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“Trees that are slow to grow bear the 
best fruit”  

Molière 

In this chapter a model hybrid-type catalyst for water oxidation reaction is 
presented. DFT calculations have been used to determine the viability of this 
catalytic system, which consists in a dimeric Ir complex attached on an 
IrO2(110) surface. The stability and the catalytic activity of this hybrid 
system has been investigated and also compared to its corresponding 
homogeneous and heterogeneous constituents. This work was conducted 
during my stay in Stanford University under the supervision of Prof. Núria 
López from the ICIQ, Tarragona, and Dr. Aleksandra Vojvodic from SUNCAT 
Center for Interface Science and Catalysis, Stanford University. 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



55.1. Introduction 

As mention in the previous chapter, the best homogeneous and heterogeneous 
water oxidation catalysts reported to date are based on Ir and Ru,45,230–232,214 
although they still require high overpotentials and in some cases, are not 
stable enough. Besides, the scarcity and the high cost of these precious 
metals also limit scaling them up to the industrial level.233 To overcome all 
these issues, several approaches have been undertaken such as the synthesis 
of nature-inspired234–236 and non-precious metal-based catalysts,65,237,238 the 
addition of dopants239,240 or the design of catalysts with high surface 
area.241,242 

Another appealing strategy, although not very exploited yet, consists in 
anchoring active homogeneous water oxidation catalysts on a solid support 
(either active or inactive), thus creating a hybrid-type catalyst.243,244 The 
fundamental idea behind these combined systems is that they might benefit 
from the individual properties of their homogeneous and heterogeneous 
constituents, as the limitations of ones are generally the main advantages of 
the others.30 Homogeneous catalysts typically exhibit a high activity and are 
more tunable, but they lack the high stability and good electron transport 
shown by heterogeneous catalytic systems. To date, the few successful 
examples of this strategy include the very recent experimental works on 
water oxidation using an Ir-based HEDTA catalyst supported on TiO2,31 and 
a dimeric Ir complex anchored on tin-doped indium oxide nanoparticles.32 
However, the interplay between the anchored molecular catalyst and the 
support remains still unknown. 

In this work, we investigated the viability of a hybrid water oxidation 
catalyst and the role of the surface in this type of systems by anchoring the 
iridium complex [Ir2(H2O)4(OH)4(μ-OH)2] on the IrO2(110) surface through 
two oxygen atoms (Figure 5.1). We chose this dimeric Ir complex as 
homogeneous catalyst because it resembles the molecular species suggested 
to be involved in the formation of the purple-blue solution that catalyzes 
water oxidation.245 Moreover, such a dimeric complex allows for comparison 
of the two main water oxidation mechanisms proposed in the literature, 
namely the water nucleophilic attack (WNA) and the direct coupling 



(DC).231,80,72, also known as interaction between two M−O units (I2M). On the 
other hand, we selected IrO2 as heterogeneous catalyst because it is one of 
the most active pure metal oxides reported to date,230,232 and it has also been 
computationally studied in detail.53,54 In particular, we used the most stable 
IrO2 facet, the (110), which features five- and six- coordinated Ir atoms at the 
surface, commonly known as cus and bridge sites.

FFigure 5.1: Side-view of the atomic structure for the investigated (a) 
hybrid, (b) homogeneous and (c) heterogeneous Ir-based catalysts. Color code: 
Ir (dark blue), O (red), and H (white).  

It is important to note that the hybrid catalyst considered in this work was 
intended to serve as a model to probe the feasibility and operation of this type 
of systems, thus it has not be considered as a potential high-performance 
water oxidation catalyst.  

5.2. Computational Details 

The stability and activity of the considered Ir-based catalysts was 
investigated by means of DFT calculations in conjunction with the 
computational standard hydrogen electrode (SHE) model.246 By setting the 
reference potential to be that of the standard hydrogen electrode, the free 
energy for the e− + H+ can be related to that of 1/2H2 in gas phase. This 
means that, at pH = 0 and 1bar of H2 at 298 K, the reaction Gibbs energy of 
the *AH → A + e− + H+ reaction is equal to the Gibbs energy of the *AH → A 
+ 1/2H2, where the asterisk corresponds to an active site on the surface. 



All the calculations in this study were performed at the periodic DFT level 
using the Perdew−Burke−Ernzenhof (PBE) exchange correlation functional247 
as implemented in the VASP code, version 5.3.2.248,249 The core electrons of 
the Ir, O, and H atoms were replaced by projector-augmented wave (PAW) 
pseudopotentials,197 whereas their valence electrons were expanded in plane 
waves with a kinetic energy cutoff of 450 eV. However, the lattice parameters 
for the bulk IrO2 structure were optimized using a higher cutoff energy of  
600 eV and a 9×9×13 Monkhorst Pack (MP) k-point grid. The obtained lattice 
parameters were acalc = bcalc = 4.543 Å and ccalc = 3.187 Å, which are in very 
good agreement with previous theoretical findings250,251 and experimental 
values of aexp = bexp = 4.505 Å and cexp = 3.159 Å.252  To model the 
heterogeneous IrO2 surface catalyst, we chose a 2x1 supercell including a slab 
containing nine atomic layers of the most stable (110) facet253 and a vacuum 
of at least 13 Å. Geometry optimizations for this system were carried out 
using a 5×5×1 MP k-point mesh allowing the adsorbed species (O*, HOO*, 
OO*, H2O* and HO*) and the five topmost atomic layers to relax, while 
keeping the rest of the atoms fixed at their bulk positions. When it comes to 
the homogeneous [Ir2(H2O)4(OH)4(μ-OH)2] catalyst, it was simulated using a 
cell of 18x15x15 Å in size and sampling the Brillouin zone at the Γ−point. 
Moreover, we always considered neutrally charged complexes to avoid the 
complexity of dealing with charged species in periodic calculations. 

To model the hybrid catalyst, we anchored the dimeric Ir complex on top of 
the IrO2(110) surface with a 6x2 periodicity through two oxygen atoms to the 
cus sites of the surface. Due to the considerable size of the combined system, 
calculations for this catalyst were performed at the Γ−point. However, the 
energy convergence with respect to the k-point sampling was examined for 
selected species using a denser 2x3x1 k-point mesh, obtaining energy 
differences within 0.02 eV (Table A5.1 in Appendix). Geometry optimizations 
for this catalyst were performed relaxing the atoms in the attached dimer 
and the three topmost surface layers.  

For the three model Ir catalysts, total energies were converged with a 
threshold of 10−5 eV in the self-consistent field and geometries were relaxed 
until the energy threshold of 10−4 eV was fulfilled. Spin-polarized calculations 
were carried out when needed, relaxing the total magnetic moment during 



the self-consistent cycles. The nature of all the stationary points was 
confirmed by calculating the vibrational frequencies of the adsorbed species 
and metal atoms directly coordinated to them. Contributions to the Gibbs free 
energies for the adsorbates in the gas phase and on the surface were 
calculated at T = 300 K and p = 1 atm. However, in the case of H2O, we used 
p = 0.035 atm, as it is the pressure at which vapor water is in equilibrium 
with liquid water at T = 300 K. It is important to note that in this work we 
only studied the thermochemistry of the reaction, thus all the energy barriers 
corresponds to Gibbs energies differences of the intermediates. 

The Gibbs energies for the three catalytic systems, G, were calculated 
assuming that the electronic and vibrational contributions to this term are 
the most relevant ones, and by approximating the electronic term to the 
potential energy:  

  [5.1] 
 
Gvib were calculated as the sum of the zero-point vibrational energy (ZPVE), 
the vibrational enthalpy and the vibrational entropy term as follows: 

  [5.2] 
 

  [5.3] 

  [5.4] 

  [5.5] 

 
being m the total number of vibrational modes that result from vibrating the 
adsorbate atoms and the Ir atoms directly coordinated to them. Thus, the G 
term results in:  

  [5.6] 

 
On the other hand, the Gibbs energies for gas molecules (H2 and H2O) were 



calculated using the NIST-JANAF thermodynamic tables 
(http://kinetics.nist.gov/janaf/). In order to avoid introducing the DFT error in 
the energetics related to molecular oxygen the Gibbs energy for the reaction 
2H2O → O2 + 2H2 was fixed to the experimentally value of 4.92 eV. 246,254,255  

In this work, we noted that the correction to the Gibbs energy for the 
proton-coupled electron transfer (PCET) reactions was basically constant and 
equal to 0.3 eV. Therefore, for the study of the consecutive deprotonations for 
the dimeric Ir complex and the hybrid catalyst (Figures 5.5 and 5.8), we 
calculated the Gibbs reaction energies adding 0.3 eV to the calculated 
energies.   

5.3. Results 

5.3.1. Stability of the Ir-Hybrid Catalyst 

Firstly, the stability of the hybrid catalyst was examined by computing the 
adsorption energy of the dimeric Ir complex to the IrO2(110) surface as 
follows: 

  [5.7] 
 
where EH2, Ehybid, Edimer, and EIrO2 are the potential energies for molecular 
hydrogen, and for the hybrid system, dimeric Ir complex and IrO2(110) 
surface, respectively. Importantly, the obtained adsorption energy from  
Eq [5.7] was -2.19 eV, indicating that indeed the dimeric Ir catalyst is 
strongly attached to IrO2(110) through the two oxygen linkers. Another 
interesting feature was that the optimized Ir−Ir bond distance in the 
supported Ir dimer (3.207 Å) almost matches with the Ir−Ir distance in the 
IrO2(110) surface (3.190 Å). In fact, this particular hybrid catalyst containing 
only aqua and hydroxo ligands might be also conceived as a defect or as an 
extension of the IrO2(110) surface, which would explain the strong interaction 
between its homogeneous and heterogeneous constituents, predicted by 
calculations. To gain further insight into this interaction, the charge density 
difference between the molecular and the surface fragments was evaluated 
(Figure 5.2). This analysis revealed that both Ir atoms from the adsorbed 



complex and the surface provide electron density to the O-linkers, thus 
making these bonds particularly strong. 

FFigure 5.2: Charge density difference analysis of the complex 
[Ir2(H2O)4(OH)4(μ-OH)2] supported on a clean IrO2(110) surface. Yellow 
isosurface indicates accumulation of charge density, whereas cyan indicates 
depletion. Only part of the IrO2(110) surface is shown for the sake of clarity. 

The stability of the hybrid system was further assessed by investigating the 
desorption of the dimeric Ir complex with the concomitant hydroxylation of 
the surface upon the attack of two solvent water molecules, ΔEdes, with the 
following equation: 

 [5.8]

where EH2O and EIrO2+2OH are the potential energies for a water gas molecule 
and the IrO2(110) surface with two OH groups adsorbed in cus positions, 
respectively. Calculations showed that this deactivation route is a highly 
endothermic process (1.54 eV), which reinforces the stability of this hybrid-
type system. 

5.3.2. Catalytic Active Species 

Before evaluating the water oxidation activity for the hybrid system and its 
individual constituents, it is necessary to first determine what is the active 
species of these catalysts under relevant reaction conditions. To this end, for 
each of them we considered a number of potential species that might exist in 
aqueous solution and plot their corresponding Pourbaix diagrams. This 



representation shows the relative Gibbs energies as a function of the pH and 
the applied voltage (U), which allows to map out the most stable species (or 
surfaces) at certain conditions (Appendix). To construct these diagrams a 
reference surface (species) has to be considered in order to relate the free 
energies of the other surfaces (species). In the case of the heterogeneous 
system our reference structure corresponds to the clean IrO2(110) surface. On 
the other hand, for the dimeric Ir complex and the hybrid system we chose 
the species with the highest content of H atoms as reference. Moreover, we 
drew a dashed line in the Pourbaix diagrams, which indicates the 
thermodynamic potential for water oxidation as a function of pH, thus all the 
species that appear above this line could be considered as active species. 

55.3.2.1. Active Species for the IrO2(110) Surface Catalyst

To construct the Pourbaix diagram for the IrO2(110) surface shown in Figure 
5.3, we considered up to 19 different H, O and OH surface coverages (Scheme 
A5.1 in Appendix). In this case, since the area above the dashed line (pink 
region in the Pourbaix diagram) fully corresponds to a surface with all Ir-cus
sites occupied by O atoms, we only considered this coverage for IrO2(110) 
surface under typical water oxidation conditions, which is in agreement with
previous theoretical findings.53,256 

Figure 5.3: Calculated Pourbaix diagram for the IrO2(110) surface.  The 
different coverages are labeled as nHb-mOcus, where nHb is the number of H 
atoms at the Obridge positions and mOcus is the number of Ocus. Gibbs energies 
are in eV. 



55.3.2.2. Active Species for the Dimeric Ir Catalyst 

Due to the vast number of possible protonation states for the dimeric Ir 
catalyst, an extensive analysis to determine the most likely active species 
was conducted. We started by exploring several consecutive deprotonations of 
the [Ir2(H2O)4(OH)4(μ-OH)2] complex at pH = 0 and 1.23 V. Under these 
conditions, calculations indicated that water molecules are preferentially 
deprotonated until a fully hydroxylated dimeric Ir(V) species is obtained 
(Figure 5.4). Species involved in the different deprotonation pathways are 
depicted in Figure 5.5. 

Figure 5.4: Graphical representation of the Gibbs energies (in eV) as a 
function of the number of H atoms removed from the [Ir2(H2O)4(OH)4(μ-OH)2] 
complex at pH = 0 and 1.23 V.  
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From the dimeric complexes with 10 hydrogen atoms, we further examined 
all the possible isomers with different hydrogen content and formal Ir 
oxidation states up to +7 (Scheme A5.2 in Appendix). It is worth mentioning 
that the existence of IrO4 and [IrO4]+ species with oxidation states of +8 and 
+9 have been reported,257,258 although they have been only characterized in 
rare-gas matrices. Therefore, to construct the Pourbaix diagram we 
considered all the above dimeric Ir complexes with oxidation states up to +7. 

FFigure 5.6: Calculated Pourbaix diagram for the dimeric Ir complex. The 
most stable species with a given number of hydrogen atoms are named as nH, 
where n is the number of H atoms contained in each species. Gibbs energies 
are given in eV. 

According to the Pourbaix representation showed in Figure 5.6, there are 3 
species above the dashed line. Nevertheless, the potential range at which the 
two first species are stable is very narrow (gray and yellow region in the 
Pourbaix diagram), which indicates the low probability to have these species. 
Therefore, we only considered the dimeric species with a total of 6 hydrogen 
atoms (pink region in the Pourbaix Diagram) since it is stable within a much 
wider range of potentials. More specifically, this species is a symmetric
Ir(VII)/Ir(VII) dimer with hydroxo- and oxo-ligands in the equatorial and 
axial planes, respectively (inset Figure 5.6).  



55.3.2.3. Active Species for the Ir-Hybrid Catalyst 

Due to the considerable size of the hybrid catalyst and the large number of 
possible protonation states of the adsorbed dimeric Ir complex, for this 
system we assumed the same surface coverage obtained in the Pourbaix 
diagram for IrO2 (110) surface (Figure 5.3); that is, a surface with all cus sites 
fully covered by O atoms. As far as the anchored Ir dimer is concerned, we 
calculated the same consecutive deprotonations as investigated for the 
dimeric Ir complex (Figure 5.8). Nevertheless, in contrast to this catalyst, 
calculations show that equatorial water molecules in the hybrid system are 
more difficult to deprotonate due to the H-bonds established between the 
aqua ligands and the Ocus surface atoms. Also interesting is the fact that, at 
U = 1.23 V, the energies required to deprotonate the supported Ir dimer 
(Figure 5.7) are much less exothermic than the ones calculated for the 
dimeric Ir complex (Figure 5.4), which suggests that Ir atoms in the hybrid 
system are less prone to be oxidized due to the presence of the surface. 
Species involved in the different deprotonation pathways are depicted in 
Figure 5.8. 

Figure 5.7: Graphical representation of the Gibbs energies (in eV) as a 
function of the number of H atoms removed from the hybrid system at pH = 0 
and 1.23 V. 
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To construct the Pourbaix diagram for the hybrid system, we included all the 
species involved in the consecutive deprotonations of the adsorbed dimeric Ir 
complex and several further oxidized species with formal Ir oxidation states 
up to +6 (Scheme A5.3 in Appendix). This representation reveals that there 
are two hybrid species that might exist at relevant water oxidation potentials 
(insets Figure 5.9). The first one, which is stable in the range from 1.3 to 
1.8 V (purple region in Figure 5.9), contains 7 hydrogen atoms and 
corresponds to an Ir species with the equatorial plane fully hydroxylated 
except one position that has an aqua ligand. Conversely, the other is stable at 
potentials higher than 1.8 V and is analogous to the active species found for 
the dimeric Ir complex. Interestingly, the potentials required to reach the 
same Ir oxidation states as for the dimeric Ir complex are significantly higher 
in the hybrid system, which can be explained with the lower tendency of the
hybrid system to be oxidized due to the presence of the surface.  

