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There is a growing interest in probing the mechanism of catalytic transformations effected by non-heme iron-oxo complexes as these 
reactions set a platform to understand the relevant enzymatic reactions. The ortho-hydroxylation of aromatic compound is one such 
reaction catalysed by iron-oxo complexes. Experimentally [FeII(BPMEN)(CH3CN)2]

2+ (1) and [FeII(TPA)(CH3CN)2]
2+  (2) (where TPA= 

tris(2-pyridylmethyl)amine and BPMEN=N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)ethane-1,2-diamine) complexes containing amino 
pyridine ligands along with H2O2 are employed to carry out these transformations where complex 1 is found to be more reactive than 10 

complex 2. Herein using density functional methods employing B3LYP and dispersion corrected B3LYP (B3LYP-D) functionals, we 
have explored the mechanism of this reaction to reason out the importance of ligand design in fine tuning the reactivity of such catalytic 
transformations. Dispersion corrected B3LYP is found to be superior to B3LYP in predicting the correct ground state of these species 
and also yields lower barrier heights than the B3LYP functional. Starting the reaction from the FeIII-OOH species, both homolytic and 
heterolytic cleavage of the O...O bond is explored leading to the formation of the transient FeIV=O and FeV=O species. For both the 15 

ligand systems, heterolytic cleavage was energetically preferable and our calculations suggest that both the reactions are catalyzed by an 
elusive high-valent FeV=O species. The FeV=O species undergoes the reaction via an electrophilic attack of the benzene ring to effect the 
ortho-hydroxylation reaction. The reactivity pattern observed for 1 and 2 are reflected in the computed barrier heights for the ortho-
hydroxylation reaction. Electronic structure analysis reveal that the difference in reactivity between the ligand architectures described in 
complex 1 and 2 are arise due to orientation of the pyridine ring(s) parallel or perpendicular to the FeV=O bond. The parallel orientation 20 

of the pyridine ring is found to mix with the (πFe(dyz)-O(py))* orbital of the Fe-oxo bond leading to a reduction in the electrophilicity on the 
ferryl oxygen atom. Our calculations highlight the importance of ligand design in this chemistry and suggest that this concept can be used 
to (i) stabilize high-valent intermediates which can be trapped and thoroughly characterized (ii) enhance the reactivity and efficiency of 
the oxidants by increasing the electrophilicity of the ferryl oxygen containing FeV=O species.  Our computed results are in general 
agreement with the experimental results.   25 

1 Introduction 

Selective aromatic hydroxylation is an important reaction in the 

pharmaceutical industry.1, 2 Hydroxylation reactions are generally 

catalyzed by mononuclear and dinuclear heme and non-heme iron 

complexes.3-14 Naturally hydroxylations are catalyzed by several 30 

non-heme iron enzymes out of which some possess one iron 

centre such as pterin-dependent aromatic amino acid and some 

possess dinuclear iron sites such as bacterial multicomponent 

methane and toluene monooxygenases.7-10 Synthetically feasible 

aromatic hydroxylations have also been reported with iron using 35 

Fenton’s reagent, however these reactions are non selective due 

to the generation of hydroxyl radicals.15-17 Thus development of 

stereo and regio-selective catalytic oxidation of organic substrates 

by non-heme metal complexes is an important reaction that both 

the organic and the bioinorganic community are vigorously 40 

studying over the past decade.18-20 Biomimetic approaches are 

particularly attractive as they involve cheap, nontoxic reactants 

(usually, O2 or H2O2 as oxidants, and Fe, Cu, or Mn complexes as 

catalysts).18-21 Due to these reasons, interests in the synthesis of 

novel iron complexes possessing necessary structural flexibilities 45 

are targeted to carry out these transformations. Over the years 

several metal complexes particularly that of iron have been 

reported for regio-selective hydroxylation and other catalytic 

transformations.21, 22  

High-valent iron-oxo species are proposed as key 50 

intermediates in the heme as well as non-heme iron enzymes.23-37 

Electrophilic attack by the high-valent iron oxo rather than C-H 

activation is proposed as the key mechanism for the ortho-

hydroxylation and this is supported by both experiments and our 

earlier theoretical studies.38-44 Nature of the species involved is 55 

very much debatable, with several aliphatic and aromatic 

hydroxylation reactions are proposed to be catalysed by high-

valent FeIV=O species45-67 and at some instances they are also 

characterized by spectroscopic methods.18, 68-89 Besides the 

FeIV=O species, the FeV=O species are also proposed as a 60 

potential oxidant in this chemistry and this proposal gains 

momentum since the unambiguous chemical and spectroscopic 

detection of these species with TPP (meso-tetraphenylporphinato 

dianion), Me,HPytacn(=1-(2′-pyridylmethyl)-4,7-dimethyl-1,4,7-
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triazacyclononane))90 and TAML (tetraamido macrocyclic)91 

