 resulted in two different outcomes. 

Firstly, a two-electron transfer from the metal center to CO2 was obtained affording CO and vanadyl(V) 

tris-aryloxide. Secondly the introduction of a halogen in the metal coordination sphere of a 

vanadium(III) compound triggered a radical behavior.  
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The use of a compound of vanadium(II) with polydentate oxygen-donor based ligand still 

yielded CO. However, an intermediate V-O-V moiety was formed in turn performing radical H atom 

extraction from the solvent through an unprecedented pattern of reactivity. DFT calculations confirmed 

the nature of the electronic transfer and the formation of V-O-V that acted as an intermediate for the 

second CO2 interaction. 

We successfully arrested the reaction to isolate an intermediate and an unprecedented 

(ONNO)V(OH)-OCO compound was isolated and fully characterized. This CO2 complex provide the 

second example of a linearly end on bonded CO2 and the first case of such a bonding mode to a 

transition element. 

A further study of the reactivity of the vanadium trivalent state was carried out by modifying 

the ligand to H2ONOO and secondly, by introducing a Cl atom as in LV-Cl (L = ONNO or ONOO) to enable 

the formation of derivative such as p-methoxy-phenoxide and methoxide ligands via simple ligand 

substitution. 

Unfortunately, the (ONOO)2- ligand quenched the reducing power such that no reaction was 

observed with CO2. Halogen replacement afforded (ONNO)V(p-methoxy-phenoxide)(THF) which 

displayed no reactivity with CO2, but once the p-methoxy-phenoxide ligand was replaced by a 

methoxide group, formaldehyde and formate were formed. The DFT proposed mechanism presented 

an interesting interaction wherein the cis- position in [V(ONNO)]+ is responsible for the H transfer to 

occur  

Finally, we have prepared a heterobimetallic system containing Bi-V atoms (Chapter 6). The 

oxidation states of Bi and V were +3 and +5 respectively. One pot reaction was the most adequate 

procedure to obtain the heterobimetallic structure. Trasmetallation on Bi compounds by V atoms was 
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observed when attempting to build the heterobimetallic structure using more rational reaction 

pathways. Attempts to obtain a heterobimetallic structure in oxidation states different than that 

presented in m-BiVO4 were unsuccessful. When oxidation states lower than +5 for vanadium 

(vanadium(III-II)) and +3 in bismuth were used, metallic bismuth and untreatable materials with a 

mixed-valence vanadium were formed.  
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Chapter 1. From Waste to Energy:  Carbon dioxide activation and hydrogen 
production  

CJV. I am the sole author with the guidance of my supervisor. 

 

1.1. Introduction 

For the past four decades, considerable research effort has been aimed at discovering new technologies 

for the production of clean and renewable energy.[1] One of the most promising avenues is the 

extraction of hydrogen from water (water splitting) due to large water availability, absence of waste 

products and perfect recyclability.[2] Today, water splitting is a widely studied process which can be 

carried out in a variety of ways: by electrolysis (ambient pressure and temperature, high pressure or 

thermal high pressure), photo-electrochemically, photochemically, by radiolysis or solar/thermal 

decomposition among others.[3,4] However, water splitting, albeit doable in the lab, is a yet-to-come 

process in terms of large-scale production.  

The second possibility is to recycle and reconvert CO2 into useful chemicals and possibly fuels. 

It should be noted that power plants release enormous amounts of CO2 into the atmosphere at a 

surprising level of purity (>99%). Therefore, CO2 is a completely inexpensive raw material and does not 

require initial treatment.  

 

1.2. Hydrogen Production 

The separation of water into the two gaseous components is a thermodynamically uphill 

process with a considerable ΔG (+228.71 kJ/mol). Therefore, the true challenge is about finding efficient 

techniques for providing the energy to overcome unfavorable thermodynamics. The utilization of 

photo-semiconductors is particularly appealing. These materials harvest energy from sunlight and 

convert it into electrochemical energy sufficient to trigger redox transformations (Scheme 1.1). 
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Scheme 1.1. Classification of solar hydrogen production methods. Reproduced from ref #[5] with 
permission by Elsevier. 

 

The principle behind photo-semiconductors (using photonic energy) is quite simple. When the applied 

energy (incident light) is greater than the HOMO-LUMO (commonly named Valence and Conduction 

Bands) band gap, electrons are promoted from the valence to conduction band, forming positively 

charged holes in the valence band. Since the two bands also correspond to two defined structural sites, 

the acquired electrical charges turn those sites into ions where either oxidation or reduction can be 

performed when appropriate substrates are in their proximities. In the specific case of water splitting, 

protons from water molecules are reduced by the electrons to form H2 while the oxygen is oxidized to 

O2 by the positively charged holes.[4,6]  

Some very important aspects of photo-semiconducting materials are the width of the band gap and the 

band edge of the solid, which must be larger than +1.23 V (1100 nm) and located between 0 and +1.23V 
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to allow the reduction and oxidation of water (Scheme 1.2). With that in mind, a large variety of 

heterogeneous materials have been prepared in the literature.[4,7–9] 

 

 

 

 

 

 

 

 

 

 

 

One of the best catalysts for pure water splitting is based on NaTaO3:La in combination with NiO as a 

cocatalyst.[10,11] This system has an apparent 56% quantum yield conversion which can generate 19,800 

and 9,700 µmol/h of H2 and O2, respectively.  The band gap of NaTaO3:La is 4.0 eV and has the correct 

band edge to generate both H2 and O2. NiO must be used as a co-catalyst to increase the hydrogen 

production and avoid the deactivation of the non-doped photo-semiconductor.[11]  

In 2013 Peilin et. al.[12] showed how a good band edge alignment is important to achieve a high 

reaction rate in water splitting. The alignment was achieved by placing the conduction band in a 

potential more negative than that of a standard hydrogen reduction and the valence band in a potential 

more positive than required for water oxidation. In their work, the effects of proper band gaps and 

band edges of photo-semiconductors were computationally related to experimental data. These results 

enabled the authors to rationalize the behavior of the most extensively studied photo-semiconductor, 
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Scheme 1.2. Principle of water splitting using semiconductor photocatalysts. Reproduced from ref 
#[4] with permission by The American Chemical Society.  
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TiO2, and understand the reasons for lower production of hydrogen (106 µmol/h) and  oxygen (53 

µmol/h ) obtained when using Pt as co-catalyst.[13–15] The limiting aspect of those catalysts is the high 

band gap energy required. For example, with the bandgap of 3.2 eV (388 nm) for TiO2, UV irradiation is 

necessary.  

Recent studies in water splitting have developed composites that can be active at 600 nm and 

still provide adequate yield.[16,17] With the same aim, oxynitride photocatalysts have been prepared 

which can absorb visible light when used as a catalyst.[16,18] Oxynitride photocatalysts present a great 

improvement in activity due to the possibility of optimising the position of the valence band edge by 

simply varying the oxygen-nitrogen ratio. Also, by changing the size of the cation in the structure of 

MTaO2N (M = Ca, Sr and Ba) the position of the conduction band edge may be altered. In this particular 

case, smaller cations cause a shift toward higher energy.[19] 

A few examples of pure water splitting using a single semiconductor are illustrated in Figure 

1.1. The figure visualizes how the position and width of the band gap play an important role in hydrogen 

and oxygen evolution. In the family of NaTaO4:La compounds, indium derivatives did not present such 

high activity due to the inert lone pair effect which generates high electron-hole recombination rates. 

In general, a single photo-semiconductor is unable to generate hydrogen and oxygen in large yields. 

This is the case in the series of InVO4, InNbO4, InTaO4, where the bandgap between holes and photo-

excited electrons is of sufficient energy to oxidize and reduce water. However, the current 

productivities remain too low for industrial applications.[20,21] Therefore it remains vital to prepare 

composite materials with improved activity.[22–24] 
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Onishi and coworkers found that Sr2+ doped semiconductors made of alkali metals give higher 

resistance to etching compared to non-doped materials.[25,26] In this work, it was shown that the 

concentration of Sr can affect the electron hole recombination in the photocatalyst over time.  

The second stage of water oxidation (oxygen release) is currently the rate determining step in 

the quest for new photo-semiconductors for water splitting. An effective strategy to bypass the 

difficulties arising from finding efficient oxygen evolution sites consists of the use of sacrificial agents, 

with alcohols being particularly popular. Many catalysts have been prepared while looking for pure 

hydrogen evolution with and without sacrificial agents.[27,28] Table 1.1 lists several semiconductor 

photocatalysts used in recent years in water splitting for hydrogen production.[5] Hydrogen production 

rates from zero to 500000 µmol/h/gcatalyst with a variety of light sources, band gaps and co-catalysts 

have been obtained. 

 

Figure 1.1. Band gaps of various semiconductors able to perform pure water splitting.[3,21,193,472]  
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Table 1.1. Several semiconductor photocatalysts used in water splitting for hydrogen production. 
Reproduced from ref #[5] with permission by Elsevier. 

 

 

Knowing that the overall water splitting mechanism consists of two separate stages of hydrogen and 

oxygen evolution (Eq. 1), researchers have been focussing on each half-reaction separately.[27,29–33] A 

recent publication by Kalisman et. al.[27] stated how the problem of hydrogen production can be 

apparently solved, with a maximum efficiency achieved when isopropanol was used as sacrificial agent. 
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A feasible strategy to improve yields is to decrease the trajectory that electrons must travel to the 

surface. This was cleverly accomplished by using nano-structured materials.[12] For example, the 

function of Pt particles has been shown to facilitate hydrogen evolution. Similar behavior was proposed 

when NiO is used as co-catalyst in NaTaO4:La doped material.[11] The photocatalytic activity of Ga2O3 

doped with Zn and Rh2-yCrYO3 as a co-catalyst has been reported.[34] Increasing the amount of Zn from 

1 to 3% in the composite affords a record oxygen and hydrogen evolution from pure water (13.7 and 

6.9 mmol for 1% and 21.0 and 10.5 mmol, for 3%). In line with the behaviour of the composite 

materials[35], an increase in activity when photo-catalysts are supported on conductive materials such 

as graphite[36] and graphene oxide[23,37–41] is commonly observed. The fact that the layered structure 

works as a support facilitates small particle size formation and deposition, and, as a result, the electron 

transfer to the surface of the catalyst becomes easier.   

The fact that water splitting is a non-spontaneous thermodynamic process requiring a large 

energy input, it makes semiconductors the most economical and convenient catalysts.[42,43] A major 

challenge with these systems is how to generate a sufficient overpotential to facilitate the complete 

redox reaction. Currently, the majority of recent literature reports describe attempts to prepare 

efficient systems for either hydrogen or oxygen formation. It is conceivable that once they are 

combined together in a Z-scheme cycle, a water splitting system of very high efficiency might be 

achieved (Figure 1.2).[44,45] 
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Figure 1.2. Schematic energy diagrams in a Z-scheme representation under illumination for water 

splitting process. Reproduced from ref #45 with permission by Elsevier. 

 

The electron hole recombination remains a major challenge to be faced while using semiconductors. A 

major advance with this respect was recently achieved with the discovery that surface passivation (i.e. 

by acids) may generate higher efficiency in charge separation. In spite of rising expectations, it should 

be realistically noticed that this remains so far limited to photo-electrochemical systems.[46] 

Finally, Prezhdo and coworkers have recently published a comprehensive theoretical study 

where electron transfer properties using different dyes were systematically analyzed (e.g.: sensitizers 

and dopants in perovskite and composite materials[47–55] for CO2 transformation applications using Ru 

complexes attached to the surface[56,57]). The utilization of a co-catalyst or dye sensitization to improve 

light absorption or electron transfer during the redox process on the surface of the catalyst is a 

widespread technology. In all cases, harvesting more light into the system improves the formation of 

electron-hole pairs[47,58,59], but it does not modify the electron-hole recombination time. Instead, 

controlling this specific characteristic in a photochemical system provides the photo-excited electrons 

and holes with more time to perform a chemical reaction. In other words, if the time that the photo 
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excited electrons are available for is longer than the recombination lifetime, there will be an increased 

probability for performing chemical transformations.  

Several composite materials have been reported using a mixture of m-BiVO4 and V2O5 or 

Bi2O3.
[60–65] The products were obtained with an additional amount of either Bi or V and dispersed onto 

the surface of the BiVO4. Although the true nature of these materials remains unclear, the 

heterojunctions present an important improvement in their photocatalytic properties compared to 

pure m-BiVO4 or each metal oxide used during their formation.   

As highlighted above and although entirely possible, water splitting promoted by light is not 

currently feasible from the industrial point of view due to low productivity, slow processes and 

prohibitive costs. The most common and convenient method to obtain hydrogen remains steam 

reforming of methane in a reaction also producing CO (Eq. 2). Subsequently carbon monoxide and 

steam may be reacted in a slightly exothermic process (ΔHr = -41 kJ/mol and ΔG293K = -20.1 kJ/mol) 

called the ‘water-gas shift’ to produce, in presence of a catalyst, CO2 and more hydrogen (Eq. 3).  

 

The main disadvantage of this procedure is: 1) carbon dioxide formation and 2) the high endothermicity 

of the first step (ΔG293K = +150.8 kJ/mol). This process is economically balanced by the fact that the raw 

materials such as water and methane are low cost. This procedure affords hydrogen in a price range of 

few dollars per kilogram, thus making this technology so far unbeatable.  

Thermal processes and solar thermal water splitting can be used to generate hydrogen and 

oxygen from water. While harvesting and converting light to heat can be easily achieved with parabolic 
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mirrors, an array of catalysts has been developed for this purpose. For example CeO2 can afford thermal 

water splitting through oxygen vacancies induced upon heating at 1090oC.[66] At this temperature, 5.5% 

of its mass is expelled as O2. The vacancies can be regenerated using water, with parallel release of 

hydrogen. Solar thermochemical water splitting using doped ceria with Zr, Hf, Mg, Sc, Cu, Ni, Mn, Fe 

and Pr is presented in Table 1.2. The best dopant appears to be zirconium, producing hydrogen up to 

6.67 mL/g in one cycle at 1400oC. 

 

Table 1.2. Solar hydrogen production using doped ceria. Reproduced from ref #[66] with permission 
by The American Chemical Society  

 

In a similar thermal process, Eq. 4 and 5 present the generation of oxygen vacancies in cobalt-ferrite 

and alumina upon heating. This process releases molecular oxygen, whilst the reduced metal can react 

with water, re-oxidizing the metal back while releasing hydrogen.[67] 
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While the reduction process with release of oxygen occurs at 1350oC, the hydrogen forms at only 

1000oC. Even though the temperatures for water splitting seems to be relatively high, they are low 

when compared with the temperatures required for the direct thermolysis of water (2700oC). Figure 

1.3 presents the consecutive redox cycles where the hydrogen and oxygen are obtained separately.[67] 

 
Figure 1.3. Isothermal water splitting at 1000/1350oC cycles. Reproduced from ref #[67] with 
permission by The American Association for the Advancement of Science. 

 

More recently, photochemical-thermal water splitting was achieved by Docao et al. using Cu-loaded 

TiO2. The Cu/TiO2 material can release O2 easily upon irradiation to form oxygen vacancies that 

consequently oxidize water to release hydrogen under thermal conditions (Figure 1.4).[68] 

 
Figure 1.4. Solar photochemical-thermal water splitting using Cu/TiO2. Reproduced from ref #[68] with 
permission by RSC Publishing. 
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Although ingenious, the conversion is too low for industrial scales. This achievement opens the view to 

new research areas where a simple metal oxide could be the answer to develop new systems for pure 

thermal or photochemical thermal water splitting.[69,70] 

 

1.3. CO2 recycling 

Although the possibility of producing energy from water under the form of H2 is exciting and promising, 

the reality is that so far, the release of carbon dioxide is still required during hydrogen production. The 

main production of carbon dioxide is by direct combustion of charcoal (42%).[71] The possibility of 

capturing and storing CO2 produced by fossil fuel power plants by injecting it underground for long-

term storage is not sufficient to avoid release into the atmosphere. Recycling is therefore the only 

feasible alternative. 

The high thermodynamic stability of CO2 makes its transformations particularly challenging 

(Scheme 1.3). Carbon dioxide is a three-atom linear molecule composed by a carbon in its maximum 

oxidation state (+4) located at the center of the molecule. The two oxygen atoms are bonded via σ- and 

π-bonds to the carbon, giving CO2 a large amount of bond energy. Albeit an apolar molecule, the high 

electronegativity of oxygen atoms introduces polarity in each C-O bond causing its acid-base 

amphoteric behaviour. 

 

Scheme 1.3. a) free carbon dioxide captured in a pillared metal-organic framework.[72] b) coordinated 
carbon dioxide between two cations.[73] 
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The stability and low reactivity of carbon dioxide can be explained by the molecular orbital diagram 

shown in Scheme 1.4. The HOMO and the LUMO are located at lower energy when compared to similar 

molecules such as COS and CS2. Reducing CO2 implies adding electron(s) to the LUMO (2πu) which 

becomes energetically more favored than HOMO (1πg) if a bent molecular geometry is adopted. 

Disrupting the linearity is in fact the key to activation and explains why it is easier to reduce CO2 when 

coordinated to metals.[74] 

 

Scheme 1.4. Molecular orbitals for CO2. Reproduced from ref #[74] with permission by Elsevier. 

 

The number of CO2-complexes reported in the literature is vast. Surprisingly, the general procedure to 

obtain CO2-metal complexes is not through the direct interaction of metal compounds with CO2 in 

different environments/metal oxidation states. Instead, reactions of metal oxides (Mn+2=O) with CO, 

metal carbonyl compounds (Mn
CO) with an oxidizing/oxygen atom transfer agent, e.g., O2, or of 

Mn
CO with Mn+2=O are more frequently used (Scheme 1.5). The preparations may be organized in 
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the following categories: reaction with liquid or gaseous CO2, photochemical, thermal reactions with 

additional triggering, direct addition of CO2 or in situ generation of a CO2 ligand, addition of CO2 with 

or without replacement of any L-type ligands, formation of the ligand by insertion or addition and 

consecutive deprotonation or condensation, one- or two-electron reduction of CO2 or no electron 

transfer and finally reduction by one or two metal centers by external reductants or by reductive 

elimination of ligands.[74]  In general terms, electron-rich metal compounds are desirable to obtain CO2 

complexes. This characteristic must be properly tuned due to the possibility to obtain undesired 

products like CO or carbonates among others.[75,76] 
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Scheme 1.5. Generalized synthetic methods for CO2 complexes. Datively bonded metals are not 
displayed. X= halide; L = two-electron donor ligand, e.g., CO, PR3, N2, alkene, alkyne; m=1, 2; n = 
oxidation state of the center; RA= reducing agent, e.g., alkali metals; OA= oxidizing/oxygen atom 
transfer agent, e.g., O2, organic and inorganic peroxides; r.e. = reductive elimination; R= organic groups; 
B = Brønsted base. Reproduced from ref #[74] with permission by Elsevier.  
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Considering the variety of possibilities to prepare carbon dioxide metal complexes, it comes as no 

surprise that different coordination modes have been identified using various oxidation states and 

metal centers (Scheme 1.6). 

 

Scheme 1.6. Carbon dioxide bonding modes. Reproduced from ref #[74] with permission by Elsevier.  
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Activation of carbon dioxide implies moving from a linear to a bent geometry. Reduction of carbon 

dioxide instead, can be achieved by simply adding a low valent metal center.  This is normally carried 

out in stoichiometric transformations rather that in the much more desirable catalytic fashion. 

Due to the fact that a large amount of energy is released during formation of CO2, the reverse reaction 

is extremely difficult without using sacrificial agents. This is one of the reasons why stoichiometric 

reductions require almost invariably high energy content compounds. The selectivity of the reduction 

process plays a determining role depending upon the hydrogen source and the catalyst used. Scheme 

1.7 shows the entire redox series of C1 compounds.  

 

 

Scheme 1.7. Different small C1 molecules and their oxidation states for carbon.  

 

Stoichiometric reactions of CO2 are attractive when the final product is a high value-added product or 

a more reactive intermediate.[77–79] Reduced products as CH4, CO and MeOH are less important since 

they can be directly obtained from syngas or from oil extraction.  

 

1.4. CO2 as raw material 

Although not necessarily viable from a commercial point of view, there are efficient and scalable 

processes where carbon dioxide can be used as a raw material to obtain methanol, formic acid, 
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formaldehyde, carbon monoxide or methane.[80–83] Instead employment of CO2 to form polycarbonates, 

in polymerization, as CO2 building block materials, urea derivatives[84], carboxylic acid from styrene,[85] 

reductive functionalization with amines[86] and C≥2 compounds[87] are a few examples of possible 

applications in this area. Reversible binding by MOF’s (and especially insertion reaction of CO2 into M-

C bond to generate carboxylate ligands) are the quickest way to produce value-added derivatives using 

CO2.[88] These last two topics will be further discussed in Chapter 3. 

Radical polymerization using CO2-containing building block materials have been widely studied 

in recent years.[89–93] A radical ring-opening (r-ROP) polymerization and a vinyl-type polymerization (VT) 

resulted in polymers bearing pendants carbonates (Figure 1.5). 

 

Figure 1.5. Radical polymerization of DMMDO and the reported occurrence of two polymerization 
mechanism. Reproduced from ref #[89] with permission by RSC Publishing. 

 

The special characteristic of these cyclic carbonate groups is that they do not have hydrolyzed 

functions, thus making them attractive for future modification via post-polymerization reactions. The 
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formation of DMMDO using CO2 and subsequent addition of VAc can afford very useful and functional 

PVOH after hydrolysis and post-modification procedures. The resulting copolymerization of DMMDO 

with VAc at low temperatures could be achieved using alkyl-Cobalt(III) acetylacetonate (R-Co(acac)2) 

complex. The use of an alkyl chain as an initiator and Co(acac)2 as a controlling agent makes the molar 

mass of the monomer increase linearly with the monomer conversion (Figure 1.6).  

 

 

Figure 1.6. Cobalt mediated radical polymerization VAc and DMMDO and subsequence hydrolysis and 
post modification to yield functional PVOH. Reproduced from ref #[89] with permission by The 
American Chemical Society. 

 

The utilization of CO2 as a precursor for C1 building blocks and feedstock has been of great interest to 

the academic community over the past decade. Several metals such as Ag, Cu, Pd, etc., afford 

carboxylative cyclization for propargylamine.[94] The three component synthesis of propargylamine and 

its derivatives has been greatly improved in recent years.[95] In fact, applications in therapeutic drugs 

and polyfunctional heterocycles confer this reaction with an important role as an entry to many bio-

active components such as conformationally restricted peptides, iso-esters, natural products, etc. 
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Figure 1.7 shows a three-component coupling of aldehydes, amines and alkyne into propargylamine 

where nano-crystalline copper(II) oxide is used as catalyst. Short reaction times (6h) and a high yield 

make the process feasible for commercial use.  

 

Figure 1.7. Synthesis of a few propargylamine derivatives by nano CuO. Reproduced from ref #[96] with 
permission by Elsevier.  

 

Once the propargylamine precursors are obtained, the carboxylative cyclization reaction can occur 

using carbon dioxide as a C1 synthon (Figure 1.8). Yields up to 70% conversion to the cyclic carboxylate 

product were obtained when catalysts contained silver benzoate. 
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Figure 1.8. Carboxylic cyclization of propargylamines. Reproduced from ref #[94] with permission by 
The American Chemical Society. 

 

Additives such as aniline improve the yield of the cyclization due to its ability to increase the effective 

concentration of CO2 via carbamic acid formation. When Cu(OTf)2 is used as additive, the observed yield 

dramatically increased up to 97%. The rationalization for this tandem-catalytic reaction is still not 

available in the literature.[94] 

The use of CO2 as a raw material for an alternative preparation of AcA has recently gained 

significant attention.[97–99] The relatively low energy barrier for the formation of AcA from carbon 

dioxide and ethylene instead of the usual selective oxidation of propane, makes the process important 

for CO2-using transformations. Even though obtaining acrylic acid from CO2 is a thermodynamically 

uphill process, theoretical studies have revealed several possibilities where the use of a catalyst might 

reduce the requirement of super critical CO2 (Scheme 1.8).[100] 



22 
 

 

Scheme 1.8. C-C coupling using ethylene and CO2 as raw material. 

 

Among these possibilities, the most practical idea is to decrease the temperature of formation as well 

as the time/energy consumed in its purification process. Experimentally, Ni(II) and Pd(II)-phosphine 

complexes have been successfully used for acrylic acid sodium salt formation. However, sodium 

phenoxide was used as a sacrificial agent, making the process impractical.[101] Complexes containing 

molybdenum(0), molybdenum(I-IV) hydrides and cobalt(II) phosphine were used in preliminary 

screening for coupling carbon dioxide and ethylene.[97,98] The initial screening of cobalt compounds for 

ethylene-CO2 coupling presented yields up to 30% in the production of acrylic acid in its optimized 

base/temperature conditions.[97] Still, a few issues in this transformation need to be addressed towards 

optimizing reaction conditions and ligand frameworks that might promotes this difficult coupling.[97] A 

more economically attractive process where C-C coupling involves CO2 is when styrene can be used. 

Cinnamic acid is a useful product for manufacture of pharmaceutical, flavors and dyes; its major use is 

for the production of its methyl, ethyl and benzyl esters which are important components in the 

perfume industry. In addition, cinnamic acid is also a precursor of polyurethanes, polycaprolactam and 

aspartame among others.[102]  

 

1.5. Hydrogenation of CO2 by water: “reverse combustion” 

The idea of using water as a hydrogenating agent for organic products, and for CO2 in particular, is 

fascinating and potentially ground breaking. In 1978 Halmann was the first to report the 
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photoelectrochemical reduction of CO2 in water using p-GaP[103], and ever since, a wide spectrum of 

semiconductors capable of both oxidizing water and reducing CO2 has been actively pursued.[104–107] 

The work of Bocarsly in particular marked a milestone in the production of light organic fuels from 

CO2/H2O mixtures, a process now referred to as “reverse combustion”. To overcome the unfavourable 

thermodynamics of this highly desirable transformation, energy has been provided with 

electrochemical,[108,109] photochemical[110,111] or photo-electrochemical devices.[112,113] However, the 

possibility of using purely photochemical devices remains the ultimate requisite for a completely 

sustainable and scalable reverse combustion.  

Currently, titanium dioxide and BiVO4 are the most popular photo-catalysts for this purpose. 

These materials have been modified to control size, conductivity and sensitivity to visible light[105,114–

118]. A plethora of other photo-semiconductors that can efficiently absorb visible light and convert CO2 

to light organic fuels, especially methanol and methane, have also been discovered[119–125]. The unique 

popularity of BiVO4 is justified by its demonstrated versatility as a water oxidation catalyst for selective 

alcohol production from CO2 and also photodegradation of organic waste.[126–129] Monoclinic BiVO4 has 

conduction and valence bands which are well suited for water oxidation coupled with CO2 reduction 

and hydrogen evolution based upon its pH (Figure 1.9). Its use is, in principle, advantageous over other 

common water oxidation catalysts, including TiO2, due to its narrow band gap of   2̴.4 eV, which allows 

ready absorption of visible light. Its high selectivity towards oxygen evolution rather than hydrogen 

production make m-BiVO4 a great candidate for reductive CO2 reactions in the presence of water. 
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Furthermore, BiVO4 has also been proven versatile as a photo-semiconductor for the reduction of CO2 

into methanol and ethanol[124,125]. The authors of these remarkable findings have reported promising 

hydrocarbon yields along with the possibility of regenerating BiVO4 upon heating. The ability to 

regenerate BiVO4 is a critical point for the performance of this photo-semiconductor which remains 

otherwise regrettably limited. In addition, BiVO4 has been deposited over anodes to prepare photo-

electroanodes with improved catalytic behaviour.[130] A recent study, however, has clearly 

demonstrated corrosion of the BiVO4 film of the photo-anode in alkali media, thus reiterating the 

previously suspected ability of this binary oxide to irreversibly leach vanadium in alkali solution[131]. 

 

 

 

 

 

Figure 1.9. Band structure of monoclinic BiVO4 and anatase TiO2 demonstrating filled valence bands on 
the bottom (more positive) and empty conduction bands at the top (more negative). Reproduced  in 
part from ref #[473] and #[474] with permission by The American Chemical Society and Elsevier 
respectively. 
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1.6. Thesis highlights 

The appealing possibility of preforming reverse combustion and the issues described above for the 

usage of m-BiVO4, have led us to reconsider the activation/deactivation pathways of m-BiVO4 in a 

purely photochemical process without electrochemical input.[131] Our data are presented and discussed 

in Chapter 2. 

In Chapter 2, we present how m-BiVO4 could be initially activated by light, generating photoexcited 

species in the process. The decomposition of m-BiVO4 after the first cycle in the reverse combustion 

process has been examined. Possible interferences by formate anions, formaldehyde and methanol 

formation in basic media using NaOH were evaluated and analyzed in an attempt to clarify the reaction 

pathway for the reverse combustion process. 

Other photo-semiconductors were studied, evaluated and presented in Chapter 3. o-BiOHCrO4 and m-

BiOHCrO4 were obtained aiming at replacing V5+ with isoelectronic but more oxidizing Cr6+. The idea 

behind this study was to facilitate the oxygen releasing step of the reverse combustion process. Instead, 

bismuth chromate hydroxide oxides presented good activity for thermal disproportionation of formic 

acid into formaldehyde, CO2 and water. A new and efficient photocatalytic system for the production 

of H2 from formaldehyde is presented at the end of the same chapter which also covers a new concept 

for using tandem catalysis in water splitting based on a C1 shuttle. 

Given the success of vanadium and its role played in reverse combustion promoted by m-BiVO4, 

modeling studies aiming at clarifying the reactivity of low and mid-valent vanadium with CO2 were 

performed. Several vanadium(II-III-IV) compounds were prepared using oxygen donor based ligand 

systems to better simulate the oxo environment of the above mentioned photo-semiconductors.  Then 

reactions with carbon dioxide were examined. The variety of observed transformations (some highly 

unusual) span from a simple deoxygenation, radical behavior, incorporation into the formation of 
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organic esters, formation of formate anion via H-extraction from solvent to the most impressive 

isolation of a rare case of a vanadium-OCO linear adduct formation. DFT calculations were performed, 

when necessary, to support our findings and to explain their interesting activity. These data are 

highlighted and discussed in Chapters 4 and 5. Coordination of linear CO2 using a rigid ligand is 

presented in Chapter 5. Its reactivity was evaluated experimentally and by DFT calculations.   

Since the simultaneous presence of Bi and V is central to the photocatalytic performances of m-BiVO4, 

we have also attempted the rational construction of molecular species containing both metals in the 

appropriate oxidation state to model reactivity with CO2. These findings are presented in Chapter 6. 

Finally in Chapter 7, conclusions and future work are discussed.  
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Chapter 2. Reverse Combustion promoted by monoclinic Bismuth Vanadate 

CJV: The work was initiated by me and continued by Mr. Sommers in collaboration. I have tuned up all the 
synthesis and optimized the methodologies for data collection. I have actively participated in work of Mr. 
Sommers and contributed to the paper equally. Dr. Alderman was checking up all work done by myself and 
Mr. Sommers and helping the edition of the paper. 

 

2.1. Introduction  

The exponential increase of CO2 production by human activities makes its recycling not only imperative 

but also potentially lucrative. The large thermodynamic stability of this pollutant, however, severely 

limits the choice of products that can be formed with catalytic processes.[132] The hydrogenation 

reaction leading to methanol, via transient formation of formaldehyde and formic acid, is the most 

obvious and desirable way to recycle CO2 (Scheme 2.1).[133] This sequence of reactions can be 

successfully performed, in stoichiometric or even catalytic fashion, by taking advantage of the high 

energy content of hydrogen, hydrides or silanes.[134–137] The drawback is the high cost associated with 

these reducing agents, which makes these processes not viable for industrial scale endeavors. 

Therefore, different low-cost sources of hydrogen and reducing agents need to be identified.  
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Scheme 2.1. Some carbon dioxide reduction possibilities. Reproduced from ref #[133] with permission 
by The Royal Society of Chemistry. 

 

An interesting alternative to recycle CO2 is its utilization as a raw material for preparing valuable 

polymers such as polycarbonates and polyesters. While this certainly would not solve the issue of CO2 

recyclability from the energy production standpoint, it can certainly be a contributing factor to its 

abatement. Epoxide-CO2 copolymerization for polycarbonate production is probably the most 

successful example of this strategy (Scheme 2.2). It is also an alternative to the usage of toxic chemicals 

such as phosgene. The reaction proceeds by use of a Lewis acidic catalyst through a migratory-insertion 

mechanism.[138,139] 
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Scheme 2.2. Polycarbonate production using Cr(III) catalyst. Reproduced from ref #[138] and #[139] 
with permission by The American Chemical Society and John Wiley and Sons respectively.  

 

Copolymerization of CO2 with olefins to polyesters would be an even more attractive alternative. 

However, this reaction is substantially hampered by unfavorable thermodynamics necessarily requiring 

one to perform the copolymerization cycle in a step-by-step fashion.[140–142] 

 

Another interesting possibility to recycle CO2 is its transformation into oxalic acid. When the electron 

transfer during the reduction can be limited to only one electron, the initially formed CO2
(•-) radical 

anion, by mainly being carbon centered, eventually may dimerize to form the oxalate dianion.[143,144] 

There are a few examples in the literature showing that this transformation is indeed possible while 

using low-valent lanthanides and transition metals.[73,143–151] This is not only an irreversible 

transformation but it also implies C-C bond formation starting from CO2, a process which mirrors a 

fundamental step of the naturally occurring photosynthesis.[152–154] In this respect, the most spectacular 

advance probably remains the closure of a step-by-step catalytic cycle using a Cu(I) complex (Scheme 

2.3).[148] 
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Scheme 2.3. Step by step oxalic acid formation with Cu(I). Reproduced from ref #[148] with permission 
by The American Association for the Advancement of Science. 