 
FFigure 5.9: Calculated Pourbaix diagram for the hybrid system. The most 
stable species with a given number of hydrogen atoms are named as nH, 
where n is the number of H atoms contained in each species. Gibbs energies 
are given in eV. 

5.3.3. Reaction Mechanisms 

Based on the active species derived from the Pourbaix diagrams (Figures 5.3, 
5.6, 5.9), we next evaluated the activity of these three catalytic systems in the 
water oxidation reaction. In order to compare the activity for these catalysts, 



for each of them we determined the potential-limiting step, defined as the 
onset potential at which all the steps become thermodynamically downhill. 
The difference between the limiting and the standard water oxidation 
potentials is the so-called theoretical overpotential, η:246 

  [5.9] 

 
where ΔGi is the Gibbs reaction energy of each step in eV. 

55.3.3.1. Water Oxidation with IrO2(110) Surface Catalyst 

For rutile oxides, water oxidation in acidic medium has been proposed to 
occur through a WNA mechanism (WNA-1)9,53 consisting of the following four 
electrochemical steps:  

(1) H2O(l) + O* → HOO* + e− + H+ 

 
 

(2) HOO* → O2(g) + * + e− + H+ 

 
 

(3) * + H2O(l) → HO* + e− + H+ 

 
 

(4) HO* → O* + e− + H+ 

 
 
In the first step, the OOH* intermediate is formed by the nucleophilic attack 
of a water molecule to the Ocus. This intermediate evolves to molecular oxygen 
leaving a vacancy on the Ir-cus position. Then, a second water molecule is 
coordinated to the open vacant site and by two subsequent PCET the Ocus is 



recovered. The sum of the Gibbs energies of the four reaction steps was fixed 
to the formation energy of O2 (4.92 eV). The Gibbs energy of the 
intermediates along the reaction path, ΔGHO*, ΔGO* and ΔGHOO* were 
calculated relative to H2O and H2 in the gas phase at U = 0 V. The effect of 
the bias is also included on all states involving an electron by shifting the 
energy of these states by –eU, where U is the electrode potential. Moreover, 
at pH different from 0 we correct the Gibbs energy of the H+ by the 
concentration dependence of the entropy: . 

Based on the WNA-1 mechanism, we proposed a mechanistic variant that 
does not entail calculating unsaturated octahedral Ir atoms at the surface 
(WNA-2). It consists in replacing (2) and (3) by the alternative steps:  

(2’) HOO* → OO* + e− + H+ 

 
 

(3’) OO* + H2O (l) → O2 (g) + HO* + e− + H+ 

 
 
in which a PCET reaction from the HOO* intermediate yields an adsorbed 
OO* species that subsequently evolves to molecular oxygen and a HO* group 
generated via a second PCET. According to our calculations, the 
thermodynamically most energy demanding step in the WNA-1 corresponds 
to the desorption of O2, whereas in the WNA-2 it is the generation of the 
OOH* species (step 1), which involves the formation of the O−O bond. This 
reaction steps result in overpotentials of 0.61 and 0.40 V for the WNA-1 and 
WNA-2 mechanisms, respectively (Figure 5.10). Thus, this alternative 
pathway is more favorable by 0.21 V, and therefore, we considered this 
mechanism when comparing water oxidation at the IrO2(110) surface with 
the other model catalysts. Moreover, the calculated overpotential of 0.40 V 
via the WNA-2 mechanism is in good agreement with the reported 
experimental value of 0.36 V at a current density of 10 mA.cm-2.230,232 



 
 

 
 
 
 
 

FFigure 5.10. Gibbs energy diagram for the water oxidation reaction using 
IrO2(110) as catalyst. The WNA-1 mechanism is represented in green, while 
the WNA-2 in black. 

5.3.3.2. Water Oxidation with the Dimeric Ir Catalyst 

For homogeneous water oxidation catalysts, both WNA and DC reaction 
mechanisms have been shown to operate depending on the nature of the 
catalyst.72 Thus, for the dimeric Ir complex we explored these two 
mechanisms, as well as several variants of them (Scheme A5.4 in Appendix). 
In the case of the WNA mechanism, we found that the lowest energy pathway 
is the same as for IrO2 (110) (Figure 5.10), which corresponds to the O−O 
bond formation (Figure 5.11). Nevertheless, the theoretical overpotential for 
the dimeric Ir complex, 1.02 V, was significantly higher than that of the 
IrO2(110) surface, 0.40 V. 

On the other hand, the lowest energy path obtained for the DC mechanism 
consist of: 

(1) O* + O* → *OO* 

 
 

(2) *OO* + H2O(l) → OO* + HO* + e− + H+ 



 

 

(3) OO* + HO* + H2O(l) → 2HO* + O2(g) + e− + H+ 

 
 

(4) 2HO* → HO* + O* + e− + H+ 

 

 

(5) HO* → O* + e− + H+ 

 
 

where the asterisk indicates that the O is coordinated to an Ir atom. 

This mechanism starts with the coupling between two iridium bis-oxo 
moieties leading to a μ-1,2-peroxo intermediate (Figure 5.11). From this 
species, the reaction may proceed to the cleavage of one Ir−O bond promoted 
by the nucleophilic attack of a water molecule and resulting in the formation 
of a superoxide and an OH group generated via PCET. This superoxide 
species subsequently evolves to molecular oxygen with the coordination of a 
second water molecule, which gives rise to an OH group through a second 
PCET. Finally, the starting bis-oxo species is regenerated after two 
consecutive PCET reactions, thus closing the catalytic cycle.  

The potential at which all the electrochemical steps in the DC mechanism 
become downhill in energy is 1.57 V (Figure 5.11). However, an additional 
energy barrier of at least 0.59 eV is required for the formation of the μ-1,2-
peroxo species (*OO*), which corresponds to a chemical step, and therefore, it 
is not affected by the applied bias. The fact that the energy for this chemical 
step is rather low and the overpotential for this mechanism is much smaller 
than that of the WNA-2 (0.34 versus 1.02 V), suggests that the DC is favored 
at room temperature.  



 
 
 
 
 

FFigure 5.11. Gibbs energy diagram for the water oxidation reaction using 
the dimeric Ir complex as catalyst. The WNA-2 mechanism is indicated in 
black lines, while the DC is in blue lines. The blue curved line indicates that 
this is a chemical step. 

5.3.3.3. Water Oxidation with the Ir-Hybrid Catalyst 

Given that the Pourbaix diagram of the hybrid catalyst indicates the 
existence of two different active species in the range of typical water 
oxidation conditions (purple and gray regions in Figure 5.9), we examined the 
activity of both species, considering both the WNA and DC mechanisms for 
each of them. For the two species, we find the same lowest energy paths and 
potential limiting steps as for the dimeric Ir complex. In particular, for the 
hybrid system containing 7 hydrogen atoms, we found that all the 
electrochemical steps in the WNA-2 and DC mechanisms are downhill in 
energy at the potentials of 2.24 and 1.50 V, respectively. However, the DC 
mechanism is further hampered by the high chemical energy required to form 
the μ-1,2-peroxo intermediate (0.98 eV).  

In contrast, for the hybrid system with 6 hydrogen atoms, all the 
electrochemical steps in the WNA-2 and DC mechanisms become downhill at 
2.18 and 1.76 V, respectively. In this case, we found that the formation 
energy for the μ-1,2-peroxo intermediate is rather small (0.39 eV), and 
therefore, it may be surpassed even at room temperature. Based on this 
thermodynamic data, we predict that the DC mechanism for this species may 



be more favorable than the WNA-2. Besides, the height of the chemical step 
and the overpotential for the WNA-2 mechanism for this species are lower 
than for the one containing 7 hydrogen atoms, which suggests that the hybrid 
system with 6 hydrogen atoms may be more representative for water 
oxidation activity with this hybrid catalyst (Figure 5.12).  

 
 
 
 
 
 
  
 
 
 
 
 
 
 
 

Figure 5.12. Gibbs energy diagram for the water oxidation reaction using 
the hybrid system as catalyst. The WNA-2 mechanism is indicated in black 
lines, while the DC is in blue lines. The blue curved line indicates that this is 
a chemical step.  

Taken together, our results show that the intrinsic water oxidation activity, 
based on thermodynamics, of the different model Ir-based catalysts via a 
WNA-2 mechanism increases as follows: dimer ≈ hybrid < IrO2. As regards to 
the DC mechanism, the comparison between the dimeric Ir complex and 
hybrid system is more complicated due to the concurrence of electrochemical 
and chemical reaction steps. Nevertheless, the fact that the dimeric Ir 
complex requires a slightly lower overpotential compared to the hybrid  
(0.34 V versus 0.53 V), but a higher chemical barrier (0.59 eV versus 0.39 eV), 
points out that these two catalysts might exhibit a comparable water 
oxidation activity. The comparison of the overall activity between the three 
model Ir-based catalysts is also rather complex, since the lowest energy-
demanding pathway for both the dimeric Ir complex and the hybrid system 



(DC) involves a chemical step, whereas for the IrO2(110) surface does not 
(WNA-2). If we assume low energy barriers for the chemical steps with the 
dimeric Ir complex and the hybrid system, the activity trend is then dictated 
by the applied overpotential: dimer > IrO2 > hybrid. Although this trend is 
not conclusive, the high activity predicted for the dimeric Ir complex would 
support that this species is part of the purple-blue solution, as suggested by 
Crabtree et al.245 However, we note that the same authors also proposed that 
this species eventually forms IrO2 nanoparticles, and thus it might not be 
very stable in aqueous solution.

55.3.4. Bader Charge Analysis

In order to understand the role of the surface in the hybrid system, we 
performed the Bader charge analyses presented in Figure 5.12.  

Figure 5.12. Selected calculated oxygen (red) and iridium (blue) Bader 
charges for the active species for the (a) hybrid system, (b and c) dimeric Ir 
complexes with oxo and hydroxo ligands on the bottom axial positions and (d) 
IrO2(110) surface.  

Interestingly, the electronic charge of the O atoms in the active species of the 
different Ir-based catalysts (top axial oxo-groups) increase in the order: 
|qIrO2| < |qhybrid| ≈ |qdimer|. This indicates that the oxo-moieties in the 
hybrid system and dimeric Ir complex are less electrophilic than in the 
IrO2(110) surface. Consequently, oxo-groups in hybrid system and dimeric Ir 
complex are less reactive towards the nucleophilic attack of a water molecule,



which accounts for the predicted activity trend via the WNA-2 mechanism. In 
addition, we find that the charge of the Ir atoms of the active site varies 
within the different model catalysts, pointing to an increase in oxidation 
state as follows: IrO2 < hybrid < dimer. This trend is tightly coupled to the 
electronic charge of the O atoms involved in the reaction. We also observed 
that the charge of the O-linkers of the hybrid system and the bottom oxo-
moieties in the dimeric Ir complex (Figures 5.12a,b) are similar, thus 
suggesting that the former behave more similarly to oxo-ligands rather than 
hydroxo groups (Figures 5.12c). This can be ascribed to the additional charge 
donation provided by the IrO2(110) surface to the O-linkers in the hybrid 
system. 

55.4. Discussion and Conclusions 

In this work, we employed Density Functional Theory calculations to 
evaluate the viability of a hybrid water oxidation catalyst generated by 
attaching a dimeric Ir complex to the IrO2(110) surface. Calculations indicate 
that the interaction between the adsorbed catalyst and the surface is rather 
strong as a result of the electron donation from both Ir atoms in the anchored 
complex and the surface to the O linkers. The catalytic activity of the hybrid 
system was further assessed and compared to its constituent fragments. With 
the WNA mechanism, the activity of the considered systems is dimer ≈ hybrid 
< IrO2. Assuming that the chemical barriers in the DC mechanism for the 
dimeric Ir complex and hybrid systems are feasible under water oxidation 
conditions, the catalytic activity may be governed by the applied potential, 
thus resulting in the following trend: dimer > IrO2 > hybrid. The high activity 
of dimeric Ir complex shown in our calculations was consistent with the 
similar structures suggested to be involved in the formation of the purple-
blue solution by Crabtree and co-workers.245 

Taken together, results reported herein are encouraging as they indicate 
that hybrid catalysts are not only viable, but they might also benefit from the 
activity of homogeneous catalysts and the stability of heterogeneous ones. 
Importantly, calculations predict no significant activity loss when the dimeric 
Ir complex is anchored on the IrO2(110) surface through O atoms. Thus, by 
attaching the dimeric Ir complex to an IrO2(110) surface through O-linkers, 



the stability of the homogeneous catalyst might be enhanced, as calculations 
show that this interaction is very strong. These findings are in line with very 
recent experimental work of a stable water oxidation catalyst based on a 
dimeric Ir complex anchored on a metal oxide surface.33 Furthermore, this 
work suggests that the catalytic performance of the hybrid system can be 
enhanced by fine-tuning the ligands of the homogeneous constituent and the 
electronic properties of the heterogeneous constituent. 



AAppendix 

Table A5.1: Energy convergence test with a denser k-point grid for selected 
deprotonation reactions. 

 
Reaction k-point sampling ΔE (eV) 

hyb-10H → hyb-9H + H+ +e− 
Γ-point 1.38 
2x3x1 1.37 

hyb-10H → hyb-9H-2 + H+ +e− 
Γ-point 1.81 
2x3x1 1.83 

hyb-9H → hyb-8H + H+ +e− 
Γ-point 1.62 
2x3x1 1.64 

hyb-9H → hyb-8H-2 + H+ +e− 
Γ-point 1.77 
2x3x1 1.79 

 
 
A brief description of how the Pourbaix diagrams were constructed is 
provided. As mention above, in the case of the heterogeneous system, our 
reference structure corresponds to the clean IrO2(110) surface. Given that we 
considered different H, OH and O coverages to determine the active species 
for the heterogeneous system, we calculated the change of the surface Gibbs 
energies  after different atoms  were adsorbed on the clean 
surface ( ): 

 

where nH, nO and nOH are the number of H, O and OH groups adsorbed on the 
top of the surface and  and  their corresponding Gibbs 
energies. The effect of the bias on all steps involving an electron is included 
by shifting the energy of these states by –eU, where U is the electrode 
potential. The dependence on the pH is accounted in the k.pH term, which 
comes from:  



 

On the other hand, for the dimeric Ir complex and the hybrid system we 
chose the species with the highest content of H atoms as reference 

. From these species we proceeded by removing hydrogen atoms to 
obtain the different species . Therefore, the change of Gibbs 
energies  results in:  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



SScheme A5.1: Surface coverages considered in the Pourbaix Diagram for 
the IrO2(110) surface.  



SScheme A5.2: Ir species with different protonation states considered in the 
Pourbaix diagram for the dimeric Ir complex. Solid rectangles indicate the
most stable species for a given hydrogen content. 

 



 

 



 





SScheme A5.3: Ir species with different protonation states considered in the 
Pourbaix diagram for the hybrid Ir system. Solid rectangles indicate the most 
stable species for a given hydrogen content. 
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“La gota horada la piedra, no por su 
fuerza, sino por su constancia.” 

In this chapter a mechanistic study of the metal-promoted olefin-oxidation 
reaction, using O2 as oxidant, has been performed with the aim to compare a 
rhodium and an iridium complexes and to provide a mechanistic explanation 
justifying the different products obtained experimentally. Specifically, this 
study focuses on the oxygenation of 1,5-cyclooctadiene (cod) directly 
coordinated to the metal center in the [Ir(PhN=C(NMe2)NPh)(cod)] and the 
[Rh(PhN3Ph)(cod)] complexes.  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



66.1. Introduction 

Oxygenation of C−C double bonds mediated by transition metal complexes is 
a powerful synthetic strategy to convert hydrocarbon feedstocks into high 
added-value chemicals such as ketones, epoxides or aldehydes.86,90,260,261

Ideally, molecular oxygen would be the most desirable oxidant agent to 
employ in these reactions, as it is an environmentally friendly, abundant and 
economical reagent. However, oxidation reactions with O2 are significantly 
more difficult to control, which makes its use still challenging.   

In industry, the C−O functionalization of alkenes is typically carried out 
with Pd262,263 and Ag-based86,264,265 complexes, although a number of Rh and 
Ir compounds have been also proven to accomplish this reaction (even with 
O2).88,90,266 With these latter metals and the appropriate choice of ligands, two 
main types of reaction intermediates have been experimentally characterized 
depending on the reaction conditions employed, namely metalla-
oxetanes97,100,267 and metalladioxolanes.95,96 The oxidation of olefins using 
peroxides and protic solvents often favors the formation of metallaoxetanes 
(Scheme 6.1a), while molecular oxygen and aprotic solvents tend to produce 
metalladioxolanes (Scheme 6.1b). An exception to this behavior, however, is 
the dinuclear 2-metallaoxetane compound synthesized by Tejel and co-
workers87 from O2 and the complex [Rh(PhN3Ph)(cod)] in toluene (Scheme 
6.2a). This particular system has further the advantage of using the two 
oxygen atoms in O2 for the oxidation of two cod ligands, thus optimizing the 
overall atom economy.  

Scheme 6.1: General structures for: a) Metallaoxetane and b) Metalla-
dioxolane. 