ligands. The FeV=O species containing aminopyridine ligands 

such as TPA, BPMEN and TMC (tetraazamacrocyclic) are also 

suggested for epoxidation and hydroxylation reactions of 

aliphatic and aromatic compounds.21, 22, 92-95 Among the ligand 5 

architectures available, tetradentate aminopyridine ligands like 

the one discussed above are found to be one of the successful 

ligand in yielding highly selective epoxidation, hydroxylation and 

C-H activation reactions with hydrogen peroxide as the 

oxidant.94, 96-100 10 

Elucidating the mechanism of such reactions holds the 

key to the development of novel biomimic model compounds 

whose reactivity will either be superior or in par to that of the 

enzymes. Over the past decades, the mechanism of iron promoted 

ortho-hydroxylation reaction became the topics of current 15 

research in the bioinorganic chemistry community.68             

Recently Que et al reported selective ortho-hydroxylation of 

benzoic acid in the presence of various types of aminopyridine 

containing iron complexes.21, 22, 44 The biomimic catalyst such as 

[FeII(BPMEN)(CH3CN)2]
2+ complex (1) and 20 

[FeII(TPA)(CH3CN)2]
2+ (2) have been widely studied by 

experimentalist to probe the mechanistic aspects and to elucidate 

the nature of the oxidant in this chemistry. Complex 1 catalyses 

the ortho-hydroxylation reaction of benzoic acid yielding 

salicylic acid as the product. Some substituted benzoic acid 25 

derivatives on the other hand are found to yield ipso-

hydroxylated products as well.21, 22 The regiospecificity of these 

reactions indicate that inner sphere aromatic hydroxylation at 

non-heme iron centre is taking place in this reaction. The 18O 

labelling experiments indicate that one of the oxygen in the 30 

product formation is coming from the labelled H2O2. Que et al. 

suggest the FeIII-OOH species as the starting point in the 

mechanistic cycle as this has been detected by spectroscopic 

methods. This species during the course of the reaction can 

possibly generate either an FeIV=O or an FeV=O species by 35 

homolytic or heterolytic cleavage of the O...O bond.22, 101, 102 

Homolytic cleavage of the O…O bond generates hydroxyl radical 

and this may appear to discourage selectivity, however for 

pentadentate ligand systems, a caged radical species was 

suggested to activate this reaction selectively.103  40 

 

 

 

 
 45 

 

 

Scheme 1. Schematic diagram of [FeII(BPMEN)(CH3CN)2]
2+ (complex 1) 

and [FeII(TPA)(CH3CN)2]
2+ (complex 2). 

Que et al. and Rybak-Akimova et al. independently 50 

reported that the [FeII(BPMEN)(CH3CN)2]
2+ complex (1) is more 

reactive than the [FeII(TPA)(CH3CN)2]
2+complex (2) (see 

Scheme 1).21, 22, 95 The [FeII(BPMEN)(CH3CN)2]
2+ complex is 

one of the best example known for the hydroxylation reaction.95 

Since both the ligand structures are similar (see scheme 1), we 55 

aim to model the reaction with Fe-BPMEN ligand system and 

compare the computed result to that of the TPA system94 to gain 

insight into the importance of ligand design in this chemistry. 

Important questions which we aim to address here (i) why 

[(BPMEN)(PhCOOH)FeV=O]2+  is a stronger oxidant than 60 

[(TPA)(PhCOOH)FeV=O]2+  species? (ii) Are there any 

mechanistic differences in the ortho-hydroxylation between these 

two ligand architecture?  By answering these two questions, we 

aim to address the importance of ligand design in enhancing the 

selectivity and the robustness of the catalytic transformations 65 

performed by these transient species.   
 