 

Among the above processes employing CO2 as a raw material, the hydrogenation remains the most 

straightforward and appealing for recycling, the source of hydrogen being the critical factor.[103,155] The 

most abundant and inexpensive source of hydrogen is of course water. If a way could be found of using 

H2O as the ultimate source of hydrogen for hydrogenation, it would give accessibility to an 

inexhaustible source of fuels (Scheme 2.4). The hydrogenation of CO2 with H2O forming organics is 

appropriately called “reverse combustion” since the typical combustion products of any organic fuel 

are now being used as reagents.[117,156–159] Naturally, the fact that both CO2 and H2O are at the bottom 

of the thermodynamic well makes reverse combustion requiring a very significant input of energy. 

Therefore, this attractive transformation can only be realized thermally, electrochemically, photo-

chemically or with a combination of these techniques.[111,160,161] 
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Scheme 2.4. General reverse combustion process. 

 

Thermal reverse combustion has been observed at relatively moderate temperatures using Fe3O4. 

Products such as ethanol, acetaldehyde, acetic acid have been obtained at temperatures lower than 

300oC. At higher temperatures, phenol and diphenyl ether are instead formed as main products.[162] 

Also attractive, thermal reduction of carbon dioxide into carbon monoxide and oxygen with 100% 

selectivity was obtained using CeO2. In the absence of catalysts, prohibitively high temperatures (1450-

1500oC) are required for the deoxygenation with no apparent carbon deposition.[163] This leaves the 

utilization of catalysts as the only possibility to allow the necessary energy input (283 kJ/mol).[163] 

 Electrochemical reduction of carbon dioxide was achieved in aqueous media from large 

(<1.0V) to medium (<0.5V) over potential with high selectivity to generate alcohols.[164] High surface 

electrode areas are always needed to make possible the stabilization of the initially formed radical 

CO2(•-) intermediates. The production of carbon monoxide, also occasionally observed,[164] is another 

attractive possibility from this point of view since it can be used as low cost reagent for reforming 

methane.[165,166] In the sequence of reduction intermediates, reduction can be selectively stopped at 

the level of formic acid by using copper foam electrodes at lower over potential (-0.45V).[167] Therefore, 

it is obvious that a wide amount of diversified products (formic acid, formaldehyde, methanol, methane 

and CO) can be realistically obtained via reduction of carbon dioxide using water as a reducing agent if 

the appropriate potential is applied and different reaction pathways judiciously selected.[156]  

 The photo-thermochemical reduction promoted by visible light is by far the most attractive 

option but it poses a major challenge, due to the high energy required for the process of splitting water 

to oxygen, protons and electrons.[4,117,158,159,168] On the other hand, reduction of carbon dioxide in the 
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presence of protons and electrons is something that can be achieved by using photo-

semiconductors.[103,105] Therefore, if protons and electrons are generated with an efficient oxygen-

evolving water-splitting process (either electro-[169,170] or photo-catalytic[171]), different ways to avoid 

their recombination to hydrogen can be turned instead into a convenient in situ hydrogenation 

reduction process.[111,172]  

 

2.2. Photo-semiconductors. 

A photo-semiconductor is a solid-state material whose atoms are organized in extended structures thus 

allowing electrons to move from the VB (HOMO) to the CB (LUMO) due to the presence of a small band 

gap. After a specific amount of energy is supplied by an external source, and based on the material 

characteristics, electrons may absorb energy and move to the CB. The appealing feature is that the 

required energy may be supplied under the form of photons. Under irradiation this material populates 

both its conduction (negatively charged) and valence band (positively charged “holes”) and may thus 

perform both a reduction and an oxidation (Scheme 2.5).[107] 

 There are photo-semiconductors designed to achieve either only one process or both at the 

same time.[27,43,173] The possibility to perform different chemical processes is mainly based on the 

position where the CB and VB bands are located: the so-called band edge. The reduction potential of 

the target substrate must be consistent with the band positions of the photo-semiconductor.[107] 
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Scheme 2.5. Pictorial representation of a redox process at a photo-exited semiconductor surface. 
Reproduced from ref #[107] with permission by John Wiley and Sons. 

  

For a photo-semiconductor to be useful in the general water splitting process, the valence band must 

have the necessary potential to perform an efficient oxygen evolution when protons and electrons are 

also being produced (+1.23 V, 1100 nm). On the other hand, the conduction band must be located at 

an energy level appropriate for the produced electrons and protons to be usable for generating 

molecular hydrogen. If instead the electrons and protons have to be used to target carbon dioxide to 

produce organic materials/fuels, a negative potential would be necessary (reverse 

combustion).[107,108,166,174]  

 

Therefore, reverse combustion, under illumination as an energy input, is indeed challenging and yet 

realistic. In fact, photochemical reverse combustion isn’t a new topic.[103] It became popular a few 

decades ago with the discovery of light/temperature dependent CO2 reduction processes.[8,111,175] 
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Although greatly appealing from green-chemistry standpoint, the products are systematically obtained 

in marginal yield. The poor activity and low selectivity is mainly due to material characteristics such as 

light absorption problems, kinetic barriers and electron-hole recombination phenomena among 

others.[46,58,107,176,177] Nonetheless, photo-semiconductors remain the most promising catalytic 

systems.[107,178,179] They are easy to prepare and to isolate/regenerate after each cycle and very stable 

under most conditions. A limiting requisite of reverse combustion is that the reduction of CO2 may be 

accompanied by oxygen evolution, notoriously a highly reactive molecule. Nonetheless, there are 

several semiconductors capable of doing it.[33,180–182]  

 Photo-semiconductors with a band gap/band edge that produce molecular hydrogen are 

non-attractive for reverse combustion because of the competition of the electron reduction process 

mentioned above. Instead, they are usable in pure water splitting process.[183] A successful reverse-

combustion semiconductor must have a proper combination of band edge position/selectivity 

parameters. The oxygen evolution (an oxidative process) must be accomplished beside the reduction 

process with protons and electrons selectively targeting carbon dioxide. A clear sense of the caliber of 

this challenge is visible while analyzing reverse combustion promoted by the so-called “artificial leaf”, 

a three-component photo-catalyst capable of efficiently splitting water (Scheme 2.6).[8,158] During the 

oxygen evolution, the catalyst either decomposes to metal oxides or leaches Ni out of the system. If 

reverse combustion is attempted, molecular hydrogen is produced instead of CO2 reduction by protons 

and electrons. To improve that, Nocera et. al. have employed the bacterium Ralstonia eutropha to 

consume the produced hydrogen and to synthetize biomass and fuels from low CO2 concentrations and 

in the presence of O2.[184] This hybrid device, coupled with an actual photovoltaic system, can exceeded 

the activity of a natural photosynthetic systems. Regrettably, the yield remains too low for industrial 

applications.  
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Even when the hydrogen production is apparently a positive result, the necessity for purification from 

the carbon monoxide, methane or other byproducts as deriving from the concomitant CO2 reverse 

combustion,  impedes the economic viability of the entire process.[156,185] A reverse combustion is 

therefore industrially viable if it is hydrogen-free. 

 

 

Scheme 2.6. Artificial leaf. Reproduced from ref #[8] with permission by copyright of The American 
Chemical Society. 

 

2.3. BiVO4 photo-semiconductor 

As shown above, a photochemically-driven reverse combustion is possible, provided that an 

appropriate photo-semiconductor is identified. Several photo-semiconductors with similar electronic 

characteristics are shown in Scheme 2.7. Among them, only BiVO4 was proven as an efficient and 

selective system to reduce carbon dioxide into methanol, ethanol, or methane without affording 

molecular hydrogen as byproduct. Solids like MVO4 (M = In, Nb and Ta) and TiO2 have been widely 

studied and it has been reported that they can also reduce carbon dioxide, but only aside the dominant 

production of molecular hydrogen.[186,187] On the other hand, the formation of molecular hydrogen, 

especially in small amount, can be potentially misleading since it is also formed by standard alcohols 
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during decomposition processes promoted by light in glass or quartz reactors.[188] It should be reminded 

that, alcohols are commonly used as sacrificial agents for hydrogen production.[27,189,190]  

 

Scheme 2.7. Band gap and bad edges of several semiconductors that can be use in reverse 
combustion.[3,12,21,191–195] 

 

In the large family of the established photo-semiconductors, monoclinic bismuth vanadate (m-BiVO4) 

is particularly popular. It presents an interesting photo-electronic behavior which makes promising its 

usage for the reverse combustion process.[191,196] A band gap of ≈2.4 eV and a proper band edge position 

where oxygen can be evolved (0.40 – 2.70 eV), makes m-BiVO4 indeed a very versatile material (Scheme 

2.7). In addition, its conduction band is far away from the potential for molecular hydrogen production 

at pH=0. This the reason why m-BiVO4 presents very low selectivity towards molecular hydrogen even 

at pH higher than 12.[197] In contrast, it can reduce carbon dioxide to different products. In theory, +1.23 

eV is the minimum energy required to do water splitting, but the thermodynamic losses, estimated in 

the range of 0.4 eV, must be also considered. These are in addition to kinetic barriers to be overcome 

for the surface reactions in the system, and which may add another 0.3-0.4 eV, altogether ending in an 
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more realistic band gap of at least ≈2 eV.[4,12,104,125,198,199] Having this in mind, the actual m-BiVO4 band 

gap of ≈2.4 eV exceeds the ideal band gap mentioned above for water splitting, thus making this 

material potentially even more versatile.  

 Variations in the preparation of m-BiVO4, such as pH modifications, directly determine the 

morphology of the photo-semiconductor. In turn, the shape of the material affects oxygen evolution 

as a result of the shifting of the over-potential. By using a pH of 12, an over potential of -0.7 V is 

generated and which is just correct to obtain the reduction of carbon dioxide.[197] When comparing the 

shifted BiVO4 over potential with that presented in Scheme 2.8 for carbon dioxide, it is clear that a pH 

increase improves the ability of BiVO4 to reduce carbon dioxide[200] without producing hydrogen.[201] 

Only when using sacrificial agents and an appropriate potential, formation of molecular hydrogen may 

occur.[202] Incidentally, m-BiVO4 can be used as photo-anode in a photo-electrochemical system 

producing hydrogen.[203] However, a reducing metal such Pt needs to be employed. 

 

Scheme 2.8. Carbon dioxide reduction potentials at pH 7, 1 atm and 25oC.[204] 

 

BiVO4 can be prepared in two main crystalline forms, monoclinic and tetragonal (Scheme 2.9).[194] The 

two phases are interconvertible in the sense that the tetragonal is the less temperature stable and 

spontaneously transforms into the monoclinic upon heating. The monoclinic form is the most active 
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towards carbon dioxide reduction and thus was selected for this work. A third crystalline structure as 

tetragonal zircon on BiVO4 has been identified but only as precursor/intermediate during the formation 

of the other two forms (Scheme 2.9c). It is also established how the size of the material particles, the 

pH employed for the synthesis and the use of morphological controlling agents might influence the 

formation of the three main structures (tetragonal zircon, tetragonal scheelite, and monoclinic 

scheelite structure) and consequently the photo-catalytic properties.  

  

 

Scheme 2.9. Band gap of BiVO4 tetragonal zircon type (a), Monoclinic scheelite (b) tetragonal scheelite 
compounds and their main atom composition at the conduction (top) and valence (bottom) bands; (c) 
diagram of preparation for the three BiVO4 forms. Reproduced from ref #[194] and #[205] with 
permission by The American Chemical Society and Elsevier. 

 

Scheme 2.10 shows the crystal structure of m-BiVO4.[206] The geometry of bismuth is a BiO8 distorted 

trigonal dodecahedron while vanadium is almost perfectly tetrahedral VO4. Similar environment is 

present in the tetragonal structure with just a few differences in the M-O [M = V, Bi] bond distances. 

While the monoclinic structure contains the same Bi-O distance for each pair of oxygen atoms (Bi-O in 

Å = 2.354 x2, 2.372 x2, 2.516 x2 and 2.628 x2; V-O in Å = 1.69 x2 and 1.77 x2) in the tetragonal structure 

the differences are observed for every group of four atoms (Bi-O in Å = 2.453 x4 and 2.499 x4).[207]  
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Scheme 2.10. Crystal structure of monoclinic scheelite BiVO4 determine by power diffraction reported 
by Sleigh et. al., 2014. Reproduced from ref #[208] with permission by The American Chemical Society. 

 

In a series of comprehensive studies[191,209–211] aiming at understanding the functioning of BiVO4, it was 

pointed out that the presence in the valence band of an antibonding lone pair, described as Bi6s O2p 

hybrid, might be linked to the photo-catalytic characteristics. As a result of the irradiation, m-BiVO4 

migrates this hybrid electron density to the conduction band and, in doing so, it increases the mobility 

of the positive holes by decreasing their effective mass. In turn, this triggers the reactivity. Saison et. 

al. highlighted the behavioral differences between the two common structures, tetragonal scheelite 

and monoclinic scheelite, under visible light irradiation by comparing the activity for the degradation 

of the dye rhodamine B (RhB). The observed experimental differences between the two forms are 

directly related to the differences in metal-atom contributions to the valence band (Scheme 2.9). In 

previous analysis about the role of the metals involved in the photochemical process, it was 
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demonstrated that the conduction band is mainly contributed by vanadium 3d orbitals. By the same 

token, the valence band has a considerable Bi 6s character and it can be considered as mainly a 

Bi6s/O2p hybrid.[191,210] It is the Bi6s lone pair and the strong acidity of the surface sites that are 

responsible for the degradation of rhodamine (cycloreversion, N-deethylation and mineralization).[212] 

The monoclinic form, which has the highest Bi contribution to the valence band, is the most reactive. 

The particle size, morphology and surface dopants play a pivotal role in determining the level of 

activity.[210,213] In their seminal work, Saison et. al., also described how BiVO4 can generate different 

intermediates during the photo-irradiation with OH(.) or O2
(.-) radicals normally expected for a water-

based photosystem being in fact conspicuously absent.  

 In spite of the above advances in the understanding of the functioning of BiVO4, how carbon 

dioxide interacts and gets reduced in the reverse combustion process is still unclear. It seems 

conceivable though that the conduction band may be responsible for CO2 reduction while the valence 

band affords oxygen evolution. 

 More than a thousand of scientific papers have been published in the last 60 years reporting 

photochemical applications of BiVO4, thus reiterating the versatility of this photo-semiconductor.[214–

218] Among the many transformations promoted by this material, reverse combustion to ethanol[124], 

methanol[125] or methane,[207] furthermore with high selectivity, are probably the most spectacular 

achievements. The reactions which at first glance looks the same, are in fact sensitive to minuscule 

procedural details responsible for the different outcomes. To obtain ethanol, carbon dioxide was 

bubbled through an aqueous solution at 0oC, whereas to obtain methanol, carbon dioxide needs to be 

solubilized in 1.0M NaOH aqueous solution at 20oC in a closed glass vessel. Finally, to obtain methane, 

carbon dioxide apparently needs to be bubbled in 0.1M Na2SO3 solution (additional reducing sacrificial 

agent) and in 0.1M NaOH solution. 
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In the three cases presented above, irradiation with visible light affords less activity than UV. This has 

to be expected due to the fact that more energetic photons will produce more photo-generated 

electrons and protons in turn leading to a large number of C1 intermediate species anchored at the 

surface of BiVO4. This should facilitate methanol formation or ethanol (through subsequent 

dimerization).[124] Fascinating questions arise from the reaction mechanism but which has so far been 

neglected by this literature. It is only agreed that the oxidation of water produces molecular oxygen. 

 Another attractive feature of BiVO4 is the apparent resiliency to decomposition since no 

mention was ever made about deactivation processes during a photochemical reaction. Yet, the 

reported activity diagrams for the product formation are never continuous but show interruptions and 

restarts of the catalytic activity with new fresh solutions thus leading the reader to believe that these 

catalysts are everlasting. 

In summary, the different reductions of CO2 under reverse combustion conditions involve different 

energies and therefore different reduction potentials (Scheme 2.8). The versatility of m-BiVO4 relies on 

the fact that none of the above transformations occurs at a potential sufficient to generate hydrogen 

at pH = 0. Even in case that a negative over potential is required for a process, molecular hydrogen 

remains absent thus making m-BiVO4 even more valuable.[197] 

 

2.4. Work Hypothesis 

Our interest for these systems was mainly stimulated by mechanistic curiosity. The claim for the 

formation of EtOH[124] was particularly puzzling to us given that the process implies not only CO2 

reduction but also a C-C bond formation, in an overall process closely reminiscent of the naturally 

occurring photosynthesis. Therefore, we have decided to revisit the reported reactions vis-à-vis of 

rationalizing the dependence of the reaction outcomes on relatively minor experimental details and 

aiming at proposing a sensible reaction mechanism encompassing and elucidating the three different 
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reductions. We were particularly focused on the oxidation states of the two metals, Bi and V, as 

generated during the light-induced electron displacement, responsible for both oxygen evolution and 

CO2 reduction. We were also prepared to embark on separate modeling studies (See chapter 4, 5 and 

6) where molecular complexes of each metal (or even both) could be prepared in a ligand environment 

as close as possible to that of BiVO4. 

 As explained above, electrons and positively-charged sites (holes) are generated in the 

extended structure during a photo-excitation process. These electron-rich sites and holes can reduce 

and oxidize atoms involved in the conduction and valence bands respectively. The reduced species in 

the conduction band might now transfer the electrons earned during the photo-excitation process and 

reduce carbon dioxide. On the other hand, the generated holes can oxidize water producing protons 

and electrons while evolving oxygen (Figure 2.1). Figure 2.1 shows our representation of how methanol 

could be formed from carbon dioxide reduction by using m-BiVO4 and water as only source of protons. 

The overall reduction process of CO2 to MeOH requires 6 electrons and 4 protons, but we propose that 

electrons are delivered singularly step by step and possibly accompanied by simultaneous proton intake 

until the final product, MeOH, is generated. 
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Figure 2.1. Proposed electrons pathway in methanol formation using carbon dioxide, water, light and a 
catalyst. 

 

The efficiency of a chemical process promoted by a photo-semiconductor is determined by the intensity 

of the incident light, the energy carried by the photon (UV versus visible) on the surface of the solid and 

how efficient the excitation in the semiconductor is. Intrinsic characteristics such as the electron hole 

recombination process must be kept into consideration in order to analyze the formation of all the 

possible products (Scheme 2.1).[48] Finally, even the possible bonding mode in the coordination of the 

incoming CO2 must be kept into account, since different bonding mode may prelude to different 

transformations (Figure 2.2). 
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Figure 2.2. Several documented carbon dioxide bonding modes in metal complexes. 

 

Under the safe assumption that the Bi-V couple in the solid structure acts as a redox pair during 

irradiation, the lone pairs of the Bi-6s/O-2p hybrids[208] are mostly present in the valence band. The 

electrons travel to the conduction band during the excitation to generate two main species: highly 

oxidized bismuth and low/mid-valent vanadium centers. As a result, one, two or up to three electrons 

(less probable) can then be transferred from the valence band to the conduction band. Based upon the 

light intensity, reduced species like V4+, V3+ or even V2+ may be generated. Should the process be a one 

by one single electron shuttle, the oxidation state of vanadium would never go lower than 4+. In any 

event, the reduced vanadium(IV), (III) or (II) species can now interact with carbon dioxide by delivering 

the electrons and returning to a 5+ oxidation state to restart the cycle (Figure 2.1). Important questions 

remain about the number of electrons transferred by a vanadium center and how they are being 

delivered to carbon dioxide.  

 In the first step of Figure 2.3, we are assuming that a reduced specie of vanadium(IV) is 

formed in the conduction band and its partner bismuth(IV) in the valence band after the photo-
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irradiation. If the photo-excitation is sufficiently strong, an additional electron may be transferred to 

form bismuth(V) and vanadium(III). This assumption can be also extended to the not unrealistic 

formation of vanadium(II), with the assumption that intermediate species are stables. 

 

 

Figure 2.3. Proposed intermediates formation on m-BiVO4 after photo-irradiation and until 
vanadium(III) specie formation.[208]  

 

Bismuth in high oxidation state as in some metal oxides is regarded as a strong oxidizing agent.[219–221] 

During water oxidation, the high valent Bi reduces to the trivalent state where the lone pair, by being 

locked in the 6s orbital, is responsible for the special stability in turn requiring light for re-oxidation and 

catalytic cycle restart. Accordingly, MBiO3 (M=Ag and Na) and Bi2O5 photo-semiconductors are 

examples of photo-semiconductors used for oxidation reactions. The oxidative ability of high-valent 

bismuth is also reiterated by the chemistry of organobismuth(V) compounds (Scheme 2.11) mainly 

known because of their ability to oxidize organic species.[220,222] 
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Scheme 2.11. Bismuth(III)Ar3 as precursor for different bismuth(V) species. Reproduced in part from ref 
#[220] with permission by Elsevier Science. 

 

On the other hand, low valent vanadium compounds, especially the di- and trivalent states display the 

characteristics of powerful reductants, having been prepared and used as binding models for 

dinitrogen, carbon dioxide, carbon monoxide and isocyanide.[223–229] Therefore, the combination of low-

valent vanadium with high-valent Bi, as allegedly generated by the irradiation of BiVO4, can indeed 

provide a reducing site for CO2 and oxidizing site for water during the reverse combustion process. 
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2.5. Results and Discussion 

At the beginning of this work, we were somewhat doubtful of the fact that such relatively minor 

changes in the experimental protocol of the BiVO4-promoted reverse combustion may lead selectively 

to such a different array of products.[124,125,207] Last but not least, we wished to better understand the 

“reactivation” process of BiVO4 and why such a “reactivation” was necessary if the catalyst was 

reported not to decompose. For our photochemical experiments, we have used monoclinic m-BiVO4. 

Several procedures were analyzed for its preparation by changing the morphology controlling agents 

and synthesis temperatures. We have thus identified and selected the best way to obtain pure m-BiVO4 

that is presented at the end of this chapter.[124,125,207,230]  

 

Characterization of m-BiVO4. The solid was characterized by powder X-ray crystallography, XRF, SEM 

analysis and UV-vis diffuse reflectance. The XRD powder spectra (Figure 2.4 - black line) were always in 

good agreement with the JCPDS No. 14-0688. XRF analysis was performed on the m-BiVO4 sample, 

obtaining a determined elemental composition (calculated) as Bi 64.11 (64.51%) and V 15.98 (15.73%). 

These results agreed with the 1:1 Bi/V molar ratio. SEM analysis showed the presence of two crystal 

shapes of m-BiVO4. The first is plate-like while the second is sort of truncated hexagonal bipyramid. 

However, given that their diffraction patterns are indistinguishable, we assume that the two different 

shapes might be coincidental. The fact that the two samples never show cross-contamination of the 

two forms but always are homogeneous also reiterates that we are in the presence of pure samples. 

Also, from the SEM-COMPO analysis of the sample, it is clear that only one component is in the solid. 

Occasionally, the particle size is not homogeneous, but the shape is always the same. 
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Figure 2.4. - Experimental XRD pattern of plates monoclinic BiVO4, before (-) and after (-) reaction. 

 

The resultant BiVO4 yellow solid is expected to be diamagnetic because of its Bi3+/6s0 and V5+/3d0 

electronic configuration of the precursors. In addition, no redox reaction was performed during the 

synthesis. However, a small amount of para-magnetism was occasionally observed in m-BiVO4 if the 

stoichiometry of the preparation differed from the required one or the synthetic protocols were not 

rigorously followed. The appearance of residual paramagnetism was attributed to oxygen vacancies 

generated during the process with vanadium(IV) species resulting from that.[231] Accordingly, an eight 

lines EPR spectrum characteristic of a I=7/2 nuclear spin for a 51V (2I +1 = 8) may be observed.[232–235]  

 The presence of any small amount of vanadium(IV) in the structure prior to the photo-

excitation, led us to think about the tantalizing possibility that it might be this vanadium(IV) species 
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that performs reverse combustion. Another intriguing possibility is that once m-BiVO4 is irradiated, the 

paramagnetic vanadium(IV) centers turn into vanadium(III).  

 Following the methodology described in our work, we have obtained no dielectric or 

paramagnetic behavior in the samples of m-BiVO4. Only in the case of a hydrothermal synthesis at low 

temperature (<120oC), where mostly tetragonal bismuth vanadate is produced, a tiny magnetic 

susceptibility signal was observed and an EPR spectrum could be recorded (Figure 2.5). By taking this 

solid and heating up to 450oC in air, the magnetism disappeared according to the oxidation of 

vanadium(IV) into diamagnetic vanadium(V) in the monoclinic phase. Is well known that the tetragonal 

structure in BiVO4 is undesirable because of its lower activity towards carbon dioxide reduction.[124] 

 

 

Figure 2.5. EPR spectra of m-BiVO4 with residual V(IV) as a result of oxygen vacancies in the structure. 
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To further clarify this point, an EPR experiment was performed by irradiating diamagnetic m-BiVO4. 

Figure 2.6 shows the EPR spectra of three systems: VO2 purchased from Strem used as a reference, m-

BiVO4 diamagnetic prepared with our methodology and m-BiVO4 obtained upon irradiation inside the 

cavity of the EPR spectrometer.  

 

Figure 2.6. EPR experiment of VO2, m-BiVO4 and m-BiVO4 irradiated. 

 

The photo-irradiation of m-BiVO4 clearly shows the appearance of para-magnetism implying that either 

vanadium(IV) or (III) might be formed thus supporting our initial hypothesis that a reduced vanadium 

species may have formed during the process. The close similarity of the g-factor with that of VO2 

indicates that a tetravalent vanadium is most likely to be formed. It is interesting to observe that the 

trivalent V2O3 is EPR-silent at room temperature. Therefore, it becomes apparent that the EPR 

spectrum showed the presence of a reduced vanadium. 

Since the presence of trivalent vanadium could not be conclusively excluded, attempts to synthesize 

bismuth vanadate in lower vanadium oxidation state were performed. The first methodology we 
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followed was that reported in the literature for Bi2V2O7.[236] By following this methodology however, 

we only obtained m-BiVO4. Our results make more sense since the heating in air of the reaction mixture, 

as prescribed by the preparation of Bi2V2O7, oxidizes vanadium(IV) and affords m-BiVO4 as presented 

in Figure 2.4 (black line). In fact, several methodologies to obtain conventional diamagnetic BiVO4 used 

vanadium in lower oxidation state as precursor and all of them require oxidation in air.[32,130,172,237,238]  

 Before attempting different protocols, we modified the conditions used for Bi2V2O7 by 

performing the reaction under inert atmosphere. The resulting solid was analyzed by X-ray powder 

diffraction (Figure 2.7) showing that metallic bismuth and V2O3 were formed. This unexpected result 

indicates Bi3+ being reduced to metallic bismuth and V4+ affording V2O3. In conclusion, using the 

methodology presented by Khademinia S. et. al. in 2015 we were not able to reproduce the proposed 

structure but instead obtaining Bi and V2O3. 

 

Figure 2.7. XRD pattern of the products of Bi(NO3)3.5H2O mixed with VO(acac)2 and heated under Ar at 
500oC for 8h. 
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We further attempted the preparation of Bi2V2O7 by solid state technique at 400, 500, 600 and 700oC 

(Figure 2.8). Firstly, mixing Bi2O3 and VO2 in molar ratio 1:2 and heating to 400oC and 600oC did not 

present a total conversion from the precursors into any oxo/bismuth vanadium compound with lower 

oxidation state of vanadium. The reaction was thus performed for longer periods and higher 

temperature. Longer time reaction at 500oC gave similar results to a 24 h-long reaction at 700oC. Still, 

the expected Bi2V2O7 was not obtained, but a mixture of Bi4V2O10 and Bi2VO5 was afforded with small 

crystalline impurities of unreacted VO2. The susceptibility moment at room temperature for the 

mixture, assuming a formula of the major component Bi4V2O10 was 2.02 BM. The dark-green 

paramagnetic solid had the expected value of magnetic susceptibility and it was EPR-silent at room 

temperature. 

 

Figure 2.8. XRD powder patterns of Bi2O3/2VO2 in the follow conditions: a) physical hand mixed before 
heating, b) 24h at 400oC, c) 24h at 500oC, d) 24h at 600oC and e) 24h at 700oC, mixture of Bi2VO5 – 
Orthorhombic a = 5.4704 Å, b = 17.2471 Å and c = 14.921 Å in Pnma (62) space group and Bi4V2O10 – 
Orthorhombic a = 5.494 Å, b = 5.504 Å and c = 15.449 Å P21221 (18) space group. 
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2.6. Reverse combustion reaction with Bi4V2O10/Bi2VO5/VO2 mixture.   

In a typical experiment where carbon dioxide was bubbled to a suspension of the solid in water during 

15 minutes, the system remains under carbon dioxide atmosphere along the process. Upon irradiation 

with a mercury lamp in a quartz reactor, the gas mixture above the reaction mixture was analyzed every 

hour over 6 hours by GC-TCD and no gas other than carbon dioxide was detected. The suspension was 

then filtered to remove any solid from it and analyzed by GC-FID to determine possible formation of 

any possible organic water-soluble product. Unfortunately, no organic matter was detected. This 

demonstrate that our mixed-valent bismuth vanadate oxide is inactive. The use of NaOH did not modify 

the scenario.  

 

2.7. Formaldehyde dehydrogenation on Bi4V2O10/Bi2VO5/VO2 mixture. 

Having established the non-ability of reduced species to perform reverse combustion, the reactivity 

was explored with formaldehyde, one intermediate of the CO2 reverse combustion. Upon irradiation 

of the suspension of the solid mixture with formaldehyde solution in water (0.10M) no activity was 

observed after 24h. Once NaOH (2.0 mL, 1M) was added to the system, hydrogen production began 

(Figure 2.9). 
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Figure 2.9. Hydrogen production from formaldehyde solution in water and NaOH in presence of 
vanadium(IV) solid mixture and under mercury lamp irradiation. 

 

After 35 h of irradiation hydrogen production stops even when either more NaOH or formaldehyde was 

added. This was indicative of a poisoning of the surface of the catalyst possibly preventing light from 

interacting with the surface of the material. SEM analysis was thus performed before and after the 

reaction to show how the surface at the solid might be affected. As shown in Figure 2.8, the starting 

solid is a mixture of Bi4V2O10 with a very small amount of other vanadium(IV) species (COMPO analysis 

in Figure 2.10b).  

With these results, we have shown that bismuth vanadate in lower oxidation state is only capable to 

perform mild dehydrogenation of formaldehyde in basic media. The only byproduct in this reaction is 

the formate anion, in good agreement with previous observations  from our group.[181] 
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Figure 2.10. SEM analysis of a) Bi4V2O10/Bi2VO5/VO2 mixture before dehydrogenation of formaldehyde, 
b) COMPO analysis of Bi4V2O10/Bi2VO5/VO2 mixture before dehydrogenation of formaldehyde, c) post 
reaction solid and d) COMPO of postreaction solid. 

 

By comparing the SEM analysis of Figure 2.10c/d, deposition of a new solid on the surface of the 

material is apparent. The bright material corresponds to the remaining Bi4V2O10, while the dark solid is 

mainly a Na/C/O based material. We believe that this could be sodium formate produced as side 

product in the reaction as mentioned above. SEM-EDS analysis shows also that the bright material 

contains a surface atomic ratio Bi:V of 2:1 on average as in the initial formula Bi4V2O10 used as major 

starting material. Residual nanoparticles that contain more Bi than V on SEM-EDS analysis were also 

observed. XRD of the material confirmed that the solid presented a new phase where vanadium is less 
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present in the structure (Figure 2.11). This could be an effect of vanadium being leached out from the 

structure because of the basic reaction conditions. This behavior was also observed when BiVO4 was 

used as discussed later in this chapter. Instead, the dark solid contained a very low amount of vanadium 

comparing to the Na/C/O composition. 

 

Figure 2.11. XRD powder pattern of solid mixture Bi4V2O10/Bi2VO5/VO2 b) before and a) after 
dehydrogenation of formaldehyde in basic media. 

 

The optical properties of m-BiVO4, were examined using UV-vis diffuse reflectance analysis showing a 

band gap in agreement with the values reported for this solid.[124] This confirms that m-BiVO4 is in fact 

a semiconductor able to be photo-excited by using visible light irradiation (Figure 2.12). 
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Figure 2.12. UV-vis diffuse reflectance of polyhedral m-BiVO4 with an apparent experimental band gap 
of 560.2 nm (2.21eV). 