 

Generally, the oxidation of olefins involves open-shell and unstable 
intermediates, which are difficult to isolate and characterize. As a result, the 
mechanistic details on how dioxygen binds to the transition metal complex 



and how the subsequent C−O bond formation takes place are rather scarce. 
However, valuable insight into the reaction mechanism was recently provided 
by Rohde et al.89 with the identification and characterization of the peroxo 
intermediate [Ir(PhN=C(NMe2)NPh)(cod)(O2)], which finally affords 4-
cycloocten-1-one (Scheme 6.2b). It is remarkable the different evolution of the 
rhodium and iridium complexes, despite they bear a similar ligand 
framework. This behavior is investigated in this chapter.

SScheme 6.2: Reported oxidation reactions of the cod ligand in the 
[Rh(PhN3Ph)(cod)] and [Ir(PhN=C(NMe2)NPh)(cod)] complexes. 

6.2. Computational Details 

All the calculations presented in this work were carried out in Gaussian09 
program224 by means of the Density Functional Theory (DFT) using the 
MPWB1K exchange correlation functional. This functional was chosen based 
on the good results shown by Zhao and Truhlar184 in thermochemistry, 
kinetics and noncovalent interactions. Moreover, Borden et al. 187 performed a 
comparative study between a MPW functional and B3LPY, which indicates 
that the MPW functional is also more suitable for calculations on hydrogen
abstraction reactions, such as hydrogen-atom transfer and proton-coupled 
electron transfer (PCET). In agreement with this, Sodupe and Rodriguez-
Santiago studied a series of Cu−H2O complexes with several DFT functionals
being BHandHLYP and MPWB1K the ones that better described open-shell 
hydrogen-transfer reactions.160,185   



To describe the H, C, N and O atoms, the triple-ζ 6-311G(d,p) basis set was 
employed, while for the Rh and Ir metal atoms the effective core potential 
LANL2TZ(f)268–270 basis set was used. Geometry optimizations were 
performed in the gas phase without imposing any geometry or symmetry 
constraints. The nature of all the stationary points was further verified 
through frequency calculations. Furthermore, for transition states, intrinsic 
reaction coordinate (IRC) calculations were carried out to verify that they 
connect the corresponding reaction minima.  

Solvent effects were introduced using the experimental solvent employed 
(iridium complexes: benzene (Ɛ = 2.27); rhodium complexes: toluene (Ɛ = 2.38) 
through single point calculations on the above gas-phase optimized 
geometries using the SMD solvation model.203 In this way absolute energies 
in solution (Esol) were computed using an extended triple-ζ 6-311++G(d,p) 
basis set for the H, C, N and O atoms. These Esol were transformed into Gsol 
(Gibbs energies in solution) by means of: 

  [6.1] 
 
where Hvib is the vibrational enthalpy, ZPE is the zero point energy, and Smod 
is the entropy calculated as proposed by Ziegler et al.271,272 by using the 
Wertz’s approximation.211 The latter term Smod is defined as:  

  [6.2] 
 
with Selec, Svib, Strans, and Srot being the electronic, vibrational, translational 
and rotational contributions to the entropy, respectively.  
 

In order to change the standard state from the gas phase (1 atm) to 
solution (1M) a correction of 1.90 kcal.mol-1 was applied to all G values. This 
implies that ΔGsol values were corrected by 1.90 kcal.mol-1 when one species is 
generated from two, i.e. one equivalent of transition metal complex and 
molecular oxygen, and by 3,80 kcal.mol-1 when it is formed by three, i.e. 2 
equivalents of transition metal complex and one of molecular oxygen.273,274 
Therefore, all the energies reported throughout this work correspond to Gibbs 
energies in solution (Gsol) at the temperature of 298.15 K and 1 M. 

Since the reactions start with a singlet transition metal complex and 



triplet O2 and end up with singlet products, the triplet (T) and singlet (S) 
potential energy surfaces, as well as the open-shell singlet (OS) have been 
explored. It is important to note that in open-shell singlet diradicals, the spin 
density is often contaminated by higher spin states, especially by the triplet 
state. In order to take into account this spin contamination all stationary 
points with an open-shell singlet spin states were further corrected following 
the approach of Yamaguchi :275,276  

  [6.3] 

where 1Esc corresponds to the corrected open-shell singlet energy, 1E and 3E 
are the calculated energies of the open-shell singlet and triplet states and fsc 

accounts for the fraction of spin contamination and is defined as: 

  [6.4] 

where S2 denotes the total spin angular momentum operator. 

To locate the minimum energy crossing points (MECPs) between potential 
energy surfaces of different spin, the program developed by the group of 
Harvey was employed.199 To confirm the nature of the stationary points 
connected to the MECPs, the latter is fully optimized in the two spin states 
involved in the crossing. The Gibbs energies in solution of the MECPs were 
estimated by adding the contributions to the Gibbs and solvation energies of 
the previous intermediate to the calculated potential energies of the MECPs. 

Natural bond orbital (NBO) calculations have been performed with the 
program NBO 6.0.277 

66.3. Results 

6.3.1. Reaction Mechanisms 

This section presents a mechanistic study on the selective oxidation reactions 
shown in Scheme 6.2, which lead to completely different products despite of 
the similarities between the two transition metal complexes. For each 
reaction, we provide a detailed description of the operating mechanism



 study of the closed-shell singlet (S), open-shell singlet (OS) and 
triplet (T) spin states. The factors that make so different the reactivity with 
these two compounds will be also discussed.  

66.3.1.1. Oxidation with the [Rh(PhN3Ph)(cod)] complex 

In the previous work reported by Tejel and co-workers,87 the authors 
proposed a reaction mechanism based on the obtained kinetic data and 
experimental observations. This mechanism starts with the initial 
coordination of dioxygen to the [Rh(PhN3Ph)(cod)] complex, which they 
attributed to the rate-determining step, followed by the attack of a second Rh 
unit that leads to O−O bond cleavage. In order to get a deeper insight into the 
reaction mechanism, we carried out a detailed computational study involving 
different potential spin energy surfaces.  

The mechanism proposed herein starts with the coordination of molecular 
oxygen to Rh in an end-on (η1) binding mode. This step is feasible from the 
kinetic point of view in the triplet spin state with an energy barrier of  
11.2 kcal.mol-1, TT-TS1, whereas it is highly demanding in close and open 
singlet spin states (Figure 6.1). Additionally, the formation of the resulting 
adduct is less endoergic (ΔGsol = 10.0 kcal.mol-1) in the triplet state, TT-I2, 
than in the other spin states. The O−O and Rh−O bond distances in the TT-I2 
intermediate are 1.251 and 2.084 Å, respectively, which are very similar to 
those reported in previous works for η1-superoxo ligands.278,279 Therefore, this 
superoxo species still maintains the triplet ground spin state of O2 with spin 
densities localized at the Rh and both O atoms. The spin densities and the 
natural atomic orbital occupancies indicate that the O2 has been reduced by 
one electron via charge transfer from the metal center to the dioxygen moiety 
(see next section for a more detailed spin density analysis). Thus, the complex 
resulting from the O2 coordination step can be described as a Rh(II)-superoxo 
species with two unpaired electrons in the rhodium and O2 fragments.  



FFigure 6.1. Gibbs energy profile in toluene, in kcal.mol-1, for the
coordination of O2 [Rh(PhN3Ph)(cod)]. The different spin states of the 
stationary points are depicted in red (T), blue (OS) and black (S). 

To further reduce the O−O bond, another electron needs to be transferred 
either from the same metal center or from another complex unit. In this case, 
our calculations showed that the second electron is more likely to be 
transferred from a second metal center, as the monomeric Rh(III) peroxo 
singlet species (SS-I2) was higher in energy than the dimeric one TT-I3 (15.9 
vs. 8.2 kcal.mol-1, see Figures 6.1 and 6.2). From this point, the lowest energy 
pathway to trigger the alkene oxidation involves triplet spin-crossover from
T-I3 to OOS-I3 from a triplet to an open-shell singlet spin states, respectively. 
This spin-crossover takes place through MMECP1, which lies 16.7 kcal.mol-1

above the separated reactants. The OOS-I3 intermediate has almost the same 
geometric structure than TT-I3 but differs in the inversed spin located in the 



Rh atom. The reaction then proceeds via formation of two new Rh−O bonds 
leading to a µ-η2:η2-peroxo planar structure OOS-I4 with a low energy barrier 
of 18.2 kcal.mol-1 (OOS-TS3).. The intermediate OOS-I4 exhibits two 
interesting features: the two metal centers are oxidized in one unit, which is 
reflected in a stretched O−O bond distance of 1.423 Å, and the two unpaired 
electrons are localized in both Rh atoms in an antiferromagnetic fashion. 
Once OOS-I4 is formed, the O−O bond cleavage occurs through the transition 
state OOS-TS4 (Figure 6.3) with an overall Gibbs energy barrier of  
31.0 kcal.mol-1. It is important to note that the spin density in this transition 
state is equally distributed between both Rh and both O atoms; more 
specifically the Rh atoms are coupled antiferromagnetically in the same way 
as the O atoms. The relaxation of OOS-TS4 towards products by means of the 
IRC method leads to the closed-singlet (SS-I5), where the O−O bond is 
completely broken (d(O−O) = 2.552 Å). Finally, the partial oxidation of the 
two cod ligands takes place in two sequential steps with low energy barriers 
of 9.3 (SS-TS5) and 7.4 kcal.mol-1 (SS-TS6), respectively.  

It is noteworthy to mention that most of these dimetallic dioxygenated 
species have been extensively investigated by Solomon et al.280 and Tolman et 
al.281, with Cu as metal center. These Cu2O2 motifs are particularly 
important because they are contained in proteins that bind and/or activate 
dioxygen performing a variety of critical biological functions, such as O2 
transport (hemocyanin) and aromatic ring oxidations (tyrosinase). 
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Overall, according to the Gibbs energy profile shown in Figure 6.2, the 
oxidation of two cod units in [Rh(PhN3Ph)(cod)] is an exoergic process 
by -63.2 kcal.mol-1. The most energy-demanding step in this reaction 
corresponds to the O−O bond cleavage, OOS-TS4 (Figure 6.3), with an energy 
barrier of 31.0 kcal.mol-1 with respect to TT-I1, which it is even higher in the 
triplet and closed singlet potential energy surfaces (36.3 and 47.1 kcal.mol-1 

for the triplet and closed-shell singlet, respectively, see Figure A6.1).

Figure 6.3: Optimized geometry of  OS-TS4. Color code: purple = Rh, blue 
=N, red = O, gray = C. The H atoms are removed for clarity. Selected bond 
distances for all the other species involved in the reaction pathway are shown 
in the Appendix (Table A6.1). 

Additionally, in order to discard the possible oxidation of cod via a monomeric 
species, we also explored the formation of the metalladioxolane product 
(Figure 6.4). Calculations revealed that the C−O bond formation process is 
more energy demanding in both the triplet (51.2 kcal.mol-1) and the singlet 
(34.3 kcal.mol-1) spin states than for the dimerization mechanism  
(31.0 kcal.mol-1).  
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66.3.1.2. Spin Density Analysis  

To gain insight into the change in the spin states along the lowest energy 
oxidation pathway (Figure 6.3), we plot in Scheme 6.3 the spin densities at 
the Rh and O atoms for the different reaction intermediates and the OOS-
TS4. Initially, the two unpaired electrons in TT-I1 are perfectly localized at 
the O2 molecule in a ferromagnetic arrangement (Table 6.1). Then, the Rh1 
atom and O2 interact in TT-I2 leading to oxidation of the metal center to a 
formal Rh(II), as reflected in the appearance of some spin density at this 
atom. Interestingly, this species is still a triplet in its ground state, and all 
the spin density is distributed within the Rh1−O2− superoxo moiety. From TT-
I2, the coordination of a second Rh complex to the superoxo adduct takes 
place giving rise to TT-I3. In this case, we find that there is no spin density 
located at the Rh2 atom, which indicates that this metal center still 
maintains its initial oxidation state of +1. The reaction then proceeds by spin-
crossover from the triplet (TT-I3) to the open shell singlet (OOS-I3) species, 
which entails a spin inversion on the Rh1 atom. In the next step, the 
formation of the Rh2−O1 bond results in the oxidation of the Rh2 atom to 
Rh(II), as reveals the spin density located at this atom in OOS-I4. Finally, this 
intermediate evolves to the product SS-I5 via OOS-TS4. In this transition 
state the O−O bond is stretched and the electrons involved in this bond are 
transferred to each O atoms with opposite spins. As can be observed in Table 
6.1, the spin density in OOS-TS4 is equally distributed between both Rh and 
both O atoms, more specifically Rh atoms are coupled antiferromagnetically 
as the same way as O atoms. The relaxation of this transition state finally 
leads to the close shell SS-I5 intermediate, where both Rh(II) are oxidized to 
Rh(III). 

 

 

 



SScheme 6.3: Representation spin densities (ρ), in a.u., on the Rh and O 
atoms, for the most stable intermediates and the OOS-TS4 involved in the 
reaction pathway using the [Rh(PhN3Ph)(cod)] complex.  

Table 6.1: Spin densities (ρ), in a.u., on the Rh and O atoms, for the most 
stable intermediates and the OOS-TS4 involved in the reaction pathway 
using the [Rh(PhN3Ph)(cod)] complex.  

6.3.1.3. Oxidation with the [Ir(PhN=C(NMe2)NPh)(cod)] complex 

Unlike the above [Rh(PhN3Ph)(cod)] compound, the similar complex 
[Ir(PhN=C(NMe2)NPh)(cod)] reported by Rohde et al.,89 yields an oxidized
monomeric species in the presence of O2 (Scheme 6.1). 

As previously described, the reaction starts with the coordination of 
molecular oxygen to the metal center, although in this case the transition 
state associated to this step (TT-TS1’) requires a higher energy barrier of  
16.0 kcal.mol-1 (Figure 6.6). The relaxation of the transition state towards the 
products-side of the reaction leads to the formation of the Ir(II) superoxo 

SSpecies ρρ(Rh1) ρρ(O1) ρρ(O2) ρρ(Rh2) 
TT-I1 0.00 1.01 0.99 - 
TT-I2 0.51 0.66 0.79 - 
TT-I3 0.71 0.58 0.57 0.01 
OOS-I3 -0.75 0.44 0.46 0.01 
OOS-I4 -0.71 0.00 0.00 0.71 
OOS-TS4 -0.69 -0.69 0.69 0.69 
SS-I5 0.00 0.00 0.00 0.00 



species,  T-I2’. In the same way as the  [Rh(PhN3Ph)(cod)] complex, the 
coordination of molecular oxygen in a η1-fashion is more favored in the triplet 
spin state than in closed and open-shell spin states. Moreover, the natural 
spin densities of this superoxo intermediate are also delocalized between both 
O atoms and Ir. Nevertheless, in the present case the closed-shell Ir(III) 
singlet peroxo adduct (SS-I2’), in which both oxygen atoms are coordinated to 
the Ir metal center, becomes 9.7 kcal.mol-1 even more stable than the 
superoxo TT-I2’ intermediate. In order to connect these two intermediates the 
reaction undergoes though a spin crossover,  MECP1’, from the triplet to the 
closed-shell singlet spin state, which lies 15.3 kcal.mol-1 above separated 
reactants. Thus, in the iridium system the crossing between the triplet and 
singlet surfaces happens at the oxygen coordination step because the singlet 
η2-peroxo species is more stable than the triplet η1-superoxo compound. This 
is in agreement with the experimental results reported by Rohde, since the 
peroxo adduct was identified as an intermediate of the reaction, in spite of its 
limited stability, and characterized by spectroscopic methods.  

It is worth mentioning that the O−O moiety in the peroxo species SS-I2’ is 
bound to Ir in a side-on (η2) fashion and that it has been reduced in two units 
by a unique metal center. From TT-I2’ to the SS-I2’, the O−O bond distance 
increases from 1.270 to 1.383 Å, while the Ir−O distance is reduced from 
2.075 to 1.976 Å. This supports the observation that the O−O and Ir−O bond 
orders are inversely correlated, so that the O2 reduction is accompanied by a 
higher metal-oxygen covalency.282  



FFigure 6.6. Gibbs energy profile in benzene, in kcal.mol-1, for the
coordination of O2 to the [Ir(PhN=C(NMe2)NPh)(cod)] complex. The different 
spin state of the stationary points is depicted in red (T), blue (OS) and black 
(S). 