2 Computational Details 

All calculations were performed using Gaussian 09 suite of 

programs.104 In our earlier work on benchmarking (employing 70 

B3LYP,105, 106 B3LYP-D,107 wB97XD,108 B97D,107 M06-2X,109 

OLYP,110 TPPSh111 and MP2112 methods) B3LYP, B3LYP-D and 

wB97XD were advocated to predict the correctly the spin ground 

state of the reactant and intermediates compared to  experimental 

data available for the complex 2.94  Here we restrict our 75 

calculations only to two functionals, one is a plain B3LYP and 

the other is B3LYP-D functional (also called B3LYP-D2) 

incorporating dispersion correction of Grimme et al.105-107 All the 

geometry optimizations are performed using the B3LYP and the 

B3LYP-D functionals.105-107 Both the functionals have proven 80 

track record of predicting the structures and the energetic 

accurately for such metal mediated catalytic reactions94, 113-126 and 

between the two dispersion corrected functional is found to be 

superior126 for spin state energetics. The dispersion corrected 

functionals tend to favour low-spin complexes over high-spin as 85 

the electron density of low-spin complexes are compact which 

gives raise to larger r-6 attraction between metal and the ligand. 

The LACVP basis set comprising LanL2DZ - Los Alamos 

effective core potential for Fe127-130 and a 6–31G basis set for the 

other atoms (hydrogen carbon, nitrogen and oxygen)131 (B-I) has 90 

been employed for geometry optimization. Single point energy 

calculations were performed on the optimized geometries using a 

TZVP basis set (B-II) on all atoms.132, 133 The solvation energies 

have been incorporated using PCM solvation model employing 

acetornitrile as the solvent. Frequency calculations at B-I level 95 

were performed to verify that the optimized structures are minima 

on the potential-energy surface (PES) and also to obtain free 

energy corrections to the electronic energy computed at TZVP 

level. Thus all the reported DFT energies are B3LYP-D (B3LYP 

in Supporting Information) solvation energies at B-II level 100 

incorporating free energies correction at the B-I level computed at 

room temperature (298.15 K). The transition states were verified 

by animating the single negative frequency corresponding to the 

reaction coordinate by using visualization software such as 

Molden.134, 135 The fragment approach available in Gaussian 09 is 105 

employed in case of radical intermediates. multAisomer indicates a 

notation where A,  mult and isomer stand for speices name,  total 

multiplicity and isomer (cis or trans).  
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3 Results and Discussion 

On the basis of the experimental studies21, 22, 95 and earlier 

theoretical report94, a schematic mechanism for the generation of 

FeV=O or FeIV=O species from the FeIII-OOH species is depicted 

in Scheme 2. The FeIII-OOH species itself is an unlikely oxidant 5 

in this chemistry as experiments suggest that this species 

degrades after which the hydroxylation reaction initiates.21, 22, 94 

Our earlier study on 2 also suggests that the barrier heights 

involved with FeIII-OOH species are too high to realistically 

perform the hydroxylation reaction with the benzoic acid.94 This 10 

seemingly suggest that the FeIII-OOH undergo homo or 

heterolytic cleavage of the O…O bond generating transient 

FeIV=O or FeV=O species. Thus these two species are the 

potential oxidants in this chemistry.  

Formation of [(BPMEN)(PhCOO)FeV=O]2+ and 15 

[(BPMEN)(PhCOOH)FeIV=O]2+ Oxidants: 

The [FeIII-OOH]2+ complex is the starting oxidant which is fully 

characterized by the experimentalist as a low-spin S=1/2 ferric 

species.21, 136, 137 There are two possible isomers (cis and trans) 

based on the orientation of -OH group of benzoic acid and –OOH 20 

group. In cis isomer, both -OH group of benzoic acid and –OOH 

group are on the same side and interacting via H-bonding 

interaction while they are turned away in opposite direction to 

avoid this weak interaction in case of the trans- isomer (see 

Figure 1 and scheme 2).  Computed energetics using B3LYP and 25 

B3LYP-D for different spin states for the FeIII-OOH, FeIV=O and 

FeV=O are shown in Figure 2. For the FeIII-OOH, B3LYP-D 

predict a low spin 21cis ground state with the  61cis being at 1.8 

kJ/mol while B3LYP predict a high-spin  61cis ground state with 

the  21cis being at 12.8 kJ/mol higher in energy. Here B3LYP-D 30 

yield correct ground state consistent with the EPR measurement 

carried out on [(BPMEN)FeIII-OOH(CH3CN)]2+ species.21, 137 

This illustrates the need of dispersion in predicting the correct 

spin ground state of such species. 