 

2.8. Reverse combustion reaction on m-BiVO4. 

Upon irradiation under reverse combustion conditions, CO2 is transformed into MeOH while the shape 

of the crystalline m-BiVO4 was modified (Figure 2.13c). The postreaction solid clearly shows the 

presence of two phases in the XRD spectrum. The main phase present is still m-BiVO4 while the second 

pattern is attributable to Bi2O3 (Figure 2.4 red line). The same phenomenon may be better observed in 

the “polyhedral” m-BiVO4. The sample was analyzed by SEM before (Figure 2.13d) and after (Figure 

2.13e) the reverse combustion reaction. The corrosion and deposition of microcrystalline material is 

now more evident. Also, of interest is the fact that two opposite faces of each polyhedron seem to be 

principally affected. Questions arise from the meaning of the etching of the crystals and the deposition 

of Bi2O3, implying that vanadium has been somewhat leached out of the structure. 
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Literature data indicated that the methanol production reaches a maximum with no catalyst 

decomposition.[116] In all of our experiments, we observed both a decrease in methanol concentration 

after 200 minutes of catalytic testing and a permanent deactivation of the catalyst after reactivation by 

heating. This is in contrast to other published work where a linear production of methanol was 

observed with little loss of activity after an alleged “regeneration” carried out upon heating at 80oC.[125] 

In an attempt to clarify these discrepancies, further investigation of the intermediate products and 

catalyst composition was performed with pristine and reactivated m-BiVO4. 
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Figure 2.13. SEM (a) analysis of pure m-BiVO4 before reverse combustion process, (b) SEM-COMPO, (c) 
SEM analysis of the solid after the process, (d) SEM analysis of polyhedral m-BiVO4 before the reverse 
combustion process, (e) SEM analysis of polyhedral m-BiVO4 after reverse combustion process and (f) 
SEM analysis of m-BiVO4 with no carbon dioxide. 

(b) 
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While we could not reproduce the formation of EtOH as claimed in the literature,[124] both formate 

anion and formaldehyde, along with methylformate were generated during the catalytic runs. Formate 

concentration appears to stabilize after 3 hours without loss of activity. Formaldehyde and methanol 

production decreases after recovery of the BiVO4 catalyst, although the activity in formate formation 

does not appear to be affected by catalyst recovery. In all cases, no methane was detected confirming 

that the methanol loss after initial formation is not due to further reduction. We attribute the loss of 

methanol to the re-oxidation into lower value organics, including formaldehyde and formate by either 

m-BiVO4 or the quartz reactor. As mentioned in the introductory part, the oxidation of several alcohols, 

including methanol into formaldehyde, has been shown to occur in glass and quartz reaction vessels 

upon irradiation with no need for a catalyst.[239] No other small organic molecules were detected. This 

perhaps could be taken as evidence for CO2 photoreduction to initiate via monodentate binding, with 

stepwise proton-coupled electron transfers producing methanol as a final product.  Potential oxidation 

products of methanol, formaldehyde, and sodium formate (Table 2.1) in a 1 M solution of NaOH were 

studied to help decipher the pathway for methanol re-oxidation. In all cases methane, carbon 

monoxide or other organic products were not observed. 

 

Table 2.1. Quantitative analysis of oxidation and reduction of intermediates and products with m-BiVO4 
after 24 h 
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To observe the effect of formaldehyde on m-BiVO4, an experiment was performed with formaldehyde 

as the starting organic material. Interestingly, when this m-BiVO4 catalyst was analyzed by XRD and 

SEM, large amounts of Bi2O4−x nanoparticles were detected over the starting BiVO4 (Figure 2.14). This 

effect is also seen during methanol production but to a lesser extent. The heavy coating of the active 

surface of BiVO4, which is present only in inactive samples, suggests that this coating is at least partially 

responsible for the deactivation of the catalyst. This likely occurs due to blocking of the active surface 

by the coating of bismuth oxide, which can be partially removed by regenerating the catalyst during 

heating.  

 

Figure 2.14. Comparison of powder XRD patterns of (A) inactive hyperbranched m-BiVO4 from reaction 
with formaldehyde (B) inactive hyperbranched m-BiVO4 from CO2 photoreduction and (C) literature 

spectrum of Bi2O4−x. SEM micrograph of hyperbranched m-BiVO4 from formaldehyde-spiked conditions 
is inset. 



62 
 

From the experiments of BiVO4 with formaldehyde, we observe that the deposition of Bi2O4−x is caused 

at the surface of the catalyst by a reaction with formaldehyde, one of the key intermediates in the 

reduction to methanol. In turn, this indicated irreversible loss of vanadium from the original m-BiVO4 

structure. Several unsuccessful attempts were performed to try to reinsert the vanadium back into the 

etched m-BiVO4 structures by illuminating with various vanadium sources in water (NH4VO3 or etched 

vanadium solution). 

 

2.9. Catalyst deactivation 

The activity of BiVO4 towards CO2 photoreduction necessarily requires the use of base.[124] However we 

have found that in 1 M NaOH aqueous solutions, both with and without 1 atmosphere of CO2, m-BiVO4 

will become etched and Bi2O4−x nanoparticles are deposited on the surface of the catalyst (Figure 

2.15b/e). By using a backscatter filter to determine surface electron density, deposited nanoparticles 

are revealed to be very dense, compared to bulk m-BiVO4. In this state, the catalyst has become 

deactivated and shows limited CO2 reduction activity. The etching has also been shown to occur without 

illumination.[240] 

 

Figure 2.15. SEM images of (a) polyhedral, (b) inactive, and (c) reactivated polyhedral m-BiVO4, and (d) 
hyperbranched, (e) inactive and (f) reactivated hyperbranched m-BiVO4. 
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The catalyst can be reactivated by heating at 150°C which removes the electron rich deposits from the 

surface by drawing vanadium density from the inner BiVO4. Although the catalyst can be reactivated, it 

remains irreversibly etched (Figure 2.15c/f). The reactivated catalyst was tested for CO2 reduction 

under the same conditions and was shown to have reduced activity compared to pristine BiVO4 (Figure 

2.16). Composition of the BiVO4 surface was analyzed during all stages of BiVO4 regeneration (Figure 

2.16). 
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Figure 2.16. Concentration of (a) methanol, (b) formaldehyde and (c) formate during catalysis 
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Table 2.2. EDS derived molar % of bismuth, vanadium and oxygen on the surface of hyperbranched m-
BiVO4 averaged over three samples. 

 

 

XRD data (Figure 2.17) reveals the formation of a new, crystalline, material contaminating the sample 

of BiVO4. The contamination peaks correspond with literature samples of a mixed valence bismuth 

oxide, denoted as Bi2O4−x.[241] Attempts to separate this contaminant from the bulk BiVO4 have been 

unsuccessful. We assign the electron rich surface deposits to Bi2O4−x. The molar percent of oxygen does 

not change significantly between samples (Table 2.3), although bismuth and vanadium percentages are 

greatly altered in post-reaction. 

 

Figure 2.17. XRD patterns of (A) literature pattern of Bi2O4−x. (B) Pristine hyperbranched m-BiVO4, (C) 
inactive hyperbranched m-BiVO4 and (D) reactivated hyperbranched m-BiVO4. 
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Pristine hyperbranched m-BiVO4 has a ratio of 0.99 V/Bi, by surface molar percentage. This is compared 

to the inactive ratio of 0.77 and the recovered ratio of 0.83. This confirms that a large amount of surface 

vanadium is irreversibly lost during the reaction, likely caused by leaching in the alkaline conditions. 

Similar losses of vanadium were observed from the structure by XRF measurements (Table 2.3).  

 

Table 2.3. Comparison of XRF data of as-synthesized and post-reaction polyhedral BiVO4.  

Sample Bi mass % V mass % O mass % (balance) Change in V (mass %) 

BiVO4 before testing 50.26 14.47 35.27 - 

BiVO4 after testing 57.35 14.2 28.45 0.27 

 
To confirm that vanadium was lost to the filtrate, a sample of the filtrate was dried and EDS 

measurements of the filtrate taken which shows only vanadium in solution (Figure 2.18). This is further 

confirmed by 51V NMR of the filtrate which shows multiple peaks, characteristic of a mixture of aqueous 

vanadium oxides (Figure 2.18c). 

 

 

Figure 2.18. A) SEM image of dried filtrate after etching, B) elemental composition of particle obtained 
by EDS, and C) 51V NMR of post-reaction filtrate. 
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2.10. Conclusions 

In conclusion, m-BiVO4 is indeed able to perform reverse combustion in basic conditions. In our 

experiments, only methanol was formed. Different from the literature claims, decomposition of the 

catalyst after the process was always clearly detected. The solid deposited on the surface of the solids 

corresponds to mixture of bismuth oxides that can be removed by heating the sample at 150oC. The 

vanadium leached out of m-BiVO4 consists of a mixture of V(IV) and V(V). Also, this work has provided 

new insight into the mechanism of BiVO4 as a photo-catalyst for CO2 photo-reduction. A major 

deactivation pathway appears to be caused by the re-oxidation of its own products. Furthermore, 

BiVO4 will rapidly decay with loss of vanadium and deposition of bismuth oxides and will require 

constant recovery by heating. However, vanadium leaching and catalyst etching are irreversible 

processes, and after every catalytic cycle of photo-reduction/recovery, a portion of the initial catalyst 

is irreversibly lost. 

 The major and minor products formed in this reaction provide some new insight into the 

mechanism of CO2 photo-reduction for BiVO4. While formaldehyde, formate and methanol are all 

possible products in all three proposed CO2 reduction pathways, the lack of other key intermediates 

detected (CO, glyoxal, etc.) suggests that the formaldehyde pathway is the most likely pathway for CO2 

reduction promoted by m-BiVO4. 

 By lowering the oxidation state of vanadium in bismuth vanadate specie (Bi4V2O10) aiming to 

mimic the intermediate vanadium(IV-III) formed after the photo-irradiation, reverse combustion was 

evaluated at neutral and basic pH with no conversion to any organic or gas observed during the process. 

On the other hand, it presented mild reactivity for dehydrogenation of formaldehyde in basic media. 
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2.11. Experimental Section 

2.11.1. Preparation of polyhedral m-BiVO4: Bi(NO3)3.5H2O (10 mmol, 4.85 g) was suspended in 50 mL 

of distilled water in a 100 mL glass pressure vessel. Na2SO4 (7.04 mmol, 1.00 g) was dissolved in 20 mL 

of water and added to the Bismuth nitrate suspension. After stirring the solution for 30 minutes, 

NH4VO3 (10 mmol, 1.17 g) was added and the vessel was closed and heated at 180oC for 24h. After this 

time, the vessel was cooled down to room temperature. The resulting yellow solid was filtered and 

washed five times with 45 mL of boiling water to ensure all remaining salts were removed from the 

final yellow solid. Once the solid was washed out, it was dried under vacuum at 100oC for 12h. The 

yellow solid was characterized by powder X-ray crystallography, XRF, SEM and UV-vis diffuse 

reflectance and agreed with the published monoclinic bismuth vanadate.[125]  

2.11.2. Catalytic testing 

In a typical reaction, 0.4 g of catalyst and 200 mL of a 1.0 M NaOH solution were placed in a quartz flat 

bottom flask adjacent to a 350W Xe arc-lamp. Prior to light irradiation, the reaction mixture was 

thoroughly degassed and allowed to equilibrate under a CO2 atmosphere for 30 minutes. Methanol was 

detected with an Agilent 7820A GC with a FID, using a Restek Rt-U-Bond column and helium carrier gas. 

51V NMR spectra were recorded on a Bruker Avance II 300 MHz spectrometer using neat VOCl3 as a 

standard. Chemical shifts are reported in ppm and spectra were recorded at 298 K. Powder XRD 

diffractograms were obtained on a Rigaku Ultima IV diffractometer. X-ray Fluorescence (XRF) 

measurements were performed on a Rigaku Supermini-200. UV-Vis spectra were obtained on a 

Specmate UV-1100 spectrometer. Scanning electron microscopy and energy dispersive X-ray analysis 

were performed with a JSM-7500F SEM instrument by JEOL, Inc. The concentration of formaldehyde 

was determined by a colorimetric procedure by Nash.[242] Concentration of dissolved formate was 

determined by a colorimetric procedure by Sleat and Mah.[243] 
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3.1. Preamble 

After evaluating the behaviour and characteristics of m-BiVO4 in chapter 2 vis-a-vis reverse combustion, 

and given the limitations discovered during our work, an alternative material was considered by 

replacing vanadium with chromium in a similar metal oxide extended structure. Considering the 

impossibility for m-BiVO4 to retain the V atoms in the structure during longer-time reverse combustion, 

higher oxidation states were expected to be beneficial for improved resiliency and performance. The 

fact that Bi(OH)CrO4 is a semiconductor with an appropriate band-gap and band-edge to perform 

radical reverse combustion was advising its utilization. In this material, the transition element is in its 

highest oxidation state, Cr(VI), which was expected to be capable of releasing oxygen during the 

oxidizing half reaction path. The following chapter describes the preparation, characterization and 

reactivity of this species. 
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3.2. Introduction 

Small organic molecules (C1) may be employed as hydrogen shuttles in catalytic water-splitting binary 

systems. For example, the selective dehydrogenation of formaldehyde in basic conditions to formate 

anion, along with the inverse reaction where water is used as hydrogen source, can be used, in 

combination with appropriate catalysts and in homogeneous phase, for formaldehyde/formate 

mediated water splitting (Scheme 3.1).[181] 

 

Scheme 3.1. Photochemical water splitting in a two-stage system. Reproduced from ref #[181] with 
permission by The Royal Society of Chemistry. 

 

The redox pair CO2/formic acid could be in principle another candidate for this purpose but there are 

some caveats. The use of formic acid as a hydrogen carrier has become an attractive route for redox 

reactions of practical use.[244] Efficient hydrogen release1–5 and the relative ease of carbon dioxide 

hydrogenation to recover the starting feed,6–8 including reverse combustion techniques,9–11 makes 

formic acid and its corresponding anion viable precursors for water splitting via shuttle catalysis. 
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However, in all examples of the dehydrogenation of formic acid both hydrogen and carbon dioxide are 

produced at the same time. Therefore, a costly and energy-intensive gas separation step must be 

performed to have a clean stream of hydrogen unless a two-step system could be found. 

The dehydrogenation of formic acid to hydrogen and carbon dioxide has been performed by 

numerous catalysts. These include catalysts based on silver[252,253], palladium[254–257], iron[247,258], 

iridium[259–262], cobalt[263], ruthenium[264], zinc[265] and boron.[266] However, in all of these reactions both 

hydrogen and carbon dioxide are produced simultaneously. 

Numerous possible decomposition pathways of formic acid have been widely studied in the last 

decade.[246,251,254,267,268] Although hydrogen and carbon dioxide are the primary products, other by-

products may also be present. Carbon monoxide, for example, is formed by dehydration of formic acid 

in the presence of a catalytic amount of sulfuric acid.[269] Metal oxides at high temperatures also 

perform decarbonylation.[270] Molecular compounds containing ruthenium and iridium among others, 

can afford disproportionation to methanol, water and carbon dioxide.[244,267,270–272]  

Even if we restrict the C1-mediated water-splitting to the formaldehyde/formic couple, the multiple 

decomposition pathways of formic acid pose some serious challenges. The disproportionation of formic 

acid into a mixture of formaldehyde, carbon dioxide and water is in fact a thermodynamically 

permissible process.[270]  

2 HCOOH (g) → 2 CO2 (g) + 2 H2 (g)  ΔGo
(273K) = -86.8 kJ/mol (Eq. 1) 

2 HCOOH (g) → 2 CO (g) + 2 H2O (l)  ΔGo
(273K) = -46.2 kJ/mol (Eq. 2) 

2 HCOOH (g) → CO (g) + H2O (l) +CH2O (aq) ΔGo
(273K) = -60.0 kJ/mol (Eq. 3) 

As mentioned above, we have previously reported highly efficient hydrogen production from para-

formaldehyde and sodium hydroxide by using the [Fe(CN)6]4+ photocatalyst.[181] The reaction produces 

formate as a by-product, but the reverse transformation of formic acid/formate to formaldehyde using 
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water as a hydrogen source, although possible under photochemical conditions, has not yet 

been achieved with comparable activity and selectivity. Even the simple stoichiometric 

reduction of formic acid to formaldehyde is problematic since it leads directly to methanol 

instead.[273]  

In a search for catalysts to a methanol-free transformation of formic acid into 

formaldehyde, we have previously studied the ability of BiVO4 to act as a photo-semiconductor 

for the hydro-reduction of CO2 (reverse combustion) in Chapter 2. The key feature of that 

system was the presence of a low-valent bismuth and high valent vanadium which, upon 

irradiation, exchange their redox roles, with bismuth oxidizing water and vanadium reducing 

CO2. This led us to consider the combination of bismuth(III) and chromium(VI) oxides, as in 

Bi(OH)CrO4. 

The presence of a more strongly oxidizing hexavalent chromium was expected to 

facilitate oxygen release and hopefully provide a better catalyst for reverse combustion.[274] In 

other words, the behavior of this material could be two-fold. On one hand, it may catalyze the 

dehydrogenation of formic acid to CO2, while in combination with a reverse combustion 

catalyst, use formic acid as a water splitting shuttle.  

On the other hand, it might reduce formic acid to formaldehyde with the input of water as 

hydrogen source. In this case, the water splitting could be shuttled by the formic/FA couple. 

 The combination of trivalent Bi and hexavalent Cr gives rise to interesting bimetallic oxo-

aggregates whose structure can be tailored by the synthetic protocol.[275] The resulting bismuth 

chromate hydroxide material has photo-semiconducting properties with a band edge position 
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and light-harvesting capacity (band gap 2.21 eV) which was successfully used for the 

degradation of Methylene Blue (MB).[192]  

The thermal degradation of Bi(OH)CrO4 releases oxygen affording an ill-defined 

paramagnetic mixture of bismuth and chromium.[276] This species displays a different reactivity 

from that of Cr2O5 oxide, thus indicating that the presence of Bi might affect its chemical 

behaviour.[277] 

In this Chapter, we present the synthesis and characterization of a new BiCrO4 species obtained 

from thermolysis of Bi(OH)CrO4 and its use as a catalyst for the disproportionation of formic 

acid to formaldehyde and carbon dioxide under mild conditions. Even though the possibility of 

obtaining a new shuttling system for water splitting was not achieved, various catalysts, such 

as MCl3 [M = Ir(III) and Ru(III)], have been also investigated to complete a two-step tandem 

catalytic dehydrogenation of formic acid to H2 and CO2. These two-step processes have the 

advantage of forming carbon dioxide and hydrogen in two different stages, which means that 

no gas separation needs to be performed to obtain a clean stream of each product. This is the 

first time to our knowledge that a two-step process for the decomposition of formic acid has 

been presented. 
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3.3. Results and Discussion 

We have analyzed the problem of formic acid decomposition in two separate steps: the release of 

carbon dioxide from formic acid in one step and formation of hydrogen in a second step (Scheme 3.2). 

This gives a clean, single product gas stream in each step. 

 

In the first step, bismuth chromate is used thermally to reduce formic acid to formaldehyde, 

water and carbon dioxide at low temperatures (200-300oC). In a second step, the formaldehyde 

is dehydrogenated in basic conditions with iridium or ruthenium catalysts at room temperature. 

 

3.3.1. Formic acid reduction 

 Scheme 3.3 highlights the four steps of the reduction of carbon dioxide to methanol. It should be 

reiterated that formic acid can be catalytically oxidized to carbon dioxide and hydrogen5,29–31 but 

selective reduction to formaldehyde has been reported only once.[181] It is worth reminding that in 

acidic media, the degradation of formic acid could follow a different path leading to carbon monoxide 

and water.[281,282] 

Scheme 3.2. Shuttle system using the couple formic acid/formaldehyde. Cat. = MCl3 [M = Ir(III) 
and Ru(III)]. 
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We have investigated the reactivity of formic acid with both monoclinic and orthorhombic 

forms of bismuth hydroxo-chromate Bi(OH)CrO4 (Figure 3.1). To our initial disappointment, this 

photo-semiconductor does not perform reverse combustion under irradiation (i.e. formation of 

formaldehyde with water with oxygen release). However, it thermally catalyzes a clean 

disproportionation of formic acid to a mixture of formaldehyde and CO2. 

 

 

Scheme 3.3. Carbon dioxide redox, steps a[148,150,151], b[284], c[475], d[188], e[181] and f[476]. 
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The two forms of Bi(OH)CrO4 have been structurally investigated using powder diffraction 

techniques by Aurivillius et. al.[283] We managed to grow single crystals of sufficient size to 

undertake crystal structure analysis for both forms, thus authenticating a previous structural 

proposal. Of the two monoclinic and orthorhombic forms, the monoclinic displays a much 

higher thermal resiliency and therefore, was preferred for the thermal degradation of formic 

acid.  

Figure 3.1. Crystal Structures of (a) m-Bi(OH)CrO4 and (b) o-Bi(OH)CrO4. Selected bonds for 

monoclinic and orthorhombic isomers respectively: Bi(1)-O(1) 2.254 Å, Bi(1)-O(2) 2.258 Å, Cr(1)-

O(2) 1.717 Å, Cr(1)-O(3) 1.639 Å, Cr(1)-O(4) 1.636 Å, Cr(1)-O(5) 1.593 Å, Bi(1)-Cr(1) 3.619 Å and 

Bi(1)-O(1) 2.192 Å, Bi(1)-O(2) 2.420 Å, Cr(1)-O(2) 1.723 Å, Cr(1)-O(3) 1.610 Å, Cr(1)-O(4) 1.676 Å, 

Cr(1)-O(5) 1.630 Å, Bi(1)-Cr(1) 3.628 Å. Selected angles for monoclinic and orthorhombic isomers 

respectively: Bi(1)-O(2)-Cr(1) 121.31o, O(1)-Bi(1)-O(2) 75.99o, O(1)-Bi(1)-O(2)-Cr(1) -70.87o and 

Bi(1)-O(2)-Cr(1) 130.65o, O(1)-Bi(1)-O(2) 80.08o, O(1)-Bi(1)-O(2)-Cr(1) -17.33o.  
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In a standard experiment, a catalytic amount of m-Bi(OH)CrO4 was placed in a glass tube 

surrounded by a furnace with formic acid being injected at constant rate. Catalytic runs were 

carried out at different temperatures in the range 200oC and 300oC (Table 3.1). As expected, 

temperature increases resulted in faster formic acid decomposition to carbon dioxide and 

hydrogen but also a substantial amount of carbon monoxide, water and oxalic acid. [284] The 

temperature of 200oC was instead found to be the optimum for maximizing the production of 

formaldehyde and minimizing formation of by-products. It should be reminded that 

thermodynamically-allowed side reactions such as water-gas-shift[111] as well as formaldehyde 

decomposition into syn-gas (CO + H2) may also occur under thermal conditions. Temperatures 

lower than 180oC afford very low production of formaldehyde and the usual decomposition of 

formic acid into the above-mentioned by-products. 

 

To increase the surface area and to disperse the catalyst, we have attempted to support 

Bi(OH)CrO4. Different solids were investigated such as SiO2, Al2O3 and carbon. While Al2O3 and 

Entry Metal Oxide 
Temp 

oC 

HCHO 

(µmol) 

µmol 

CO2 H2 CO 

1 
Bi(OH)CrO4 

200 97.9 4594 3143 1561 

2 250 200 11601 7613 13054 

3 
Bi(OH)CrO4/SiO2 

200 87.5 5123 4360 2575 

4 250 608 32535 30165 22067 

5 SiO2 200 0.015 ---- ---- 83194 

6 Bi(OH)CrO4/Al2O3 200 0.430 288 50 419 

7 Al2O3 200 0 1069 169 31337 

8 
Bi(OH)CrO4/C 

200 4.60 1576 258 884 

9 300 45.3 6760 4089 6747 

10 
C 

200 0.510 936 159 1800 

11 300 0.780 1857 343 4394 

12 Cr2O3 200 0 1418 173 398 

13 Bi2O3 200 15.1 4865 122 ---- 

 

Table 3.1. Reactivity of formic acid using different catalyst and supports. 
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carbon acted as inhibitors (Table 3.1, entry 9-11), formaldehyde production had a threefold 

increase when SiO2 was employed as support. It was previously reported that silica can afford 

mainly formic acid dehydration whilst other metal oxides MO (M = Mg and Zn) favor its 

dehydrogenation.[270] However, this was not the case in this work. The results presented in Table 

3.1 (entry 3 and 4), show that the overall catalytic activity can be increased up to seven times 

with increasing temperatures.  

 To understand the catalytic activity of Bi(OH)CrO4 with formic acid we have separately 

examined Bi2O3 and CrO3. These oxides did not produce detectable amounts of CH2O. Lower-

valent Cr2O3, did not catalyze the formic acid disproportionation to formaldehyde either. 

Instead, it catalyzed the decomposition of formic acid into carbon monoxide, carbon dioxide, 

hydrogen and water.[270] On the other hand, reaction of Bi2O3 with HCOOH at 200oC affords 

metallic bismuth with parallel formation of  water, carbon dioxide and carbon monoxide.  

The robustness of the Bi(OH)CrO4/SiO2 catalytic system was assessed with a long term 

experiment under the optimal reaction conditions (Table 3.1, entry 4) finding a steady 

production of formaldehyde (Figure 3.2).  
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Figure 3.2. Formaldehyde produced over time from formic acid using Bi(OH)CrO4 on SiO2 at 250oC. 

 

The production of formaldehyde remains linear for more than 60 hours, with a formaldehyde 

production rate of 0.065 mmol/mmol cat/hr. This rate can be increased by increasing the reaction 

temperature, however this also increases the amount of thermal decomposition of formic acid (and 

produced formaldehyde) into hydrogen and carbon dioxide. 

As shown in equation 3, in the ideal disproportionation process, only 50% of the formic acid used is 

being transformed into formaldehyde. However, we observed amounts of carbon dioxide higher than 

formaldehyde as well as hydrogen being produced at the beginning of the reaction (Table 3.1, entry 4). 

We attribute this behavior to the initial stoichiometric transformation of Bi(OH)CrO4 into BiCrO4 which 
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consumes one equivalent of HCOOH (Eq. 4). Once BiCrO4 is formed, the catalytic disproportionation 

towards formaldehyde starts.  

HCOOH + 2 Bi(OH)CrO4 → 2 H2O + CO2 + 2 BiCrO4 (Eq. 4) 

SEM analysis (Figure 3.3) shows the morphology of m-Bi(OH)CrO4 before and after reaction when the 

BiCrO4 was formed. Although the color of the material changed from orange to dark green, the surface 

morphology/shape and size of the particles remained similar. The bismuth chromate particle sizes 

appear to be in the 1-3 µm range, and contain a well-defined polyhedral morphology. 

 

XRF analysis did not show any significant change in the molar ratio of Bi:Cr at 1.04 before and 1.09 after 

reaction. However, a noticeable change of the oxygen/hydrogen ratio was observed suggesting the 

release of hydroxyl groups (Table 3.2). Additionally, the new material formulated as BiCrO4 is 

paramagnetic with a magnetic moment of 1.86 BM in agreement with the d1 electronic configuration 

of chromium(V). In other words, chromium(VI) has been reduced to chromium(V) with consequent 

release of OH from the structure. 

Figure 3.3. SEM analysis of Bi(OH)CrO4, Left) Bi(OH)CrO4 before reaction, right) After reaction BiCrO4 
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Table 3.2. XRF results for the reaction of Bi(OH)CrO4 at 200oC with HCOOH 

Metal Oxide /Composition % Bi % Cr % O/H bal. Cr / Bi Ratio 

Before – Bi(OH)CrO4 58.32 +/- 0.48 15.13 +/- 0.12 26.55 +/- 0.60 1.04 +/- 0.01 

After – BiCrO4 64.19 +/- 0.42 17.40 +/- 0.13 18.41 +/- 0.55 1.09 +/- 0.01 

 

XPS analysis was performed on Bi(OH)CrO4 and BiCrO4 samples to confirm the change in the binding 

energy in Bi and Cr environments (Figure 3.4). A comparison before and after reaction shows a similar 

intensity ratio for bismuth. The position of Bi 4f peaks located at binding energies of 157.20 eV and 

162.52 eV for Bi(OH)CrO4 shifted to 156.79 eV and 162.11 eV for BiCrO4. Such low difference in energy 

suggests no change in the bismuth oxidation state during the cycle but indicated a rearrangement of 

the oxygen atoms around the trivalent Bi cation.[285] Chromium and oxygen instead showed a significant 

variation of the binding energy. A difference of 2.98 eV binding energy for chromium (from 577.20 eV 

to 574.22 eV) suggests a variation in the oxidation state from +6 to +5. 

 

Figure 3.4. XPS analysis of Bi(OH)CrO4 and BiCrO4 involved in the cycle. a) Cr 2p/7, b) O 1s/4 and c) Bi 4f/8 
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In the case of oxygen, the band at 528.09 eV splits into 527.97 eV and 529.43 eV. Oxygen binding at 

528.09 eV suggests bonding to Bi3+ and the binding energy at 529.43 eV suggests the oxygen bound to 

the chromium(V) species. Unfortunately, several attempts to obtain a single crystal of BiCrO4 suitable 

for X-ray were unsuccessful. 

The formation of the new BiCrO4 compound and the analysis of the products indicate that Cr(VI) of 

Bi(OH)CrO4 is (unsurprisingly) oxidizing formic acid to CO2 at temperatures above 200oC. In turn, the so-

formed Cr(V) species acts as a reducing agent (surprisingly) for a second molecule of formic acid. The 

water necessary for the reduction to formaldehyde is in fact present in situ as a result of the previous 

oxidation. As a consequence, Bi(OH)CrO4 is being regenerated for another cycle of reaction with formic 

acid in an overall disproportionation to formaldehyde, CO2 and water (Scheme 3.4). This transformation 

is unprecedented for Bi(OH)CrO4 and was previously reported only for TiO2 at 600K[286] and by our group 

using Bi2WO6.[181]  

 

 

 

 

 

 

 

 

 

Scheme 3.4. Two-step reaction for the formic acid disproportionation 
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TGA of the orthorhombic and monoclinic precursor as well as the TGA of the post reaction catalyst are 

shown in Figure 3.5. Both forms display an initial thermal decomposition between 200°C and 400°C. At 

a T of about 350oC, the orthorhombic form loses both oxygen and water while the monoclinic only 

water. This remarkable difference of behavior between the two forms is probably the basis of the 

negligible reactivity of the orthorhombic form towards formic acid disproportionation. By further 

increasing the temperature to 600oC, bismuth is reduced to its metallic form and chromium to some ill-

defined paramagnetic solid. The two processes are accompanied by further oxygen release for both 

monoclinic and orthorhombic forms.  

 

 

Figure 3.5. TGA of o-Bi(OH)CrO4, m-Bi(OH)CrO4 and post reaction solid, BiCrO4. 
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The monoclinic form of Bi(OH)CrO4 is clearly more resilient to thermal decomposition. The water 

release affords a new diamagnetic solid formulated as (BiO)2Cr2O7 on the basis of the mass loss 

measured with TGA. This behavior has a close similarity to that of lanthanide chromate oxides.[287,288] 

Around 600oC, only oxygen was evolved and the resultant paramagnetic solid was determined to be a 

mixture of metallic Bi and Cr oxides. The TGA of BiCrO4 instead showed a remarkable robustness of this 

material, showing little decomposition with the solid losing less than 2% in mass at temperatures up to 

800oC. As expected, only oxygen was released from the decomposition of BiCrO4. 

 

3.3.2. Hydrogen evolution from pFA 

To maximize the evolution of hydrogen gas from formic acid and complete the transformation to CO2, 

a catalytic system for a rapid dehydrogenation of formaldehyde was needed. This system should not 

produce CO, but could reform formic acid ready for another cycle of disproportionation, ultimately 

producing only CO2 and completing the release of hydrogen. Even though this cannot be used for water 

splitting purposes, it would provide a new way to use formic hydrogen as a hydrogen storage medium.  

 We have previously demonstrated that Na4Fe(CN)6.10H2O is a highly performing photocatalyst 

for formaldehyde dehydrogenation. Problems however arise about the longevity of this catalyst. Since 

we previously suggested that the M-OH moiety is ultimately responsible for catalyzing the hydrogen 

evolution from formaldehyde,[181] we have now analyzed the behavior of a large series of transition 

metal salts (M = Ir, Ru, Cu, Ag, Ni, Ti, Fe, Os, Rh, Pd) in basic solutions of formaldehyde and measured 

the rate of dehydrogenation. The most rapid and efficient hydrogen evolution was observed with IrCl3. 

The reaction in turn produces the formate anion through a very selective reaction, since no traces of 

other products could be detected. Figure 3.6 shows that hydrogen evolution occurs rapidly in the first 

2 hours. After this time, the concentration of formaldehyde is decreased not only for the natural 



85 
 

consumption due to the dehydrogenation but also because of the Cannizzaro aldehyde 

disproportionation. After 350 hours, no formaldehyde was detected in solution and no further 

hydrogen evolution was observed. To maximize the production of hydrogen, additional amounts of 

formaldehyde and base could be added at regular intervals to keep the reaction rate as high as during 

the first hour. 

 

Figure 3.6. Hydrogen evolution from a mixture of pFA (67 mmoles), NaOH (250 mmoles), water (100 
mL) and IrCl3 (330 µmoles) at room temperature. 

 

In an attempt to reduce the impact of the parasitic Cannizzaro reaction in decreasing hydrogen yield, 

the reaction was repeated over multiple days at both room temperature and 0oC (Figure 3.7). Lower 

temperatures increase the production of hydrogen due to the slowing of the parasitic Cannizzaro 
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reaction. The rate in reduction of this reaction is larger than the reduction in the hydrogen evolution 

reaction, giving a net increase in productivity. 

 

 

 

 

 

 

 

 

 

 

 

With this system, high daily yields can be obtained up to 61% (Table 3.3) with an overall productivity 

yield of 25%. However, even with the high 61% yield, 39% of the formaldehyde in this reaction mixture 

is being disproportionated into methanol and formate, of which methanol is lost from the cycle (the 

formate can be recycled back into formaldehyde). Therefore, to increase the viability of this reaction 

the Cannizzaro reaction should be minimized. This could possibly be achieved through the use of 

Figure 3.7. Daily hydrogen evolution from a mixture of pFA (67 mmoles), NaOH (250 mmoles initial, 
followed by 75 mmoles daily), water (100 mL) and IrCl3 (330 µmoles) at room temperature and 0oC. 
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additives, using different bases, using a mixture of solvents or decreasing the reaction temperature 

further. 