In order to oxidize the cod from SS-I2’, a rearrangement of the O22- ligand 
from an almost coplanar orientation with respect to the C=C bond to an 
orthogonal disposition is required (Figure 6.7). This orientation favors the 
insertion of the olefin into the Ir−O bond in two sequential steps, and gives 
rise to the iridadioxolane  species  S-I4’ through an energy barrier of  
32.3 kcal.mol-1 (SS-TS3’, Figure 6.8). It has been experimentally shown that 
the exposure of these metalladioxolane species, SS-I4’, to a source of light or 
protons283 (Scheme 6.4) leads spontaneously to the formation of hydroxy-oxo
species, SS-I5’. In fact, we could locate a transition state (SS-TS4’, Figure 6.7) 
that entailed the beta-hydrogen migration from the cod ligand to the O(1), 



thus connecting both SS-I4’ and SS-I5’ intermediates. However, this step 
required a high-energy barrier of 46.4 kcal.mol-1, which does not account for 
the experimental observations. In order to justify this transformation, we 
moved the H atom (Scheme 6.4) in the SS-I4’ intermediate from the C atom of 
the cod ligand to the O1 atom and reoptimized this structure. Indeed, it yields 
the O−O bond cleavage without energy barrier and results in the formation of 
the SS-I5’ product. This suggests that adventitious water molecules or other
source of protons may assist the hydrogen migration step.

Figure 6.7: Optimized geometries of SS-TS3’ (left) aand S-TS4’ (right).
Color code: orange = Ir, blue =N, red = O, gray = C, white = H. The H atoms 
are removed for clarity, except one. Selected bond distances for all the other 
species involved in the reaction pathway are shown in Appendix (Table A6.2).

Scheme 6.4: Rearrangement of metalladioxolane upon exposure to light
(top) or protons (bottom). 
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This mechanism shares the same four reaction steps than the above 
mechanism proposed for the [Rh(PhN3Ph)(cod)] complex, Figure 6.2, namely 
i) oxygen coordination, ii) intersystem crossing (ISC), iii) O−O breaking bond
and iv) C=C bond oxidation. However, they differ in the order in which these 
steps appeared along the reaction pathway. Specifically, in the Ir complex the 
intersystem crossing takes place right after O2 is coordinated to the metal, 
whereas in Rh it happens once a second incoming metal unit interacts with 
the O2-. Thus, in the Ir system, the singlet η2-peroxide is the responsible to 
trigger the alkene oxidation followed by the O−O bond cleavage.

Table 6.2 shows the spin densities for the TT-I1’ and TT-I2’ intermediates. 
In TT-I1’, both unpaired electrons are located in the oxygen molecule, while in 
T-I2’ the metal center is bound to O2 and is oxidized to Ir(II). At this point 
the ISC between the TT-I2’ and the SS-I2’ takes place and the metal center is 
further oxidized to Ir(III).  

Table 6.2: Spin densities (ρ), in a.u., on the Ir and O atoms, for the most 
stable intermediates involved in the reaction pathway using the 
[Ir(PhN=C(NMe2)NPh)(cod)] complex.  

Scheme 6.5: Representation of the spin densities (ρ) of the Ir and O atoms, 
in a.u., for the most stable intermediates involved in the reaction pathway 
using the [Ir(PhN=C(NMe2)NPh)(cod)] complex. 

For the sake of completeness, the formation of the dinuclear 2-
metallaoxetane, previously observed for the [Rh(PhN3Ph)(cod)] species, was 
also investigated for the Ir system. However, in this case the dimerization

SSpecies ρρ(Ir) ρρ(O1) ρρ(O2) 
TT-I1’ 0.00 0.99 1.01 
TT-I2’ 0.58 0.54 0.76 
SS-I2’ 0.00 0.00 0.00 



arises in the singlet PES, instead of in the triplet one. As it is shown in 
Figure 6.9, the singlet peroxide SS-I2’ species interacts with a second 
transition metal complex leading to the SS-I6’ intermediate. At this stage, the 
O−O bond breaking step occurs, involving an even higher transition state,  
S-TS6’ (43.9 kcal mol-1). In spite of the stability of the resulting product  
S-I10’, the formation of the dinuclear 2-metallaoxetane can thus be 
excluded.  
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66.3.1.4. Effect of the Transition Metal  

According to the lowest Gibbs energy profiles shown in Figures 6.2 and 6.6, 
the main difference between the Rh and Ir-mediated oxidations remains in 
the reversed stability of the superoxo and peroxo species generated upon O2 
insertion (TT-I2/SS-I2 and TT-I2’/SS-I2’, respectively). This suggests that the 
reaction outcome might be governed by the energy difference between these 
two species. Thus, to gain a better understanding on the metal and ligand 
effects in these oxidation reactions, the corresponding peroxo and superoxo 
intermediates were optimized replacing the metal center in the 
[Rh(PhN3Ph)(cod)] and [Ir(PhN=C(NMe2)NPh)(cod)]) complexes by Ir and Rh, 
respectively. In this way, complexes with the same ligand set and differing 
only in the metal center allow to assess metal effects in the stabilization of 
peroxo and superoxo intermediates. Calculations show that the Rh-for-Ir 
metal exchange in [Rh(PhN3Ph)(cod)] lowers the energy of both superoxo and 
peroxo intermediates regardless of the considered spin state (compare Figure 
6.1 with Figure 6.9). Specifically, the peroxo adduct with Ir is stabilized to a 
greater extent, thus becoming 8.0 kcal.mol-1 below the superoxo one. This 
contrasts with the initial Rh complex, where the superoxo adduct was  
5.9 kcal.mol-1 more stable than the peroxo species.  

On the other hand, the effect of the ligand can be also evaluated by 
comparing the stability of the O2-coordinated intermediates for the Ir-
substituted [Ir(PhN3Ph)(cod)] complex with the Rhode’s one, 
[Ir(PhN=C(NMe2)NPh)(cod)] (Figure 6.6). Energetics indicate that both 
superoxo and peroxo species are more stable with the (PhN3Ph) ligand 
(Figure 6.9) than with (PhN=C(NMe2)NPh). Therefore, the (PhN3Ph) ligand 
favors electron transfer to the O2 unit. 

 



FFigure 6.9. Gibbs energy profile in toluene, in kcal.mol-1, for the O2
coordination to [Ir(PhN3Ph)(cod)]. The different spin state of the stationary 
points is depicted in red (T), blue (OSS) and black (S). 

In contrast, when Ir is replaced by Rh in the [Ir(PhN=C(NMe2)NPh)(cod)]
complex, all the intermediates go up in energy, in particular the RRh-S-I2’
peroxo species, when comparing the energy profiles in Figures 6.6 and 6.10. 
In this case, however, the energy difference between the more stable superoxo 
(RRh-T-I2’) and peroxo (RRh-S-O2’) species is only 1.6 kcal.mol-1. As regards 
to the ligand, the superoxo and peroxo adducts are also more stable with the 
(PhN3Ph) ligand, as previously observed with Ir. 



FFigure 6.10. Gibbs energy profile in benzene, in kcal.mol-1, for the O2
coordination to [Rh(PhN=C(NMe2)NPh)(cod)]. The different spin state of the 
stationary points is depicted in red (triplet), blue (open-shell singlet) and 
black (closed-shell singlet).  

6.3.2. Factors Governing Alkene Oxidation 

In order to gain insight into the different nature of the metal ligands and the 
metal center, we performed an activation-strain analysis284–286 on the 
superoxo and peroxo species generated from the four Rh and Ir complexes 
(Figure 6.11). In this type of analysis, the energy (ΔE) required to form 
[M(L)(cod)]-O2 species from two interacting fragments, [M(L)(cod)] and O2, is 
decomposed as ΔE = ΔEdist + ΔEint, where ΔEdist and ΔEint are the distortion 
and interaction energies, respectively. The ΔEdist term can be understood as 
the energy cost associated with the geometric distortion of the [M(L)(cod)] 
and O2 fragments from their structure as isolated species to their “strained” 
geometries in the reaction intermediate. On the other hand, ΔEint stands for 
the energy gain arising from the interaction of those fragments with each 
other in the intermediate species.   

The values shown in Figure 6.11 reveal that the ΔEdist terms for the O2

fragment are much larger for the peroxo species than for the superoxo ones. 



This is perfectly consistent with the more elongated O−O bond distances in 
the peroxo adducts. Conversely, the differences in the ΔEdist for the 
[M(L)(cod)] fragments are much less pronounced. Figure 6.11 also shows that 
for both Rh and Ir, the ΔEint in the peroxo species are significantly larger 
than in the superoxo ones, as expected from the number of electrons 
transferred from the metal to the O2 in each adduct (peroxo: two; superoxo: 
one). For the Rh compounds, the energy gain is not enough to compensate the 
substantial energy penalty that mainly arises from the distortion of the O2

fragment; as a result, peroxo intermediates becomes less stable than the 
superoxo ones. In contrast, for Ir compounds, even though the ΔEdist terms 
are even higher, the ΔEint are large enough to offset that energy cost and 
make the peroxo species more stable. Thus, regardless of the nature of the 
ligand, the Ir stabilizes more the superoxo and peroxo intermediates than Rh
and in particular the latter species to a larger extent. 

FFigure 6.11. Activation-strain analysis for the superoxo and peroxo species 
formed from [M(L1)(cod)] and [M(L2)(cod)] complexes with M = Rh or Ir, and 
L1 and L2 [(PhN3Ph)] and [(PhN=C(NMe2)NPh)], respectively.  

These results were further confirmed by performing a second order 
perturbation theory analysis of the Fock matrices in the natural bond orbital 
(NBO) basis,277 which estimates the donor-acceptor interactions. Indeed, this 
analysis shows that the interactions, i.e. donation and backdonation, between 
the metal center and the ligands in the [M(PhN3Ph)(cod)] and 
[M(PhN=C(NMe2)NPh)(cod)] complexes are much stronger with M = Ir. This
is mainly due to a more effective overlap between the Ir−O2 and ligands 



orbitals. This better overlap results in an increase of the electron density at 
the Ir center, which favors the stabilization of the higher oxidation state 
Ir(III) in the peroxo complex.  

Tables 6.3 and 6.4 show the donor-acceptor interactions between the M−O2 
fragment and the (PhN3Ph), (PhN=C(NMe2)NPh) and cod ligands. In the case 
of PhN3Ph, the antibonding orbitals of the peroxo adducts accept electron 
density from one bonding orbital of the cod ligand and from one lone pair of a 
nitrogen atom of the (PhN3Ph) ligand (Figure 6.12), while in superoxo 
adducts the flow of electron density mainly comes from the cod fragment. On 
the other hand, with the (PhN=C(NMe2)NPh) ligand, the peroxo species 
interact with two bonding orbitals, one from the cod and the other from the 
multidentate nitrogen ligand, and with one lone pair of a nitrogen atom, 
while the superoxo only with the cod. In all cases, the interaction between the 
different ligands and the M−O2 results much stronger with Ir than with Rh, 
which hinders the stabilization of high oxidation states in the latter case. 

TTable 6.3: Donor-acceptor interactions in the second order perturbation 
analysis of NBO for the peroxo and superoxo species in the [M(PhN3Ph)(cod)] 
(M=Ir, Rh) complexes.  

SSpecies DDonor OOrbitals AAcceptor OOrbitals EEnergy 

Ir-peroxo 

BD C=C  
C8 s(10%)p(90%) 

C12 s(9%)p (90%) 
BD* Ir-O2 

O s(9%)p(91%) 

Ir s(14%)d(86%) 
186.61 

LP N  s(33%)p(67%) BD* Ir-O1 
O s(9%)p(91%) 

Ir s(14%)d(86%) 
109.36 

Rh-peroxo 

BD C=C  
C9 s(5%) p(95%) 

C13 s(5%) p(95%) 
BD* Rh-O2 

Rh s(10%) d(90%) 

O s(5%) p(95%) 
104.20 

LP N s(35%) p(65%) BD* Rh-O1 
Rh s(9%) d(91%) 

O s(6%) p(94%) 
72.91 

Ir-superoxo BD C=C  
C18 s(10%)p(90%) 

C12 s(10%)p(90%) 
BD* Ir-O1 

O s(10%)p(90%) 

Ir s(17%)d(83%) 
95.68 

Rh-superoxo BD C=C  
C9 s(7%)p(93%) 

C13 s(7%)p(93%) 
BD* Rh-O1 

Rh s(15%)d(85%) 

O s(5%)p(95%) 
60.55 



TTable 6.4: Donor-acceptor interactions in the second order perturbative 
analysis of NBO for the peroxo and superoxo species in the 
[M(PhN=C(NMe2)NPh)(cod)] (M=Ir, Rh) complexes.  

Species Donor Orbitals Acceptor Orbitals Energy 

Ir-peroxo 

BD C=C  
C9 s(11%)p(89%) 

C13 s(10%)p(90%) 
BD* Ir-O2 

Ir s(33%)d(66%) 

O s(9%)p(91%) 
192.01 

BD N-C  
N s(12%)p(88%) 

C s(1%)p(99%) 
BD* Ir-O1 

Ir s(36%)d(63%) 

O s(9%)p(91%) 
78.42 

LP N  s(20%)p(80%) BD* Ir-O1 
Ir s(36%)d(63%) 

O s(9%)p(91%) 
25.39 

Rh-peroxo 

BD C=C  
C8 s(7%)p(93%) 

C12 s(6%)p(94%) 
BD* Rh-O2 

O s(6%)p(94%) 

Rh s(34%)d(66%) 
103.52 

LP N  s(26%)p(74%) BD* Rh-O1 
O s(6%)p(94%) 

Rh s(36%)d(64%) 
27.95 

BD N-C 
N s(4%)p(96%) 

C p(100%) 
BD* Rh-O1 

O s(6%)p(94%) 

Rh s(36%)d(63%) 
40.55 

Ir-superoxo BD C=C 
C9 s(11%)p(89%) 

C13 s(11%)p(89%) 
BD* Ir-O1 

Ir s(10%)d(90%) 

O s(11%)p(89%) 
93.14 

Rh-peroxo BD C=C  
C8 s(8%)p(92%) 

C12 s(8%)p(92%) 
BD Rh-O1- 

Rh s(15%)d(85%) 

O s(6%)p(94%) 
64.03 

 

 

 

 

 



FFigure 6.12. Representation of the NBOs involved in the electron donation 
from the (a), (b) N-ligands and (c), (d) cod ligand to the metal center in the 
peroxo species with [M(PhN3Ph)(cod)]. For the sake of clarity, the H atoms 
have been omitted and the Ph groups have been simplified. Color code: C 
(gray), O (red), N (blue), Rh (orange), and Ir (purple). 

6.4. Discussion and Conclusions 

DFT calculations have been performed to shed light into the different 
reactivity reported for the partial oxidation with O2 of the cod ligand in the 
similar [Rh(PhN3Ph)(cod)] and [Ir(PhN=C(NMe2)NPh)(cod)] complexes. In the 
case of the Rh complex, we found that the lowest energy reaction mechanism 
involves two metal units, which accounts for the experimental observation of 
a dinuclear 2-metallaoxetane compound. Conversely, for the Ir compound, our 
calculations indicate that the oxidation of the cod ligand takes place with a 
single metal center leading to the monomeric oxygenated product 
characterized experimentally. These two reaction mechanisms differ once O2

binds to the metal complex, giving rise to either a superoxo or a peroxo
adduct. Therefore, the reaction outcome may be dictated by the relative stabi- 



lity of these species. Activation strain and NBO analyses suggest that 
favoring one or the other adduct mainly depend on the electronic properties of 
the metal center, although ligands with very different electron-donating 
abilities might also play a role. This might be particularly important for Rh-
based complexes, for which we have shown that the superoxo and peroxo 
species are very close in energy. On the other hand, Ir-based complexes may 
only favor the formation of monooxygenated products, as they stabilize to a 
larger extent the peroxo adducts due to a better overlap between the metal 
and ligands orbitals. 

Overall, this work provides a detailed picture of the reaction mechanisms 
involved in the oxidation of alkenes using O2 as oxidant, as well as the main 
factors that govern this reactivity. The results obtained also account for the 
reaction products experimentally observed, and accordingly, they might be 
also useful for predicting the product distribution in other alkene oxidations. 
Therefore, this work may pave the way for the future design of new high-
performance complexes for the selective functionalization of alkenes using 
molecular oxygen. 
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Table A6.1: Selected bond distances (d), in Å, for some of the species involved 
in the triplet (T), open shell singlet (OS) and closed shell singlet (S) state
pathways catalyzed by [Rh(PhN3Ph)(cod)].  

SSpecies dd(Rh1−O1) dd(Rh1−O2) dd(Rh2−O1) dd(Rh2−O2) dd(O1−O2) 

TT-I1 3.380 3.471 - - 1.179 
TT-I2 2.084 2.381 - - 1.251 
TT-I3 2.074 2.405 3.005 2.128 1.281 
TT-4 2.017 2.359 2.423 1.997 1.424 
TT-TS4 2.025 2.328 2.343 1.994 1.991 
TT-I5 1.966 1.931 2.019 2.286 2.586 
OOS-I1   - - 1.179 
OOS-I2 2.021 2.420 - - 1.271 
OOS-I3 2.065 2.444 2.994 2.115 1.285 
MMECP1 2.025 2.141 3.001 2.179 1.319 
OOS-I4 2.031 2.290 2.290 2.031 1.423 
OOS-TS4 2.018 2.247 2.247 2.018 1.929 
OOS-I5 1.973 1.988 1.988 1.973 2.552 
SS-I1 3.056 3.753 - - 1.190
SS-I1b 2.337 3.071 - - 1.214
SS-I2 1.973 1.993 - - 1.346
SS-I3 1.969 1.997 3.037 2.172 1,374 
SS-TS4 1.966 1.977 2.166 2.038 1.834 
SS-I5 1.973 1.988 1.988 1.973 2.552 



Table A6.2: Selected bond distances (d), in Å, for some of the species involved 
in the triplet (T), open shell singlet (OS) and closed shell singlet (S) state 
pathways catalyzed by [Ir(PhN=C(NMe2)NPh )(cod)].  