 35 

 
 
 
 
 40 

 
 
 
 
Figure 1. B3LYP-D optimized structure of a) 61cis  and b) 61trans species. 45 

 

For the trans-isomer on the other hand both B3LYP 

and B3LYP-D predict a 61trans ground state (see Figure 2). 

However this isomer is 23.4 kJ/mol higher in energy compared to 

the cis-isomer. The optimized structural parameters and spin state 50 

energetic computed are consistent with earlier reports.94 A strong 

H-bonding interaction is formed between the –COOH group of 

benzoic acid and distal oxygen of the peroxo group and this 

interaction stabilizes the cis-isomer over the trans-isomer and 

also switches the ground state from S=1/2 to 5/2 as we go from 55 

cis to trans. This subtle spin switching within the isomer is due to 

the fact that the computed energetics lie within the range 

expected for spin-crossover compounds138 and thus minor 

perturbations are strong enough for spin state alterations.139 

 60 
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Scheme 2. The schematic mechanism for the formation of high-valent 

intermediates starting from FeIII-hydroperoxo species. 80 
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 90 

 

 

 

 

 95 

Figure 2. B3LYP-D (olive) and B3LYP (red) computed spin state 

energies for cis-FeIII-OOH, trans-FeIII-OOH, FeIV=O and FeV=O species. 

 

 

O…O bond heterolysis: Here we have attempted both homolysis 100 

and heterolysis of the O…O bond of the FeIII-OOH species and 

the starting point for these are the corresponding trans and cis- 

isomers respectively. In heterolysis, acid assisted cleavage 

generate water molecule leading to the formation of transient 

FeV=O species. Optimized structure of transition state 105 

corresponding to this reaction at the doublet surface is shown in 

Figure 3a (see Figure S1a for ESI). The computed potential 

energy surface for this reaction is shown in Figure 4 (see Figure 

S2 for ESI). The barrier heights computed are 73.6, 103.9 and 

113.1 kJ/mol for the doublet (2II-ts1), sextet (6II-ts1) and quartet 110 
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(4II-ts1) spin surfaces and doublet is computed to have the lowest 

energy barrier among all the computed spin surfaces. 

Interestingly as the ground state is predicted to be a sextet (61cis) 

by B3LYP, the reaction requires a minimum energy crossing 

point (MECP)140 between the doublet and the sextet surface in 5 

B3LYP (see Figure S2 for ESI) while no such requirements are 

present when the dispersion effects are incorporated. Computed 

energy barrier between these two functionals suggest that 

dispersion has significant impact on the energy barrier as the 

lowest energy transition state is ca 10 kJ/mol lower in energy 10 

upon addition of dispersion.  

In the 2II-ts1 the O…O bond elongates to 2.451 Å and Fe-O bond 

shortens to 1.651 Å compared to 1.519 Å and 1.825 Å of the 

reactant. All the computed bond parameters are shown in Table 

S1 of ESI. The O(1)…O(2) bond is almost broken in the doublet 15 

surface (2II-ts1) and water molecule is formed by accepting the 

proton from the benzoic acid.  However the O(1)…O(2) bond in 

the quartet and the sextet states are still intact. Thus the 2II-ts1 is 

a product like however transitions states on other surfaces are 

reactant like transition states. Both the functionals predict a 20 

similar trend here with some alteration in the structural 

parameters. The spin density plot of transition state (2II-ts1) is 

shown in Figure 3b (see Figure S1b for ESI, see Table S2 for 

<S**2> values and the corresponding spin contamination 

detected at the transition state) and this clearly indicates that the 25 

O…O bond cleaves heterolytically, as significant difference in 

spin population is noted between O(1) and O(2) atoms. Since 

O(1) and O(2) have opposite spin densities, this suggest spin 

polarization is dominant in the transition state leading to O…O 

bond heterolysis. Although both the functionals yield similar 30 

picture here, the absolute variation in the magnitude of spin 

densities are larger in the B3LYP-D compared to B3LYP, 

suggesting a fact that dispersion drives transition state much 

closer to the product. The heterolysis is also supported by the 

computed charges on the oxygen atoms (see Table S3 of ESI).  35 

 
 
 
 
 40 

 
 
 
 
 45 

                            (a)                                        (b) 

 

Figure 3. B3LYP-D computed (a) optimized structure and (b) spin 

density plot for  2II-ts1 species. 