 

 

 

 

Having found two separate catalytic system for reduction of formic acid to formaldehyde and for 

dehydrogenation of formaldehyde, we have attempted to combine them in one overall tandem 

catalytic system (Scheme 3.5). In the first stage, an experiment was run using the best conditions for 

formaldehyde production (Table 3.1, entry 4). After collecting 643.1 µmol of formaldehyde in water 

over 12 h, that solution was basified to pH = 13.0 using sodium hydroxide. After addition of IrCl3 (100 

mg, 330 µmol) and stirring for 24h the hydrogen produced was analyzed by CG-TCD and gave 159.12 

µmol of H2 for a yield of 25 %. This confirms that the catalytic decomposition of formic acid into 

hydrogen and carbon dioxide in a two-step process, releasing carbon dioxide in one step and hydrogen 

in a second step, is indeed possible. 

 

 

 Day 

Temp 

(oC) 

1 2 3 4 5 6 7 8 9 10 

0 13.4 

(20%) 

7.1 

(11%) 

20.8 

(31%) 

15.0 

(22%) 

27.9 

(42%) 

33.5 

(50%) 

34.6 

(52%) 

40.6 

(61%) 

13.8 

(21%) 

19.2 

(29%) 

20 14.1 

(21%) 

7.7 

(12%) 

12.1 

(18%) 

8.6 

(12%) 

19.7 

(30%) 

32.8 

(49%) 

34.1 

(51%) 

35.7 

(54%) 

26.6 

(40%) 

32.6 

(49%) 

 

Table 3.3. Hydrogen evolution (mmoles) and yield (%) for the dehydrogenation of formaldehyde by 
IrCl3. Daily addition of pFA (67 mmoles), NaOH (250 mmoles initial, followed by 75 mmoles daily), water 
(100 mL) and IrCl3 (330 µmoles) at room temperature and 0oC. 
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3.4. Conclusions 

Formaldehyde was produced from formic acid and subsequent formaldehyde dehydrogenation with a 

m-BiOHCrO4 and Mn+Cln (M = Ir, Ru) catalysts respectively. This is the first example of a two-step process 

for the decomposition of formic acid, resulting in carbon dioxide emission in one step and hydrogen 

evolution in a second step. We have presented a novel BiCrO4 material capable of disproportionating 

formic acid into formaldehyde, carbon dioxide and water. Single crystal X-ray analysis was obtained for 

the m-BiOHCrO4 and o-BiOHCrO4 precursors for the first time. A SiO2 support was used as a dispersing 

agent for this material which shows higher activity.  

To dehydrogenate formaldehyde, we searched for a catalyst capable of transforming formaldehyde 

back to formic acid, ready for another cycle of disproportionation. Iridium chloride in basic conditions 

gave good dehydrogenation rates which remained active after 10 days of reaction. This catalyst has a 

higher rate and resilience than has previously been published for this reaction. Overall this tandem 

catalytic system provided an efficient catalytic dehydrogenation of formic acid to CO2. 

 

 

Scheme 3.5. Overall proposed tandem catalysis of disproportionation of formic acid into formaldehyde 
and carbon dioxide. 
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3.5. Experimental Part 

Data for single crystal X-ray structure determination were obtained with a Bruker diffractometer 

equipped with a 1K Smart CCD area detector. Powder XRD diffractograms were obtained on a Rigaku 

Ultima IV diffractometer set to 2 2θo/min from 10-70 2θo. An XRF diffractometer (Rigaku Supermini200) 

was used on sample holders of 40mm diameter and 3mm thick, with the powder pressed in an internal 

12mm diameter and 2mm thick inner chamber, determination of the elements was obtained against a 

standard calibration curve by using a mixture of metal oxides of interest. UV-Vis analysis was obtained 

on a Specmate UV-1100 spectrometer. Infrared spectra were obtained on a Nicolet 6700 FTIR with a 

diamond ATR between 650-4000 cm-1, at 128 scans with a resolution of 4 cm-1. For the Elemental 

Analysis, the capsules were loaded with standards into an Isotope Cube elemental analyser made by 

"elemental", Germany. Samples are flash combusted with oxygen at about 1200oC with a helium 

carrier. Bi(NO3)3.5H2O 99.5%, CrO3 99.99% and IrCl3.H2O were purchased from Strem Chemicals, 

HCOOH 99% was purchased from Sigma Aldrich. Acetamide was purchased from Fluka. Citric acid was 

purchased from Fisher Scientific. Acetic anhydride was purchased from VWR. All other chemicals were 

used without further purification. If not specifically mentioned, all reactions were carried out in distilled 

water without degassing or other modifications. 

In a homemade tube furnace, Bi(OH)CrO4 was placed (0.35 g, 1 mmol) in a 1 cm ID quartz (1.1 cm OD) 

tube of 40 cm length. The tube furnace was heated using heating tape around a stainless-steel pipe 

with a welded thermocouple and a PID controller. Bi(OH)CrO4 (0.35g, 1.0 mmol) was used by grinding 

with SiO2 (3.00 g, 49.9 mmol) and placing inside the tube reactor as described above. Argon was used 

as carrier gas. The carrier gas was passed over formic acid before entering the tube furnace, to allow 

the formic acid vapor to flow through the system. The products were collected by bubbling the gas 

outlet through water to collect the liquid products, and the gas was collected using an up-turned 
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measuring cylinder. Every 12 h, liquid and gas samples were taken and analyzed. The experiment was 

performed 3 times and the average taken. 

In the dehydrogenation of formaldehyde studies, paraformaldehyde (67 mmoles) was placed in a 150 

mL round bottomed flask. To this, water (100 mL) was added and allowed to stir. After 5 minutes, 

sodium hydroxide (250 mmoles) and the appropriate catalyst (330 µmoles) were added. The gas-based 

products were collected in an up-turned measuring cylinder, and liquid samples were taken from the 

round bottomed flask at regular intervals. 

H2, CO2 and CO gas identification and detection were carried out with an Agilent 7820A GC equipped 

with a TCD, using an Agilent GS-CarbonPlot column (for CO2) or Agilent HP-Molesieve column (for all 

other gasses).  

Formaldehyde concentrations for dilute samples were determined through a colorimetric reaction with 

acetyl acetone. To a solution of ammonium acetate (15.4 g) in water (50 mL), acetyl acetone (0.2 mL) 

and glacial acetic acid (0.3 mL) were added whilst stirring. This was further diluted with water (49.5 mL) 

and stored in the fridge for up to 3 days. To determine the formaldehyde concentration, 1.5 mL of the 

sample were mixed with 1.5 mL of the acetyl acetone solution and heated to 60oC for 10 minutes. After 

cooling for 10 minutes, the absorbance of the solution was measured at 412 nm and compared to a 

calibration curve. 

3.5.1. Preparation of monoclinic-Bi(OH)CrO4 (1). Bi(NO3)3.5H2O (6.33 g, 13.0 mmol) was suspended 

in 100 mL of water and CrO3 (1.30 g, 13.0 mmol) was dissolved in 50 mL of water. The chromium(VI) 

oxide solution was added drop wise into the bismuth(III) nitrate suspension in an ultrasonic bath. Once 

the solutions were combined, an insoluble orange precipitate formed. The system was refluxed for 2 h, 

and the resultant orange solid was separated by filtration and washed with 25 mL of cold water three 
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times and dried for 24h at 100oC. Powder XRD confirmed the pure monoclinic species (JCPDS 16-0681). 

Single yellow crystals suitable for X-ray analysis were obtained from a saturated solution of Bi(OH)CrO4. 

The average yield of the reaction was (4.27 g, 12.5mmol, 96.2%). E.A. found (Calcd), Bi 58.32(61.11), Cr 

15.13(15.20), H 0.26 (0.29). FTIR (ν:cm-1), (3352,b) –OH. The crystals were analyzed by single crystal X-

ray and TGA. 

3.5.2. Preparation of orthorhombic-Bi(OH)CrO4 (2). To obtain the orthorhombic species, the same 

solution prepared for the mono- species was reacted under hydrothermal conditions at 180oC for 6 

days.  The orthorhombic crystal phase of Bi(OH)CrO4, indexed in the JCPDS cards (16-0592) confirm the 

presence of the complex. To obtain a single crystal, the system was allowed to cool down from 180oC 

to room temperature over 2 days. The average yield of the reaction was (0.86 g, 2.51mmol, 19.3%). 

E.A. found (Calcd), H 0.30 (0.29). FTIR (ν:cm-1), (3382, b) –OH. The crystals were analyzed by single X-

ray and TGA.  
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Chapter 4. Reactivity of carbon dioxide with vanadium aryloxo compounds.  

CJV: All work was done by me and all experimental part was also carried out by me. Dr. Gabidullin and Dr. 

Korobkov carried out the single crystal X-ray analysis. Dr. Alderman helped with the paper editing. Dr. 

Licciulli assisted the first preliminary steps of vanadium complexes synthesis 

 

4.1. Preamble 

In chapter 2, we have shown that m-BiVO4 can perform reverse combustion affording methanol from 

carbon dioxide and water under visible light irradiation. Important questions remain about the detailed 

mechanism of reduction, namely how electrons are delivered to carbon dioxide. Although our work has 

highlighted discrepancies about the integrity and stability of the photo-semiconductor we have shown 

that vanadium(III-IV) species might be generated as possible intermediates. These oxidation states 

might be primarily responsible for the reduction of CO2.  

In order to further support this hypothesis, we embarked on a modelling study by preparing 

molecular vanadium complexes mimicking as closely as possible the environment of vanadium in m-

BiVO4. Characteristics such as coordination geometry, coordinating atoms and oxidation state of the 

metal center were of course central to the validity of the models to be built. Given the extended 

structure of m-BiVO4 oxygen-based ligand systems with established ability to give bridging interactions 

such as mixed alkoxide/oxo derivatives were the natural choice. Aryloxides were particularly handy due 

to stability, resiliency and their convenient solubility properties. The choice of vanadium aryloxides was 

also advised by the lower tendency of the V-O bond to perform migratory insertion reactions and in 

turn providing better substrates for studying the extent of electron transfer from the metal to CO2. In 

addition, the aryloxides ligands are readily available with an ample choice of molecular frameworks, 

thus enabling the fine tuning of steric environment.  
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We have hypothesized that reduced vanadium centers are being generated during the photo-irradiation 

of m-BiVO4. The extent of electron transfer from the metal to CO2 was the main issue to be clarified 

along with how this might determine the type of reactivity.  

We have therefore prepared and characterized selected vanadium aryloxide complexes and 

studied their reactivity with CO2, obtaining both two- and one-electron transfer depending on ligand 

selection which resulted in a remarkable variety of reactivity patterns.  

In this chapter, we have studied how carbon dioxide can interact with vanadium aryloxide 

compounds and how two different oxidation states for vanadium can generate different reactivity 

patterns. DFT calculations were performed to analyze the viability of several vanadium compounds as 

well as possible nature of intermediate species. Electronic and structural parameters were also 

evaluated and analyzed. 
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4.2. Introduction 

A wide variety of molecular compounds using early transition metals in different oxidation states and 

ligand systems have been published in the literature where carbon dioxide reduction has been the main 

target.[289] Because vanadium is an early transition metal, it presents high oxo-philicity as one of its main 

characteristics. Nevertheless, it has been examined in less detail than other metals like titanium. Several 

applications as polymerization,[290,291] epoxidation,[292,293] sequestration/activation[294] among 

others[227,295] shows that vanadium compounds may be capable of  intriguing and surprising behavior. 

The high thermodynamic stability of CO2 makes any catalytic transformation and activation 

particularly challenging. The main foci on this chemistry remain for its reduction,[77,78,302–307,157,166,296–301] 

incorporation,[141,301,316–320,308–315] sequestration-storage[321,322,331,323–330] and recycling[332–337] with the 

number of electrons transferred to the CO2 carbon atom (either one or two) being the factor 

determining the type of reactivity.[81,92,344–349,112,164,338–343] Therefore, being capable of controlling the 

extent of electron transfer is central to drive the reactivity towards specific transformations. Due to this, 

less energy demanding molecules such CS2
[350] and COS[351] have been studied as a starting point to 

understand the coordination behavior using vanadocene. Unfortunately, vanadocene does not reduce 

carbon dioxide on its own, notwithstanding its rich electronic configuration. 

A two-electron transfer to carbon dioxide causes three sorts of possible events. The first is a 

simple deoxygenation during which an oxygen atom is extracted by a low/mid-valent metal to afford a 

metal oxide and CO (Scheme 4.1).[342,352–354] Even though this reaction is potentially useful, the high 

stability of metal oxides formed as by-products makes their further reduction to the original state 

energy-intensive, and therefore likely unsuitable for making the transformation catalytic.[355,356] 
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Scheme 4.1. Deoxygenation of carbon dioxide to form metal oxide and carbon monoxide using Ti(II). 
Reproduced from ref #[352] with permission by The Royal Society of Chemistry.  

 

The second possibility is a disproportionation to CO and carbonate dianion (Scheme 4.2).[75,76,342,357–359] 

Again, the formation to a metal carbonate suffers from the same limitations as the oxo species. Finally, 

reversible coordination to electron-rich elements, MOF’s and metal-free systems is also a 

possibility.[313,360–362]  

 

Scheme 4.2. Disproportionation of carbon dioxide into carbonate and carbon monoxide. Reproduced 
from ref #[359] with permission by The American Chemical Society.  

 

Although this phenomenon is conceptually very appealing, it might preclude any realistic possibility for 

further incorporation of CO2 into substrates (Scheme 4.3). Any given reagent expected to attack the 

coordinated CO2 (either electro- or nucleophile) may simply revert the coordination, likely to be labile, 

and attack the metal center instead.[317,363] Ligand migratory insertion, as in the case of organometallic 
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derivatives, may generate organic functions (carboxylates, carbonates, carbamates, etc)[91,364,365] and 

not necessarily through stoichiometric transformations.[77,140,366,367]   

 

Scheme 4.3. Reversible binding of carbon dioxide in MOF’s. Reproduced from ref #[362] with permission 
by The American Chemical Society. 

 

When the electron transfer can be limited to only one electron, the reaction initially transforms the 

coordinated CO2
(•-) into a radical anion, which, by mainly being carbon centered, eventually may 

dimerize to form the oxalate dianion.[367] However, the utilization of complexes acting as a one electron 

donor is a necessary but non-sufficient condition since two electrons, leading to a deoxygenation or 

disproportionation, may also be obtained via cooperative attack of two metals on the same CO2 unit.[145] 

Thus, one-electron reducing complexes need to provide a sufficiently long lifetime to the intermediate 

CO2 radical-anion to enable head to head coupling and consequent irreversible C-C bond formation.[368] 

It is conceivable to expect that for this purpose, the type of initial coordination of CO2 (end-on, side-on, 

mono- or bi-nucleating, etc.) is of pivotal importance. 

Low-valent, early transition metals are normally highly oxophilic and therefore unlikely to embark in 

overall one electron transfers to CO2. Even in the case of purely one electron reductants, the enhanced 
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stability of the M-O bond is the drive for subjecting CO2 to a two-electron cooperative attack by two 

metals.[369–371] However, this might be moderated or perhaps prevented by tuning the redox potential 

of the transition metal, via the judicious choice of the ligand field, and by increasing the steric bulk 

around the metal center. 

 

4.3. Results and discussions 

4.3.1. Evidence for reversible reactivity/interaction of vanadium(IV) aryloxide with CO2. 

The initial task of this work was to verify the idea that a one-electron reducing agent in a relatively high 

oxidation state, such as tetravalent vanadium, could have the ability to react with CO2. To prevent 

dynamics leading to unwanted transformations such as disproportionation to carbonates, we have 

selected aryloxide ligands listed below bearing large steric hindrance (Scheme 4.4).  
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Scheme 4.4. Ligands a,[372] b,[373] c and d used for vanadium(IV) compounds. 

 

Vanadium complexes of the four ligand systems were prepared using standard procedures by reacting 

the deprotonated form of the ligands with a simple vanadium salt. All compounds were isolated and 

fully characterized. The structures were authenticated by X-ray analysis (Figure 4.1). The reactivity with 

carbon dioxide was tested in both THF and toluene. The structure of complex 1 shows the metal center 

secluded in an octahedral ligand field. The space filling model indicates that the metal center is in fact 

hardly accessible. Accordingly, compound 1 is a very stable material that, even in air, does not give sign 

of any apparent decomposition and no reactivity was observed towards carbon dioxide. 
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Figure 4.1. a) ORTEP diagram of compound 1 with ellipsoids drawn at 50% of probability level. Hydrogen 
atoms are omitted for clarity. Selected bond distances [Å] and angles [o] for compound 1: V1-N1 = 2.184, 
V1-N2 = 2.220, V1-O1 = 1.850, V1-O2 = 1.880, V1-O3 = 1.849, V1-O4 = 1.876, N1-V1-O1 = 89.86, N2-V1-
O3 = 89.53, N1-V1-O2 = 84.31, N1-V1-O4 = 84.73, N1-V1-N2 = 83.45, N2-V1-O3 = 89.53, N2-V1-O4 = 
88.00, N2-V1-O2 = 81.89,  O1-V1-O2 = 90.39, O1-V1-O3 = 98.11, O3-V1-O4 = 92.89 and O2-V1-O3 = 
96.88. b) space filling of compound 1, blue = vanadium; grey = carbon; red = oxygen and white = 
hydrogen. 

 

Modifying the reaction conditions by increasing the temperature up to 70oC in an autoclave with 100 

psi of carbon dioxide did not modify the outcome.  

The commercially available 2,2′-methylenebis(6-tert-butyl-4-methylphenol) was purchased from Sigma 

and dried under vacuum at room temperature for 24h prior to use. The corresponding vanadium 

complex possesses a distorted tetrahedral vanadium(IV) geometry (Figure 4.2). However, the metal 

center appears to be deeply buried in the organic framework of the ligand system. Therefore, it comes 

as no surprise that it does not react with carbon dioxide. Only at 120oC and 100 psi CO2 pressure 

conditions, compound 2 reacts with carbon dioxide affording carbon monoxide and, possibly, 

pentavalent vanadium. Any attempt to isolate and characterize the vanadium product failed, but EPR 

experiments indicated that paramagnetic material was still present in the reaction mixture. 51V NMR 
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spectra of the solution showed a mixture of vanadium(V) compounds including vanadyl derivatives. 

Broad chemical shifts at 479.07 and 518.62 ppm are attributable to pentavalent vanadium surrounded 

by aryloxide ligands in mixture with other vanadium complexes visible at 420.03 and 427.02 ppm. 

 

Figure 4.2. a) ORTEP diagram of compound 2 with ellipsoids drawn at 50% probability level. Hydrogen 
atoms are omitted for simplicity. Selected bond distances [Å] and angles [o] for compound 2: V1-O1 = 
1.778, V1-O2 = 1.800, V1-O3 = 1.782, V1-O4 = 1.796, O1-V1-O2 = 119.71, O1-V1-O3 = 101.69, O1-V1-
O4 = 108.14, O2-V1-O3 = 107.49 and O3-V1-O4 = 118.65.  b) space filling of compound 2, blue = 
vanadium; grey = carbon; red = oxygen and white = hydrogen. 

 

In a third attempt to find a proper ligand for the vanadium(IV) metal center, and after the observation 

of how the bulk steric effect may affect the reactivity, a less sterically hindered di-phenol as ligand was 

prepared (compound 3 - Figure 4.3c). Replacing the t-Bu substituent by -Me group should allow for the 

vanadium(IV) atom to have better chances to interact with carbon dioxide (Figure 4.3). The dimeric 

structure of 4 was somehow expected considering that non-oxovanadium(IV) compounds display in 

general high coordination numbers.[233,374] Analyzing the space filling model of compound 4 in its 
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dimeric form, it is doubtful that carbon dioxide might find accessibility to the vanadium atom. However, 

the asymmetric unit presented in Figure 4.3d will have more probability.  

 

Figure 4.3. a) ORTEP diagram of compound 4 with ellipsoids drawn at 50% probability level. Hydrogen 
atoms are omitted by clarity. Selected bond distances [Å] and angles [o] for compound 4: V1-O1 = 1.830, 
V1-O2 = 1.804, V1-O3 = 2.029, V1-O4 = 1.732, O1-V1-O2 = 92.52, O1-V1-O3 = 160.75, O1-V1-O4 = 
101.72, O1-V1-O3’ = 93.17, O2-V1-O3’ = 127.88, O2-V1-O4 = 112.72, O3-V1-O4 = 116.62 and O2-V1-O3 
= 86.48. b) Schematic drawing of compound 4 shown for clarity., c) space filling of compound 4 in its 
dimer form., d) space filling of compound 4 in its monomer form. Blue = vanadium; grey = carbon; red 
= oxygen and white = hydrogen. 

 

Regrettably, compound 4 doesn’t react with carbon dioxide. Same negative outcome was obtained 

under pressure at high temperature. In all cases presented above for compounds 1, 2 and 4, the reaction 

was monitored by EPR and head space gas analysis by GC-TCD. 

Obviously the three complexes analyzed above do not provide the correct steric environment. We have 

therefore turned our attention to the calixarene tetra-anions to support the vanadium center in a rigid 
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structure where the metal center could have a better exposure to CO2. Complex 5, was prepared, and 

crystallized (Figure 4.4). Due to an open coordinative vacancy, the solid-state structure presented is 

dimeric. Similar core structure was published by Floriani et. al.[375] and was obtained with the procedure 

presented for compound 5 at the end of this chapter. A vanadium(IV) dimer was obtained in good 

agreement with those previously reported.   

 The structure analysis and the space filling model confirmed a larger exposure of the 

vanadium(IV) center possibly more available to interact with carbon dioxide. One significant difference 

of compound 5 compared to compound 4 is the shorter V-O distance in the dimer (V1-O3 = 2.029 Å for 

compound 4 and V1-O3 = 2.200 Å for compound 5). The chelate effect of the calixarene ligand is being 

affected by the additional coordination of one of its oxygen atoms to another vanadium calixarene unit. 

This suggests that in solution, 5 will have more probability to dissociate into a monomeric unit. Once a 

dark blue toluene solution of compound 5 was exposed to carbon dioxide, a promising color change to 

dark green was observed. This reaction was monitored by EPR and UV-vis.  
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Figure 4.4. ORTEP diagram of compound 5 with ellipsoids drawn at 50% probability level. Hydrogen 
atoms are omitted by clarity. Selected bond distances [Å] and angles [o] for compound 5: V1-O1 = 1.771, 
V1-O2 = 1.843, V1-O3 = 2.200, V1-O4 = 1.766, V1-O3’ = 1.864, O1-V1-O2 = 95.45, O1-V1-O4 = 144.41, 
O1-V1-O3 = 83.34, O2-V1-O3 = 174.82, O2-V1-O4 = 95.00 and O3-V1-O4 83.23. b) space filling of 
compound 5 in its monomer form. Blue = vanadium; grey = carbon; red = oxygen and white = hydrogen. 

 

EPR experiments show a variation in the hyperfine coupling due to the vanadium(IV)-carbon dioxide 

interaction (Figure 4.5). The variation in the g factor before and after carbon dioxide addition is 

presented in Table 4.1.  
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Figure 4.5. EPR spectra of compound 5 before and after carbon dioxide addition. 

 

Table 4.1. g factor determines for compound 5 and its CO2 interaction. 

EPR line (x) 
Compound 5 After CO2 addition 

gx factor Field [G] gx factor Field [G] 

1 2.20797 3030.2 2.20565 3028.8 

2 2.13678 3130.8 2.13475 3129.4 

3 2.09693 3234.8 2.09484 3233.6 

4 2.05710 3343.0 2.05516 3341.6 

5 2.01766 3454.6 2.01580 3453.2 

6 1.97891 3569.8 1.97689 3568.5 

7 1.94068 3688.8 1.93847 3687.4 

8 1.90303 3811.4 1.90064 3810.0 

The head space of the sealed-glass reactor was monitored by GC-TCD and no gases other than CO2 or 

N2 were found during the experiment. After compound 5 had been exposed to CO2 for 36 hours, the 

color changed from dark blue to dark green. However, when carbon dioxide was removed from the 
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system by applying vacuum, the blue color returns. This was a clear indication for the presence of a CO2 

association/dissociation equilibrium. Further attempts to crystallize any product aiming for a compound 

5-CO2 adduct in a carbon dioxide atmosphere did not afford characterizable compounds. EPR 

experiments did not provide sufficiently clear evidence to characterize the carbon dioxide adduct. A UV-

vis spectrum was taken with and without CO2 (Figure 4.6). 

 

Figure 4.6. UV-Vis spectra of compound 5 before and after carbon dioxide addition. 

 

The slightly hypsochromic shift (blue shift) from 12,789 to 12,854 cm-1 for compound 5 observed before 

and after carbon dioxide exposure might agree with the modification of the molecular symmetry due 

to carbon dioxide coordination (Figure 4.6).  
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DFT calculations were performed to analyze this possible interaction between compound 5 and carbon 

dioxide. They were kept into consideration and the structure reported below was the best stable result. 

The low reducing power of the metal center prevented electron transfer to carbon dioxide. The resulting 

interaction shows carbon dioxide being slightly bent because of the only partial electronic transfer from 

the vanadium metal. Whilst this interaction seems promising, the low reducing power of vanadium(IV) 

makes this interaction unstable and reversible. In fact, when the system is exposed to vacuum to remove 

any residual carbon dioxide, the EPR spectrum transforms into that of 5. This proposed structure 

presents a shorter distance between an oxygen in carbon dioxide than its dimer form (V1-O3 = 2.200 

Å), which lends further credibility to the possibility of the presence of this adduct in solution. As a result, 

more electronic density located on vanadium may lead to a better chance to bind CO2.  

Figure 4.7. Possible interaction between compound 5 and carbon dioxide using DFT calculations in 
Gaussian 09 package. 
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At this stage, with the preliminary structures investigated, it’s clear that the reduction power of 

vanadium(IV) aryloxide compounds is not sufficiently strong to transfer electron density to carbon 

dioxide. There are two different possibilities to explain this behavior. The first could be inherent to the 

ligand system used which for either steric or electronic reasons simply does not support a sufficiently 

robust interaction with CO2. The second could be that the metal oxidation state is not sufficiently 

reducing. We have therefore considered the employment of lower vanadium oxidation states.  

4.3.2. Deoxygenation and carbon dioxide insertion using vanadium(III) aryloxides 

The d2 trivalent state of vanadium was selected as a starting point for this part of the work. It was 

argued that higher oxidation states would have too weak reducing power and lower oxidation states 

would have too strong reducing power. It is worth reminding that simple homoleptic V(III) complexes 

already are sufficiently reducing to attack N2.[224,376] Thus, homoleptic vanadium complexes both neutral 

[(2,4,6-Me3C6H2O)3V(THF)2] (6) and anionic {[(2,4,6-Me3C6H2O)2V](µ-2,4,6-Me3C6H2O)2[Li(THF)2]} (7) 

and {[(2,4,6-Me3C6H2O)2V](µ-2,4,6-Me3C6H2O)(µ-η6-2,4,6-Me3C6H2O)Li]}2 (8) have been prepared 

(Scheme 4.5) for the purpose of reacting with CO2. Complex 6 was previously reported by Thiele.[377]  

 

Scheme 4.5. Preparation of compounds 7 and 8. 

 

Complexes 7 and 8 are instead unknown and therefore we have authenticated their structures by X-

ray diffraction methods (Figure 4.8). Exposure of toluene solutions of the above complexes to 
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anhydrous CO2 at atmospheric pressure afforded a simple deoxygenation with formation of CO and the 

corresponding vanadyl derivative (2,4,6-Me3C6H2O)3V(O) (9). The formation of CO was monitored and 

quantified by GC-TCD analysis of the gas mixture. The reaction appears to be the result of a much 

expected two-electron attack of CO2 by V(III) with consequent extraction of the oxo-atom, release of 

CO and oxidation of the metal center to the pentavalent state (Scheme 4.6).  

 

 

Figure 4.8. Thermal ellipsoids plot of 7 and 8 with ellipsoids drawn at the 50% probability level. 
Hydrogen atoms were omitted for clarity. Selected bond distances [Å] and angles [o] for compound 7: 
V1-O1 = 1.832, V1-O2 = 1.845, V1-O3 = 1.923, V1-O4 = 1.926, O1-V1-O2 = 118.32, O1-V1-O3 = 113.29, 
O1-V1-O4 = 111.44, O2-V1-O3 = 109.51, O2-V1-O4 = 114.87 and O3-V1-O4 84.61. Selected bond 
distances [Å] and angles [o] for compound 8: V1-O1 = 1.952, V1-O2 = 1.841, V1-O3 = 1.809, V1-O4 = 
1.917, O1-V1-O2 = 95.54, O1-V1-O3 = 114.44, O1-V1-O4 = 84.61, O2-V1-O3 = 114.47 and O2-V1-O4 = 
126.43. 
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Scheme 4.6. CO2 reactivity with compounds 6, 7 and 8. 

 

Assuming that the reaction proceeds via an intermediate V-CO2 adduct, DFT calculations have been 

performed to elucidate the possible structure of this elusive intermediate. Calculations were performed 

at B3LYP level using TZVP basis set for all atoms with Gaussian 09 package. Berny algorithm was 

performed to find a transition state using the QST3 method. The possible presence of residual THF in 

the metal coordination sphere has been evaluated by computing CO2 adducts with and without THF. 

Convergence could be obtained only in the case of a THF-free adduct. In this event, the calculation 

revealed that the optimal geometry adopted by the coordinated CO2 is a bent end-on mode. It should 

be reminded that this is a unique bonding mode, observed in the sole case of one trivalent uranium 

compound.[378] The deviation from linearity appears to be caused by the transfer of electronic density, 

roughly corresponding to one electron, from the metal to the CO2 carbon atom (Chart 4.1). The 

effective valence electron configuration (Natural Electron Configuration) in terms of the Natural 

Population Analysis (NPA) indicates that in the orbitals of V there is the equivalent of 0.97 electrons 

which roughly corresponds to the d1 configuration of V(IV). The electron transferred by vanadium to 

CO2 is mostly located on its carbon atom displaying 0.67 electrons in an orbital of mainly p-character. 

Therefore, this intermediate is formally composed of a tetravalent vanadium and a CO2 radical anion. 
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Furthermore, the two electrons (one on vanadium and one on the CO2 C atom) appear to be decoupled 

since the frequency analysis presents the triplet state as the higher energy state. 

 

Chart 4.1. a) Carbon dioxide interaction with vanadium(III) tris-(2,4,6-trimethylphenoxide). V1-O5 = 
1.720Å, C1-C28 = 2.729Å, V1-O1 = 1.888 Å, C1-O1 = 1.308 Å, V1-O5-C28 = 128.9o, O5-C28-O4 = 115.8o 
and O1-V1-O5 = 93.8o. b) HOMO-Spin density contours. 

 

The end-on orientation of the coordinated CO2 molecule in combination with its bending, predicted by 

the calculations, is somewhat unique. It appears as the transition from the linearity of the observed 

end-on labile coordination on a sterically encumbered trivalent uranium atom[378] to the well-

established side-on coordination on zerovalent Ni complexes.[379] In the present case, the predicted 

angle in the O=C=O unit is close to a sp2 configuration [V1-O5-C28 = 128.9o]. The incipient formation of 

the vanadyl function (V1-O5 = 1.720Å) is accompanied by the expected elongation of the O5—C28 bond 

(1.729 Å). The residual C-O multiple bond instead undergoes further shortening [C(28)-O(4) = 1.152 Å] 

implying an increase of the CO bond multiplicity prior to the final release of CO. The peculiar bonding 

mode of CO2 indicated by DFT calculations implies, from the formal point of view, that substantial spin 

density is transferred from the d2 vanadium with consequent formal oxidation of the metal center. 
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Accordingly, Mulliken analysis (Table 4.2) shows that the carbon atom gathers a significant spin density 

(0.260989), even larger than that of the two oxygen atoms (0.027629 and 0.113987 respectively).  

Table 4.2. Mulliken charges and spin density for V-CO2 adduct. 

Atom Mulliken charges Atomic-atomic spin density 

V1 

O1 

C28 

O4 

O5 

1.331914 

-0.481092 

0.153548 

-0.159974 

-0.527752 

1.010518 

0.116675 

0.260989 

0.027629 

0.113987 

 

Alternative bonding modes of CO2 to the metal center (structures A-E, Chart 4.2) have been also 

analyzed by DFT. Calculations evaluated the lowest energy and eventually the most probable 

transition/ground state for the pathway of carbon dioxide reduction by vanadium(III) homoleptic 

compound (Chart 4.3).  

 

Chart 4.2. Binding modes calculated as possible intermediates during the reduction of carbon dioxide. 
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It was found that the linearity of CO2 in the bonding mode C is almost unaffected by the multiplicity 

(gs4 and gs5, Chart 4.3). As expected, higher multiplicity only results in lower energy. Once the bonding 

mode A is input, calculations show the structure is energetically unstable, shifting towards the D or E 

bonding modes. The binding mode B with a multiplicity of 3 also initially leads to C and then eventually 

to D while attempting to obtain a transition state. With a multiplicity of 1, B remains instead unchanged 

but with high energy (gs 8 and 9, Chart 4.3). The linear bonding mode C (gs4 and 5, Chart 4.3) is the 

starting point for reaching the transition state D as the final coordination mode (ts1 and 2, Chart 4.3) 

prior to product formation. Energetically speaking, the binding mode E (gs6 and 7 with multiplicity of 1 

and 3 respectively) is more stable than D. However, not a single imaginary frequency was found 

implying that no transition state could be reached while using E as a starting point. In this case, the 

complex with a multiplicity of 3 (ts2) was found higher in energy than 1. This implies that either the 

electrons in the d2 configuration on vanadium(III) are being paired because of the CO2 coordination, or 

the two electrons are transferred to CO2 thus generating a diamagnetic species, ts1. 
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Chart 4.3. Proposed mechanism of the reduction of carbon dioxide to carbon monoxide mediated by 
vanadium(III) homoleptic compound. 