SSpecies dd(Ir1−O1) dd(Ir1−O2) dd(O1−O2) 

TT-I1’ 3.478 3.769 1.179 
TT-I2’ 2.075 2.484 1.271 
OOS-I1’ 3.477 3.613 1.179 
OOS-I2’ 2.040 2.579 1.284 
SS-I1’ 3.056 3.753 1.190 
SS-I1b’ 1.921 2.817 1.265
MMECP1’ 2.105 2.242 1.286 
SS-I2’ 1.976 1.995 1.383 
SS-I3’ 2.075 2.031 1.425 
SS-I4’ 1.921 2.843 1.431 
SS-I5’ 1.914 3.455 2.830 



“Nothing tends so much to the 
corruption of science as to suffer it to 
stagnate; these waters must be 
troubled before they can exert their 
virtues”  

Edmund Burke 

This chapter results from a mixed experimental/computational study on the 
hydroxylation of benzene to phenol with hydrogen peroxide catalyzed by a 
family of copper(I) complexes bearing trispyrazolylborate ligands. The 
electronic nature of the active species and the hydroxylation reaction of 
benzene, by means of electrophilic aromatic substitution and rebound 
mechanisms, have been investigated.  

All the experiments in the present study were performed in the research 
group of Prof. Pedro Pérez at the University of Huelva. 



 

  



77.1.Introduction 

Great efforts have been made into develop new strategies that enable the 
one-step process for the direct conversion of benzene into phenol. 
Nonetheless, efforts toward this end have usually failed because phenol is 
easier to oxidize than benzene, which entails the generation of over-oxidation 
products.287,288 

Several green oxidation agents have been employed for this reaction such 
as O2, N2O and H2O2.289,290 The direct hydroxylation of benzene with 
molecular oxygen would meet economical as well as environmental criteria 
for an ideal process. Unfortunately, relative high temperatures are required 
to activate O2, which entails the complete oxidation of benzene into carbon 
dioxide and water, thus decreasing the selectivity to phenol. However, the 
use of palladium membranes291 or the activation of oxygen with carbon 
monoxide and metal heteropolyacids292 have been proposed to reduce the 
cumbersome overoxidation. As regards the use of N2O as oxidant, it is widely 
employed in zeolite frameworks,293,294 which allow to activate N2O and 
convert benzene to phenol with a low activation energy and high selectivity. 
However, the high cost of producing N2O as feedstock limits the application of 
this methodology. In contrast, the use of hydrogen peroxide as oxidant is 
highly desirable because it is relatively inexpensive compared with other 
organic peroxides and peracids. Further, it only yields water as byproduct.  

An array of chemical systems have been described for the oxidation of 
benzene with H2O2,295,296 although most of them requiring strong reaction 
conditions and acidic medium. In fact, the majority of reported examples do 
not improve the results obtained by means of the so-called Fenton-chemistry 
approach.297,298 This consists of an Fe(II)/H2O2 system in water at pH = 2, 
that in addition to converting benzene into phenol also provides mixtures of 
other oxidation products, thus yielding low selectivities, due to the 
involvement of hydroxyl radicals. One of the best results reported to date 
employing H2O2 was described by Bianchi, Vignola and co-workers,299 and 
correspond to a water-soluble iron catalyst that afford a phenol selectivity of 
97% with a benzene conversion of 8-10%. However, this high selectivity was 
only achieved in the presence of trifluoroacetic acid as cocatalyst.  



In 2011, Pedro Pérez et al. reported the oxidation of benzene with H2O2 in 
the presence of copper-based catalysts,300 with the aim of developing an acid-
free catalytic system at relatively mild conditions (T = 60°C and 0.5 mmol% 
catalyst load). A series of complexes of general formula TpxCu(NCMe) (Tpx = 
trispyrazolylborate) (Scheme 7.1) were investigated as potential catalysts for 
this reaction, leading to conversions within the range of 14-30%. In all cases, 
phenol was obtained as the major product in the reaction mixture within a
67-85%. The rest of the reacted benzene accounted for 1,4-benzoquinone, 
which results from the overoxidation of phenol (Scheme 7.2).

SScheme 7.1: Hydrotrispyrazolylborate ligands. 

Scheme 7.2: Oxidation of benzene with hydrogen peroxide and 
TpxCu(NCMe) as catalysts.  

7.2. Experimental Results

Once demonstrated the capabilities of these copper complexes to catalyze the 
oxidation of the C−H bonds of benzene, Pedro Pérez et al. focused on finding 
out the mechanism of this reaction. More especially, particular attention was 
devoted to investigate whether radical species were involved in these 
catalyzed reactions. In fact, a well-known feature of transition metals is



their ability to promote the decomposition of H2O2, leading to hydroxyl 
radicals that further induce oxidation reactions in a non-selective way 
(Fenton chemistry).15 Under these conditions, the oxidation of benzene would 
produce biphenyl derivatives as the result of the coupling of two phenyl 
radicals,298 which were not detected in the product mixture. Therefore, to 
check whether other radical species were involved in the catalytic process, 
radical traps were added into the benzene oxidation reaction. Similar 
benzene conversion and selectivity toward phenol were obtained in the 
absence and in the presence of CCl4 or CBrCl3. However, minor but detectable 
amounts of chloro- or bromobenzene could be identified, demonstrating the 
formation of small amounts of the C6H5• radical.  

In order to get more acquainted with the reaction mechanism, hydrogen 
peroxide was replaced by oxone that contains KHSO5 as oxidant. A mixture of 
phenol and benzoquinone was also achieved, with similar yields and 
selectivities to those observed with hydrogen peroxide, which suggests that 
the operating mechanism is similar in both cases. These results provide 
valuable information about the reaction process since the formation of 
peroxidic complexes is unlikely with oxone, which acts as a single-oxygen 
atom transfer agent. The formation of superoxo and hydroperoxo complexes 
as catalytic active species is thus unlikely. Moreover, in oxidation reactions 
involving oxone no hydroxyl radicals are detected,302 which would be in 
agreement with the reaction products obtained in our experiments. 

To reinforce the data obtained by benzene, Pérez et al. also studied the 
reaction of toluene and H2O2 with Tp*,BrCu(NCMe) as catalyst, achieving a 
toluene conversion of 35%. The resulting mixture was analyzed by means of 
gas chromatography (GC) and gas chromatography - mass spectrometry (GC-
MS) methods (Figure 7.1). 

 



FFigure 7.1: GC of toluene oxidation reaction with hydrogen peroxide and 
Tp*,BrCu(NCMe) as catalyst. The internal standard employed corresponds to 
cycloheptanone. 

The signals obtained were assigned to benzaldehyde, ortho- and para-cresols 
and 2-methyl-1,4-benzoquinone in a distribution of 26:34:29:11, whereas the 
product coupling derived from aryl radicals was not identified. This product 
distribution was similar to that found by Sawyer and coworkers,303 where 
they proposed that some iron-based catalysts for these transformations did 
not operate throughout the HO• route. Aside from this, other groups have 
also found evidences against the involvement of hydroxyl radicals in this type 
of catalytic processes.304,305 Therefore, data collected so far seemed to disfavor 
the involvement of HO• radicals as activating agents in the ongoing copper-
catalyzed process. 

A set of experiments were also carried out with other substituted benzenes 
containing groups with different electron donating and withdrawing 
character, to assess how the electronic nature of the substrate affects the sp2

C−H bond oxidation reaction (Scheme 7.3). 



SScheme 7.3: Substituted benzenes explored. 

In Table 7.1 are listed the reaction yields and product distributions achieved 
for all of these substituted benzenes, under the same reaction conditions and 
by using Tp*,BrCu(NCMe) and TpBr3Cu(NCMe) as catalysts.  
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Basically, these results indicate that substituted benzenes with electron-
withdrawing groups are less reactive than those with electron-donating ones. 
In an attempt to evaluate precisely the electronic influence of the X groups, 
the Hammett equation306,307 was employed: 

  [7.1] 
 
where K and K0 represent the rate constants or equilibrium constants of the 
substituted and unsubstituted benzenes,  a substituent constant and  a 
reaction constant.  

In Figures 7.2 and 7.3 is plotted the ratio between the substituted and 
unsubstituted benzene conversions into the hydroxylated products against 
the σ constant. By using Tp*,BrCu, as well as TpBr3Cu as catalysts, a 
progressive trend with the nature of the substituent was observed. 
Furthermore, the fitting Hammett σρ correlation with a negative value for 
ρ (-0.71 and -1.1 for Tp*,BrCu and TpBr3Cu, respectively) support the presence 
of an electrophilic intermediate, positively charged, that would be stabilized 
by electron-donating substituents on the aromatic ring. 

FFigure 7.2: Linear regression Hammett plot for the C−H oxidation of 
substituted benzenes catalyzed by Tp*,BrCu.  
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FFigure 7.3: Linear regression Hammett plot for the C−H oxidation of 
substituted benzenes catalyzed by TpBr3Cu. 

All reactions presented so far were performed in round-bottom flasks of 25 ml 
equipped by a reflux condenser and a magnetic bar. The reaction mixture, 
containing the catalyst, substrate, H2O2 and MeCN (exact quantities are 
indicated in Table 7.1), was stirred for 4h at 60°C. Sets of experiments at 
shorter reaction times (10, 30, 60 min) were also conducted to determine 
whether the reaction is kinetically or thermodynamically controlled. In some 
of these experiments, however, no oxidation products could be detected, 
which did not allow us to obtain a conclusive trend. Hence, in the next 
sections we will compare the reaction conversions obtained experimentally 
after 4h with the calculated energy barriers. 

In summary, experiments suggest that mono-oxygenated copper species 
are the responsible for the direct hydroxylation of benzene into phenol, while 
hydroxyl radicals (Fenton-like chemistry) are not involved. The observation of 
trapped halo-benzenes in small amounts steams from the formation of phenyl 
radicals at some stage in the catalytic cycle. However, the Hammett plots are 
in accordance with a typical electrophilic aromatic substitution mechanism 
(SEAr), which does not involve radical intermediates. Hence, with the aim of 
providing a better understanding of this oxidation process and accounting for 
all presented experimental data, a computational study of the reaction 
mechanism was performed. 
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77.3. Computational Details 

All the calculations presented in this work were carried out at the Density 
Functional Theory (DFT) level using the BHLYP exchange-correlation 
functional153,159 by means of the Gaussian09 software.224 This functional was 
selected based on previous studies from Sodupe and Rodríguez-Santiago160,185 
on a series of copper-aqua complexes. Therein, the accuracy of several DFT 
functionals was assessed, giving the BHLYP functional the most accurate 
results compared to benchmark CCSD(T) calculations.  

The H, B, C, N and O atoms were described with a double-ζ 6-31G(d,p) 
basis set, whereas for the Br and Cu atoms the Stuttgart-Bonn scalar 
relativistic ECP194 was used, with its associated basis set. The structures of 
all the stationary points involved in the reaction were fully optimized in gas 
phase without any geometry or symmetry constraints. From these 
geometries, vibrational frequencies were computed analytically in order to 
characterize them as either energy minima (reactants, intermediates and 
products) or saddle points (transition states). The located transition states 
were further confirmed to connect the corresponding reactants and products 
by means of Intrinsic Reaction Coordinate (IRC) calculations. Frequency 
calculations were also used to determine the difference between the potential 
and Gibbs energies, (G − E)g, which includes the zero-point energy and the 
thermal and entropy corrections. Solvent effects (acetonitrile, Ɛ = 35.688), 
Esol, were introduced through single point calculations on the gas phase 
optimized structures using the SMD203 solvation model with the larger triple-
ζ 6-311+G** basis set for the H, B, C, N and O atoms. All the energies 
reported throughout this work correspond to Gibbs energies in acetonitrile, 
Gsolv, calculated as follows: 

  [7.2] 
 
Local charges and spin densities were obtained from Natural Population 
Analysis (NPA) calculations.308 The minimum energy crossing points 
(MECPs) were located with the program developed by Harvey et al.199 In 
order to infer how the MECPs relate to the crossing potential energy 
surfaces, their structures were optimized for the two spin states involved. 



The Gibbs energies in solution of the MECPs were obtained by using the 
energy corrections found for the stationary points on the reactants side.  

77.4. Theoretical Results 

In this section we will start by investigating which is the most feasible 
catalytic active specie involved in the oxidation process. Then, we will 
analyze the hydroxylation reaction for benzene, as well as several substituted 
benzenes, by means of an electrophilic aromatic substitution and rebound 
mechanisms. 

7.4.1.Catalytic Active Species 

Three oxidized copper complexes were proposed theoretically as potential 
active species upon the oxidation of the TpBr3Cu catalyst precursor with 
H2O2: the oxo, superoxo and hydroperoxo copper species (Scheme 7.3).309,310

These oxidized species feature tetrahedral coordination geometry around the 
metal center, with the trispyrazolylborate ligand coordinated in a η3 fashion. 
Likewise, the catalyst precursor also presents a tetrahedral arrangement, 
with an acetonitrile molecule capping the vacant position, although this was 
not included in our theoretical model.  

Scheme 7.3: Possible copper active species considered in this study, 
namely: oxo, superoxo and hydroperoxo, from left to right.  

The stability of the oxo, superoxo and hydroperoxo copper species was 
calculated as well as their reactivity with benzene, outlined in the next 
sections, in order to clarify the nature of the active species. We started by 
investigating the stability and reactivity of the metal-oxo species since it has



been proposed as active species in several catalytic systems125,311 and also 
characterized for a few metal-ligand combinations able to provide enough 
stability to the system. Moreover, as it has been discussed in the 
experimental section, no changes were observed when replacing the oxidant, 
hydrogen peroxide, by oxone, which does not yield peroxidic species. For these 
reasons, theoretical investigations gave preferential attention to the oxo 
complexes as potential active species than to the superoxo and hydroperoxo 
ones.  

Figure 7.4 shows the reaction profile for the formation of the oxo species. 
The mechanism proposed starts with the coordination of H2O2 to the metal 
center, leading to the OO-S-I1 intermediate, which lies 7.0 kcal.mol-1 above 
the separated reactants due to the unfavorable entropy factor. In order to 
oxidize the metal center from formal Cu(II) to Cu(III), OO-S-I1 undergoes 
spin crossover from the singlet to the triplet spin state through the minimum 
energy crossing point MMECP1, which corresponds to the highest energy point 
in the reaction profile, 24.0 kcal.mol-1. The relaxation of the MMECP1 in the 
triplet state entails the O−O bond cleavage and results in the formation of 
Cu(III) bis-hydroxo species, OO-T-I1, which is similar to the catalytic species 
recently reported by Mayer and Golberg for the water oxidation reaction.71 

Subsequently, by intramolecular proton transfer from one hydroxo ligand to 
the other, OO-T-I1 is transformed into a copper-oxo-aqua intermediate,   
O-T-I2, through the low lying transition state  O-T-TS1. At the end, the 
water molecule decoordinates from the metal center, giving rise to the oxo 
active species. 

The copper-oxo active species, ccat-oxyl, corresponds to a triplet in its 
ground state, since its reoptimization in the singlet state results in an 
increase of 27.2 kcal.mol-1. Thus, it is more consistent to describe it as a 
radical Cu(II) −O• species, referred to as oxyl, rather than as a closed shell 
oxo, Cu(III)=O. The oxyl configuration is well reflected by the spin density of 
cat-oxyl, with local spin densities of 0.80 and 1.11 a.u. on Cu and O, 
respectively. 

 

 



FFigure 7.4: Gibbs energy (ΔGsol) profile, in kcal.mol-1, for the generation of 
the oxo species in the singlet (black) and triplet (red) spin states. ☐ = vacant 
site.  

7.4.2. Reaction Mechanisms 

7.4.2.1. Electrophilic Aromatic Substitution (SEAr) on Benzene 

Once the postulated active species has been characterized, we started by 
computing the reaction pathway associated to benzene oxidation by means of 
a SEAr-like mechanism (Figure 7.5).  



FFigure 7.5: Gibbs energy (ΔGsol) profile, in kcal.mol-1, of the SEAr
mechanism in the triplet (red) and singlet (black) states. 