 50 

After the O…O bond cleaves heterolytically, this generate the 

FeV=O (2, 4II-1) species and its formation is found to be 

endothermic in nature (28.6 kJ/mol; see Figure 4). The FeV=O 

has a doublet ground state with the quartet ground state) higher in 

energy (see Figure 4). The computed ground state-excited state 55 

energy gap and structures are consistent with previous theoretical 

and experimental reports.91, 94, 96-100 The lying 14.9 kJ/mol with 

S=1/2 being the computed Fe-O bond lengths also agree with the 

reported X-ray structure of the FeV=O species with different 

ligand architecture (see Table S1 of ESI where comparison to 60 

available experimental structures are made).91 

 
 
 
 65 

 
 
 
 
 70 

 
 
 
 
 75 

 

Figure 4. B3LYP-D computed potential energy surface (∆G in kJ/mol) 

for the O…O bond cleavage starting from 1cis species. 

 

O…O bond homolysis: Similar to the FeV=O, here we are aiming 80 

to generate the FeIV=O oxidant and we have taken the 1trans as 

reactant for the cleavage of O....O bond. The O…O bond 

cleavage transition state has been computed for all three spin 

states (see in Figure 5). The barrier height is computed to be 

107.2, 114.2 and 237.5 kJ/mol for the sextet (6II-ts1), doublet 85 

(2II-ts1) and quartet (4II-ts1) spin surface. In the 6III-ts1 state, the 

Fe-O bond is relatively long (1.672 Å vs. 1.915 Å of the reactant) 

while the O...O bond is already cleaved (2.015 Å vs. 1.483 Å of 

the reactant) as shown in Figure 6a (see S3a in B3LYP, S4 and 

Table S1 of ESI). To understand whether the O...O bond cleavage 90 

is homolytic or heterolytic, the spin density of the 6III-ts1 is 

plotted (see Figure 6b (see S3b of ESI)). Here significant spin 

density on both the proximal and distal oxygen atoms are noted 

(0.597 and 0.868) as both the O(1) and O(2) atoms have 

significant spin densities, this denotes development of radical 95 

character and  suggest that the O…O bond cleaves in a homolytic 

fashion leading to a FeIV=O species. This is also supported by the 

computed charges on both the oxygen atoms (see Table S3 of 

ESI). Here the sextet is found to have the lowest energy barrier 

among all the spin surfaces and suggests that homolysis is 100 

preferentially carried out in high-spin surface while heterolysis 

preferred in the doublet surface. 

Orbital analysis for the homolysis vs. heterolysis of O...O bond 

from 61, 41 and 21 species are shown in Scheme 3. This is 

developed by analysing the frontier orbitals of the species 105 

involved (See Figure S5-S8 of ESI for Eigen-value plot of the 

corresponding species) 

This orbital analysis readily explains why homolysis is 

preferentially carried out in the sextet (61) state while heterolysis 

is occurring at the doublet surface. At doublet (21) surface, 110 

heterolysis generates 2II-1 of the FeV=O species without any 

demand for spin reversal, however homolysis at the same surface 

generate 1III-1 of the FeIV=O species which is very high in  
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Scheme 3. Analysis of orbitals during homolysis and heterolysis of the FeIII-OOH species. 30 
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 40 

 

 

 

 

 45 

 

Figure 5. B3LYP-D computed potential energy surface (∆G in kJ/mol) 

for the O...O bond cleavage starting from 1trans species.  

 

energy. On the other hand at the 61 surface homolysis generates 50 

5III-1 of the FeIV=O species which is found to be the ground state 

here. Heterolysis on 61 surface generates 4II-1 of the FeV=O 

specieswhich is the excited state and requires also a spin-reversal. 