 

An Intrinsic Reaction Coordinate diagram was calculated as a function of the relative Gibbs energy, thus 

verifying that reagents and products can indeed be connected via the intermediate active CO2-adduct 

sited at the highest energy point. The progress of the reaction nicely shows the change of all the 

geometrical parameters in synchrony with the increase of CO2 bending until the final deoxygenation. 

The calculated relative Gibbs free energy for the overall reaction is -7.08 kcal/mol (Chart 4.4). 
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Chart 4.4. Energy profile and Intrinsic Reaction Coordinate diagrams. 

 

The deoxygenation of CO2 to form a pentavalent (RO)3V=O function and CO was somewhat expected 

for a relatively oxophilic element such as vanadium. We reason that by increasing the steric hindrance 

around the metal center and creating a pocket, where the bending of the coordinated CO2 could be 

moderated similarly to the case of uranium[378], potentially an adduct could be trapped and isolated. In 

an attempt to simulate such an environment, we have probed the reactivity of a sterically encumbered 
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trivalent vanadium tris(2,6-bis-phenylaryloxide) complex. The complex (2,6-Ph2C6H3O)3V(THF) (10) was 

prepared and analyzed (Figure 4.9). 

 

 

Figure 4.9. Thermal ellipsoids plot of 10 with ellipsoids drawn at the 50% probability level. Hydrogen 
atoms were omitted for clarity. Selected bond distances [Å] and angles [o] for compound 10: V1-O1 = 
1.832, V1-O2 = 1.845, V1-O3 = 1.923, V1-O4 = 1.926, O1-V1-O2 = 118.32, O1-V1-O3 = 113.29, O1-V1-
O4 = 111.44, O2-V1-O3 = 109.51, O2-V1-O4 = 114.87 and O3-V1-O4 = 84.61. 

 

The connectivity and composition were confirmed by an X-ray crystal structure. Even in this case, the 

reaction of (2,6-Ph2C6H3O)3V(THF) (10) with CO2 afforded deoxygenation with the formation of the 

corresponding pentavalent (2,6-Ph2C6H3O)3V(O) (11) and CO albeit through a substantially slower 

reaction. In addition, the reaction seems to proceed through initial formation of intermediates given 

that the original green color of the reaction solution slowly turned blue within the next two hours and 

eventually red after twelve (Scheme 4.7). When the reaction was halted at the initial stage by degassing 
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the reactor after the color turned decisively blue, a different species was isolated as a paramagnetic, 

blue crystal. The crystal structure confirmed the analytical data and revealed a monomeric tetravalent 

complex formulated as (2,6-Ph2C6H3O)2V(O)(THF)2 (12). 

 

Scheme 4.7. Synthesis of compounds 11 and 12. 

 

The formation of 12 does not have a straightforward explanation since it implies a one-electron transfer 

and the loss of one ligand anion. It is thus unlikely to be the intermediate for the formation of 11 (Figure 

4.10). In any event, it hints at the occurrence of a reactivity alternative to simple deoxygenation. 

Unfortunately, attempts to isolate other species or to identify other products failed. We have therefore 

examined a trivalent vanadium aryloxide complex containing a terminally bonded electron-

withdrawing chlorine atom in the hope of moderating the electron transfer to CO2, and to arrest the 

vanadium oxidation to the tetravalent state. In turn, this implies that only one electron may indeed be 

provided by the metal for CO2 reduction. 
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Figure 4.10. Thermal ellipsoids plot of 11 and 12 with ellipsoids drawn at the 50% probability level. 
Hydrogen atoms were omitted for clarity. 

 

After the strong reducing power that vanadium(III) homoleptic compounds can generate over CO2, and 

the labile interaction vanadium(IV) compounds presented, to find an intermediate reducing power was 

the next challenge to be evaluated. Compound 13 then was evaluated. 

The reaction of (2,4,6-Me3C6H2O)2V(Cl)(THF)2 (13)[377] with CO2 was performed under the previous 

reaction conditions. After 48 hours exposure to CO2 at atmospheric pressure, blue crystals of a new 

compound formulated as the tetravalent [(2,4,6-Me3C6H2O)V(O)Cl]2(µ-2,4,6-Me3C6H2O)2 (14) were 

obtained at room temperature. The dimeric nature of this paramagnetic complex, along with the 

composition and connectivity, were determined by an X-ray crystal structure (Figure 4.11). Since even 

in this case its formation implies loss of one ligand and one-electron, the reaction mother liquor was 

also analyzed. 
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Figure 4.11. Thermal ellipsoids plot of 14 with ellipsoids drawn at the 50% probability level. Hydrogen 
atoms were omitted for clarity. 

 

The accurate mass was calculated on the product+Na+ (305.1492 m/z) peak using lock Mass Accuracy 

on a micromass TOF-MS-ESI spectrometer. The analysis indicated the presence in solution of an organic 

molecule whose molecular mass corresponds to the ester depicted in Scheme 4.8. This structure was 

confirmed as mesityl ester (C19H22O2) by 1H-NMR in CDCl3 and fragmentation pattern by MS-EI.  

 

 

Scheme 4.8. Reactivity of compound 13 with carbon dioxide. 
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Although the formation of the ester via coupling of the ligand aryl residues and CO2 looks surprising, it 

may have in fact a simple rationalization (Scheme 4.9), but other are also possible. In one of the several 

possible mechanistic scenarios, one-electron transfer from vanadium to CO2 is followed by a two-

electron attack of the CO2 oxygen atom to one ligand aryl moiety. 

 

Scheme 4.9. Proposed rationalization for the formation of the ester. 

 

Under any mechanistic scenario however, the formation of the tetravalent 14 clearly indicates that only 

one electron has been transferred by vanadium to CO2. On the other hand, the overall reaction requires 

for CO2 undergoing a two-electron reduction as in the case of the simple de-oxygenation. The striking 

difference of the product (ester instead of CO) possibly indicates that the two electrons have been 

delivered at two different stages and, very possibly, by the cooperative interaction of two metal 

centers. In any event, it is conceivable that the preliminary interaction of the V(III) center of chlorine 

containing 13 with CO2 is more limited in term of charge transfer. To probe the likelihood of this 

assumption, as well as obtaining information on the mechanistic pathway for ester formation, DFT 

calculations were performed. 
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The geometrical parameters as obtained from the crystal structures have been recalculated, obtaining 

a good match with the experimental values (Chart 4.5). This lends credibility to the appropriateness of 

the selection of the functional and basis set. Berny algorithm was used to find a possible initial 

interaction/transition state. The result indeed confirmed the formation of an adduct but with some 

striking differences from the case of the homoleptic(III) adduct. 

 

Chart 4.5. Comparative table of experimental and computed bond distances and angles. 

 

Firstly, in the homoleptic case the preliminary dissociation of THF is energetically downhill and the CO2 

adduct does not contain THF. With the partly chlorinated compound instead, the presence of THF does 

not seem to influence the stability of the structure, as well as geometry of the activated complex. The 

THF and THF-free CO2-adducts show in this case almost identical arrangements of the coordinated CO2.  

Secondly, the linearity of carbon dioxide remained almost unaffected by the coordination as a result of 
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a minimal electron transfer from the metal center (Chart 4.6). This means that the chlorine atom is 

interfering in the coordination and preventing the two-electron transfer to carbon dioxide by limiting 

the charge transfer to only one electron. The NPA indicated that the electron density is mostly on the 

vanadium atom. Accordingly, the Mulliken charges shows the carbon of the CO2 molecule remains more 

positive than in the case of the trisaryloxo vanadium(III)-CO2 adduct. The longer distance for V—O4 

(Chart 4.6) compared to V1—O5 (Chart 4.1) and the minor perturbation of the C=O bond are all in 

agreement with a minimum extent of CO2 reduction.  

 

Chart 4.6. a) Computed carbon dioxide interaction with compound 13. V1-O4 = 2.190 Å, V1-O5 = 1.827 
Å, C28-O5 = 1.348 Å, V1-O5-C28 = 157.9o, O4-C27-O6 = 178.3o and O5-V1-O4 = 100.08o. b) HOMO-Spin 
density for adduct compound13-CO2. 

 

Surprisingly, the spin density distribution on the HOMO of 13-CO2 clearly indicates that one of the two 

aryloxide oxygen atoms of 13 has gained a considerable amount of charge as a result of the CO2 

coordination (Chart 4.7).  
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Chart 4.7. HOMO-spin density of compound 13 and 13-CO2 adducts with and without THF. 

 

Whether this may or may not lead to a radical attack by the ligand, instead of the metal, to the 

coordinated or free CO2 to generate a ROC(O) radical species is impossible to establish at this stage. For 

this reason, we decided to probe a possible mechanism by DFT by following the rationalization 

proposed in Scheme 4.9. Chart 4.8 presents two pathways for the formation of an ester. 
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Chart 4.8. Gibbs energy profile in kcal/mol on the pursuit of the mechanism for ester formation using 
compound 13. Blue dash line presented the lower energy profile. All distances are in Å. 

 

The proposed pathway towards ester formation shows a few possibilities in terms of transition states. 

After the first interaction proposed for the 13-CO2 adduct, the transition state ts1 could undergo an 

extended two metal center interaction with carbon dioxide affording ts2. The initial state ts1 can also 

evolve into a higher energy structure, ts3, because of a single intramolecular migration required to 

form the carbonate, ts3. From ts2, the lower energy path is to afford an intramolecular carbonate ts4 

where one of the oxygen atoms acquire a radical type of character because of charge transfer from one 

of the two metal centers. This of course does not imply that ts5 cannot be obtained from ts2. Indeed, 
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geometry analysis of ts2 shows a longer distance present when the CO2 carbon atom attempts coupling 

with an identical molecule to form a carbon-carbon bond (O2C---CMes = 3.29Å). This makes the pathway 

less favored (red line) compared to carbonate formation (dash-line, C---O = 2.94Å) This highest path 

started with a C—C formation between the ligand system and CO2. The transition state ts5 is reached 

when the C-O bond of the phenoxide residue starts breaking and vanadyl=O forming. Also, the 

geometries of ts4 and ts5 show some interesting comparative features. In ts4, the distances V—OMes 

and V—O*CO are 2.15 and 1.98 and 1.69 and 1.86 Å respectively. This implies that it would be difficult 

to determine where the oxygen is contributed from (either directly from the ligand system or carbon 

dioxide). If the oxygen is coming from the carbon dioxide, vanadyl formation will present V=O* (Scheme 

4.9). If the oxygen is coming from the ligand system, vanadyl formation will present V=O since the 

distance in ts5 of V—O is shorter (1.69Å). This mechanistic approach suggested an initial release of a 

VOCl(MesO) fragment and the formation of ts6. Similar as in ts5, the second VOCl(MesO) fragment is 

released and the ester is formed, gs1. The lower-energy mechanistic path was obtained when ts7 is 

formed. In conclusion, the energy profile presented suggested a vanadyl formation in both cases using 

oxygen from the ligand system. The lower energy profile indicates that the oxygen might come from 

the carbon dioxide at the first stage and from the ligand system at ts7. Further experiments using CO2 

with oxygen-18 labeled will elucidate this step. 

Regrettably, CO2-adducts could not be isolated and chemically characterized in spite of reiterated 

attempts. To probe at least that the metal reduction potential is indeed substantially modified by 

replacing one aryloxide ligand with chlorine. Cyclic voltammetry measurements have been carried out 

on THF solutions of both 6 and 13. In both cases only irreversible vanadium oxidations could be 

detected. However, for compound 6, the two stages of oxidation, due to formation of tetra and 

pentavalent states are clearly visible at +0.23V and +0.42V. In compound 13 there is only a single broad 

oxidation at substantially higher potential +0.77V (Chart 4.9). The observed difference in oxidation 
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potentials is in line with the computed lower ability of 13 to transfer electrons to CO2 and which explains 

the different reaction outcome. 

 

 
Chart 4.9. Cyclic voltammetry diagrams for 6 and 13. 

 

4.4. Conclusions 

In conclusion, vanadium(IV) aryloxo compounds present weak/negligent reducing power towards 

carbon dioxide reduction. When a Lewis base is used such amino function contained in the ligand 

system (compound 1), vanadium(IV) presented unusual air stability. This might be explained by the 

closed-shell environment on vanadium(IV) metal center.  

Steric hindrance was evaluated by preparing compounds 2 and 4 with no positive results towards 

carbon dioxide reduction. Only carbon monoxide is generated by using high temperature and pressure 

that generates decomposition on vanadium(IV) compound. A mixture of vanadium(IV) and (V) was 

found by 51V NMR by the assumption of vanadyl(V) oxo bridge might be formed. 
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Only a weak interaction was found, characterized by EPR and UV-vis, when calix[4] was used as ligand 

system (compound 5). The nature of this interaction seems reversible since the EPR analysis shown that 

once carbon dioxide is removed with vacuum, the EPR spectra returns to its original result. 

Lowering the oxidation state, vanadium(III) aryloxide compounds present strong reducing power 

towards carbon dioxide, performing partial deoxygenation and ultimately producing vanadyl-oxo 

species. The occurrence of linear end-on coordination, instead of the commonly observed side-on, is 

the starting point of the reactivity. Electron-transfer from the metal bends the coordinated CO2 and 

triggers the reaction. During this stage, the extent of charge transfer, as determined by the selection of 

the ligands, affects the bending of the coordinated CO2. A larger amount of electron transfer severely 

bends the coordinated CO2, leading to CO. Simple coordination with less charge-transfer enhances 

instead the radical nature of the adduct, in the end triggering ligand fragmentation and attack of the 

CO2.  

Questions remain about why one-electron transfer from vanadium afforded the ester instead of an 

oxalate. It is tempting to speculate at this stage that this could be again ascribed to the particular 

bonding mode adopted by CO2 with these complexes.  The formation of oxalates with one-electron 

reductants has also been related[145,148,368,369] to an inward bending of coordinated CO2, instead of 

outward observed in this work, in an overall chelating bonding mode with two oxygen atoms both 

pointing towards the same metal center. Identifying the factors determining the type of bending 

(inward versus outward) of linearly coordinated CO2 would be obviously the next challenge. 

 

4.5. Experimental Part 

All vanadium precursors used were non-oxovanadium compounds. For this study, we were using 

vanadium(IV) and vanadium(III) chloride purchased from Sigma. VCl4 was used without further 
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purification, instead VCl3(THF)3 was prepared from VCl3 using a standard procedure.[380] All 

manipulations were performed under a nitrogen/argon atmosphere with rigorous exclusion of oxygen 

and water by using standard Schlenk and glovebox techniques. n-Heptane, ether, toluene and THF were 

dried with an activated Al2O3 column and deoxygenated prior to use by several vacuum/nitrogen 

purges. Pyrene 98%, mesitylphenol 97%, 2,6-diphenylphenol 98% were purchased from Aldrich. Carbon 

dioxide (grade 4.0) was passed through a P2O5 column prior to use. Complexes 6 and 13 were prepared 

according to published procedures.[377] The formation of CO was monitored by gas chromatography 

using an Agilent Technologies 7820A GC-TCD system with a Molsieve column. All other chemicals used 

were purchased from Sigma-Aldrich and used as received. Magnetic susceptibilities were measured 

using a Johnson Matthey magnetic susceptibility balance at room temperature. NMR experiments were 

performed with either Bruker 300 or 400 MHz instruments using CDCl3 or C6D6 as solvents. Mass 

spectrometric analysis for compound 15 was carried out using a Micromass QToF I ESI Mass 

Spectrometer, with Lock Mass HRes Exact Mass Calculation and Kratos Concept 1S, HRes EI Mass 

Spectrometer and for compounds 9, 10 and 11, in a Bruker UltrafleXtreme MALDI-TOF/TOF mass 

spectrometer interfaced to an MBraun glovebox for anaerobic analysis using pyrene as matrix. Sample 

preparation: a 100 mM solution of pyrene in C6H6 was prepared and mixed with 3.1 mM analyte 

solutions to give a ratio of ca. 500:1 (molar) pyrene: analyte, spotted ca. 1-2 µL on the MALDI target, 

allowed solvent to evaporate via the dried droplet method before inserting. TOF spectra collected in 

positive reflection mode, with the accelerating voltage (IS1) fixed at 20.16 kV. To minimize 

fragmentation, laser energy maintained at minimum intensity required to observe a signal within 1000 

shots; samples were analyzed promptly to prevent matrix evaporation.[381,382] Single crystal X-ray data 

were obtained using a Bruker diffractometer equipped with a Smart CCD area detector and a Bruker 

Kappa APEXII CCD diffractometer. The magnetic moments were measured at room temperature from 

samples sealed in calibrated tubes prepared inside a dry-box. Preliminary ground state geometries were 
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optimized using semi-empirical PM7 method implemented in MOPAC2016.[383] DFT calculations have 

been performed at the B3LYP[384–387] level by using TZVP[388,389] basis set for all atoms with Gaussian 09® 

suite package. Berny algorithm was performed to find a transition state using QST3 and standard 

methods.[390,391] Vibrational frequencies analysis was performed to characterize the nature of the 

transition state, one imaginary frequency. All most probable transition states were probed by 

performing an intrinsic reaction coordinate (IRC) procedure[392,393] to confirm that the two minima are 

connected. Solvation effects were also considered using PCM solvation model.[394,395] Natural population 

analysis was performed to obtain the electronic distribution in the transition state. The graphical user 

interface Gabedit[396] and Avogadro[397] were used for input/output and structure handling. All cyclic 

voltammetry experiments have been carried out in a three-neck round bottom flask. All experiments 

were done in a N2 filled glovebox. Cyclic voltammetry was performed using a VersaSTAT 3 (Princeton 

Applied Research) potentiostat. A conventional three electrode system was employed. A glassy carbon 

electrode (diameter = 0.4 cm) was used as the working electrode, a Pt wire as the auxiliary electrode, 

and an Ag wire was used as a pseudo-reference electrode. Ferrocene was added as an internal 

reference. Tetrabutylammoniumhexafluorophosphate ((n-Bu)4NPF6, TBAHFP), the supporting 

electrolyte, was crystallized two times with dried methanol and dried in vacuum at 90 °C for 24 h before 

use. The electrolyte solution, 0.1 M (n-Bu)4NPF6 in THF was used in each experiment. The concentration 

of compounds 6 and 13 were 1.1 mM and 1.4 mM (10 mL THF) in each experiment.  

 

4.5.1. Preparation of vanadium(IV) compounds. 

Preparation of [(C38H44N2O4)V] (1). 2, 2', 2'', 2'''-[1,2-ethanediylbis[nitrilobis(methylene)]]tetrakis[4,6-

dimethylphenol[372] (2.31 mmol, 1.38g) was dissolved in THF. KH (10.16 mmol, 0.41 g) was added slowly 

to deprotonated the phenol groups and the mixture was stirred overnight. VCl4 (0.300 mL, 2.38 mmol) 
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was added drop wise. Once the addition is done, the mixture was stirred 24 hours. The resultant 

solution was then centrifuged and the obtained solid was removed. After 2 weeks, from a dark blue 

solution, blue crystals were obtained. The yield of the reaction was 69.1% (1.60 mmol, 1.03 g) based on 

the ligand used. µeff= 1.81 BM. 

Preparation of [(C23H30O2)2V] (2). 2,2′-Methylenebis(6-tert-butyl-4-methylphenol) purchased from 

Sigma was dissolved in 20mL of THF. KH was slowly added (0.258 g, 6.45 mmol) and the solution was 

stirred for 24h. Once the reaction is complete, the solvent was removed under vacuum and the resultant 

solid was dissolved in 15 mL of cold toluene. Then, VCl4 (0.291 mL, 2.93 mmol) was added drop wise. 

Once the addition is done, the mixture was stirred overnight. The mixture was then centrifuged and the 

obtained solid was removed. The remained solution was dried out with vacuum and the obtained sticky 

dark red solid was dissolved in fresh n-heptane. From that solution and after 1-week dark blue crystals 

were obtained. The yield of the reaction was 89.1% (0.329g, 0.527mmol) based on vanadium salt used. 

µeff= 1.68 BM. 

Preparation of 2,2′-Methylenebis(4,6-dimethyl-phenol) (3). In a 250 mL round bottom flask, 2:1.1 

molar ratio of 2,4-dimethylphenol (10.0 mL, 82.8 mmol) and p-formaldehyde (45.5 mmol, 1.37 g) were 

added. Methanol was used (100 mL) as solvent in this reaction and a few drops of concentrated sulfuric 

acid were added to catalyze the condensation. The system was stirred under reflux during 24 h. After 

that, a beige-white sticky solid was obtained when the methanol was removed using a rotatory 

evaporator. The solid was washed three times with 20mL of a mixture 1:1 methanol water to remove 

any excess of sulfuric acid and unreacted chemicals. The solid was then purified by crystallization in 

boiling ethanol and allowing to cool to room temperature in a water bath. The crystals were filter under 

vacuum and analyzed by 1H, 13C NMR and 13C NMR DEPT135 analysis. 1H NMR (22oC., 300 MHz, CDCl3) 

  (s, 2H), 6.84 (s, 2H), 6.33 (s, 2H), 3.90(s, 2H), 2.28 (s, 3H) and 2.21 (s, 3H). 13C NMR (22oC., 300 

MHz, CDCl3)  148.74, 130.13, 129.98, 128.81, 126.38, 123.99, 31.21, 20.49 and 15.99 ppm. 13C NMR 
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DEPT 135 (22oC., 300 MHz, CDCl3)  129.98, 128.81, 31.21 (down), 20.49 and 15.99 ppm. The yield of 

the reaction was 61.2% (25.1 mmol, 6.42 g).  

Preparation of [(C17H18O2)2V]2 (4). 2,2′-Methylenebis(4,6-dimethyl-phenol) was dissolved (0.751 g, 2.93 

mmol) in 25 mL of THF. KH was slowly added (0.258 g, 6.45 mmol) and the solution was stirred for 24h 

to ensure no more hydrogen was evolved and both phenols were deprotonated. Once the reaction is 

done, the solvent was removed under vacuum and the solid was suspended in 20 mL of toluene. Then, 

VCl4 (0.291mL, 2.93mmol) was added drop wise to the deprotonated ligand in toluene. Once the 

addition is done, the mixture was stirred overnight. The mixture was centrifuged and the solid (KCl as 

byproduct) was removed. The remaining solution was dried out under vacuum and the obtained sticky 

dark red solid was dissolved in fresh toluene. After a new centrifuge step, tiny amount of KCl was 

removed and from the solution dark red crystals were obtained over 2 weeks. The yield of the reaction 

was 35.9% (0.329 g, 0.527 mmol) based on vanadium salt used. µeff= 1.79 BM.  

Preparation of [(C44H52O4)V]2 (5). 4-tert-Butylcalix[4]arene was partially dissolved (0.561g, 0.864mmol) 

in THF (25 mL), then KH was added slowly as powder (0.152 g, 3.81 mmol) to deprotonate the phenols. 

The reaction produced hydrogen gas and was allowed to react for 36h in a glass vial. Once the reaction 

was completed, the THF was removed under vacuum. The resultant white solid was suspended in 25 

mL of dry toluene and stirred for 2 more hours. After that time, VCl4 (0.091 mL, 0.872 mmol) was added 

drop wise. The mixture was stirred for 36 hours and then centrifuged. From the resultant solution, and 

after 3 weeks, dark blue crystals were obtained. The yield of the reaction was 49.5% (0.376 g, 0.428 

mmol) based on vanadium salt used. µeff= 1.52 BM.  

4.5.2. Preparation of vanadium(III) aryloxides. 

Preparation of [Li(THF)2V(OMes)4] (7). MesOH (mesitylphenol) (0.375 g, 2.75 mmol) was dissolved in 

15 mL of n-heptane, and the solution cooled to -35oC. n-BuLi (2.5 M, 1.2 mL) was added drop wise. The 
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mixture was stirred for approximately 12 hours and the solvent evaporated in vacuo. The resulting solid 

was re-dissolved in THF (20 mL) and VCl3(THF)3 (0.257 g, 0.70 mmol) added and stirred for 24 hours. 

The initial color of the solution turned purple and then green. The resulting solution was centrifuged to 

remove the lithium salt produced and allowed to stand undisturbed at -30oC for 4 days. Green crystals 

of 2 were obtained (0.104 g, 0.22mmol., 31 %). µeff = 2.83 BM. E.A. found (Calcd) C 70.91 (71.14), H 8.22 

(8.14). 

Preparation of [LiV(OMes)4]2 (8).  

Method A. A similar procedure was used as for complex 2, but using toluene instead of THF. From the 

reaction 3 was isolated as a blue crystalline material (0.481 g, 0.80 mmol, 96 %). µeff = 2.65 BM. E.A. 

found (Calcd) C 72.46(72.23), H 7.38(7.41).  

Method B. A procedure identical to the formation of 1 was followed. However, the reaction mixture 

was not centrifuged, but dried under vacuum instead. Hot heptane was used to extract the complex 

from the solid residue and the extracts filtered to get a clear blue solution. After slow cooling, blue 

crystals of 3 were obtained (0.144 g, 0.24 mmol, 35%).   

Preparation of VO(2,4,6-Me3C6H2O)3 (9). Exposure of a toluene solution of complexes 6, 7 or 8 to carbon 

dioxide changed the color of the solutions to dark-red. In all three cases, the presence of CO as 

byproduct was determined by GC-TCD. After the reaction was completed (no more CO released) the 

solvents were removed with vacuum. The resulting dark solid was re-dissolved in 5 mL of pure toluene 

and centrifuged to remove small amount of insoluble residue. After one week at -35oC, red crystals 

were obtained (0.223 g, 0.472 mmol. 94 %). HRES-MALDI-TOF-TOF [M]•+ m/z calculated for VO4C18H33 

472.182, found 472.203. 51V NMR (22oC., 300 MHz, C6D6) δ: -485.5 ppm. VOCl3 was used as reference. 

1H NMR (22oC., 300 MHz, C6D6) δ: 6.68 (s, 6H), 2.43 (s, 18H), 2.10 (s, 9H). 13C-NMR (22oC., 300 MHz, 

C6D6) δ: 151.62, 129.52, 129.10, 122.93, 20.61 and 15.81 ppm (Appendix T4.7). 
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Preparation of V((2,6-C6H5)2C6H3O)3(THF) (10). 2,6-diphenylphenol (0.50 g, 2.03 mmol) was dissolved 

in 15 mL of THF and treated with KH (0.089 g, 2.22 mmol). The mixture was stirred for a further 12 h 

before addition of VCl3(THF)3 (0.251 g, 0.67 mmol). The resulting solution was stirred for 24h and 

centrifuged to remove insoluble material. Dark green crystals of 5 were obtained from THF (0.235 g, 

0.40 mmmol. 60 %). µeff=2.64 BM. HRES-MALDI-TOF-TOF [M-THF]•+ m/z calculated for VO3C54H39 

786.234, found 786.283. 

Preparation of VO(2,6-C6H5)2C6H3O)3 (11). Complex 10 (0.250 g, 0.291 mmol) was dissolved in 15 mL of 

a 1:1 mixture of toluene:THF. The mixture was stirred and placed under carbon dioxide atmosphere. 

The color of the solution changed from green to dark red passing through an intermediate blue color. 

The formation of CO as byproduct was monitored by GC-TCD. The solvents were evaporated in vacuo 

and a dark solid was obtained. 5 mL of pure toluene was used to dissolve the solid and after one week 

at -35oC, red crystals were collected (0.088g, 0.102 mmol, 35 %). HRES-MALDI-TOF-TOF [M-H]•+ m/z 

calculated for VO4C54H39 801.221, found 801.118. 51V NMR (22oC., 300 MHz, C6D6) δ: -521.1 ppm. VOCl3 

was used as reference.  1H NMR (22oC., 300 MHz, C6D6) δ: 7.58 (d, J=7.1Hz, 4H), 7.49 (t, J=7.4Hz, 4H), 

7.40 (t, J=7.2 Hz, 2H), 7.30 (d, J=7.6Hz,2H), 7.08 (t,J=7.6 Hz, 1H). 13C NMR (22oC., 300 MHz, CDCl3) δ: 

149.45, 137.72, 130.10, 129.50, 128.98, 128.89 and 122.79 ppm. 

Preparation of VO((2,6- C6H5)2C6H3O)2(THF)2 (12). Similar procedure as for compound 11 was followed 

with the reaction being stopped after 2h, when the color of the solution was blue. No formation of 

carbon monoxide was observed at this stage. The solution was degassed to remove carbon dioxide. The 

blue solution was cooled to -30oC and after filtration blue crystals were obtained. (0.068 g, 0.100 mmol. 

19 %). µeff=1.46 BM. 

Preparation of [(2,4,6-Me3C6H2O)V(O)Cl]2(µ-2,4,6-Me3C6H2O)2 (14). Complex 13 (0.451 g, 0.900 mmol) 

was dissolved in 25 mL of toluene and exposed to carbon dioxide for 48h. The solution was concentrated 
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to ½ of the volume by gentle vacuum and then filtered. Layering crystallization technique using n-

heptane (3 mL) was used and as result blue crystals were obtained. The crystals were collected by 

filtration. (0.30 g, 0.05 mmol. 11.1%). µeff= 2.39 BM. E.A. found (Calcd) C 55.01(55.51), H 6.66(6.75). 