The reaction starts with a weak H-bond interaction, d(CH…O) = 2.582 Å, 
between the substrate and the ccat-oxyl species, OO-T-I3, which is almost 
isoenergetic with respect to the separated reactants. This pre-reaction 
complex evolves through OO-T-TS2,  a significantly high transition state lying 
at  22.1 kcal.mol-1 above the separated reactants in gas phase, in which the 
oxyl is starting to form a new C−O bond with benzene, d(C…O) = 1.889 Å
(Figure 7.6). The relaxation of OO-T-TS2 by means of IRC calculations 
connects this transition state to intermediates OO-T-I3 and OO-T-I4. In the 
products side, OO-T-I4, the substrate appears bound to copper through the 



oxyl leading to a Wheland-type intermediate312. This complex features a 
zwitterionic character, with the ccat-oxyl and benzene fragments negatively 
and positively charged, respectively; q(C6H6)= -q(CuOTp*,Br) = 0.29 a.u.  

The generation of phenol from OO-T-I4 requires transferring the hydrogen 
atom from the ipso carbon to oxygen. In fact, in the typical SEAr mechanism 
the Wheland-type intermediate loses a proton to regenerate the aromatic 
stabilization, however, despite numerous attempts, no transition state could 
be located for this process. In contrast, the reoptimization of OO-T-I4 in the 
singlet state, OO-S-I4, yielded 1,3-cyclohexadienone coordinated to the copper 
in a η1-O fashion (Figure 7.6), which involves the migration of the hydrogen 
atom from the sp3 to an sp2 carbon atom. This suggested that triplet to 
singlet spin-crossover (MMECP2) is needed to trigger the oxidation of the 
substrate and to recover the Cu(I) catalyst in its ground state (Figure 7.6). 
From now on, in order to simply the nomenclature we will refer to this 
mechanism simply as SEAr. 

Finally, 1,3-cyclohexadienone decoordination and isomerization to the most 
stable aromatic phenol make the overall reaction very exoergic by  
44.1 kcal.mol-1. The keto-enol tautomerization taking place in the last step 
has been well characterized experimentally as an extremely fast and exoergic 
process in polar solvents.313,314 

Figure 7.6: Optimized geometries of OO-T-TS2(left) and MMECP2(middle) 
and OO-S-I4(right) on the SEAr pathway. Color code: orange = Cu, blue = N, 
red = O, pink = B, maroon = Br, gray = C, white = H. Selected bond distances 
for all the species involved in the SEAr reaction pathway are given in the 
Appendix (Table A7.1). 



The  MECP2 is the highest energy point in the entire reaction profile  
(32.5 kcal.mol-1), which could be slightly lowered by factors not considered in 
this model due to their complexity and computational cost, such as tunneling 
and explicit solvation of the H transferred. However, the involvement of high-
energy reaction pathways is consistent with the low conversions obtained 
experimentally in the oxidation of benzene (8.0% in 4h at 60°C; see Table 
7.1).  

The data given in Tables 7.2 and 7.3 reflect the charge and spin density 
redistribution along the triplet-singlet spin states of the reaction pathway. In 
the initial addition step, the evolution of the local spin densities from OO-T-I3 
(ρ(O) = 1.11 a.u., ρ(C6H6) = 0.00 a.u.) to OO-TT-I4 (ρ(O) = 0.14 a.u., ρ(C6H6) = 
0.95 a.u.) shows that one of the π electrons of benzene pairs with the single 
electron on oxygen (oxyl) yielding the C−O bond and a phenyl radical. The 
metal center does not participate in this electron rearrangement, as shown by 
the high but invariant values of ρ(Cu) on OO-T-I3, OO-T-TS2 and OO-T-I4 
(Table 7.3). A similar role is played by the Tp*,Br ligand, which has low but 
also invariant ρ values, consistent with a redox-innocent behavior.300 Overall, 
as it is reflected in Table 7.3, electron density flows from the C6H6 fragment 
to the metal complex, as the system evolves from OO-T-I3 to OO-S-I4. This 
charge redistribution and the nature of the OO-T-I4 intermediate are thus 
consistent with a typical SEAr mechanism,315 in which the aromatic ring acts 
as the nucleophile, while the catalyst acts as an electrophile. 

Table 7.2: Selected local charges (q), in a.u., for the species involved in the 
SEAr pathway.a  

SSpecies qq(Cu) qq(O) qq(C6H5) qq(Tp*,Br) 
OO-T-I3 1.08 -0.59 0.00 -0.49 
OO-T-TS2 1.11 -0.75 0.18 -0.54 
OO-T-I4 1.13 -0.90 0.29 -0.52 
OO-S-I4 0.59 -0.64 0.74 -0.69 
aq are not given for MMECP2 due to different values 
obtained in the singlet and triplet states. 

  
 



TTable 7.3: Selected spin densities (ρ), in a.u., for the species involved in the 
SEAr pathway.a 

Species ρ(Cu) ρ(O) ρ(C6H5) ρ(Tp*,Br) 
O-T-I3 0.79 1.11 0.00 0.10 
O-T-TS2 0.78 0.78 0.36 0.08 
O-T-I4 0.81 0.14 0.95 0.10 
O-S-I4 0.00 0.00 0.00 0.00 
aρ are not given for MMECP2 due to different values 
obtained in the singlet and triplet states. 

7.4.2.2. Electrophilic Aromatic Substitution (SEAr) on Substituted 
Benzenes 

The SEAr mechanism was fully recomputed for para-substituted benzenes, 
Ph-X (X = CF3, NO2, Cl, Me, OMe, NMe2). The Wheland-type intermediate 
found for benzene, OO-T-I4, is also formed with all substituted Ph-X 
substrates. The local charges and spin densities on the C6H5X fragment are 
in agreement with a radical-cation, with values of charge and spin density 
ranging from 0.26 to 0.30 a.u. and from 0.93 to 0.97 a.u., respectively. In the 
same way as benzene, the formation of OO-T-I4 is moderately endoergic for 
most X substituents, with the exception of X = NO2, as shown the Gibbs 
energies of this intermediate relative to reactants (Table 7.4). Furthermore, 
these energy values show that the most demanding step is the triplet-to-
singlet spin crossover, as in the case of benzene (OO-T-I4 →  MECP2 → O-S-
I4), except for NMe2. In this particular case the energy of the MECP2 
decreases significantly so that, the OO-T-TS2 becomes the rate determining 
step. The energy barrier associated with the MMECP2 is therefore very 
sensitive to the nature of the substituent, ranging from a minimum of  
16.4 kcal.mol-1 (X = NMe2) to a maximum of 35.4 kcal.mol-1 (X = NO2). Thus, 
the apparent trend point out that the reaction is accelerated by electron-
donating groups (ΔGMECP2 < 30 kcal.mol-1 with X = Me, OMe and NMe2) and 
slowed down by electron-releasing groups (ΔGMECP2 > 30 kcal.mol-1 with X = 
Cl, NO2 and CF3). This tendency is indeed a signature feature of a typical 
SEAr mechanism, in which there is an electronic flow from the substrate 
(nucleophile) to the catalyst (electrophile). In our catalytic system, this 
behavior is preserved, in spite of the unusual two-spin-states nature of the 



reaction pathway.  

TTable 7.4: Gibbs energy in solution (ΔGsol), in kcal.mol-1, of the SEAr 
mechanism for substituted benzenes. OO-S-I4 corresponds to 1,3-
cyclohexadienone bound to the oxyl.  

Species -NMe2 -OMe -Me -Cl -CF3 -NO2 
O-T-I3 -0.8 -2.8 0.1 0.5 2.0 1.1 
O-T-TS2 20.7 19.6 21.7 21.3 22.4 20.3 
O-T-I4 2.5 0.9 1.6 0.6 3.2 -1.9 
MECP2 15.4 23.0 29.3 31.1 35.3 33.5 
O-S-I4 -24.4 -29.9 -25.7 -23.9 -23.9 -25.1 

 
It is noteworthy to mention, that the structure of MMECP2 depends strongly 
on the nature of the X substituent (Selected bond distances in Table A7.2). 
With X = NO2, OMe and NMe2, the spin crossover triggers the same chemical 
transformations observed for benzene (Figure 7.6), i.e. H-migration from the 
ipso to the ortho C atoms yielding 1,3-cyclohexadienone. In contrast, with X = 
Me, Cl and CF3, the optimization of MMECP2 in the singlet state causes the 
addition of the O atom to the ortho C yielding benzene oxide, which is 
another tautomer of phenol (Figure 7.7). Nonetheless, these coordinated 
benzene oxide complexes are much less stable than their corresponding 1,3-
cyclohexadienones bound to copper, around 30 kcal.mol-1. In fact, it is well-
known from the literature the rapid isomerization of arene oxides to phenols 
involving dienone intermediates.316,317 Thus, for the sake of comparison, the 
energies of the OO-S-I4 intermediate with X = Me, Cl and CF3 (Table 7.3) 
correspond to the reoptimization of OO-S-I4 with benzene by these groups. 

 
 
 
 
 
 
 
 
 
 
 



Figure 7.7: Optimized geometries of O-S-I4 for -NO2 (left) and -Cl (right),
which gave rise to 1,3-cyclohecadienone and benzene oxide respectively in the 
SEAr pathway. Color code: orange = Cu, blue = N, red = O, pink = B, maroon 
= Br, gray = C, white = H, green = Cl. 

77.4.2.3. Rebound Mechanism on Benzene 

The radical oxyl character of the Cu−O moiety in OO-T-I3 (ρ(O) = 1.11 a.u., 
Table 7.3) suggests that benzene may be also oxidized through a rebound 
mechanism initiated by H abstraction (Figure 7.8).222 In this rebound 
mechanism the ccat-oxyl species abstracts an H atom from benzene by 
following a single-step pathway in the triplet state, OO-T-I3 → OO-T-TS3 →
O-T-I5 (Figure 7.8). The C−H cleavage in the transition state OO-T-TS3 
(Figure 7.9) yields OO-T-I5, that corresponds to a phenyl fragment weakly 
bound to the [Cu(OH)(Tp*,Br)] complex, (d(O−H) = 0.95 Å). The ΔG for H 
abstraction, 5.3 kcal.mol-1, shows that this step is more endoergic than the 
addition of benzene to the ccat-oxyl moiety in the SEAr mechanism  
(ΔG = 3.5 kcal.mol-1; Figure 7.5). In contrast, the energy barrier, ΔG‡ =  
17.0 kcal.mol-1, is significantly lower than that of the benzene addition  
(ΔG‡ = 22.1 kcal. mol-1). 



FFigure 7.8: Gibbs energy (ΔGsol) profile, in kcal.mol-1, of the Rebound 
mechanism in the singlet (black) and triplet (red) spin states. 

H abstraction is followed by the rebound of the phenyl radical to the hydroxo 
ligand, OO-T-I5 → OO-T-TS4 → OO-T-I6 (Figure 7.8). In this transition state, 
the cleavage of the Cu−O bond is counterbalanced by the formation of the 
Cipso−O bond, 1.79 Å (4.39 Å in OO-T-I5). The full optimization of OO-T-TS4 
(Figure 7.9) towards the products side yield intermediate OO-T-I6, where the 
phenyl ring appears hydroxylated (d(Cipso−O) = 1.37 Å). This oxygen rebound 
step is endoergic and involves the highest energy barrier of the mechanism, 
with OO-T-I6 and OO-T-TS4 standing at 8.3 and 36.0 kcal.mol-1 above the 



separated reactants, respectively. The rebound mechanism is thus less 
favorable than the SEAr, in which the most energy-demanding step involves
an MECP at 32.5 kcal.mol-1 above reactants (MMECP2 in Figure 7.5). 

The intermediate yield by the rebound step, OO-T-I6, showed an 
unexpected structural feature, i.e. the hydroxylated phenyl ring does not 
appear coordinated to the metal as a neutral phenol molecule. Instead, it 
coordinates as a formally anionic ligand through a single Cu−Cortho covalent 
bond (d = 2.03 Å), in which copper has a formal oxidation state of +2. This 
suggests that, likewise the SEAr mechanism, the reaction can only be 
completed by spin crossover to the singlet state. The MECP found for this 
process, MMECP3, lies 11.2 kcal.mol-1 above reactants (Figures 7.8). When the 
structure of MMECP3 is fully optimized in the singlet state, the system 
evolves towards the products side of the reaction by yielding the OO-S-I6
intermediate. The formation of this species is highly exoergic by 36 kcal.mol-1

and corresponds to phenol coordinated in a η2-fashion to the metal through 
the Cortho=Cmeta moiety. Finally, the exoergic dissociation of OO-S-I6 leads to 
phenol and the catalyst precursor is recovered. 

Figure 7.9: Optimized geometries of OO-T-TS3 (left), OO-T-TS4 (middle) 
and MMECP3 (right) on the rebound pathway. Color code: orange = Cu, blue = 
N, red = O, pink = B, maroon = Br, gray = C, white = H. Selected bond 
distances for all the species involved in the rebound reaction pathway are 
shown in the Appendix (Table A7.3). 

The C6H5• fragment in OO-T-I5 is well defined as a neutral phenyl radical by 
its local charge, q(C6H5) = -0.01 a.u., and spin density, ρ(C6H5) = 1.00 a.u. 
(Tables 7.5 and 7.6). The values of ρ(O) and ρ(C6H5) in OO-T-TS3, 0.62 and 



0.56 a.u., respectively, show the homolytic nature of the C−H bond cleavage, 
with a single electron being transferred from the phenyl ring to the oxyl. In 
the rebound step, OO-T-I5 → OO-T-TS4 → OO-T-I6, the spin density 
distribution does not change to any significant extent, thus one unpaired 
electron is located on copper and the other on the C6H5 fragment (Table 7.6). 
The ρ values for copper and the Tp*,Br ligand are almost constant along the 
reaction pathway, which indicate that these moieties are merely spectators in 
this process. 

Table 7.5: Selected local charges (q), in a.u., for the species involved in the 
rebound pathway.a 

SSpecies qq(Cu) qq(O) qq(H) qq(C6H5) qq(Tp*,Br) 
OO-T-I3 1.08 -0.59 0.26 -0.26 -0.49 
OO-T-TS3 1.11 -0.87 0.37 -0.11 -0.50 
OO-T-I5 1.13 -1.10 0.48 -0.01 -0.50 
OO-T-TS4 1.15 -0.94 0.50 -0.20 -0.51 
OO-T-I6 1.13 -0.74 0.50 -0.37 -0.49 
OO-S-I6 0.64 -0.72 0.51 0.25 -0.68 
aq are not given for MMECP3 due to different values obtained in 
the singlet and triplet states. 

  
Table 7.6: Selected spin densities (ρ), in a.u. for the species involved in the 
rebound pathway.a 

Species ρ(Cu) ρ(O) ρ(H) ρ(C6H5) ρ(Tp*,Br) 
O-T-I3 0.79 1.11 0.00 0.00 0.10 
O-T-TS3 0.80 0.62 -0.07 0.56 0.09 
O-T-I5 0.83 0.09 0.00 1.00 0.08 
O-T-TS4 0.83 0.17 0.01 0.91 0.08 
O-T-I6 1.00 0.03 0.00 0.90 0.07 
O-S-I6 0.00 0.00 0.00 0.00 0.00 
aρ are not given for MMECP3 due to different values obtained in 
the singlet and triplet states. 

7.4.2.4. Rebound Mechanism on Substituted Benzenes 

The rebound pathway was also explored for all substituted Ph−X substrates 
(X = CF3, NO2, Cl, Me, OMe, NMe2) (Table 7.7). The reaction pathway has the 



same essential features observed with benzene, i.e. H abstraction yields a 
neutral phenyl radical, which undergoes rebound followed by triplet-to-
singlet spin crossover. Furthermore, as for benzene, OO-T-TS4 involves the 
highest energy barrier (ΔGO-T-TS4) of the rebound mechanism for all X 
substituents. Bond distances showed in Appendix (Table A7.4) show that 
these key transition states entail the rebound between the Cipso of the phenyl 
radical to the hydroxyl, accompanied by the binding of Cortho to copper. 

Table 7.7: Gibbs energies in solution (ΔGsol), in kcal.mol-1, with respect to 
separated reactants for the rebound mechanism with substituted benzenes.  

SSpecies --NMe2 --OMe --Me --Cl --CF3 --NO2 
OO-T-I3 -0.8 -2.8 0.1 0.5 2.0 1.1 
OO-T-TS3 16.9 14.5 16.9 16.9 17.2 16.8 
OO-T-I5 5.9 6.1 5.0 5.8 9.1 5.0 
OO-T-TS4 40.5 36.8 38.2 33.0 31.7 22.7 
OO-T-I6 10.8 6.5 9.8 5.6 5.5 10.0 
MMECP3 6.9 9.0 12.7 7.7 7.9 10.6 
OO-S-I6 -36.1 -35.8 -34.3 -34.7 -33.3 -41.2 

 
It is important to realize that the dependence of ΔGOO-T-TS4 follows a trend 
opposite to that observed in the SEAr mechanism; i.e., the reaction is 
accelerated by electron-releasing groups and slowed down by electron-
donating groups, which is not in agreement with the experimental data. 
These Gibbs energy barriers range from a minimum of 22.7 kcal.mol-1 with X 
= NO2 to a maximum of 40.5 kcal.mol-1 with X = NMe2. This trend is 
consistent with the local charges in the critical rebound step (Table 7.5), 
which grow for the phenyl radical (electrophile) and diminish for the oxyl 
radical (nucleophile). Indeed, the most electron-releasing groups of the series, 
X = CF3 and NO2, yield barriers even lower than those calculated for the SEAr 
mechanism. Therefore, theoretical results suggest that the operating 
mechanistic scheme (SEAr or rebound) might be conditioned by the electronic 
properties of the X substituent oriented in para position. 