The 41 of the FeIII-OOH generates 2II-1 of the FeV=O with a spin 

reversal or a 3III-1 of FeIV=O without any demand for spin 55 

reversal but these transition states are highest lying in the 

computed potential energy surface. A homolytic cleavage of the 

O...O bond results in the formation of the FeIV=O species (5, 3, 1 

III-1). For the FeIV=O (III-1) species, a quintet state is found to be 

the ground state with the triplet and the singlet being at 9.1 and 60 

50.1 kJ/mol higher in energy (see Figure 5). Although triplet state 

has been estimated as the ground state for the 

[FeIV(O)(BPMEN)(NCCH3)]
2+ species,18, 141-144 for the 

[FeIV(O)(BPMEN)(PhCOOH)]2+ species (III-1), experimental 

data is unavailable. Our calculations suggest that triplet is indeed 65 

the ground state for the [FeIV(O)(BPMEN)(NCCH3)]
2+ species 

with the quintet state being at 13.5 kJ/mol higher in energy and  

this is in accord to the experimental observations.145 A quintet 

(5III-1) state of the FeIV=O complexes are however characterized 

with different ligand architectures.146-151 The formation of the 70 

FeIV=O species is also found to be endothermic by 72.3 kJ/mol 

(69.1 in B3LYP).  

Considering the fact that both the FeIV=O and FeV=O 

have been proposed as the possible oxidant in the hydroxylation 

reaction, we have proposed different route to generate the oxidant 75 

exclusively. For example, the FeIV=O oxidant is generated via 

O...O homolysis of the trans-FeIII-OOH while the FeV=O oxidant 

is generated via O...O heterolysis of the cis-isomer. Since the cis-

isomer is the stabilized by 23.4 kJ/mol over the trans-isomer and 

the conversion of cis to trans requires 51.9 kJ/mol (see Figure 80 

S12 of ESI), this conversion is unlikely.  

Between homolysis vs. heterolysis, the heterolysis is 

favoured by 33.6 kJ/mol (not accounting the energy penalty for 
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producing trans-isomer from the cis-isomer). The formation of 

the FeV=O is also thermodynamically more favourable over the 

corresponding FeIV=O species by a margin of 49.5 kJ/mol. All the 

above facts synchronize with the experimental observation and 

unequivocally suggest that the FeV=O is the potential oxidant in 5 

this chemistry which triggers this catalytic transformation.94 

 
 
 
 10 

 
 
 
 
  15 

 
 
                    (a)                                              (b) 

Figure 6. B3LYP-D computed (a) optimized structure and (b) spin 

density plot of the ground state (6III-ts1). 20 

 

Mechanism of ortho-hydroxylation:  A small inverse kinetic 

isotopic effect observed for the ortho-hydroxylation for complex 

1 suggests that electrophilic attack accompanied by sp2/sp3 

rehybridization is taking place during the course of the reaction 25 

and the C-H activation step can be ruled out.21, 94  Our earlier 

theoretical study on complex 2 also suggests that electrophilic 

attack is energetically preferred over the C-H activation step.94 

Bearing in mind these report, a schematic mechanism for the 

ortho-hydroxylation has been adapted (see Scheme 4).    30 

  
 
 
 
 35 

 
 
 
 
 40 

 

 

 

 

 45 

Scheme 4: Adapted schematic mechanism for ortho-hydroxylation by the 

FeV=O species. 

 
First the ferryl oxygen attacks on the ortho-position of the 
benzoic acid via the transition state (II-ts2).  This step requires 50 

just 2.7 kJ/mol in the doublet surface while in quartet the barrier 
height is estimated to be 13.5 kJ/mol (see Figure 7). The Fe-O 
bond slightly elongates from 1.654 to 1.656 Å, forming a new 
partial O...C bond in the transition state (2II-ts2) (see Figure 8a). 
The newly forming O…Cph bond is 2.680 Å, both these 55 

parameters suggest that this is an early transition state and 
resemble the reactant species. From the computed spin density 

plot of 2IIb-ts2 indicates a radical character on the ortho-carbon 
(ρ= -0.179; see Figure 8b) has been developed at this transition 
state suggesting a fact that II-2 species is a radical species.   60 

 

There are five possible spin states for intermediate II-2 due to the 

coupling of unpaired electrons of iron with the radical centre. 