Mesityl ester (C19H22O2) purification (15). The filtrate from the isolation of complex 9 was quenched 

with 2 mL of HCl 1M. 5 mL of ethyl acetate was used to extract the mesithylphenol and the mesityl 

ester. The mixture was isolated by using amorphous silica gel 60 mesh with 8:2 hexanes:ethyl acetate 

as mobile phase. After solvent evaporation of the first fraction, it was analyzed by 1H NMR, MS-ESI and 

MS-EI (SI). 
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Appendix T4.1 Supporting information 

Appendix T4.2. Crystallographic Experiment Details 

  1 2 4 5 7 8 9 

Formula C38H44N2O4V  C48.1H64.90O4V C19.45H20.80O2V0.5 C29H34O2V0.5  C88H120Li2O12V2  C36H44LiO4V C27H33O4V 

fw 643.69 758.04 312.03 440.03 1485.6 598.59 472.47 

a (Ǻ) 8.6051(14)  31.824(2) 10.7513(11)  12.4805(3)  19.9205(8)  10.3694(5) 28.0337(11)  

b (Ǻ) 25.756(4)  11.3267(6)  11.7566(12)  13.4294(3)  20.9328(10)  12.8043(6)  17.9273(7)  

c (Ǻ) 14.910(3)  27.9824(16)  14.3660(15)  18.2986(4)  22.1770(9)  12.8815(5)  4.8537(2)  

α (deg) 90 90 105.862(2) 100.9426(13) 90.00 85.942(3) 90 

β (deg) 98.407(3) 114.8963(13) 95.806(3) 101.9859(13) 111.223(2) 77.113(3) 90 

γ (deg) 90 90 97.171(3) 108.3448(13) 90.00 85.726(3) 90 

cryst syst Monoclinic Monoclinic Triclinic Triclinic Monoclinic Triclinic Orthorhombic 

space group P2(1)/c C 2/c P-1  P-1  P2(1)/c P-1 Pna2(1)  

V (Ǻ3) 8269.0(10) 9149.1(9) 1715.5(3)  2737.95(11)  8620.4(6) 1660.02(13) 2439.32(17)  

Dc (g cm-1) 1.308 1.101 1.208 1.067 1.145 1.198 1.287 

Z 4 8 4 4 4 2 4 

no. of refl. measured 7790 38654 20197 30298 89147 18841 15508 

Unique of refl. [I>2 

σ(I)] 5139 11243 8317 13461 7705 5601 2925 

Rint 0.0706 0.0429 0.0685 0.0366 0.0852 0.0707 0.0898 

R1 [I>2 σ(I)] 0.0550 0.0596 0.0747 0.0764 0.0706 0.0580 0.0477 

wR2[I>2 σ(I)] 0.1283 0.1542 0.1675 0.2084 0.1784 0.1377 0.1105 

GOF 1.025 1.019 1.029 1.032 1.044 1.028 1.014 
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Appendix T4.3 - Crystallographic Experiment Details …continue 

  10 11 12 14 

Formula C58H47O4V  C44H42O5V C56.4H43.8O4.6V C26H38Cl2O6V2 

fw 858.9 701.72 846.05 619.34 

a (Ǻ) 42.1043(11)  12.1702(5)  16.0007(5)  14.4157(4)  

b (Ǻ) 11.6416(3)  17.0881(7)  16.0007(5)  16.1677(4)  

c (Ǻ) 19.4509(6)  19.5515(9)  15.6229(7)  14.0267(3)  

α (deg) 90 71.7168(11) 90 90 

β (deg) 109.5040(10) 88.3800(12) 90 114.7063(11) 

γ (deg) 90 69.5795(11) 120 90 

cryst syst Monoclinic Triclinic Trigonal Monoclinic 

space group C2/c  P -1 R 3H P 21/c 

V (Ǻ3) 8987.0(4)  3603.1(3)  3463.9(3)  2969.93(13)  

Dc (g cm-1) 1.27 1.294 1.217 1.385 

Z 8 8 3 4 

no. of refl. measured 58321 47527 13045 42949 

Unique of refl. [I>2 σ(I)] 11132 20969 3076 7324 

Rint 0.0455 0.0494 0.0642 0.0281 

R1 [I>2 σ(I)] 0.0475 0.0525 0.0488 0.0397 

wR2[I>2 σ(I)] 0.1067 0.1032 0.1030 0.109 

GOF 1.023 1.009 1.001 1.036 
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Appendix T4.4. xyz geometry of vanadium complex with carbon dioxide obtained by QST3 method 

V  0.20041  -0.42477  0.63158 

O  -0.55759  0.86425  -0.52353 

O  1.77517  -0.99228  -0.04345 

O  -0.93992  -1.85190  0.69950 

C  -0.76895  2.15405  -0.56615 

C  3.12718  -1.05202  -0.08778 

C  -2.17316  -2.19677  0.25072 

C  3.73965  -1.19259  -1.34562 

C  3.88989  -1.01552  1.09132 

C  5.12850  -1.27238  -1.39889 

C  5.91995  -1.22586  -0.25036 

C  5.27712  -1.10390  0.98042 

C  3.22642  -0.90113  2.43615 

C  7.42422  -1.28315  -0.34149 

H  5.87024  -1.08284  1.88882 

C  2.90378  -1.26885  -2.59428 

H  5.60468  -1.38350  -2.36778 

C  -2.34961  -2.62371  -1.07576 

C  -3.62632  -3.00850  -1.48269 

C  -4.72054  -2.98682  -0.61804 

C  -4.50531  -2.57353  0.69717 

C  -3.24938  -2.18064  1.15432 

C  -1.18262  -2.67018  -2.02517 

H  -3.76512  -3.34339  -2.50577 

C -6.09787  -3.37501  -1.09538 

H  -5.33756  -2.56301  1.39387 

C  -3.02835  -1.76489  2.58351 

C  -2.12942  2.61722  -0.57886 

C  0.30899  3.08845  -0.73472 

C  -2.36472  3.97060  -0.70682 

C  -1.32105  4.89876 0.84611 

C  0.00010  4.42873  -0.86430 

H  -3.38879  4.32705  -0.70632 

C  -1.61352  6.36740  -0.94907 

H  0.80811  5.14054  -0.99168 

C  1.72683  2.60511  -0.78158 

C  -3.24215  1.62223  -0.45738 

H  -6.65514  -2.50283  -1.45212 

H  -6.68439  -3.82818  -0.29396 

H  -6.04709  -4.08743  -1.92069 

H  7.86422  -1.66475  0.58126 

H  7.84846  -0.28977  -0.51884 
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H  7.74950  -1.92531  -1.16222 

H  -2.56584  6.55100  -1.44861 

H  -0.82742  6.89547  -1.49004 

H  -1.67955  6.81384  0.04897 

H -0.80401  -1.66862  -2.24787 

H  -1.47182  -3.13404  -2.96863 

H  -0.35012  -3.23731  -1.60311 

H  -3.96742  -1.77092  3.13760 

H  -2.59261  -0.76553  2.65210 

H  -2.33007  -2.43958  3.08583 

H  3.96228  -0.98157  3.23615 

H  2.48263  -1.68950  2.58414 

H  2.70406  0.05126  2.55616 

H  2.20591  -2.10835  -2.55291 

H  3.53604  -1.39159  -3.47384 

H  2.30086  -0.36799  -2.73218 

H  2.39771  3.41140  -1.07532 

H  1.84325  1.78066  -1.48657 

H  2.05573  2.23877  0.19478 

H  -4.21097  2.11969  -0.48200 

H  -3.16622  1.05629  0.47349 

H  -3.20341  0.88833  -1.26548 

C  -0.53981  2.18687  2.15254 

O  -0.69182  2.59011  3.22112 

O  -0.00519  0.54700  2.03537 

 

Appendix T4.5. Mulliken charges and spin densities 

Atom 

Mulliken 

charges 

Atomic-Atomic 

spin densities 

1 V 1.331914 1.010518 

2 O1 -0.481092 0.116675 

3 O -0.582346 -0.018358 

4 O -0.549049 0.001158 

5 C 0.192269 0.076018 

6 C 0.286961 0.001595 

7 C 0.287792 0.01372 

8 C 0.014494 -0.006968 

9 C 0.003426 -0.004761 

10 C -0.217958 0.004097 

11 C 0.176207 -0.008853 

12 C -0.223987 0.004509 

13 C -0.446416 -0.003452 
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14 C -0.444595 -0.000174 

16 C -0.424368 0.00066 

18 C 0.013239 -0.003203 

19 C -0.202777 0.00292 

20 C 0.161605 -0.003431 

21 C -0.201593 0.002529 

22 C 0.008318 -0.005561 

23 C -0.44492 -0.00011 

25 C -0.448838 -0.000021 

27 C -0.413922 -0.000494 

28 C 0.084733 0.164395 

29 C 0.111681 0.175466 

30 C -0.187318 -0.090558 

31 C 0.19298 0.244674 

32 C -0.181435 -0.092176 

34 C -0.440615 0.008274 

36 C -0.435758 0.003788 

37 C -0.403798 0.004517 

65 C28 0.153548 0.260989 

66 O4 -0.159974 0.027629 

67 O5 -0.527752 0.113987 

 

Appendix T4.6. Compound 5 xyz geometry after carbon dioxide interaction, DFT calculation using 
B3LYP and TZVP basis set. 

V 0.0421652453 -0.1215111136 0.0027120478  

O -2.5539069349 2.8415405053 -0.2187903354  

O -0.4208886319 1.9544231114 -0.1170960285  

O 0.0796164177 -0.6873854001 -1.6579902176  

O -1.9068282209 -0.1920472217 -0.0421929476  

O 1.9414245405 -0.0621559100 0.0487523514  

O -0.0057529242 -0.5141694434 1.7127690241  

C -1.5219619641 2.3593413752 -0.1668462272  

C -2.5076310191 -1.3342237594 2.5705648833  

C -5.6111102014 -5.2708340051 0.8079724021  

C -4.3328816850 -6.1008161923 -1.1459359775  

C -3.3486083460 -6.3376460575 1.1469285313  

C -4.1981291039 -5.4236625451 0.2202354215  

C -2.7534863584 -2.0327475874 1.2458798073  

C -3.3018311381 -3.3031226454 1.2655555724  

C -3.5629228907 -4.0356475462 0.1126694640  

C -3.2448292045 -3.4307753079 -1.0911005769  

C -2.6914467081 -2.1571032315 -1.1712377769  
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C -2.4433280814 -1.4335207782 0.0068302790  

C -2.3778201501 -1.6013527521 -2.5479366393  

C 1.0635398850 -3.9276565528 -6.9586273034  

C 1.0900041533 -5.7687894863 -5.2594113552  

C -1.0548775970 -5.0059730064 -6.2464742626  

C 0.3190532205 -4.5387582584 -5.7619791802  

C -1.0754034630 -2.1109434130 -3.1225814527  

C -0.9992850698 -3.0548268292 -4.1388243678  

C 0.2206764503 -3.5035946243 -4.6373499200  

C 1.3920406402 -2.9772960147 -4.0852718731  

C 1.3680350620 -2.0353512146 -3.0734189583  

C 0.1198066751 -1.6207064075 -2.6174034638  

C 2.6036597205 -1.4473781576 -2.4312268530  

C 5.7581312995 -5.0511988068 1.1919897674  

C 4.7516719364 -5.8204701076 -0.9420677529  

C 3.5090870282 -6.1532275889 1.1805723238  

C 4.4387970021 -5.1964985510 0.4193143129  

C 2.8686488465 -1.9916074556 -1.0394059473  

C 3.4770299644 -3.2367201321 -0.9300881475  

C 3.7663111336 -3.8281500642 0.2885903166  

C 3.4160304329 -3.1095285517 1.4262727067  

C 2.8086725625 -1.8666873859 1.3787743423  

C 2.5265931077 -1.2831975224 0.1254987063  

C 2.4741041856 -1.1795971312 2.6903390662  

C 0.8104101165 -5.1782810634 5.8832574730  

C 0.6971250706 -3.1666293705 7.3726978584  

C -1.3822976301 -4.3245405764 6.6702793294  

C 0.0155535941 -3.9052266886 6.2109739014  

C 1.2057910500 -1.6996460877 3.3273583605  

C 1.1760776288 -2.5280302320 4.4339807059  

C -0.0230114642 -2.9961543574 4.9788560267  

C -1.2149298978 -2.6065202708 4.3741124583  

C -1.2369521095 -1.7765495426 3.2604553785  

C -0.0165316084 -1.3397695476 2.7668107283  

H -4.7788374352 -7.0886330500 -1.0196909656  

H -4.9761178237 -5.5333339452 -1.8202070589  

H -3.3621545069 -6.2337021182 -1.6261303867  

H -3.9261390022 -6.6824422494 2.0060809651  

H -3.0032455371 -7.2241927044 0.6140552305  

H -2.4663184174 -5.8268749689 1.5275666049  

H -5.5825191802 -4.8261215115 1.8030195899  

H -6.2294151677 -4.6330920159 0.1741427007  

H -6.0959902738 -6.2462113038 0.8900833801  
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H -3.3511024046 -1.5346039092 3.2323614324  

H -2.4708224369 -0.2580033576 2.4041459473  

H -3.5322193329 -3.7371552829 2.2324983456  

H -3.4254305271 -3.9523401244 -2.0215515308  

H -3.1876164212 -1.8721970994 -3.2266481661  

H -2.3459378928 -0.5134915928 -2.4942039196  

H 1.1397640438 -4.6561912289 -7.7685219511  

H 0.5362426653 -3.0510551843 -7.3381597909  

H 2.0744324984 -3.6195159711 -6.6922423211  

H 0.5827172037 -6.2243945000 -4.4076575772  

H 1.1655844618 -6.5170698952 -6.0511608069  

H 2.1020845693 -5.5122511364 -4.9467903633  

H -1.6453148316 -4.1819690867 -6.6497373914  

H -0.9289765876 -5.7409388425 -7.0427910345  

H -1.6270955357 -5.4806738572 -5.4480782857  

H -1.9248336187 -3.4356061232 -4.5471563744  

H 2.3549758389 -3.3043898986 -4.4578468826  

H 2.5022839395 -0.3638002836 -2.3769170099  

H 3.4654967029 -1.6673283852 -3.0625310726  

H 5.5971829790 -4.6537392028 2.1941526097  

H 6.2480882532 -6.0221192452 1.2932930003  

H 6.4408992383 -4.3775583748 0.6717790325  

H 5.2269622642 -6.7920196085 -0.7979191999  

H 3.8476589942 -5.9795445140 -1.5317721007  

H 5.4365902789 -5.2013308984 -1.5235298256  

H 3.2814113362 -5.7838711848 2.1805344113  

H 2.5642296599 -6.2801733230 0.6500016032  

H 3.9767753408 -7.1347974083 1.2850392068  

H 3.7292332829 -3.7466890701 -1.8500525966  

H 3.6234448665 -3.5266438550 2.4049716064  

H 2.3788291861 -0.1080714439 2.5168238215  

H 3.3020548739 -1.3293961925 3.3843262850  

H 0.8436824742 -5.8375926272 6.7531296961  

H 0.3481542671 -5.7243620181 5.0595780518  

H 1.8378064408 -4.9519110964 5.5985022514  

H 0.1513763437 -2.2572178753 7.6289036562  

H 0.7306604671 -3.8044868028 8.2584234054  

H 1.7207126021 -2.8836072962 7.1277059070  

H -1.2988552503 -4.9703544769 7.5455489007  

H -1.9920669246 -3.4650934912 6.9526978653  

H -1.9125014590 -4.8838231609 5.8980764562  

H 2.1179970642 -2.8101523700 4.8881466850  

H -2.1609389561 -2.9441447952 4.7734193279  



141 
 

Appendix T4.7. 51V NMR of VO(2,4,6-Me3C6H2O)3 (9) in C6D6.  

 

 

Thermal ellipsoids of compound 9 drawn at 30% of probability level. Hydrogen atoms are omitted for 
clarity. Selected atom distances and angles are as follows: V1-O4 = 1.571 Å, V1-O1 = 1.768 Å, V1-O2 = 
1.782 Å, V1-O3 = 1.784 Å, O1- V1- O4 = 107.35o, O2- V1- O4 = 108.68o and O3- V1- O4 = 107.41o. 
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Appendix T4.8. 1H NMR, 13C NMR and 13C NMR DEPT 135 of compound 3. 1H NMR of (12) (22oC., 300 

MHz, CDCl3)   (s, 2H), 6.84 (s, 2H), 6.33 (s, 2H), 3.90(s, 2H), 2.28 (s, 3H) and 2.21 (s, 3H).  

 

13C NMR of (12) (22oC., 300 MHz, CDCl3)  148.74, 130.13, 129.98, 128.81, 126.38, 123.99, 31.21, 

20.49 and 15.99 ppm. 
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13C NMR DEPT 135 of (12) (22oC., 300 MHz, CDCl3) 129.98, 128.81, 31.21 (down), 20.49 and 15.99 

ppm. 
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Appendix T4.9. 1H NMR of mesityl ester (benzoic acid 2,4,6-trimethylphenylester) in CDCl3. (15). 1H 

NMR (400MHz, CDCl3, 21oC) 6.940, 6.939 (s, 2H), 6.928, 6.927 (s, 2H), 2.526 (s, 6H), 2.324 (s, 3H), 

2.290 (s, 3H) and 2.237 (s, 6H). 

 

Appendix T4.10. TOF-MS-ESI of byproduct (15): M+Na = 305.1492 
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Appendix T4.11. MS-EI direct probe of benzoic acid 2,4,6-trimethylphenylester (15). 
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This work has been published in part in: Camilo J. Viasus, Nicholas P. Alderman, Bulat Gabidulin and 
Sandro Gambarotta, Angew. Chem. Int. Ed. 2018, 57, 10928-10932. 

 
Chapter 5. Reaction of CO2 with a Vanadium(II) Aryloxide: Synergistic Activation of 
CO2/-oxo Groups towards H-Atom Radical Extraction. 
 
CJV: All work was done by me and all experimental part was also carried out by me. Dr. Gabidullin 

carried out the single crystal xray analysis. Dr. Alderman helped with the paper editing. 

 

And in: Camilo J. Viasus, Bulat Gabidulin and Sandro Gambarotta, Linear end-on coordination of CO2 
using vanadium aryloxide. Submitted 2019. 

CJV: All work was done by me and all experimental part was also carried out by me. Dr. Gabidullin 

carried out the single crystal xray analysis. 

 

5.1. Preamble 

The reactivity of carbon dioxide with aryloxide vanadium(III) compounds has been explored. The idea 

behind this was, once again, to favor the elusive end-on bonding mode of CO2 and possibly prevent the 

direct involvement of the ligand system in the reactivity of CO2. Thus, by modulating the metal redox 

potential, we hoped to enhance radical behavior of CO2 towards new paths of reactivity.  
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5.2. Introduction 

The reactivity patterns of CO2 are remarkably affected by the extent of electron-transfer performed by 

the attacking reagents.[74,107,289]  

Floriani’s pioneering work more than four decades ago demonstrated that a two-electron 

transfer may result in CO2-coordination, either mono- or bimetallic (Scheme 5.1).[317,342,398,399] However, 

when the two electrons are provided by two one-electron donors via cooperative attack, a CO2 

deoxygenation to oxo- or carbonato-bridged dimetallic compounds occurs, with simultaneous 

evolution of CO.[76,342,359,400,401] 

 

Scheme 5.1. Representative unit of the polymeric [Co(pr-salen)KCO2.THF]n. Ligand fragments were 
omitted for clarity. 

 

Being able to limit and control one-electron transfers and extending the lifetime of the resulting CO2
(.) 

radical anion is central to subsequent coupling and formation of C-C bonds.[149,151] This process, 

documented in the CO2 chemistry of lanthanides and TM, is so far exclusively limited to formation of 

the oxalate dianion.[73,148,149] Albeit a stoichiometric process, this remains a quite noticeable aspect of 

CO2 chemistry. Once performed in a catalytic fashion, it can be regarded as the first step towards 
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carbohydrate synthesis, a much-wanted process and, so far, exclusive domain of naturally occurring 

photosynthesis.[8,140,153,184,402,403] 

The possibility of successfully obtaining one-electron transfer is obviously related to both the reducing 

power of the metal (i.e. oxidation state)[404] and the nature of the ligand system[405,406], altogether 

extending the lifetime of the intermediate carbon-centered radical-anion. 

Another critical factor for driving the reactivity is the coordination mode of CO2 to the metal 

center.[407] The widely observed side-on coordination to one, two or even more metal centers preludes 

to either reversibility of the coordination or two-electron transformations.[408] The geometry of the 

ligand systems, however, may affect the initial bonding mode of CO2 to the metal center. For example, 

the end-on coordination mode has long eluded proof until the characterization by Meyer of the sole 

and unique case of end-on bonded CO2 complex to a sterically encumbered uranium moiety.[378] On the 

other hand, lanthanide complexes afford one-electron reduction and form oxalate derivatives.[145,318,409] 

Whether or not this behavior is the consequence of an initial end-on bonding mode remains unclear. 

Thus, we became interested in probing the possibility that sterically bulky ligands might favor, while in 

combination with strongly reducing metals, end-on bonding modes and which in turn might be the 

starting point for successful C-C or even C-H bond-forming one-electron reductions. 

For this purpose, we have recently used low-valent vanadium, a strong reductant, in combination 

with bulky aryloxide ligands and investigated its reactivity with CO2 (Chapter 4). While the much-

anticipated deoxygenation to oxo-species and CO was still observed, the work also featured the 

occurrence of the rare end-on coordination mode. Furthermore, by tuning the electronic properties of 

the metal via judicious ligand replacement, it was possible to switch from the two-electron transfer to 

one-electron reduction, entering into a radical pattern of reactivity similar to the presented by Nicholas 
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et. al. later in 2018[410] (i.e. radical attack to the ligand system forming dimers or in our case with 

incorporation of CO2 forming organic esters).  

In this chapter, we describe the reaction of d2 V(III) and d3 V(II) complexes of a tetradentate ligand 

environment with CO2. The use of vanadium(III) complexes transformed CO2 to formate, a process 

which can be normally carried out with various electrochemical techniques.[161,411–413] In this part of the 

thesis however, we found that the formate anion can be generated by H-atom abstraction from the 

solvent through a reaction pattern unprecedented for CO2.  

 

5.3. Results and Discussion 

5.3.1. Reactivity with CO2 of a [(TMEDA)V(II)(ONNO)] complex 

The ligand selected for this work was the tetradentate [2,4-Me2-2-(OH)C6H2CH2]2N(CH2)2NMe2 

(H2ONNO)[290] containing two phenolic oxygen and two aliphatic amine nitrogen donor atoms. The 

selection of this ligand was advised by the presence of the two phenolic functions and which, upon 

deprotonation, form the corresponding dianion necessary to provide electro-neutrality to the V(II) 

metal center. The aryloxide function was deemed important for the enhancement of the vanadium 

radical behavior and to prevent insertion reactions, otherwise unavoidable with organometallic or 

amide derivatives. The tetradentate geometry was also regarded as important for favoring the initial 

end-on coordination of CO2 while the presence of the two amino residues could provide additional 

stability to vanadium due to their hard nature.[414,415]  

The deprotonation of H2ONNO was carried out with KH in THF through a very rapid and 

vigorous reaction. Subsequent reaction with VCl2(TMEDA)2
[228,416] was also rapid affording the 

corresponding (ONNO)V(TMEDA) (1) previously reported in the literature (Scheme 5.2).[290]  



150 
 

 

 

 

 

 

 

Scheme 5.2. Preparation of compound 1. 

 

When a solution of 1 in toluene was exposed to CO2 at 35 psi, in a steel reactor with a Pyrex liner and 

left undisturbed for 48 hours at room temperature, a color change occurred. Employment of lower 

pressures gave incomplete reactions. The GC analysis of the gas phase indicated that a substantial 

amount of CO was formed. The GC-MS of the solution phase indicated the presence of organic products 

identified as 2,10-Me2diphenyl as the main component along with isomers. A crystalline solid, 

formulated as [(NONO)V]2(µ-OH)(µ-formate) (2) was obtained upon layering the reaction solution with 

heptane (Scheme 5.3).  

 

 

 

 

 

 

Scheme 5.3. Reactivity of compound 1 with CO2. 
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The ESI-MS was consistent with the proposed formulation. The spectrum of the product obtained under 

identical conditions using 13CO2 indicated that the formate residue was indeed generated by CO2. 

Experiments carried out in deuterated toluene could not conclusively identify the masses of the 

deuterated formate and hydroxo fragments but gave the expected molar mass. IR spectra of the 

products obtained in toluene and d8-toluene showed the expected isotopic shift of the OH and formate 

groups (Figure 5.1). The formulation of (2) was authenticated by an X-ray crystal structure (Figure 5.2). 

The structure did not display any particularly noticeable feature with the two metal centers each 

wrapped by the ligand with the expected geometry. The two bridging hydroxo- and formate groups 

occupy cis- coordination sites on each vanadium center. The positions of the two hydroxo and formate 

hydrogen atoms were identified by difference Fourier maps and their refinement gave noticeable 

improvement of the refinement factors. Bond distances and angles for the V-O(H)-V unit agreed with 

the proposed formulation.  

 

Figure 5.1. ATR FT-IR spectrum of compound (2) obtained in toluene (Red line) and in toluene-d8 (Black 
line). 
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Figure 5.2. ORTEP diagram of compound 2 with ellipsoids drawn at 40% probability level. Selected 

distances and angles are as follows: V1 – O5 = 2.024 Å, V2 – O5 = 1.994 Å, V1 – O6 = 2.021 Å, V1 – O7 = 

2.061 Å, V2 – O7 = 2.061 Å, O6 – C45 – O7 = 129.90o, V1 – O5 – V2 = 131.52o, V1 – O6 – C45 = 134.89o 

and V2 – O7 – C45 = 134.39o.  

 

The formation of 2 raises interesting mechanistic questions. The presence of the two different bridging 

units implies two separate events. One is a CO2 deoxygenation with parallel formation of CO and a V-

O-V moiety in a characteristic two-electron process. One has only to assume that the oxo formation is 

followed by H-atom extraction from the solvent. The formation of formate in the other step would 

imply a linearly end-on bonded CO2 followed by its bending, one-electron transfer and one H atom 

extraction from the solvent. This radical behavior of linearly bonded CO2 would be in line with our 

previous findings in the chemistry of V(III) aryloxides (Chapter 4). 

What disconcerted us in this rationalization scheme was the possibility of an intermediate trivalent V-

O-V unit to perform hydrogen atom abstraction with a consequent partial reduction to a mixed-valent 
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V(II)-(OH)-V(III) unit. Even in the event that the formation of formate would be the first step and CO2 

deoxygenation the second, the subsequent hydrogen atom extraction and partial reduction would be 

hard to explain. 

To gather further insights, we have attempted the synthesis of [(ONNO)V]2(µ-O) by careful 

oxidation of 1 which was reacted with CO2 in an attempted step-by-step formation of 2. While the 

reactions with O2 gave the expected tetravalent [(ONNO)VO]2 (3) unreactive with CO2, the reaction with 

pyridine-oxide gave a more complex outcome. A pentanuclear species {[(ONNO)VO]4[VO]} (4) was 

formed containing five non-equivalent vanadium atoms in an average oxidation state of 3.6 (Scheme 

5.4).  

 

 

 

 

 

 

 

 

 

 

 

Scheme 5.4. Oxidation of 1 to produce 3 and 4. 

 

Regardless of the complex structure and the lower oxidation state of the metal, complex 4 is also 

unreactive with CO2. The outcomes of the two reactions were both authenticated by X-ray analysis 
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(Figure 5.3). The absence of OH functions was indicated by the IR spectra. Bond distances and angles 

also were in the expected range for the proposed formulation. 

 

Figure 5.3. ORTEP drawings of 3 and 4 with ellipsoids drawn at 30% probability level. Hydrogen atoms 

were omitted by clarity. Selected bond distances for 3: V1-O1 = 1.605 Å, V1-N1 2.443 Å, V1-O3 = 2.079 

Å and V1-O2 = 1.899 Å. Selected bond distances and angles for 4: V1-O3 = 1.908 Å, V2-O3 = 1.729 Å, 

V2-O4 = 1.711 Å, V3-O4 = 1.986 Å, V3-O7 = 1.929 Å, V3-O7-V3’ = 151.71o and O4-V2-O3 = 110.13o.  

 

The results of the oxidation reactions described above confirmed that tetra- and lower valent V-O-V 

units do not perform H atom extraction. Thus, the formation of the OH residue in (2) cannot be 

explained by assuming an initial CO2 deoxygenation.  

 We have therefore performed DFT calculations on the reaction of (1) with CO2. The calculations 

predict the initial formation of a transition state consisting of an adduct with CO2 arranged end-on and 

possessing a significant bending [O-C-O = 131.3o]. Upon evolution of CO, the transition state evolves 

into an intermediate ground state (gs3) with a V-O-V framework. Natural population analysis (NPA) by 

DFT calculations for gs3 (Chart 5.1) indicates that this unit should adopt a bent geometry with a V-O-V 

angle of about 159.2 o. Not surprising for a ground state, the electron density distribution clearly 
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indicated that there is no increase nor deficiency of electron density on the atoms of the V-O-V core. In 

turn, this confirmed that no hydrogen abstraction and formation of -OH residues should be expected 

for this intermediate oxo- species. Further reaction with CO2, however, revealed an intriguing and 

unexpected behavior. Once CO2 is added to gs3, a dimeric transition state ts6 is assembled with CO2 

adopting a bridging bonding model (Chart 5.1).  

Chart 5.1. Relative Gibbs energy profile (kcal/mol) for the proposed mechanism in the reactivity of CO2 
using vanadium(II) compound.  

 

An inspection of the Mulliken charges and spin density for the µ-oxo-, bridging CO2 carbon and 

vanadium atoms revealed that the two vanadium centers slightly decrease their spin density with 
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respect to gs3 as a result of the acquired presence of CO2 (Table 5.1). By the same token, the CO2 carbon 

atom C1 shows an increase of spin density with respect to ts1, while the bridging oxygen atom instead 

decreased its spin density with respect to gs3.  

We have also considered the possibility that the starting V(II) may afford a dianonic dinuclear CO2 

complex. While DFT predicts for this hypothetical complex the same bridging arrangement as observed 

by Maron, Okuda and Cummins,[417] the energy profile was less favorable with respect to the simple 

deoxygenation. The scenario provided by ts6 is therefore somewhat reminiscent of a frustrated Lewis 

pair, whose high reactivity is sufficient to perform dihydrogen activation[418–421] among other 

remarkable performances.[422,423] 

 

Table 5.1. Mulliken charges and spin density of ts1, gs3 and ts6. 

Atom Mulliken charges Spin Density NPA 

V1[a] 1.078475 2.101240 2.01 

C*[a] 0.188108 0.734055 0.66 

V1[b] 1.042943 2.094055 2.02 

V2[b] 1.154588 2.075989 1.98 

O*[b] -0.821774 -0.059004 -0.02 

V1[c] 0.980614 1.839976 1.75 

V2[c] 0.950011 1.826881 1.73 

O1[c] -0.610253 -0.409999 -0.39 

C1[c] 0.271552 0.784811 0.73 

[a] ts1, [b] gs3, [c] ts6  

 

In other words, by positioning CO2 in a bent-bridging coordination mode on a pre-formed V-O-V unit 

(ts6 in Chart 5.1), it enhances electron density on the C at the expense of the oxo-O atom, thus creating 
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the perfect scenario for hydrogen extraction not only by C but also by the bridging oxide. We found 

remarkable that a minor increase of the formal oxidation state as from the trivalent state of gs3 to the 

3.6 of (4) is sufficient to completely obliterate the reactivity with CO2. 

 

5.4. End-on linear coordination of CO2 on a V(III) aryloxide compound 

5.4.1. Introduction 

Controlling the reactivity of CO2 is doubtlessly a daunting task.[346] The work described above reiterates 

that the bonding mode adopted by CO2 during preliminary coordination is central to determining its 

reactivity. The reader should be reminded that the most common is side-on, either on a monometallic 

system or on a bifunctional complex, where eventual charge separation between an anionic site and a 

Lewis acidic one is the key to reversible fixation.[73] More recently, the fixation of CO2 by bifunctional 

systems has also been established with CO2 adopting a linear coordination geometry with two different 

metals sited at the two edges of the linearly coordinated CO2.[424] Instead, the linear end-on bonding 

mode remains so far unique, having been determined in the sole case of a trivalent uranium 

complex.[425] The reactivity that can be expected by this sort of bonding mode remains unknown. 

  In the system described above, theoretical work has clearly indicated that the linear end-on 

bonding mode of CO2 is the key to understanding its radical behavior. We have therefore multiplied 

efforts and succeeded in isolating and characterizing the intermediate CO2 complex adding a second 

example to the sole existing case of linear end-on bonding mode.[425] We further confirm that such 

species is indeed responsible for the unusual reactivity pattern and investigated further the reactivity 

of this rare bonding mode. 

5.4.2. Results and Discussion 

We have shown above that the reaction of (ONNO)V(TMEDA) with CO2 affords an unusual 

deoxygenation and radical H atom extraction leading to the formation of [(NONO)V]2(μ-
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OH)(μ−formate) (3) (Scheme 5.3). The reaction required employment of pressure and moderate 

heating. By carrying out the reaction at low temperatures and enabling sufficient time (1 atm of 

pressure and -10oC) a new species can be isolated in analytically pure form and significant yield (Scheme 

5.5). The GC of the headspace of the vessel clearly shows the presence of CO produced after 12h of 

reaction.  

 

 

 

 

 

 

 

Scheme 5.5. Vanadium(II) schematic reactivity with 13CO2/C18O2. 

 

A red crystalline material, formulated as (ONNO)V(OCO)(OH) (1a) on the basis of its X-ray crystal 

structure, was obtained by slow diffusion of pentane (71%). The identity of the terminally bonded 

hydroxyl group was confirmed by difference Fourier maps, enabling the location of the H. Furthermore, 

FT-IR of isotopically labelled crystalline materials (C18O2, 13CO2), showed the expected shifts for the OH 

group and coordinated CO2 for a complex prepared in non-labelled and d8-toluene, thus confirming 

that the H atom originated from toluene and the O atom and CO from CO2. The GC-MS of the reaction 

mixtures allowed identification of the presence of a few isomeric dibenzyl species as observed in the 

case of the preparation of 3. ESI-MS were in line with the above findings. The metric parameters of 1a 
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are reported in Figure 5.4, indicating minimal deviation from the linearity and alteration of the C-O 

distance with respect to free CO2. The visible bending of the V-O-C vector is clearly not the result of 

steric interaction within the complex but of the enhanced single bond character of the V-O bond. 

Curiously this does not result in significant alteration of the two C-O double bonds. The end-on 

coordination as observed in 1a is the first case for the transition series and second to the sole example 

of a U(III) derivative reported by Meyer.[425]  

We found it rather curious that 1a does not further deoxygenate CO2 through a cooperative 

attack by a second trivalent vanadium center to finally afford a binuclear oxo-bridged tetravalent 

complex. We previously showed that such a species is perfectly stable and can be obtained via direct 

reaction of 1 with strong oxidants. This behavior reiterated to us that the coordination of CO2 might be 

sufficiently strong to attempt reactivity studies. The thermal stability of 1a was probed by heating a 

toluene solution.  

 

Figure 5.4. Thermal ellipsoid plot of 1a with ellipsoids drawn at the 30% probability level. Hydrogen 

atoms, excepted for the V-OH unit, were omitted for clarity. Selected distances and angles of compound 

1a are as follows. V1 – O1 = 2.053 Å, V1 – O3 = 1.916 Å, V1 – O4 = 1.919 Å, V1 – O5 = 2.164 Å, V1 – N1 
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= 2.144 Å, V1 – N2 = 2.260 Å, V1–O1–C1 = 159.5o, O1–V1–N2 = 174.5o, O5–V1–N1 = 174.4o and O4–V1–

O3 = 174.5o. 

 

At the T of about 70oC a slight color change and the presence of CO2 gas in the headspace of the reactor 

indicated that 1a had decomposed. From the reaction mixture a new V(III) hydroxo-bridged 

tetranuclear complex 5 was isolated and fully characterized including X-ray (Figure 5.5). Exposure of 5 

to CO2 at high pressure reformed 1a (Scheme 5.5). In contrast, reaction of crystalline 1a in toluene 

solution with 1 afforded 3 in good yield in agreement with the reaction mechanism presented in Chart 

5.1. It should be reminded that this reaction implied H-atom abstraction from the solvent. Accordingly, 

isomeric diphenyl derivatives were detected in the reaction mother liquor. 

Single point DFT calculations on 1a were carried out in Gaussian09 suite package at the CAM-B3LYP/6-

311G level of theory. In order to determine electrophilic, nucleophilic and radical Fukui indexes for the 

compound 1a, the calculations were performed on neutral, cationic and anionic structures. Hirschfeld 

charges on each of the atoms in the structure were obtained for the three mentioned states. 