 



77.4.2.5. Benzene Oxidation by Superoxo and Hydroperoxo Species 

In general, oxidized late transition metal complexes used to be extremely 
reactive and thus, difficult to isolate and characterize. Regarding to 
thermodynamics (Scheme 7.4), the formation of superoxo and hydroperoxo 
complexes turn out to be even more exergonic, -65.7 and -37.8 kcal.mol-1, than 
the oxo, -8.2 kcal.mol-1.  

Scheme 7.4: Oxo, superoxo and hydroperoxo, from left to right. The vacant 
site in the coordination metal sphere is represented as ☐.The Gibbs energies 
are in kcal.mol-1. 

To explore the activity of superoxo and hydroperoxo species in benzene 
oxidation, we also computed the Gibbs energy profiles for these species. The 
superoxo species, which is a triplet in its ground state, can be added to one 
carbon atom of benzene (SEAr) or abstract one hydrogen atom yielding the 
phenyl radical (rebound) (Figure 7.10). In contrast, the hydroperoxo species, 
which is a doubled in its ground state, evolves through a copper-oxygen 
addition into a C=C bond from benzene (Figure 7.11). 



FFigure 7.10: Gibbs energy (Gsol) profiles, in kcal.mol-1, for the oxidation of 
benzene by superoxo species by means of SEAr (left) and rebound (right) 
mechanisms. 

 



FFigure 7.11: Gibbs energy (Gsol) profile, in kcal.mol-1, for the oxidation of 
benzene by hydroperoxo species via copper-oxygen addition into the C=C 
bond.  

The barriers associated to benzene oxidation by the superoxo (34.7 and  
43.3 kcal.mol-1) and hydroperoxo (49.2 kcal.mol-1) species are all higher than
that of the oxo (32.5 kcal.mol-1; Figure 7.5). These results suggest that the 
superoxo and hydroperoxo complexes, although being thermodynamically 
more stable than the oxo, are less reactive in the C−H oxidation of benzene, 
which is in agreement with similar systems previously reported.310,318



77.5. Discussion and Conclusions 

Experiments and theoretical calculations were carried out in parallel to 
propose a plausible mechanism for the copper-catalyzed sp2 C−H oxidation of 
benzene. As a result, additional experiments and calculations along the 
course of this study were motivated by previous theoretical and experimental 
results, respectively. 

Based on the same results obtained in the experiments replacing hydrogen 
peroxide by oxone, our experimental collaborators suggested a mono-
oxygenated copper complex as catalytic active species. This was later 
confirmed by means of DFT calculations, since superoxo and hydroperoxo 
species proved to be less reactive towards benzene hydroxylation. Therefore, 
the ccat-oxyl species was proposed to be the main responsible for the C−H 
bond oxidation of benzene. 

In order to understand this oxidation process in terms of its reaction 
mechanism, several substituted benzenes were tested experimentally and 
theoretically. The experimental Hammett plot supported a typical 
electrophilic aromatic substitution mechanism, which does not involve radical 
intermediates. Nonetheless, the observation of small amounts of 
halobenzenes, after the addition of radical traps, puzzled the 
experimentalists. Hence, to gain insight into the hydroxylation reaction 
pathway, we explored computationally via an electrophilic aromatic 
substitution and rebound the reaction mechanism.  

Based on the theoretical results, the SEAr mechanism proposed in this 
work is not the conventional one, since it requires spin crossover after the 
addition step. Nonetheless, it follows the expected trend of being accelerated 
by electron-donating groups and decelerated with electron-releasing groups, 
which is in line with the experimental reaction yields. Conversely, the 
rebound mechanism follows the opposite trend, although it accounts for the 
formation of halobenzenes derived from the C6H5• radical intermediate. 
Indeed, the generation of this radical species in small amounts can be 
justified by the similar rate determining energy barriers achieved in both 
pathways for benzene (32.5 kcal.mol-1 in the SEAr and 36.0 kcal.mol-1 in the 
rebound). 



It is important to realize that the SEAr mechanism involves the lower 
energy barriers for almost all substituted benzenes, except in the case of the 
most electron-releasing groups, NO2 and CF3, in which the rebound 
mechanism seems more favorable. This means that the operating mechanistic 
scheme is very susceptible to the electronic properties of the X substituent 
oriented in para position. Moreover, the fact that rebound mechanism 
becomes favorable in the case of NO2 and CF3 substituents indicates that the 
benzyl radical content should be higher than for the unsubstituted benzene. 
It was tested experimentally by adding radical traps, although no clear 
evidences were extract due to the lower yields of the hydroxylated product 
obtained in these cases. 



AAppendix 

Table A7.1: Selected bond distances, in Å, for the species involved in the 
EAS pathway. 

Species Cu O C ipso O C ipso H C ortho H C ipso C ortho C ortho O 
O-T-I3 1.807 3.387 1.078 2.138 1.388 4.468 
O-T-TS2 1.805 1.889 1.075 2.151 1.421 2.557 
O-T-I4 1.810 1.398 1.102 2.105 1.501 2.385 
MECP2 1.966 1.297 1.191 1.827 1.471 2.404 
O-S-I4 2.059 1.225 2.109 1.091 1.508 2.358 

 

Table A7.2: Selected bond distances, in Å, for MMECP2 in the EAS pathway 
with PhX. 

-X Cu O C ipso O C ipso H C ortho H C ipso C ortho C ortho O 
-NMe2 1.947 1.347 1.122 2.049 1.493 2.390 
-OMe 1.977 1.317 1.155 1.933 1.483 2.408 
-Me 1.935 1.410 1.088 2.184 1.467 1.907 
-Cl  1.942 1.413 1.086 2.187 1.467 1.856 
-CF3 1.934 1.417 1.085 2.191 1.469 1.832 
-NO2 1.918 1.290 1.281 1.447 1.460 2.420 

 

Table A7.3: Selected bond distances, in Å, for the species involved in the 
Rebound pathway. 

Species Cu O C ipso H O H C ipso O Cu C ortho Cu Cmeta 
O-T-I3 1.807 1.078 2.574 3.386 4.128 5.125 
O-T-TS3 1.815 1.324 1.137 2.457 4.042 5.378 
O-T-I5 1.807 4.092 0.952 4.391 6.561 6.669 
O-T-TS4 1.913 2.302 0.958 1.787 2.436 3.333 
O-T-I6 3.137 1.911 0.955 1.365 2.032 2.951 
MECP3 2.870 1.923 0.956 1.376 1.984 2.993 
O-S-I6 3.902 1.906 0.954 1.349 2.363 2.488 

 



TTable A7.4: Selected bond distances, in Å, for OO-T-TS4 in the Rebound 
pathway with Ph-X. 

--X CCu O CC ipso H OO H CC ipso O CCu C ortho CCu Cmeta 
--NMe2 1.924 2.307 0.958 1.787 2.385 3.301 
--OMe 1.921 2.307 0.958 1.785 2.388 3.306 
--Me 1.916 2.308 0.958 1.790 2.414 3.318 
--Cl  1.906 2.288 0.958 1.766 2.569 3.484 
--CF3 1.901 2.308 0.957 1.786 2.630 3.506 
--NO2 1.883 2.306 0.955 1.818 2.629 3.771 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



“If you want to go fast, go alone. If 
you want to go far, go together ” 

The previous chapter showed the efficiency of copper complexes bearing 
trispyrazolylborate ligands in the direct hydroxylation of benzene to phenol. 
By using the same type of catalysts and hydrogen peroxide as stoichiometric 
oxidant, the oxidation of inert alkanes was also achieved. Specifically, the 
current computational investigation attempts to provide a detailed picture of 
the cyclohexane oxidation reaction pathway, explaining the hydroxilated/ 
dehydrogenated product mixtures observed experimentally.319 

All the experiments in the present study were performed in the research 
group of Prof. Pedro Pérez at the University of Huelva.  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



88.1. Introduction 

Among the catalysts described to date for dehydrogenation reactions, those 
based on iridium are the most active by far. Nevertheless, other transition 
metals complexes mimicking the desaturase enzymes have been also 
described. Que and co-workers320 reported the stoichiometric reaction of a 
dinuclear iron-complex with cumene to yield α-methylstyrene as 
dehydrogenated product (Scheme 8.1a).320 On the other hand, Crabtree, 
Eisenstein and co-workers first described the catalytic use of a manganese-
based system for the dehydrogenation of dihydrophenanthrene with PhIO or 
oxone as oxidants, in a transformation driven by the aromatization of the 
final products (Scheme 8.1b).125,321 Since then, other groups such as Yin and 
co-workers322 employed manganese-based catalyst with oxone as oxidant to 
dehydrogenate dihydroanthracene (Scheme 8.1c).  

Scheme 8.1: Dehydrogenated reactions previously reported in literature. 

All the above-catalyzed reactions take place onto benzylic C−H bonds, which 
is an activated reaction site (bond dissociation energy of ca. 90 kcal.mol-1)323

and, additionally, in both manganese systems, aromatic products are finally 
formed. The dehydrogenation process is therefore more challenging in 



substrates like cyclohexane or liner alkanes with non-activated C−H bonds 
(bond dissociation energies in the range of 96-100 kcal.mol-1).323  

Due to the catalytic potential of TpxCu (Tpx = hydrotrispyrazolylborate) 
complexes300 (Scheme 7.1) for the direct oxidation of benzene into phenol, the 
same system was used in the oxidation of alkanes. Although several 
hydrocarbons were investigated experimentally, theoretical calculations were 
performed only in the case of cyclohexane, as it provides a higher reaction 
yield and the best selectivities toward dehydrogenation products.

88.2. Experimental Results

In the first set of experiments, the cyclohexane oxidation reaction was tested 
using five copper complexes differing in the Tpx ligands (Table 8.1). Although 
with different ratios, cyclohexanol as well as cyclohexanone, derived from 
overoxidation of the former, were obtained in all cases as major products. 
Interestingly, two minor products were also identified by means of gas 
chromatography (GC) and gas chromatography - mass spectrometry (GC-MS) 
methods, which were assigned to cyclohexene and cyclohexene oxide (Figure 
8.1). 

Figure 8.1: GC chromatogram of the product mixture in the TpxCu 
catalyzed cyclohexane oxidation reaction.  



TTable 8.1: Yields and product distributions obtained in the cyclohexane 
oxidation with H2O2 using TpxCu as catalysts. General conditions: 1 mmol of 
cyclohexane, 10 mmol of H2O2, 0.01 mmol of catalyst and 3 ml MeCN; 
reaction time = 1 h and temp = 60 °C. See Scheme 7.1 for ligand labels. 

 DDehydrog. prod.(%) HHydrox. prod. (%) 

EEntry CCatalyst YYield 
(%) PP1 P2 P3 P4 

1 TpBr3Cu 22 4 3 45 48 
2 Tp*,BrCu 11 4 4 27 65 
3 Tp*Cu 22 2 3 43 52 
4 TpMe2 21 1 3 43 53 
5 TpPhCu 13 4 2 39 55 
6 TpBr3Cua 24.5 3 2 38 57 
7 TpBr3Cub 20 <1 2 56 41 
8 TpBr3Cuc 11 nd 2 54 44 
9 TpBr3Cud 9 1 7 27 65 

Yield values correspond to mmol of products/mmol of initial hydrocarbon. 
Other conditions employed: art, 7h, brt, 12h, crt, 24h and d80°C, 1h. 

From the ligands tested, TpBr3Cu (entry 1) was chosen as the most suitable 
catalyst, since it provides the highest yields and amounts of dehydrogenation 
products. Additionally, for the TpBr3Cu catalyst was observed that yield 
values decreased by increasing the reaction time from 7h to 12h and 24h 
(entries 6-8). This surprising trend was attributed to cyclohexane loss by 
diffusion into the vapor phase. In the same way, the reaction carried out at 
higher temperatures (entry 9) resulted in a decrease of the yield (entry 1).  

The same protocol employed for cyclohexane oxidation was also applied for 
cyclooctane. Similarly, cyclooctene and cyclooctene oxide were obtained in 
small quantities, although only cyclooctanone appeared as major product 
with a reaction yield of 11% (Scheme 8.2). 

 
 



SScheme 8.2: Product distribution obtained using the TpxCu catalytic 
system.  

 

Even a much more challenging transformation is the dehydrogenation 
reaction of linear alkanes due to the low control over selectivity of these
hydrocarbons. In particular, the oxidation of n-hexane was analyzed, 
following the same procedure as before and by using the same catalytic 
system, to infer whether n-hexene is formed in this reaction (Scheme 8.3). 
Indeed, the main outcome of the process concerned the functionalization of 
internal C−H bonds leading to hydroxylation products (P1 and P2) and their 
corresponding overoxidation derivatives (P3 and P4). Further, primary sites 
were also oxidized and thus 1-hexanal (P5) was detected as the result of 
1-hexanol overoxidation. As regards the dehydrogenation reaction, 1-hexene 
(P6) was formed as the sole olefin in most experiments, although only in 
small amounts (Table 8.2). 

Scheme 8.3: Detected Products in the oxidation of n-hexane with H2O2 and 
TpBr3Cu as catalyst. 



TTable 8.2: Yields and product distributions obtained in the oxidation of n-
hexane with H2O2 and TpBr3Cu as catalyst. General conditions: 1 mmol of 
hexane, 0.01 mmol of catalyst and 3 ml MeCN; reaction time = 1 h and  
temp = 60°C. See Scheme 8.1 for ligand labels.  

Finally, for the sake of completeness, the oxidation of dihydroaromatic 
substrates previously described by Crabtree125,321 and Yin322 with manganese-
based catalysts (Scheme 8.1b and 8.1c), was also evaluated with the TpBr3Cu 
catalyst (Scheme 8.4). Both dihydrophenantrene and dihydroanthracene were 
dehydrogenated to give phenantrene (in 10% yield) and anthracene (in 27% 
yield) respectively, in addition to alcohol and ketone products.  

Scheme 8.4: Distribution of products in the dihydrophenanthrene (top) and 
dihydroanthracene (bottom) oxidation reactions.

EEntry mmmol 
H2O2 

YYield 
(%) PP1 PP2 PP3 PP4 PP5 PP6

1 5 6.5 - - 42 41 12 5 
2 10 7 - - 36 45 8 10 
3a 10 8.5 9 8 34 33 7 9 
4b 10 6.5 - 1 38 41 9 >9 
5c 10 5 - 3 41 46 5 5 

Yield values correspond to mmol of products/mmol of initial hydrocarbon. 
Other conditions employed: art, 3.5h, brt, 5h and crt, 12h.  



A series of experiments were carried out to get insight into the mechanism of 
these oxidation processes. A particular attention was given to investigate 
whether hydroxyl radical species were involved in our catalyzed reactions. In 
fact, the participation of these radicals, which abstract a hydrogen atom from 
the substrate in the key step of the mechanism, was previously proposed for 
the copper-catalyzed hydroxylation of cycloalkanes with other ligands 
(Scheme 8.5).324,325 Subsequently, the cyclohexyl radical is trapped by 
molecular oxygen yielding the alkylperoxide radical, from which cyclohexanol 
and cyclohexanone are formed after several steps. Moreover, 
cyclohexylperoxide is also obtained under these conditions, giving rise to 
cyclohexanol upon the addition of PPh3.326

SScheme 8.5: Previously proposed mechanism for the copper-catalyzed 
hydroxylation of cyclohexane. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

However, with the trispyrazolylborate ligand, no changes were observed upon 
varying the atmosphere from air to nitrogen, which should decrease the yield 
into oxidation products since O2 is required for cycloalkylperoxide 
formation.327 Moreover, the presence or absence of PPh3 did not alter the 
catalytic results, which implies that no cycloalkylperoxides derived from the 
participation of the OH• radicals are formed in our system. Thus, these data 
do not support the proposal of OH• radicals as activating agents in the 
ongoing process. 



Crucial information concerning the reaction mechanism was found when 
radical inhibitors were employed. When the cyclohexane oxidation reaction 
was carried out in presence of CCl4, some cyclohexyl chloride was detected at 
the end of the reaction, which indicates the presence of cyclohexyl radicals in 
the oxidation reaction. 

Overall, radical trapping experiments are in accordance with the 
participation of copper-oxyl complexes (Figure 7.4) in the oxidation of 
cyclohexane, which are the same active species proposed for the benzene to 
phenol conversion (see Chapter 7). In these experiments, the reaction of 
copper-oxyl with cyclohexane leads to the formation of cyclohexyl radicals, 
which are trapped by the addition of CCl4. Hence, the current computational 
investigation attempts to provide a detailed picture of the cyclohexane 
oxidation reaction pathway that could explain the product mixtures observed 
experimentally.  