Condensed reactivity Fukui indexes were determined and evaluated. Based on the equilibrium 

geometry of compound 1a, the vanadium atom is the most susceptible to receive nucleophilic attack 

(CFI = 0.16) followed by O3, O4, O5, O2 and C1 with CFI 0.07, 0.06, 0.05, 0.04 and 0.02 respectively. To 

the contrary, O5 in -OH, O1 in CO2 and C1 in CO2 presented the highest probability to receive 

electrophilic attack with CFI 0.08, 0.05 and 0.03 respectively. By the same token, vanadium atom, O5, 

O2, O3, O4 and C1 have the highest probability of displaying radical behavior reactivity with CFI of 0.21, 

0.07, 0.05, 0.04, 0.04 and 0.02 respectively. Clearly, these results suggest that using compound 1a in 

an electrophilic or a radical reaction will have a better chance than with a nucleophilic reagent, where 

CO2 would not be part of the reaction due to its lower chance to be activated (Appendix T5.3). 
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Figure 5.5. Thermal ellipsoid plot of 5 with ellipsoids drawn at the 30% probability level. Hydrogen 

atoms expected in the V-OH fragment were omitted for clarity. Selected distances and angles of 

compound 5 are as follows. V1 – O5 = 1.958 Å, V1 – O3 = 1.926 Å, V1 – O4 = 2.013 Å, V1 – O6 = 2.046 

Å, V1 – N3 = 2.221 Å, V2 – O1 = 1.940 Å, V2 – O2 = 1.937 Å, V2 – O4 = 2.076 Å, V2 – O6 = 1.948 Å, V2 – 

N1 = 2.277 Å, V2 – N2 = 2.144 Å, V1 – O5 – V1A = 95.74o, V1 – O6 – V2 = 103.66o and V1 – O4 – V2 = 

100.30o.  

 

Besides the intriguing bonding mode of the coordinated CO2 residue, both the presence and the origin 

of the OH group deserve attention. The isotope labelling experiments clearly demonstrated that the O 

atom was provided by CO2 while the H atom arises from hydrogen-atom radical-abstraction from the 

solvent. In turn, this indicates that the initially formed vanadium oxo-derivative cannot contain the 

metal in its tetravalent state since the ONNOV(IV)O is a perfectly stable and CO2-unreactive dimeric 

species. This leaves us with the only possibility that the initial deoxygenation is carried out by 

cooperative one-electron attack of two divalent vanadium centers on the same CO2 molecule releasing 
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CO and affording a trivalent oxo-bridged vanadium complex. Unsurprisingly, this species, clearly 

capable of enhanced radical behavior in addition to being able of coordinate CO2, has so far eluded 

isolation and characterization. 

 

5.5. Reactivity with CO2 of [V(III)(ONNO)X] complexes 

The most valuable information emerging from the reactivity of ONNO divalent vanadium complex with 

CO2 is that a V(III)-oxo species might be the true starting point for CO2 one-electron activation. 

Naturally, multiple attempts were made to prepare vanadium(III) compounds as related as possible to 

the elusive oxo- species. The aim was to prevent the direct reduction of carbon dioxide to CO and the 

formation of inert vanadyl(V) derivatives. Given the versatility of the ligand system used before and 

considering the change from the divalent to trivalent state of the vanadium metal center, only a minor 

ligand modification was taken into consideration as a possible alternative. In addition to using the 

standard (ONNO)H2 ligand, we have replaced the terminal tertiary amine pendant with another 

containing an ether oxygen (Scheme 5.6). We hoped that this modification would introduce only a slight 

change of electron density and of the reducing power of vanadium(III) with beneficial effects on CO2 

activation.  

 Following the previous protocol, the new selected ligand (OONO)H2 was deprotonated with 

two equivalents of KH and the reaction mixture reacted in situ with VCl3(THF)3 to afford the 

corresponding (OONO)VCl(THF) (6).  
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Scheme 5.6. Preparation scheme for compounds 6, 7 and 8 using vanadium(III) precursor. 

 

The structure of 6 was authenticated by X-ray diffraction analysis as well as analytical measurements. 

Compound 6 was used as starting material for subsequent ligand replacement reactions (Figure 5.6). 

 

Figure 5.6. Thermal ellipsoid plot of 6 with ellipsoids drawn at the 30% probability level. Hydrogen 

atoms were omitted by clarity. Selected distances and angles of compound 6 are as follows. V1-N1 = 

2.122 Å, V1-O1 = 1.908 Å, V1-O2 = 2.171 Å, V1-O3 = 1.903 Å, V1-O4 = 2.099 Å, N1-V1-O4 = 169.88o, O2-

V1-Cl = 176.93o, O2-V1-Cl 176.93o and O1-V1-O2 = 171.63o.  
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Compound 6 did not react with CO2. Temperatures up to 60 0C and CO2 pressures up to 200 psi did not 

modify the outcome. The electron withdrawing presence of the Cl atom obviously had a negative 

quenching effect on the reactivity of the metal center. 

 Two new fully characterized dimeric compounds [(OONO)V(µ-p-OPhOCH3)]2 (7) and 

[(OONO)V(µ-OCH3)]2 (8) were obtained upon reaction of 6 with potassium p-methoxyphenol salt and 

potassium methoxide respectively. The reactivity of 7 was also examined (Figure 5.7). Again, and in line 

with the behavior of 6, this compound was unreactive with CO2.  

 
Figure 5.7. Thermal ellipsoid plot of 7 with ellipsoids drawn at the 30% probability level. Hydrogen 

atoms were omitted by clarity. Selected bonds and angles are as follows: V1 – V1’ = 3.283 Å, V1 – O1 = 

2.0282 Å, V1 – O3 = 2.1965 Å, V1 – O4 = 1.8955 Å, V1 – O5 = 1.8851 Å, V1 – N1 = 2.1722 Å, V1-O1-V1’ 

= 105.79o and V1-O5-CAr = 132.03o. 
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Figure 5.8. Thermal ellipsoid plot of 8 with ellipsoids drawn at the 30% probability level. Hydrogen 

atoms were omitted by clarity. Selected bonds and angles are as follows: V1 – V1’ = 3.161 Å, V1 – O1 = 

1.899 Å, V1 – O2 = 1.926 Å, V1 – O3 = 2.177 Å, V1 – O4 = 1.984 Å, V1 – N1 = 2.166 Å, V1-O4-V1’ = 

103.14o and V1-O4-CMe = 131.39o. 

 

To our growing concern, complex 8 (Figure 5.8) was also unreactive towards CO2. We have therefore, 

reverted the ligand choice to the original ONNO successfully used above (Scheme 5.3). The preparation 

of the starting (ONNO)VCl(THF) (9) was carried out in the usual manner as well as its functionalization 

with aryloxide and methoxide (Scheme 5.7). 
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Scheme 5.7. Preparation scheme for compounds 9,[290] 10, 11, 12, 12a and 13 using vanadium(III) 
precursor.  

  

As before, the ligand (ONNO)H2 was deprotonated with KH. Further in situ reaction with VCl3(THF)3 

afforded (ONNO)VCl(THF) (9) (Figure 5.9A). As usual, the structure was authenticated by X-ray 

diffraction analysis confirming a previous literature assignment.[290] Compound 9 was unreactive with 

CO2, but the presence of the residual chlorine made it a versatile starting material for ligand 

replacement reactions with more nucleophilic groups such as aryloxides and alkoxides. Compound 10 

was obtained upon reaction with the aryloxide potassium salt (Figure 5.9B) and tested with CO2 under 

the same conditions as 7 and 8. Unfortunately, no reactivity was observed. Employment of harsher 

reaction conditions (70oC and 200 psi), did not modify the outcome of the reaction.  
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Figure 5.9. Thermal ellipsoid plot of 9(A) and 10(B) with ellipsoids drawn at the 30% probability level. 

Hydrogen atoms were omitted for clarity. Carbon atoms are in grey color. Selected distances of 

compound 9 and 10 are as follows. For compound 9: V1-N1 = 2.134 Å, V1-N2 = 2.252 Å, V1-O1 = 1.901 

Å, V1-O2 = 1.925 Å and V1-O3 = 2.130 Å. For compound 10: V1-N1 = 2.2390 Å, V1-N2 = 2.1749 Å, V1-

O1 = 1.9217 Å, V1-O2 = 1.9225 Å, V1-O3 = 1.9094 Å and V1-O4 = 2.1572 Å. 

 

Albeit inert towards CO2, compounds 9 and 10 were highly reactive with dry oxygen. In the case of 9, a 

new oxo-bridged species [(ONNO)VCl(µ-O)] (11) was obtained (Figure 5.10). Similar reaction of 10 

however, only afforded intractable materials. Looking at the possibility of obtaining the critical trivalent 

oxo-derivative discussed above, attempts to lower the oxidation state of 11 were carried out with 

metallic K with molar ratio 1:1. The reaction gave a red solution in THF, indicating reduction to V(III), 

but unfortunately only intractable materials were obtained once again. 
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Figure 5.10. Thermal ellipsoid plot of 11 with ellipsoids drawn at the 30% probability level. Hydrogen 

atoms were omitted by clarity. Selected bond distances and angles are presented as follows. V1-O3 = 

1.778 Å, V1-Cl1 = 2.390 Å, V1-O1 = 1.822 Å, V1-O2 = 1.814, V1-N1 = 2.273 Å, V1-N2 = 2.229 Å and V1-

O3-V1’ = 162.77o. 

Because of the lack of reactivity observed with 9 and 10, attempts were made to replace the Cl atom 

of 9 with a methoxide group. The reaction inexplicably afforded a trivalent formate derivative 

[(ONNO)V(µ-HCOO)]3 (12) (Figure 5.11).  

 
Figure 5.11. A) Thermal ellipsoid plot of 12 with ellipsoids drawn at the 30% probability level. Hydrogen 

atoms were omitted for clarity. B) Expansion of 12. Selected distances and angles for compound 11 are 

as follows: V1-O10 = 2.049 Å, V1-O11 = 2.063 Å, V2-O7 = 2.044 Å, V2-O9 = 2.045 Å, V3-O8 = 2.086 Å, 

V3-O12 = 2.046, C67-O7 = 1.239 Å, C67-O8 = 1.229 Å, C68-O11 = 1.239 Å, C68-O12 = 1.256 Å, C69-O9 = 

1.256 Å, C69-O10 = 1.238 Å, O7-C67-O8 = 129.22o, O11-C68-O12 = 124.75o and O9-C69-O10 = 124.32o.  
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Crystals of 12 are green but dissolve in toluene to generate an orange colored solution with greenish 

tint, probably indicative of a dissociative process. Compound 12 does react with carbon dioxide 

affording a red solution but, unfortunately, attempts to obtain a single crystal material from the 

resulting solution only gave intractable solids. 

 Once compound 12 was filtered off from its reaction mixture and the resulting solution 

concentrated, a new ionic compound [(ONNO)3V2(µ-OCH3)][(ONNO)2V] (13), (Figure 5.12) containing a 

methoxide group, was obtained in crystalline form upon slow evaporation. FTIR of 13 ruled out the 

presence of OH groups. Remarkably, when crystalline 13 was dissolved in toluene and exposed to CO2 

at constant pressure (35 psi), formaldehyde and formate were formed. No gases other than CO2 were 

detected. Unfortunately, attempts to crystallize the product of the reaction of 13 with CO2 were not 

met with success.  

 

Figure 5.12. Thermal ellipsoid plot of 13 with ellipsoids drawn at the 30% probability level. Hydrogen 

atoms and [V(ONNO)2]+ co-crystallized fragment was omitted by clarity. Selected distances and angles 

of compound 13 are as follows: V1-V2 = 2.750 Å, V1-O5 = 2.009 Å, V1-O1 = 1.880 Å, V1-O2 = 1.979 Å, 

V1-O3 = 2.084 Å, V2-O5 = 1.971 Å, V2-O4 = 1.876 Å, V1-O2 = 2.116 Å, V2 – O3 = 1.991 Å, V1-N1 = 2.149 

Å, V1-N2 = 2.169 Å, V2 – N3 = 2.153 Å, V2 – N4 = 2.179 Å, V1-O5-V2 = 87.39o, V1-O2-V2 = 84.29o and 

V1-O3-V2 = 84.82o. 
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The isolation of both 12 and 13 made us concerned about the quality of the commercially available 

NaOMe reagent employed for the preparation. Although the formation of 12 was clearly the result of 

large contamination by sodium formate in the commercial NaOMe, the possibility of synthesizing this 

trivalent formate derivative in a non-serendipitous manner was probed. We have thus reacted 9 with 

standard sodium formate to rationally afford pure 12. Equimolar amounts of 9 and sodium formate 

afforded a new compound 12a (Figure 5.13). Complex 12a appears to be a different conformation of 

12 due to a slightly different orientation of one of the bridging formate groups. Further reactivity with 

CO2 gave the usual color change with formation of intractable materials with no gases other than CO2 

being detected. 

 

Figure 5.13. a) Thermal ellipsoid plot of 11a with ellipsoids drawn at the 30% probability level. Hydrogen 

atoms were omitted by clarity. b) Expansion of 11a metal core trimer with ellipsoids drawn at the 30% 

probability level. Carbon and hydrogen atoms were omitted by simplicity excepted in formate 

fragments.  

 

A last step prior to attempt interpreting the fascinating conversion of CO2 into formate and 

formaldehyde was to test the reactivity of anionic metallate derivatives. The idea about the use of 
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anionic derivatives was that an enhanced nucleophilic power could possibly promote reactivity with 

CO2. To obtain a vanadium(III) anionic compound, reactions were performed using two equivalents of 

the deprotonated ligand (ONNO)2- (Scheme 5.8.). Compound [(ONNO)2V]K.3THF (14) was then obtained 

and its structure confirmed by X-ray diffraction analysis.  

 

Scheme 5.8. Preparation of compound 14. 

 

The dimethylamine pendants in the ligand are dangling outside the coordination sphere of the 

vanadium center indicating coordinative saturation for vanadium. The encapsulation of the metal 

center and lack of ligand dissociation obviously is at the basis of the observed lack of reactivity of 14 

with CO2 (Figure 5.14), even at high temperatures and pressures. 
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Figure 5.14. Thermal ellipsoid plot of 14 with ellipsoids drawn at the 30% probability level. Hydrogen 

atoms were omitted by clarity. Selected distances and angles of compound 14 are as follows: V1 – O1 

= 1.990 Å, V1 – O2 = 1.952 Å, V1 – O3 = 1.949 Å, V1 – O4 = 1.988 Å, V1 – N1 = 2.216 Å, V1 – N3 = 2.223 

Å, N1–V1-N3 = 175.02o, O2-V1-O4 = 176.80o and O1-V1-O3 = 179.86o.   

 

The possibility of selectively obtaining formaldehyde from the reaction of aryloxide/methoxo 

derivatives with CO2 was rather exciting. On the other hand, the interference from possible 

contamination by 9 could not be positively ruled out.  

 Since the collection of serendipitous results obtained from the use of impure NaOMe, albeit 

inspiring, was pointing towards the simple V-OMe function as responsible for the formation of 

formaldehyde, attempts to obtain a rational preparation were undertaken. Potassium methoxide was 

prepared by reacting anhydrous methanol 99%[426] with KH. Further reaction with 9 gave analytically 

pure 13.  

The possibility of comproportionating methoxide anions with CO2 to a mixture of formate anion 

and formaldehyde is potentially a valuable reaction. In fact, the reaction does not require electrons 
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from the metal center and there is therefore potential for a catalytic transformation. Thus, assuming 

that (ONNO)V-OMe is responsible for such a transformation, we have performed DFT calculations to 

support this working hypothesis. Several mechanistic pathways were evaluated and the lowest energy 

profile is reported in Scheme 5.9. The pathway is in agreement with the previously discussed ability of 

vanadium(III) alkoxides to coordinate CO2. 

 

Scheme 5.9. Proposed computed pathway for the formaldehyde and formate production from 13. 

 

Computational DFT analysis was performed on the reaction pathway of 13 with vanadium in the 

trivalent state. The total charge of the dimeric unit is +1 with a total multiplicity of 5 (lower multiplicity 

was also evaluated). The initial dissociation of the dimeric unit of 13 by direct reaction with CO2 requires 

a prohibitive energy input of +75 kcal/mol. This amount of energy is too large to make the process 

viable under ambient conditions implying that the dissociation may occur in solution with the critical 

assistance of solvation. If the hydrogen transfer to CO2 from the methoxide group occurs when a 

dimeric vanadium(III) methoxy complex is used as starting material, the proposed path becomes 

permissible with only +31 kcal/mol being required (Scheme 5.10) to reach the transition state. We 

analyzed a structure similar to compound 10 (by replacing the substituent p-methoxiphenoxide by 

methoxide ligand – gs2 in Scheme 5.10) and also as a solvated THF product of 13 (Scheme 5.10). 
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Scheme 5.10. Gibbs energy (kcal/mol and distances in Å) profile of proposed methoxide vanadium(III) 

compound reacting with CO2. 

 

The solvation energy in this case is only +3.7 kcal/mol making the process permissible. The transition 

state ts1 presented in Scheme 5.9 shows that comproportionation might occur between the CO2 and 

methoxide unit. The proximity of the methoxide hydrogen atoms to the coordinated CO2 (-cis position 

vacancy) is enforced by the ligand geometry. In the final step, formaldehyde is released from the 

coordination sphere affording gs4. Its trimerization further drops the energy to form compound 11 

(+15.8 kcal/mol). Still, the energy in the predicted mechanism is uphill which indicates that due to the 

lack of information on the final structure, we might have to consider other vanadium(III) structures that 

could incorporate formaldehyde and formate in different manners. 
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5.6. Conclusions 

In this chapter, we have presented a unique case of reduction of coordinated CO2 to the formate anion 

performed by a transition metal and with the solvent acting as a H-atom source. The key to the 

appearance of radical behavior of the bridging coordinated CO2 is the pre-existence in the molecular 

frame of a trivalent V-O-V unit, normally expected to be unreactive. We confirm our previous 

observation that this reaction proceeds via end-on linear coordination followed by bending prior to 

release of CO. To our surprise, the intermediate –oxo species coordinates CO2 in a bridging fashion with 

a remarkable synergistic effect between coordinated CO2 and oxo- atom for triggering a radical 

behavior. The charge displacement between the two centers is sufficient to enable H-atom abstraction 

(a typical radical process) and formation of the bridging hydroxo- and formate units of complex (2).  

The initial step of the reaction of V(II) is a simple CO2 deoxygenation with formation of a V(III) 

oxo species. This transient and elusive complex appears to be capable of coordinating CO2 and to trigger 

a synergistic activation effect leading to radical H atom abstraction from the solvent. By modifying the 

reaction condition, we have prepared and fully characterized the V-CO2 in an end-on coordination 

mode. This is the first example in literature when a transition metal can linearly coordinate a CO2 

molecule.  

Trivalent vanadium complexes have been prepared and tested. Ligand modification and use of 

aryloxide gave no reaction. However, the combination of the ONNO2- ligand with the methoxide group 

gave rise to an interesting cationic unit, which reacted with carbon dioxide to afford disproportionation 

to formaldehyde and formate. The resulting vanadium(III) formate compound also reacts with CO2, but 

its reactivity is not well understood. The pathway of a comproportionation of CO2 with methoxide into 

formate and formaldehyde was elucidated by DFT.  
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5.7. Experimental part 

Chemical and physical measurements. All manipulations were performed under argon atmosphere 

with rigorous exclusion of oxygen and water by using standard Schlenk and glovebox techniques. n-

Heptane, pentane, ether, toluene and THF were dried over activated Al2O3 and deoxygenated prior to 

use by several vacuum/nitrogen/argon purges. VCl3 98% was purchased from Aldrich and used as initial 

precursor for preparation of VCl3(THF)3. Carbon dioxide grade 5.0 was purchased from Linde. The 

organic compounds H2ONNO, H2ONOO, as well as complexes 1 and 9 were prepared according to 

published procedures.[228,290] The formation of CO was monitored by gas chromatography using an 

Agilent Technologies 7820A GC-TCD system with a Molsieve column. All other chemicals used were 

purchased from Sigma-Aldrich and used as received. Magnetic susceptibilities were measured using a 

Johnson Matthey magnetic susceptibility balance at room temperature. Mass spectrometric analysis 

were carried out using a Micromass QToF I ESI Mass Spectrometer, with Lock Mass HRes Exact Mass 

Calculation and Kratos Concept 1S, HRes EI Mass Spectrometer. Elemental analysis was performed by 

G.G. Hatch Stable Isotope Laboratory University of Ottawa in a VarioEL Cube analyzer.  

Crystallography and magnetic measurements. The crystals were mounted on thin glass fibers using 

paraffin oil. Prior to data collection crystals were cooled to 200(2) K. Data were collected on Bruker 

APEX2 single-crystal diffractometers equipped with sealed Mo tube sources (wavelength 0.71073 Å) 

and APEX II CCD detectors. Raw data collection and processing were performed with APEX II software 

package from BRUKER AXS. Semi-empirical absorption corrections based on equivalent reflections were 

applied. Systematic absences in the diffraction data-set and unit-cell parameters were consistent with 

the assigned space groups. The structures were solved by direct methods, completed with difference 

Fourier synthesis, and refined with full-matrix least-squares procedures based on F2. All non-H atoms 

were refined anisotropically. All hydrogen atoms positions were calculated based on the geometry of 

the related non-hydrogen atoms (riding model), except for the hydroxyl groups and formate anions in 
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compound 2 that were located from the Fourier difference map and were refined only with 

conventional bond distance restraints (SADI) applied. Compound 2 crystallizes in 𝑷𝟏̅ space group with 

four molecules in the asymmetric unit. The C119…C122, N102 fragment was disordered over two 

positions with 0.582(8):0.418(8) occupancy ratio. The C341...C344, N304 fragment was disordered over 

two positions with 0.648(8):0.352(8) occupancy ratio. They were refined using enhanced rigid-bond 

restraints (RIGU) for ADPs and bond distance and angle restraints (SAME). Compound 3 crystallizes in 

𝑷𝟏̅ space group. The asymmetric unit contains two halves of complexes. No additional constraints or 

restraints were applied during refinement. Compound 4 crystallizes in 𝑪𝟐/𝒄 space group with a half of 

the molecule in the asymmetric unit. The C21…C24,N2 fragment was disordered over two positions 

with 0.578(12):0.422(12) occupancy ratio. It was refined using enhanced rigid-bond restraints (RIGU) 

for ADPs and bond distance and angle restraints (SAME). It contained solvent molecules that were 

heavily disordered and could not be modelled properly. The SQUEEZE routine of PLATON was applied 

to remove their contribution to the scattering. It indicated two solvent regions per unit cell, 1926 Å3 

each, containing approximately 432 electrons each. The crystals were small and gave relatively weak 

diffraction. After multiple trials the best dataset was used for this structure refinement. The high-

resolution cut-off was set at 0.99A. The magnetic moments were measured at room temperature from 

samples sealed in calibrated tubes prepared inside a dry box. 

Computational methods. Preliminary ground state geometries were optimized using semi-empirical 

PM7 method implemented in MOPAC2016 using, when available, the initial geometry obtained from 

the X-ray single crystal analysis.[383] DFT calculations have been performed at the CAM-B3LYP[427] level 

by using LANL2DZ[428–430] basis set for all atoms with Gaussian 09® suite package. Berny algorithm was 

performed to find a transition state.[390,391] Vibrational frequencies analysis was performed to 

characterize the nature of the transition state, one imaginary frequency. Natural population analysis 

was performed to obtain the electronic distribution in the transition state ts6 and gs3 with TZVP[388,389] 
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basis set for all atoms. The free graphical user interface Gabedit[396] and Avogadro[397] were used for 

input/output and structure handling. The initial geometry obtained from the X-ray single crystal 

analysis of compound 1a was used to determine the Hirshfeld charges and spin density. Single point 

calculations were carried out at the CAM-B3LYP/6-311G level of theory.[9–11] In order to determine 

electrophilic, nucleophilic and radical Fukui indexes for compound 1a, single point calculations on 

neutral, cationic and anionic structures were carried out. Hirschfeld charges on each of the atoms in 

the structure were determined for the three states analyzed. 

Isotopic experiments.  A toluene solution of 1 was placed in a Parr® reactor and 1 atm of 13CO2 or 

enriched O18-labelled CO2 from ICON Isotopes (enriched 95% 18O) added. This was left unstirred for 24h 

at -10 degrees Celsius, after which the gasses were injected into the EI-MS and GC-TCD. 

Preparation of H2ONNO. Procedure reported by Lorber was followed.[431] 1H NMR of H2ONNO (22oC., 

400 MHz, CDCl3)   (s, 2H), 6.73 (s, 2H), 3.62 (s, 4H), 2.59(s, 4H), 2.35 (s, 6H) and 2.26 (s, 12H). 13C 

NMR of H2ONNO (22oC., 400 MHz, CDCl3)  152.67, 131.24, 129.39, 127.39, 125.41, 121.61, 56.36, 

56.06, 49.09, 45.00, 20.46 and 16.26 ppm. (Appendix T5.3).   

Preparation of H2ONOO. Procedure reported by Kerton was followed.[432] 1H NMR of H2ONOO 1H NMR 

(22oC, 400 MHz, CDCl3) δ 8.47 (2H), 6.90 (H), 6.90 (H), 6.72(H), 6.72(H), 3.61 (t,2H), 2.75 (3H), 2.74 

(t,2H), 2.26 (s,6H) and 2.24(s,6H). 13C NMR of H2ONOO (22oC., 400 MHz, CDCl3)  152.34, 131.24, 

128.46, 127.93, 125.14, 121.19, 59.04, 57.06, 50.91, 20.42 and 16.08 ppm. Single crystal X-ray analysis 

was done in a quick run for structure determination purposes. All parameters were in agree with the 

published results. R1 = 0.0527, WR2 = 0.1497, Rint = 0.064, completeness = 1.00, GooF = 1.039 

(Appendix T5.4). 

Preparation of compound 1a. Crystalline material of (ONNO)V(TMEDA) (0.855 g, 1.64 mmol) was 

dissolved in 7 mL of d8-toluene and cooled to -10oC. 13CO2 was then used at atmospheric pressure and 
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left undisturbed for 12h. Red crystals of compound 1a were obtained and characterized by single crystal 

X-ray technique, (ONNO)V(OCO)(OH). µeff = 2.68 BM. Yield of the reaction was 71.1% (0.543 g, 1.16 

mmol). EA found (calcd) C 59.09 (59.22), N 6.15 (6.01) and H 6.61 (6.70). ATR FT-IR of the single crystal 

material (ν, cm-1), (-OH) 3525s and 3516, (O=C=O) 2206 ms, (C=O) 1607 vs. 

Preparation of compound 2. A crystalline sample of (ONNO)V(TMEDA) (0.241 g, 0.46 mmol) was 

dissolved in 10 mL of toluene. The solution was exposed to CO2. The final pressure in the sealed vessel 

was 35 psi. The solution was stirred for 48 hours at room temperature. The head space of the reactor 

was analyzed by GC-TCD and CO was detected and quantified by using standard calibration curves. 

Layering the resulted solution with 6 mL of pentane allowed the formation of X-ray quality single 

crystals of [V2(µ-OH)(µ-HCOO)(ONNO)2] (2) (43%, 0.098 mmol) after 4 days, MS-ESI [M-OH]+. m/z 

calculated for V2N4O7C45H45 872.350, found 872.492, [M-OH]+. 855.345, found 855.217 and [M-

HCOO]+. 855.345, found 855.217. µeff= 4.51 BM. EA found (calcd) C 61.74 (61.92), N 6.38 (6.42) and H 

7.21(7.16). ATR FT-IR of the single crystal material (ν, cm-1), (-OH) 3528s and 3516, (-COO-) 1607.8ms 

and 1575ms, (C-O) 1360.1vs.  

Preparation of compound 3. A crystalline sample of (ONNO)V(TMEDA) (0.096 g, 0.18 mmol) was 

dissolved in 5 mL of toluene. The solution was stirred and then exposed to dry oxygen. The red solution 

turned immediately dark-blue and eventually purple after a few seconds. The reaction mixture was 

stirred for 6 hours and placed at -35oC overnight. X-ray quality single crystals of [VO(ONNO)]2 (3) (83%, 

0.149 mmol) were obtained. µeff = 1.85 BM. EA found (calcd) C 62.81 (62.70), N 6.71 (6.65) and H 7.15 

(7.18). ATR FT-IR of the single crystal material (ν, cm-1), (V=O) 985.1.  

Preparation of compound 4. A Crystalline sample of (ONNO)V(TMEDA) (0.291 g, 0.56 mmol) was 

dissolved in 10 mL of toluene. The solution was stirred while PyO was added (11.7 mg, 0.149 mmol). 

The initial red solution turned to very dark red color passing through dark orange. The reaction mixture 

was stirred for 48 hours and then placed in a closed vessel to allow controlled slow evaporation with 
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activated molecular sieve. Single crystals suitable for X-ray diffraction were obtained after 48 hours, 

[(ONNO)V][VO2][(ONNO)VO] (22.1%, 0.0247 mmol). EA found (calcd) C 57.91 (58.09), N 6.45 (6.65) and 

H 6.02 (6.16). KBr and ATR FT-IR of the single crystal material (ν, cm-1), (V=O) 965.1 and 981.3.  

Preparation of compound 5. Crystalline material of 1a (ONNO)V(OCO)(OH) (0.255 g, 0.545 mmol) was 

partially dissolved in 3 mL of toluene. The mixture was heated up to 70oC. After complete dissolution 

of 1a, the color of the solution started to change from orange-red color to a light green solution. Vapor 

diffusion technique using pentane gave rise to single crystals of 5 [(ONNO)V(µ-OH)]2 (22.1%, 0.0247 

mmol) suitable for X-ray diffraction. Compound 5 can also be obtained by UV light irradiation of the 

solution of compound 1a in toluene. EA found (calcd) C 62.69 (62.55), N 6.61 (6.63) and H 7.49 (7.40). 

Preparation of compound 6. Deprotonation of the (OONO)H2
[432] (0.601 g, 1.75 mmol) ligand was 

performed with KH (0.152 g, 3.81 mmol) in 10 mL of THF through a very rapid, exothermic and vigorous 

reaction. Subsequent reaction of VCl3(THF)3 (0.652 g, 1.75 mmol) was also rapid and a green solution 

was obtained and stirred overnight. The resultant solution was centrifuged and all solid was removed. 

The solution was put under vacuum to remove ½ of the total volume. To ensure that any inorganic salt 

was removed completely, the solution was centrifuged once more. From the THF solution, a slow vapor 

technique with pentane was used to obtained compound 6. The solution was left undisturbed for 

several days and the formation of orange single crystals suitable for X-ray were obtained, 

(OONO)VCl(THF). The yield of the reaction was 69.1% (0.603 g, 1.21 mmol). The structure was 

elucidated by solid single crystal technique. µeff = 2.91 BM. EA found (calcd) C 60.55 (60.06), N 2.61 

(2.80) and H 6.98 (7.06). 

Preparation of compound 7. Crystalline material of 6 (0.691 g, 1.35 mmol) was dissolved in 5 mL of 

toluene. After the solid was totally dissolved, an orange color formed. Potassium salt of p-

methoxyphenol (0.221 g, 1.36 mmol) was added. The mixture was stirred for 24 hours. The colour of 
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the solution changed from orange to green. The resultant solution was centrifuged and all precipitated 

solid was removed. Using gentle vacuum, ½ of the total volume of the solution was removed. To ensure 

that any inorganic salt was removed completely, the solution was centrifuged once more. Green 

crystals of 7 were obtained by a slow vapor diffusion technique with pentane. [(OONO)V(µ-OPhOCH3)]2 

was identified by single crystal X-ray analysis. The yield of the reaction was 47.2% (0.382 g, 0.637 mmol). 

µeff = 2.83 BM. EA found (calcd) C 65.55 (65.99), N 4.56 (4.66) and H 7.35 (7.55).  

Preparation of compound 8. Crystallized compound 6 (0.210 g, 0.611 mmol) was dissolved in 5 mL of 

toluene. Premade MeOK was added in molar ratio 1:1.05 respectively. The light orange color solution 

turned to dark green and the NaCl produced was centrifuged and removed. Compound 8 crystallized 

after a week in a toluene/pentane mixture. X-ray single crystal technique allows the structural 

characterization of compound 8 as represented in Figure 5.8, [(OONO)V(µ-OCH3)]2.THF. Red crystals 

were isolated by controlled slow evaporation in a sealed vessel. The yield of the reaction was 51.3% 

(0.155 g, 0.313 mmol).  

Preparation of compound 9. Crystalline material was obtained as reported by Lorber et. al.[290] The 

structure was elucidated by analysis by single crystal X-ray. Yield 85.9% (2.56 g, 5.00 mmol). 

Preparation of compound 10. Crystallized compound 9 (0.536 g, 1.56 mmol) was dissolved in 10 mL of 

THF. 4-methoxyphenol potassium salt solution in THF was previously prepared and added. The initial 

green color of the solution did change significantly. After stirring for 24 hours, the mixture was 

centrifuged and the KCl produced was removed. Compound 10 crystallized after one day under pentane 

vapor diffusion technique. X-ray single crystal technique allows the structural characterization 

compound 10 as represented in Figure 5.9B, [(OONO)V(µ-OPhOCH3)]2THF. The yield of the reaction was 

91.1% (0.391 g, 0.711 mmol).   
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Preparation of compound 11. Crystalline material of 9 (0.195 g, 0.381 mmol) was dissolved in 5 mL of 

toluene. The resultant orange solution was exposed to dry oxygen. The color of the solution turned 

blue after a few minutes. The reaction mixture was stirred for 12 hours where the blue color became 

darker. Layering the solution with 2 mL of pentane allowed growth of light blue single crystals to be 

analyzed by SC-XRD. The yield of the reaction was 71.3% (0.122 g, 0.134 mmol) 

Preparation of compound 12. In a similar procedure to compound 10, sodium methoxide bought from 

Sigma was used instead of p-methoxyphenol potassium salt. A saturated THF solution was settled 

overnight and dark green crystals were obtained suitable for SC-XRD. Yield of the reaction was 25.1% 

(0.855 g, 0.521 mmol). µeff = 6.83 BM. 

Preparation of compound 12a. Same procedure where compound 12 was obtained. After filtration, 

the solution was concentrating till 1/3 of the initial volume. After 4 days by controlled slow evaporation 

in a sealed vessel with active molecular sieves allowed the growth of single crystals suitable for 

structural determination by SC-XRD. The yield of the reaction was 15.0% (0.095 g, 0.059 mmol). 

Preparation of compound 13. In a similar procedure to compound 10, sodium formate was used 

instead of potassium p-methoxyphenol salt. The mixture of 9 (2.23 g, 4.35 mmol) and sodium formate 

(0.304 g, 4.45 mmol) was stirred for 48 hours. After centrifugation, the saturated THF solution was 

settled overnight and dark green crystals were obtained suitable for structural determination. Yield of 

the reaction was 64.6% (0.855 g, 0.965 mmol). µeff = 6.25 BM. 

Preparation of compound 14. Deprotonation of the (ONNO)H2
[432] (0.905 g, 2.54 mmol) ligand was 

performed with slow addition of KH (0.224 g, 5.58 mmol) in 7 mL of THF through a very rapid and 

vigorous reaction. Subsequent addition of VCl3(THF)3 (0.478 g, 1.28 mmol) generated a dark blue 

solution that was stirred overnight. The resultant solution was centrifuged and all solid was removed. 
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Gentle vacuum was applied until ½ of the volume was removed. Extra solid was removed upon 

centrifugation. From the THF solution blue crystals were obtained at -35 oC. Characterization by single 

crystal X-ray allows the determination of compound 14. The yield of the reaction was 38.1 % (0.491 g, 

0.488 mmol). 

 

 

Appendix T5.2. DFT representation of the relevant structures in the proposed mechanism. Hydrogen 

atoms were omitted by clarity 

 

 

Appendix T5.3 Frontier MO for compound 1a, neutral specie. left: electrophilic susceptibility center: 

nucleophilic susceptibility and right: radicalic susceptibility 
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Appendix T5.3. 1H and 13C NMR experiments on H2ONNO ligand. 
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Appendix T5.4. 1H and 13C NMR experiments in CDCl3 on H2ONOO ligand respectively. 
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Appendix T5.4.1. Thermal ellipsoids of H2ONOO ligand with 30% of probability level. 
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Chapter 6. Hetero-bimetallic compounds of vanadium and bismuth. 

CJV: I have carried out all the experimental work and elaborated ideas. 

 

6.1. Preamble 

The work on BiVO4 reported in chapter 2 has indicated that vanadium, in a trivalent state and 

surrounded by oxygen donor atoms, is capable of remarkable performance in terms of CO2 fixation and 

activation. This has been further confirmed by the modeling studies carried out on vanadium aryloxides 

described in chapters 4 and 5 showing the trivalent metal as capable of directing the reactivity of CO2 

towards radical-type transformations. The role of bismuth, however, still remains ill-defined. If the 

hypothesis arising from the reverse combustion as promoted by BiVO4 is correct (i.e. low valent 

vanadium and high valent Bi being formed by the irradiation), in situ generated pentavalent bismuth in 

an oxygen donor-based ligand environment is expected to perform water oxidation. To acquire 

additional information about the role played by bismuth, not only do homoleptic complexes need to 

be prepared but also heterobimetallic species ideally containing the two elements in the target 

oxidation states. In this chapter we describe the attempts we have carried out to prepare molecular 

heterobimetallic V/Bi compounds of oxygen donor ligand systems containing both elements in the 

critical oxidation states.  
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6.2. Introduction 

Preparing heterometallic molecular compounds has been an important research topic over the past 

decades, allowing researchers to explore and demonstrate theories related to both catalysis, natural 

and synthetic systems. For example, most of the natural polymetallic systems have a critical limitation 

in their enormous complexity, typically frustrating meaningful synthetic work. However, mimicking 

natural systems by simplifying them may allow us to understand complex and much-wanted 

transformations. In turn, this enables procedures for the preparation of systems of even greater 

performance. A common strategy to contribute to the solution of these problems is the preparation of 

polymetallic systems in a ligand environment as close as possible to that of the target system. 

 Heterobimetallic systems may be considered as a subclass of the polymetallic or cluster 

compounds and have a broad range of applications. One of the most common is solid state chemistry 

with particular emphasis on preparation of magnetic, photovoltaic and photo-semiconducting 

materials. Semiconductors are probably the most popular class of hetero-polymetallic systems. Within 

this very large family of compounds, bismuth containing semiconductors are especially important in 

applications such as laser diodes,[433] organic pollutants removal,[434] magnetic luminescent 

materials[435,436] and photochemical catalysts among others[437,438].  

The synthetic procedures for these materials mainly consist of solid-state reactions where the 

particle size is a critically limiting factor. A way around this problem consists of the recently discovered 

sol-gel (carboxylic acids, polyols, alkoxide among others as intermediates), Metal Organic Deposition 

(MOD), Metal Organic Chemical Vapor Deposition (MOCVD) and inkjet printing methodologies.[439,440] 

Among the most spectacular successes is the employment of molecular precursors for the production 

of thin-film transistors and organic semiconductors. These materials typically are hetero-polymetallic 

systems. In a classic example of heterobimetallic molecular material preparation (Scheme 6.1-i), the 
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metal alkoxide precursors are physically mixed at slightly higher temperatures than their melting 

points.[441] Reactions carried out in solvents but at the same temperature, may afford instead different 

products (Scheme 6.1-ii). Therefore, the synthetic protocol truly is pivotal for the preparation of a given 

heterobimetallic material. 

 

Scheme 6.1. Precursors in a heterobimetallic synthesis of Bi/Sn. Reproduced from ref #[441] with 
permission by The American Chemical Society. 

 

In the broad range of application of the heterobimetallic structures now available with different 

functionalities we are particularly interested in CO2 cooperative activation. Pillared compounds of 

cyclopentadienyl based ligands with two or more heavy atoms have been recently reported in the 

literature.[442] Applications are still under development, but the structural magnificence of these 

materials nowadays stimulates curiosity for their preparation with new ligand systems.[442] 

Heterobimetallic compounds containing Fe and Ru or Ti and Zr were characterized and the reactivity 

with CO2 examined (Scheme 6.2).[443] Their subsequent degradation can form by-products containing 

the M-O-M’ moiety. 

 

Scheme 6.2. Insertion of CO2 using a bimetallic system. Reproduced from ref #[443] with permission by 
The American Chemical Society. 
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A few years later, the same authors presented CO2 insertion performed in similar Cp ligand systems 

under mild conditions and where the heterobimetallic nature of the complex was demonstrated to be 

the main feature responsible for the CO2 robust coordination.[444] Heterobimetallic compounds 

containing Ru and Mn (Figure 6.1) also were studied for the copolymerization reaction of epoxides with 

carbon dioxide.[445]  

 
Figure 6.1. X-ray structure of [(C5H5)Ru(CO)(µ-dppm)Mn(CO)4] (left) and X-ray structure of 
[{C5(CH3)5}Ru(µ-CO)2(µ-dppm)Mn(CO)3] where dppm = bis-diphenylphosphinomethane. Reproduced 
from ref #[445] with permission by John Wiley and Sons. 

 

The reactivity of several substrates including propylene oxide, butadiene monoxide, 1,2-epoxyhexane 

and cyclohexene oxide were examined with excellent catalytic results.[445] 

Using Zr-Co heterobimetallic compounds, a two-electron reduction of CO2 into CO and Zr-O-Co oxo 

species was observed, and when a multi-electron reduction was attempted, a carbonate was produced. 

In addition, one-electron oxidation by H2O can release hydrogen and form a Zr-hydroxide. At the same 

time, this metal-hydroxo might be deprotonated and act as nucleophile to attack different metals 

(Scheme 6.3).[446,447]  
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Scheme 6.3. Reduction of CO2 using Zr and Co. Reproduced from ref #[446] with permission by 
The American Chemical Society.  

 

More recently, heterobimetallic systems and multi-metallic structures have been studied for 

cooperative CO2 activation,[448–452] a strategy pioneered by Floriani in the 70s.[453] On the same line, 

bimetallic Fe compounds were found to perform deoxygenation of CO2 into CO and Fe-O-Fe bridges 

along with a  remarkable reductive coupling to oxalate.[454] Unfortunately,  CO2 reduction into oxalate 

was only a low yield side process. More recently, the combination of U-K-Si atoms in the same 

molecular structure afforded C=O cleavage of the coordinated CO2 molecule. As a result, a uranium(V) 

oxo species and CO were obtained.[452] 

Other strategies for the synthesis of heteropolymetallic systems include usage of polydentate 

ligands, trans-metalation and one-pot reactions among others.[238,455] One of the most recent and 

remarkable achievement in this field is the preparation of heterobimetallic structures aiming at carbon 

dioxide absorption/insertion/activation (Figure 6.2). 



238 
 

 

Figure 6.2. X-ray crystal structure of (a) metallo-ligand trans-[PdCl2(PDC)2] (H4L), representing a 4-
connected rectangular planar node, (b) the oxo-centered indium carboxylate SBU, [In3O-
(COO)6(H2O)2Cl] representing a 6-connected trigonal prismatic node and (c) ball-and stick and (d) 
polyhedral representation of the cuboidal cage (Color scheme: pink = In, gray = C, blue = N, red = O, tan 

= Pd, green = Cl, orange = 2/3 H2O − 1/3 Cl−; the large yellow spheres represent the cavity size). 
Hydrogen atoms are omitted for clarity. Reproduced from ref #[456] with permission by The American 
Chemical Society.  

 

The heterobimetalic Pd/In structures presented in Figure 6.2 can remarkably uptake up to 9 mmol/g of 

CO2 at 273 K and 1 bar. CO2 activation still remains a challenge and these complexes are mainly used as 

CO2 storage device.  
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Besides CO2 activation, heteropolymetallic structures in general play an important role for 

interaction/storage/activation of small molecules and therefore an important research field is for 

preparing functional molecules with strong Lewis acidic sites and containing polar groups in the 

framework. In these cases, the geometry plays the usual central role as far as fixation/activation is 

concerned.[457–459] For our purposes, heterobimetallic systems that can reduce, activate or 

couple/incorporate carbon dioxide were desirable.[446,448,460] We have thus attempted the preparation 

of heterobimetallic molecular systems containing Bi and V linked by oxygen atoms. Precursors of 

bismuth aryloxide were prepared and precursors containing vanadium aryloxide in different oxidation 

states similar to those presented in Chapter 3 and 4 were used. For the purpose of modeling studies 

aiming at understanding the role of the two elements in reverse combustion promoted by BiVO4, we 

were also interested in molecular compounds containing the two metals in various oxidation states. To 

our knowledge, the only example of a fully-characterized molecular heterobimetallic compound 

containing Bi and V was reported by J. W. Pell et. al. in 1996 (Scheme 6.4).[461] 

 

 
Scheme 6.4. Heterobimetallic Bi-V=O compound 

 

Despite the large and diversified interest and several structures present in literature, there are no 

general procedures for preparing heterobimetallic compounds containing bismuth as one of its main 
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components. Several general procedures have been presented in order to obtain other 

heterobimetallic compounds by Whitmire and coworkers in 2003,[462] 2004[238], 2005[463], 2009[464] and 

applied in a few instances to the preparation of Bi-V compounds.[455,465–467] These procedures may 

provide a good starting point for our purpose of preparing model compounds of the m-BiVO4 

environment using molecular precursors in different oxidation states (Scheme 6.5).  

 

Scheme 6.5. Examples of heterobimetallic compounds and Bi(V) precursor respectively. 

 

As highlighted below, anionic vanadium (III, IV or V) aryloxo metallate complexes containing an alkali 

cation can in principle be reacted with a bismuth salt such as BiCl3 (Scheme 6.6).  
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Scheme 6.6. Proposed interactions of vanadium compounds prepared in chapter 4 and commercially 
available vanadium(V).  

 

In addition, anionic bismuth compounds containing alkali metals as counter cations (implying at least 

four ligands by one bismuth(III) metal center or six ligands by one bismuth(V)), could be used (Scheme 

6.6 equations 4-7) for the reaction with vanadium salts in different oxidation states [e.g. VOCl3, VO(iPr)3, 

VCl4 or VCl3(THF)3]. Furthermore, polydentate ligands with suitable geometries could also be versatile 

substrates for preparing heterobimetallic structures once they could coordinate to the first metal and 

use additional coordination sites for a second metallic element. 

In this chapter, we describe our efforts for the preparation of heterobimetallic model 

compounds of m-BiVO4. The schematic procedures highlighted above have been followed. After 

evaluating several possibilities of using individual precursors (Scheme 6.1), one pot syntheses (Scheme 

6.4), have also been taken into consideration.  

 

6.3. Results and discussion  

We have previously mentioned that the oxidizing power of Bi(V) is sufficiently strong to oxidize water 

to oxygen (Chapter 2 – m-BiVO4). Bi(III) has a non-significant reducing power when surrounded by only 

oxygen atoms but, it may be able to perform CO2 insertions. Also, it was stated (Chapter 1) that the 
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valence band in m-BiVO4 is mainly bismuth-contributed. We have thus tested Bi(III) and confirmed that 

there is no reactivity with CO2 in term of fixation/coordination/activation while in combination with 

aryloxide ligands. Scheme 6.7 highlights the preparation of [{(Bi(MesO)2}2(µ-MesO)2(µ-O)K2(THF)2] (1) 

that will be use as precursor to attempt the synthesis of an heterobimetallic structure. 

 

Scheme 6.7. Preparation of compound 1. 

 

The synthesis of 1 (Figure 6.3) follows the same procedure published by Turner L. E. et. al. in 2006 for 

the preparation of similar compounds of aminotris(phenoxide), alkoxide dimer and phenoxide cluster 

Bi complexes.[468–470] With 1 as starting material we have performed a direct reaction with VOCl3 aiming 

at precipitating KCl (the driving force). Unfortunately, the only product crystallized from the resulting 

mixture was (2,4,6-Me3C6H2O)3V(O), a known compound (Chapter 4 – compound 9) This result indicates 

that a transmetallation process occurs during the reaction driven by the oxophilicity of vanadium(V) 

aryloxide. Compound 1 was also reacted with other vanadium compounds in different oxidation states. 

For example, reaction with (2,4,6-Me3C6H2O)2V(Cl)(THF)2
[377] in molar ratio 1:1 in toluene gave a black 

precipitate. The solid was identified by powder X-ray analysis as metallic bismuth. In solution, only 

intractable material was present but the 51V-NMR spectrum revealed the presence of a mixed-valence 
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+IV/+V vanadium species. This unexpected results implies that the reducing power of vanadium(III) is 

sufficient to reduce Bi3+ to the metallic state even in a non-stoichiometric reaction. The same behavior 

was observed when compound 1 was mixed with [LiV(2,4,6-Me3C6H2O)4]2 (Chapter 3 – Compound 3), 

VCl3(THF)3 and VCl4. 

 

Figure 6.3. Thermal ellipsoid plot of 1 with ellipsoids drawn at the 30% probability level. Hydrogen 
atoms were omitted for clarity. Selected distances and angles of compound 1 are as follows. Bi1-O7 = 
2.059 Å, Bi2-O7 = 2.063 Å, Bi1-O1 = 2.712 Å, Bi1-O2 = 2.235 Å, Bi1-O3 = 2.177 Å, Bi1-O4 = 2.442 Å, Bi2-
O1 = 2.547 Å, Bi2-O4 = 2.386 Å, Bi2-O5 = 2.266 Å, Bi2-O6 = 2.210 Å, Bi1-Bi2 = 3.369 Å, Bi1-O7-Bi2 = 
109.66o, Bi1-O1-Bi2 = 79.63o and Bi1-O4-Bi2 = 88.51o. 

 

These results have clearly indicated that the reducing power of vanadium(III-IV) aryloxides and halides 

are too reducing to be compatible with trivalent bismuth. The last possibility was to decrease the ligand 

mobility by increasing its denticity. We thus decided to use a more rigid aryloxide system such as 

Calix[4]. The preparation of the bismuth derivative is summarized in Scheme 6.8. 
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Scheme 6.8. Preparation of compound 2. 

 

As a result, an attractive trimeric structure was obtained. This new bismuth compound presents two 

interesting structural characteristics. Firstly, there is coordination of a bismuth atom by an oxygen of 

another unit to complete its coordination sphere, and which is unusual for a Bi3+ aryloxide compound. 

Secondly, the counter cation (potassium) is located in the cavity of the calixarene ligand (Figure 6.4). 

These two features advised us to attempt both a direct interaction with carbon dioxide (additional 

vacancy on bismuth atom) and a substitution reaction where the K+ could be replaced by a [VOCl2]+ unit 

after elimination of KCl.  
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Figure 6.4. Thermal ellipsoid plot of 2 with ellipsoids drawn at the 30% probability level. Hydrogen 
atoms were omitted by clarity.  

 

The reaction of 2 with VOCl3 in the same stoichiometric ratio gave red crystals of a new compound 

[(THF)2KVO(calix[4])] (3) shown in Figure 6.5. Once again, the reaction did afford trans-metalation with 

formation of a potassium salt of vanadyl(V) calix[4] and precipitated BiCl3 . 
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Figure 6.5. Thermal ellipsoid plot of 3 with ellipsoids drawn at the 30% probability level. Hydrogen 
atoms were omitted by clarity. Selected distances and angles of compound 3 are as follows. V1 – O5 = 
1.595 Å, V1 – O1 = 1.844 Å, V1 – O2 = 1.888 Å, V1 – O3 = 1.894 Å, V1 – O4 = 1.850 Å, O5 – K1 = 2.947 Å, 
K1 – O2 = 2.585 Å, O1-V1-O5 = 102.39o and O2-V1-O5 = 99.33o.  

 

We have finally decided to attempt a one-pot reaction by mixing vanadyl(V) tris-isopropoxide and 

lithium bis(trimethylsilyl)amide (LiHMDS) as a deprotonating agents for the calix[4] ligand and BiCl3 

(Scheme 6.9). 
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Scheme 6.9. One pot reaction to obtain compound 4. 

 

The reaction was performed in one-pot but in two separated stages. BiCl3 and LiHMDS were mixed in 

molar ratio 1:3 respectively in 5 mL of toluene and stirred overnight (mixture A). In a similar way, 

vanadyl(V) tris-isopropoxide and calix[4]arene-p-(tert-butyl)phenol were mixed in equimolar ratio and 

same conditions as mixture A (mixture B). Each reaction mixture was dried under vacuum and the 

residues re-dissolved in toluene. The combining of the two resulting solutions gave a mixture of deeper 

color (deep red). After stirring overnight at room temperature and centrifugation, the dark red solution 

was left undisturbed while separating red crystals after 1 week at -30oC. The X-ray analysis of the red 

crystals revealed an extraordinary structure (Figure 6.6) of a hetero-trimetallic compound 

[Bi(calix[4]){VO (calix[4]}3(OH){µ-Li(iPr)}{µ-Li(THF)}2] (4) with the lithium atom having being retained 

along with both vanadium and bismuth.  

Compound 4 is a diamagnetic compound. In the 7Li-NMR spectrum the chemical shift appears 

as a broad pick at 1.09 ppm. Vanadium is present in the pentavalent state with chemical shifts at 

655.14, 679.40 and 709.18 ppm of the 51V-NMR spectrum.  Charge-count along with the diamagnetism 

confirmed the oxidation state +5 for the vanadium atoms, this allowed us to assume a trivalent state 

for bismuth. This also implies that 3 protons should be present in the structure. A simple test of reacting 
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4 with water did not afford oxygen gas and indirectly confirmed that the oxidation state of Bi is not 

higher than +3. The location of the three protons was not possible through difference Fourier maps, 

most likely because of the large size of the molecule and the large number of oxygen atoms. Instead, 

FTIR spectra clearly confirmed the presence of hydroxyl groups as a broad band in the region 3511-

3450 cm-1. 

Several attempts were made to obtain a lithium-free heterobimetallic compound by filtering 

the mixture A prior to the addition to B. This would allow the formation in-situ of the Bi compound 

[Bi(N(SiMe3)2)3] already published structure by Marko Vehkamäki et. al. 2004.[471] We have thus re-

prepared this precursor in crystalline form but attempts to obtain heterobimetallic structures were 

unsuccessful. The presence of lithium in the structure seems indeed necessary to obtain a 

characterizable material. 

 
Figure 6.6. a) Thermal ellipsoid plot of 4 with ellipsoids drawn at the 30% probability level. Hydrogen 
atoms and toluene in the lattice were omitted by clarity. b) core structure of 4 where the carbon atoms 
in the ligand system calix[4] were omitted by clarity. Selected distances and angles of compound 4 are 
as follows. Bi_1 – O1 = 2.846 Å, Bi_1 – O7_1 = 2.085 Å, Bi_1 – O28_1 = 2.238 Å, Bi_1 – O14_1 = 2.307 
Å, Bi_1 – O21_1 = 2.181 Å, V_2 – O1 = 1.620 Å, V_2 – O7_2 = 1.937 Å, V_2 – O21_2 = 1.928 Å, V_2 – 
O28_2 = 1.921 Å, V_3 – O4 = 1.617 Å, V_3 – O7_3 = 1.858 Å, V_3 – O14_3 = 1.855 Å, V_3 – O21_3 = 
1.809 Å, V_3 – O28_3 = 1.956 Å, V_4 – O2 = 1.625 Å, V_4 – O7_4 = 1.897 Å, V_4 – O14_4 = 1.898 Å, V_4 
– O21_4 = 1.884 Å, V_4 – O28_4 = 1.810 Å, Bi_1 – O1 – V_2 = 162.62o , V_3 – O4 – Li1 = 152.57o, Bi_1 – 
O21_1 – Li2 = 115.81o and V_2-O2-Li2 = 143.81o.  
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The structure of 4 displays a small cavity between Bi1 and V3 atoms. This structural characteristic might 

provide space for coordinating CO2. Unfortunately, compound 4 does not react with CO2. Using 

pressures up to 300 PSI and temperatures up to 70oC did not modify the outcome of the reaction.   

 

6.4. Conclusions 

Attempts to prepare a heterobimetallic compound that contain bismuth and vanadium were made and 

compound 4 successfully prepared and characterized. This work was hampered by the presence of a 

few serious challenges. An unanticipated non-compatibility of trivalent bismuth with vanadium in 

oxidation state lower than +4 was determined. As a result, metallic bismuth was formed while 

vanadium was oxidized to a mixed vanadium(IV-V) species. When starting material containing higher 

oxidation state of vanadium have been used, trasmetallation reaction occurred. A new vanadium(V) 

complex (3) was isolated. In both cases, when both mono- and polydentate ligands were used (MesOH 

and calix[4]) a trasmetallation was still observed. One-pot reactions allowed the isolation and 

characterization of a fascinating trimetallic species (4). Unfortunately, the target combination of 

oxidation states could not be obtained given the problems listed above, and, as anticipated, no 

reactivity was observed with carbon dioxide. Further attempts to obtain an heterobimetallic structure 

containing the two partner metals in different oxidation state will be necessary by tuning the electron 

donor ability of the ligand systems.  

 

6.5. Experimental part 

Chemical and physical measurements. As before, all manipulations were performed under nitrogen or 

argon atmosphere with rigorous exclusion of oxygen and water by using standard Schlenk and glovebox 

techniques. n-Heptane, pentane, ether, toluene and THF were dried over activated Al2O3 and 

deoxygenated prior to use by several vacuum/nitrogen/argon purges. VO(iPr)3, LiHMDS and BiCl3 
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99.99% in Bi were purchased from Sigma Aldrich and used as initial precursor for preparation of 

VCl3(THF)3. Carbon dioxide grade 5.0 was purchased from Linde. The organic ligands used (MesOH and 

calix[4]) were purchased from Alfa and Aldrich. NMR analysis were performed in an automatic Bruker 

ADVANCE II 400 MHz. 51V and 7Li NMR were performed in a Bruker ADVANCE II 300 with liquid 

autotuning broadband probe with Z gradient. Neat VOCl3 was used as standard (-4.12 ppm).  

Crystallography and magnetic measurements. The crystals were mounted on thin glass fibers using 

paraffin oil. Prior to data collection crystals were cooled to 200(2) K. Data were collected on Bruker 

APEX2 single-crystal diffractometers equipped with sealed Mo tube sources (wavelength 0.71073 Å) 

and APEX II CCD detectors. Raw data collection and processing were performed with APEX II software 

package from BRUKER AXS. Semi-empirical absorption corrections based on equivalent reflections were 

applied. Systematic absences in the diffraction data-set and unit-cell parameters were consistent with 

the assigned space groups. The structures were solved by direct methods, completed with difference 

Fourier synthesis, and refined with full-matrix least-squares procedures based on F2. All non-H atoms 

were refined anisotropically. All hydrogen atoms positions were calculated based on the geometry of 

the related non-hydrogen atoms (riding model). 

Preparation of compound 1. 2,4,6-Me3C6H2O (3.04 mmol, g) (MesOH) was dissolved in 10 mL of THF 

and KH (19.9 mmol, 0.799 g) was then added until full deprotonation. After 24 h of stirring the solution, 

BiCl3 (1.01 mmol, 0.315 g) was added and a resultant yellow color solution was obtained and stirred for 

another 24 hours to allow the reaction to occur. Centrifugation was done and any side product such as 

KCl was removed from the solution. The yellow THF solution was dried out and redissolved in toluene. 

Once more the solution was centrifuged and the yellow product was then put under slow vapor 

diffusion technique using pentane. After 4 days, pale yellow crystals were obtained and isolated by 

filtration. The yield of the reaction was 68.1% (0.34 mmol, 0.52 g). 



251 
 

Preparation of compound 2. Calix[4]arene-t-buthylphenol (0.54 mmol, g) was partially dissolved in 10 

mL of THF and KH (2.20 mmol, 0.0882 g) was slowly added until full deprotonation. The resultant 

mixture was stirred for 36 h. After that, BiCl3 (0.56 mmol, 0.177 g) was added. The resultant pale-yellow 

color solution was stirred for another 24 hours to allow the reaction to occur. Centrifugation was done 

and any side product such as KCl was removed from the solution. The yellow THF solution was then put 

under layering diffusion technique using 3 mL of pentane. After 2 days, pale yellow crystals were 

obtained and isolated by filtration (0.19 mmol, 0.17g). the yield of the reaction was 35.9%. 

Preparation of compound 3. Compound 2 (0.259g, 0.25 mmol) was partially dissolved in 5 mL of 

toluene and the mixture was cooled at -35oC for 2 hours. Cold VOCl3 (0.025 mL, 0.26mmol) was added 

slowly while the mixture was stirring. The yellow color changed to dark red and some solid precipitated 

and was removed with centrifugation. The centrifuged solution was vacuum-dried and redissolved in 3 

mL of dry THF. Slow vapor diffusion using pentane yielded red crystals that were characterized by single 

crystal X-ray technique. The yield of the reaction was 42.1% (0.0942 g, 0.11 mmol). 

Preparation of compound 4. LiHMDS (2.41 mmol, 0.403 g) was dissolved in 5 mL of dry toluene. BiCl3 

(0.79 mmol, 0.249 g) was added and the mixture was stirred for 48 h (Mixture A). In a separate vial, 

calix[4]arene-t-butylphenol (0.77 mmol, 0.500 g) was partially dissolved in 10 mL of toluene. VO(iPr)3 

(0.78 mmol, 0.18 mL) was slowly added until full color change to deep red (Mixture B). Mixture B was 

stirred for 48h to allow full deprotonation and formation of the respective isopropyl alcohol. After the 

aforementioned time, mixture B was slowly added into mixture A. The deep red color remains and 24h 

later, the resultant solution was centrifuged to removed any insoluble product. After 2 weeks, from the 

red solution, dark red crystals were obtained, isolated and characterized by single crystal X-ray 

diffraction. The yield of the reaction was 21.2 % (0.61 g, 0.16 mmol).  
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6.6. Appendix: Support information 
Appendix T6.1. 51V and 7Li NMR for compound 4. 
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Appendix T6.2. Crystallographic details for compounds 1, 3 and 4. 

  1 3 4 

Formula C65H88O9.75Bi2K2  C61H80O7.5V0.5 C218.50H266BiLi4O23V3  

fw 1521.51 1023.29 3649.86 

a (Ǻ) 12.4506(3)  13.0045(3)  18.1879(16)  

b (Ǻ) 37.4715(11)  15.6593(4)  20.395(2)  

c (Ǻ) 14.8868(4)  15.9104(4)  30.165(3)  

α (deg) 90 74.6694(16) 89.818(3) 

β (deg) 105.7730(10) 74.0755(15) 82.439(3) 

γ (deg) 90 79.2975(15) 84.725(3) 

cryst syst Monoclinic Triclinic Triclinic 

space group P2(1)/n P-1  P-1  

V (Ǻ3) 6683.8(3) 2982.35(13)  11044.9(18)  

Dc (g cm-1) 1.512 1.140 1.097 

Z 4 2 2 

no. of meas. Reflect. 76158 43265 143846 

no. of reflect [I>2 σ(I)] 16520 14696 53040 

Rint 0.0495 0.0593 0.0442 

R1 [I>2 σ(I)] 0.0437 0.0827 0.0538 

wR2[I>2 σ(I)] 0.0966 0.2239 0.1486 

GOF 1.003 1.049 0.658 
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Chapter 7. General conclusions and aims of future work 

 

7.1. Outlook 

The chemistry of vanadium and bismuth poses formidable challenges to researchers aiming at 

understanding and improving systems for the reduction of carbon dioxide. In this thesis we have tried 

to contribute to the pressing problem of the recycling of carbon dioxide. 

We have confirmed that monoclinic bismuth vanadate could indeed produce methanol by the 

reverse combustion pathway in a photo-irradiated process. In the contrary, the claims for the formation 

of ethanol or methane have been disproved by our experiments, and yet, our results provided an 

improved understanding of how the reverse combustion proceeds. Photoirradiation-EPR experiments 

on m-BiVO4 were performed and demonstrated that an in situ-generated vanadium(IV) species might 

be the key intermediate. The results reported in chapter 2 generate new insights into the mechanism 

of the CO2 photoreduction mediated by m-BiVO4 affording formaldehyde, formate and methanol.  

Preparation and crystallization of monoclinic and orthorhombic bismuth chromate oxide 

hydroxides were performed aiming at improving the oxygen-release half-reaction of the reverse 

combustion process. Unfortunately, no photochemical activity was observed under any testing 

condition. Nonetheless, m-BiOHCrO4 was found to be the most effective catalyst for thermal 

decomposition of formic acid. Disproportionation of formic acid into formaldehyde, CO2 and water was 

performed under mild conditions. Conversion of formic acid into formaldehyde is a step forward 

towards a neutral formic acid/formaldehyde couple cycle for a Z-scheme hydrogen production. The 

new species, BiCrO4, was identified as the responsible for the formaldehyde production. IrCl3 was used 

as the most efficient catalyst among other metal chlorides to dehydrogenate formaldehyde into a 

highly selective formate production in basic media and to close a catalytic cycle. 
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Modeling studies have been carried out to understand the role of vanadium in reverse 

combustion. Lower oxidation states in vanadium aryloxide compounds display a great versatility for 

reducing CO2 into CO and formate and radical chemistry including also the involvement of the ligand 

system (Ch 4 and 5). Some truly unprecedented reactivity with CO2 has been discovered. DFT 

calculations on our model compounds have predicted the linear coordination of CO2. By using a rigid 

polydentate ligand system (ONNO) it was possible to conclusively prove the coordination mode of CO2, 

identify the vanadium oxidation state and fully rationalize the unusual pattern of reactivity. 

A vanadium(III)-OH in a rigid ONNO2- ligand environment is the key to coordinate CO2. The 

tuning of vanadium reducing power was attempted via ligand modification or addition of a Cl atom in 

the vanadium coordination sphere a LV-Cl (L = ONNO or ONOO). This has enabled the preparation of a 

family of complexes. Of a particular interest there is the reaction of a vanadium(III) methoxide with CO2 

to generate formate and formaldehyde.  

Finally, we have attempted an assessment of the role of bismuth in reverse combustion 

through the preparation of Bi-V heterobimetallic model compounds and by using calix[4]arene-p-tert-

butylphenoxide as ligand. In the compound so far obtained, both bismuth and vanadium retained their 

initial oxidation states of +3 and +5 respectively. While these oxidation states are inert towards CO2, 

we found that lower valent vanadium systematically reduces bismuth to its zero valent state, thus far 

invalidating aryloxide ligands as models for reverse combustion.  
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7.2. Future Work 

More extensive studies to examine the electron transfer processes of BiVO4 to CO2 should be carried 

out. The fact that our EPR work has highlighted that a paramagnetic photoexcited species is a key player 

of the reverse combustion process, it encourages further work for evaluating the environment of 

vanadium compounds to improve their electronic characteristics and unveil different reactivity 

patterns.  

Important mechanistic questions still remain about how one-electron transfer could be 

performed to CO2 with a multielectron system such as vanadium. The structures of vanadium in 

different oxidation states and ligand environment provided a very important starting point for studying 

this challenging redox-chemistry. If an improved and tunable ligand environment could be found and 

where the electronic density on vanadium may be varied at will, the bonding mode of CO2 and reactivity 

patterns may be fully understood.
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