88.3. Computational Details 

All the calculations presented in this study were carried at the same level of 
theory employed in the previous chapter, i.e. DFT(BHLYP)159,153 using the 
Gaussian09 program,224 on the basis of the good agreement between theory 
and experiments obtained. However, MPWB1K184 and M06-2X170 functionals 
were also used to refine the critical energy difference between the minimum 
energy crossing points. These functionals have an amount of HF exchange 
(44% in MPWB1K and 54% in M06-2X) similar to that of BHLYP (50%) and 
were designed for an accurate description of dispersion forces.  

Br and Cu atoms were described using the Stuttgard-Drensen effective 
core potential for the inner shell electrons and its associated triple-ζ basis set 
for the valence shell ones. The all-electron double-ζ 6-31G(d,p) basis set was 
used for H, B, C, N and O.  

All stationary points were fully optimized in gas phase without any 
geometry or symmetry constrains. Harmonic frequencies were computed 
analytically at these optimized geometries to characterize them as either 
minima (reactants, intermediates and products) or saddle points (transition 
states). The latter were confirmed by having one imaginary frequency in the 



Hessian matrix and by means of IRC calculations. These frequency 
calculations were also employed to determine the difference between the 
Gibbs and potential energies, (G − E)g, which includes the zero-point, ther-
mal and entropy corrections.  

The effect of the solvent, acetonitrile (ε = 35.688), was estimated by means 
of CPCM202 single-point calculations on the gas-phase optimized geometries, 
Esol, with a larger triple-ζ 6-311+G(d,p) basis set on H, B, C, N and O. 
Therefore, the energies showed throughout this chapter correspond to Gibbs 
energies at 298 K in acetonitrile, Gsol,, obtained by employing the following 
equation: 

  [8.1] 

Local charges and spin densities were obtained from Natural Population 
Analysis (NPA) calculations.308 The minimum energy crossing points 
(MECPs) were located with the program developed by J. N. Harvey et al.199 
The nature of these points was confirmed by their full optimization in each of 
the two spin states involved in the crossing. The thermodynamic and solvent 
corrections associated with the MECP were evaluated by averaging the 
values found for each spin state minimum connected to it. 

88.4. Theoretical Results 

8.4.1. Reaction Mechanisms  

As mentioned above, we focused on investigating the cyclohexane oxidation 
reaction pathway involving the copper-oxyl complex. Moreover, we also 
analyzed the catalytic potential of superoxo and hydroperoxo complexes for H 
abstraction from cyclohexane, which is discussed at the end of this section. 

8.4.1.1. Hydroxylation and Dehydrogenation of Cyclohexane with 
the Cu-Oxo Species 

A plausible oxidation mechanism involving copper-oxyl as active species 
(Figure 7.4) is depicted in Figure 8.2. In the first step cyclohexane approaches 
to the copper-oxyl yielding intermediate OO-T-I1, in which a C−H bond of the 



substrate forms a weak H-bond to the oxygen ligand, d(H…O) = 2.562 Å.311 
The local spin densities (Figure 8.4 and Table 8.3) of this species show that 
the two unpaired electrons are localized on the copper and oxygen atoms, 
ρ(Cu) = 0.80 a.u. and ρ(O) = 1.11 a.u. This strong radical character localized 
on the oxygen atom83,328 in OO-T-I1, referred to as oxyl, may promote the 
homolytic cleavage of one C−H bond of cyclohexane.125 In fact, in the 
transition state, OO-T-TS1 (Figure 8.3),, located at a relative energy of  
3.0 kcal.mol-1 above the separated reactants, a C−H bond is broken, d(C…H) = 
1.247 Å, and the hydrogen atom is transferred to the oxyl ligand, d(H…O) = 
1.252 Å. The oxyl spin density is reduced to 0.68 a.u. due to its polarization 
toward the activated C−H bond, which gains radical character on its carbon 
atom, 0.47 a.u. This is consistent with the pairing of two electrons to form the 
new O−H bond, one coming from the oxyl and the other from the homolytic 
cleavage of the C−H bond. The relaxation of the OO-T-TS1 towards products 
converged into intermediate OO-T-I2, which corresponds to a copper-hydroxo 
complex weakly associated with the C6H11• organic fragment.  

As it is reflected in the local charges and spin densities (Table 8.3), the 
C6H11• moiety corresponds to a neutral cyclohexyl radical, with the spin 
density concentrated upon the carbon involved in the C−H cleavage, ρ(C) = 
0.96 a.u. The generation of this radical species is consistent with the 
experimental formation of C6H11Cl in the presence of CCl4. Interestingly, 
concerning the metal and the TpBr3 ligand, they seem to play a spectator role, 
since their local charges and spin densities remain almost constant 
throughout the reaction. 

A previous work by Crabtree, Eisenstein and co-workers125 established the 
existence of two competing pathways involving the formation of a carbon-
radical species, such as our cyclohexyl radical, which yield hydroxylation and 
dehydrogenated products. To put it briefly, the hydroxylation pathway was 
based on the coupling between the OH ligand and the organic radical, 
following a typical rebound mechanism, whereas the dehydrogenation 
pathway underwent a second H abstraction from the vicinal C−H bond. Thus, 
we tried to determine both pathways from the cyclohexyl radical to generate 
the corresponding hydroxilated and dehydrogenated products. 

In order to obtain the hydroxylated product, a coupling between the OH 



ligand and cyclohexyl radical should exist. Nonetheless, all attempts to 
optimize the transition state of this transformation in the triplet state led to 
high-energy non-converged geometries. To overcome this issue, the spin state 
of the OO-T-I2 intermediate was switched from triplet to singlet. The OO-T-I2 
geometry was reoptimized to the singlet spin state obtaining the closed-shell 
O-S-I2 Cu(I) d10 species. The minimum energy crossing point associated 
with this spin crossover, MMECP1 (Figure 8.3), has a geometry very similar to 
that of the classical OH rebound transition state.329,330 Specifically, in 
MECP1 a carbon atom from the cyclohexyl radical approaches to the O atom 
of the OH ligand, d(C…O) = 2.361 Å, which results in an elongation of the 
Cu−O bond, d(Cu…O) = 1.823 Å (1.779 Å in OO-T-I2). In the OO-S-I2 
intermediate, the C−O bond is formed, d(C−O) = 1.432 Å, but the oxygen 
atom remains coordinated to the metal center, d(Cu−O) = 2.060 Å. In the last 
step, the cyclohexanol product is released and the catalyst precursor, 
TpBr3Cu, is regenerated. 

Due to the presence of some radical character on the oxygen atom of the  
O-T-I2 intermediate, ρ(O) = 0.10 a.u., dehydrogenation of cyclohexane may 
be promoted by means of a second H abstraction from the cyclohexyl ligand. 
This prompted the location of an alternative MECP leading to the formation 
of cyclohexene, MMECP2 (Figure 8.3). Indeed, the geometrical parameters of 
the new crossing point are consistent with the cleavage of the C−H bond, 
d(C…H) = 1.191 Å (1.093 Å in OO-T-I2), and with the transfer of H to O, 
d(H…O) = 1.539 Å (2.663 Å in OO-T-I2). Furthermore, this rearrangement also 
implies an elongation of the Cu−O bond to 1.86 (1.779 Å in OO-T-I2) and the 
shortening of the C−C bond distance to 1.426 Å (1.493 Å in OO-T-I2). The full 
optimization of MMECP2 onto the singlet spin state yield the OO-S-I3 
intermediate, which corresponds to the decoordinated cyclohexene product, 
d(C=C) = 1.331 Å, and the catalyst precursor with a water molecule capping 
the vacant site.  

Both hydroxylation and dehydrogenation reactions are very 
exergonic, -65.1 and -65.5 kcal.mol-1, respectively. The energy landscape 
depicted in Figure 8.2 suggests that the reaction becomes irreversible after 
the spin crossover, which is determining the final reaction outcome. The 
rather small energy difference between MMECP1 and MMECP2, 3.2 kcal mol-1, 



suggested that the reaction may yield mixtures of cyclohexanol and 
cyclohexene, with the former being the major product. Further energy 
refinement with the MPWB1K and M06-2X dispersion-corrected DFT 
functionals gave narrower energy differences of only 1.0 and 1.3 kcal.mol-1, 
respectively, between the MECPs. These values are consistent with the 
hydroxylation:dehydrogenation ratio observed in the experiments, 93:7 at 
60°C, which would correspond to an energy difference around 1.7 kcal.mol-1. 
Dispersion forces thus play a role in the selectivity of this reaction. These 
forces may be related to weak non-covalent interactions between the C−H 
bonds of the cyclohexyl fragment and the bromide atoms of the 
trispyrazolylborate ligand. 

 



FFigure 8.2: Gibbs energy (Gsol) profile, in kcal.mol-1, for the hydroxylation 
(solid line) and dehydrogenation (dashed line) of cyclohexane. In black is 
represented the singlet spin state and in red the triplet.  



FFigure 8.3: Optimized geometries of OO-T-TS1 (left), MMECP1 (middle), 
MECP2 (right). Elements color code: orange = Cu, red = O, white = H, gray = 
C, blue = N, maroon = Br, pink = B. 

Table 8.3: Local spin densities (ρ)a and charges (q), in a. u., of the stationary 
points involved in the hydrogen abstraction step. 

 OO-T-I1 OO-T-TS1 OO-T-I2 

ρ(Cu) 0.80 0.81 0.84 
ρ(O) 1.11 0.68 0.10 
ρ(C)b 0.00 0.47 0.96 
ρ(H)b 0.00 -0.06 -0.01 
ρ(C6H11) 0.00 0.48 0.97 
ρ(TpBr3) 0.09 0.09 0.10 
q(Cu) 1.13 1.17 1.18 
q(O) -0.65 -0.94 -1.14 
q(C)b -0.38 -0.23 -0.09 
q(H)b 0.21 0.29 0.47 
q(C6H11) -0.21 -0.01 0.00 
q(TpBr3) -0.48 -0.51 -0.51 
a Positive and negative spin densities are α and β. 
b C and H belong to the activated C−H bond. 



FFigure 8.4: Spin densities of OO-T-I1 (left), OO-T-TS1 (middle) and OO-T-I2 
(right). Spin density colors: blue = alpha, green = beta. Elements color code: 
orange = Cu, red = O, white = H, gray = C, blue = N, maroon = Br, pink = B  

8.4.1.2. Hydroxylation and Dehydrogenation of Cyclohexane with 
Cu-Superoxo and Cu-Hydroperoxo Species 

In order to confirm the validity of the copper-oxyl as active specie, we also 
computed the Gibbs energy profiles for the hydrogen abstraction of 
cyclohexane by the superoxo and hydroperoxo complexes (Figure 8.5). The 
superoxo species, which is a triplet in its ground state, abstracts one 
hydrogen atom from cyclohexane yielding cyclohexyl radical. In contrast, the 
hydroperoxo species, that is a doublet, promotes the reaction through a direct 
oxygen insertion concerted mechanism, inconsistent with the formation of the 
cyclohexyl radical suggested by the experiments. The barriers associated to 
the hydrogen abstraction from cyclohexane are considerably higher for the 
superoxo and hydroperoxo species, 32.4 and 27.3 kcal.mol-1 (Figure 8.5), than 
for the oxyl one, 10.0 kcal.mol-1 (Figure 8.2). These results suggest that the 
superoxo and hydroperoxo species, while being thermodynamically more 
stable than the oxyl (Scheme 7.3), are less reactive towards C−H oxidation, 
which is in agreement with other studies on similar systems previously 
reported.310,318



FFigure 8.5: Gibbs energy (Gsol) profile, in kcal.mol-1, for the oxidation of 
cyclohexane by superoxo (left) and hydroperoxo (right) species.  

8.5. Discussion and Conclusions

On the basis of the experimental and theoretical data, a plausible 
mechanistic proposal for cyclohexane oxidation, in the presence of copper 
complexes bearing trispyrazolylborate ligands, has been presented. Despite 
the experimental data were presented first in the chapter, experiments and 
theoretical calculations were performed alongside each other. In fact, it is 



noteworthy to mention that the dehydrogenated product was first proposed 
computationally before being detected experimentally in small quantities.  

The catalytic capability of the copper-oxyl species has been attributed to 
the strong radical character in the oxygen atom. It enables an accessible 
hydrogen abstraction energy pathway yielding cyclohexyl radical and 
TpxCu−OH intermediate. From here, two competitive pathways that involve 
spin crossover through MECPs of similar energy may occur, namely the 
hydroxylation and dehydrogenation of cyclohexane. This is consistent with 
the product mixture observed experimentally, that provides alcohols and the 
unprecedented dehydrogenated substrate. 

In the hydroxylation pathway, the cyclohexyl radical adds to the 
TpxCu−OH intermediate leading to cyclohexanol formation, whereas in the 
dehydrogenation pathway, a second hydrogen abstraction from the α C−H of 
the cyclohexyl radical gives rise to cyclohexene formation. In the latter case, 
the oxidant itself acts as hydrogen acceptor, with the net reaction providing 
two molecules of water from one molecule of hydrogen peroxide and 
cyclohexene. The hydroxylation pathway evolves through the lowest-energy 
MECP, which results in the formation of cyclohexanol as the major reaction 
product in agreement with the experiments.  

The distribution of products obtained in the current study is similar to that 
found by Sawyer and co-workers,331 with an iron-based catalyst, who also 
exclude the participation of hydroxyl radicals derived from Fenton-like 
reaction mechanisms. Moreover, other groups have already found evidence 
against the involvement of hydroxyl radicals in this catalytic process.304,305 

The greatest strength of this work lies in the fact that dehydrogenation of 
non-activated C−H bonds has been accomplished under mild reaction 
conditions and without any driving force such as aromatization. Moreover, 
calculations reported in this thesis account for the mixtures of hydroxylated 
and dehydrogenated products experimentally obtained. 

 



“Nature’s music is never over; her 
silences are pauses but not 
conclusions.” 

Mary Webb 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



This thesis shows how computational methods, namely DFT calculations, can 
provide a molecular insight into complex catalytic oxidation reactions and 
give valuable information on the key factors governing reactivity and 
selectivity. Since a broad discussion has been carried out at the end of each 
chapter, only the general remarks drawn from the investigated reactions are 
presented herein. 

Water Oxidation Reaction 

The water oxidation reaction has been studied considering the Bernhard 
molecular catalyst [Ir(O)(X)(phpy)2]n with X = OH2 (n = +1), OH- (n = 0) or O2- 
(n = -1) and a model hybrid-type system, which consists in anchoring an 
iridium complex on the IrO2(110) surface. These studies have allowed to 
broaden the outlook of this process and to provide a clearer picture for further 
improvements. 

• Incorporating internal Brønsted bases, which accept a proton from the 
attacking water molecule, can improve catalytic efficiency. 

• The pH media, as well as the potential applied, determines the nature 
of the active species. 

• An intramolecular nucleophilic attack mechanism operates in the 
[Ir(O)(X)(phpy)2]n -catalyzed water oxidation. 

•  Hybrid-type catalysts are viable and may benefit from the activity of 
the homogeneous and the stability of the heterogeneous ones.  

• The performance of these combined catalytic systems can be improved 
by fine-tuning the ligands of the homogeneous part and the electronic 
properties of the heterogeneous part. 

Oxygenation of C=C bonds 

This work has provided a feasible mechanistic landscape for the 
functionalization of alkenes using molecular oxygen. It gives useful insight 
for the future design of new high-performance complexes for the selective 



oxidation of C=C bonds. 

• These reactions involve a complex mechanistic scheme, since potential 
energy surfaces of different spin states participate in the overall 
energy pathway. 

• The reaction outcome is dictated by the relative stability of the closed-
shell peroxo and the open-shell superoxo species resulting from initial 
coordination of dioxygen to the metal complex. 

• Superoxo species leads to a dinuclear 2-metallaoxetane compound, 
whereas peroxo species gives rise to a monomeric oxygenated product.  

• Compared to Rh, Ir-based catalysts stabilize to a larger extent the 
peroxo species, due to a better overlap between the metal and ligands 
orbitals.  

• More electron-donating ligands favor the peroxo adduct due to a higher 
stabilization of the M(III) oxidation state over M(II).  

Oxidation of C-H bonds 

The selective hydroxylation of sp2 and sp3 C-H bonds has been achieved with 
H2O2 as oxidizing agent and a Cu-base catalyst. 

• Calculations support a Cu-oxo complex as catalytically active species, 
which has both electrophilic and radical oxyl character. 

•  The hydroxylation of benzene evolves mainly through an SEAr-like 
mechanism, although in the presence of strong electron withdrawing 
substituents the rebound pathway opens lower energy pathways.  

• For the cyclohexane oxidation, two competing reactions have been 
characterized: hydroxylation and dehydrogenation. The hydroxylation 
path is preferred over the dehydrogenation one, which accounts for the 
high cyclohexanol/cyclohexene ratio (93:7) observed experimentally.  
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