Among the computed states, the 6II-2 (see Figure S11a of ESI) is 

computed to be the ground state and the formation of this 65 

intermediate is exothermic by 122.6 kJ/mol.152 Other two states, 
4II-2 and the 2II-2 states are 114.8 and 94.8 kJ/mol higher in 

energy respectively (see Figure 7 and Figure S13 of ESI).  

In the next step, via II-ts3 from II-2 species, hydrogen 

migration takes place to restore the aromaticity of the benzene 70 

ring which was lost upon the electrophilic attack.  This is 

essentially a sp2 (reactant) to sp3 (II-2) and then to sp2 (II-3) 

rehybridization and support the small inverse KIE values 

observed.21 Here again our result shows that sextet state (6II-ts3) 

is computed to be ground state (Figure 8c) and the computed 75 

barrier height here is 35.9 kJ/mol. Since the intermediate 

formation is highly exothermic, this transition state is essentially 

barrier less from the reactant species.  In this transition state (6II-

ts3), the C-H bond is elongating and O-H bond is forming. In the 

next step hydrogen migration completes leading to the formation 80 

of ortho-hydroxylated intermediate II-3. For species II-3 as well, 

sextet (see Figure S14b of ESI) is computed to be the ground 

state and this step is excessively exothermic by 269.9 kJ/mol. In 

the next step, the Fe-O bond breaks leading to the desired ortho-

hydroxylated product (2, 4, 61). This step is also exothermic from 85 

earlier intermediate suggesting a fact that once the electrophilic 

attack takes place, the reaction proceeds faster leading to the 

generation of ortho-hydroxylated product.   

Importance of the Ligand design: Electronic structure 

differences driven by ligand design between II-1 and II-1(2) 90 

species  

For the TPA ligand system, there are two positional isomers for 

the [(TPA)(C6H5COO)FeV=O]2+ (II-1(2)) species where the –

OOH group trans to tertiary amine is found to be the lowest in 

energy by 8.8 kJ/mol.21 For this species as well S=1/2 (2II-1(2)) is 95 

predicted to be the ground state with the S=3/2 lying at 12.1 

kJ/mol (0.6 using B3LYP; Figure S6).  The same gap with 

BPMEN ligand (II-1) system is 9.0 kJ/mol (2.0 in B3LYP) 

revealing a fact that the reactivity differences are unlikely be due 

to the ground state-excited state gap but due to the intrinsic 100 

electronic differences between these two species.  

Although both II-1 and II-1(2) species are structurally alike, there 

are some structural differences that attribute differential 

electrophilicity of the ferryl oxygen atom in these species. 

Particularly the II-1 species contains one pyridine ring that is 105 

perpendicular to the Fe=O bond while the other pyridine align 

parallel to the Fe=O bond.20 In II-1(2) species however two of the 

pyridine rings are parallel to the Fe=O bond while one pyridine is 

perpendicular to the Fe=O bond (see Figure 9a and S9 of ESI). 

The differences in reactivity between these two ligand systems 110 

are likely to arise due to these structural differences as other 

structural aspects are very similar to one another.  
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Figure 7. B3LYP-D (olive) and B3LYP (red) computed potential energy surface (∆G in kJ/mol) for the electrophilic attack pathway for the ortho-

hydroxylation reaction. 40 

 
 
 
 
 45 

 
 
 
 
 50 

 
(a)                                                (b)                                                    (c) 

 

Figure 8. B3LYP-D optimized structure of the ground state of a) 2II-ts2, b) spin density plot of 2II-ts2 and c) optimized structure of 6II-ts3.  

 55 

Apart from the regular structure described for II-1 species 

([(BPMEN)(C6H5COO)FeV=O]2+; isomer A or II-1A  (see Figure 

10)) , to probe the role of pyridine ring orientation, we have 

generated two more isomers for this species where both the 

pyridine rings align either parallel (isomer B;  II-1B) or 60 

perpendicular (isomer C; II-1C) to the Fe=O bond (see Figure 11 

and S10 of ESI).  Interestingly for both the isomers B and C, an 

S=3/2 is found to be the ground state with the S=1/2 state found 

to lie at 22.6 and 45.7 kJ/mol for B and C respectively. Both 

isomers B and C are found to be high-lying compared to A by an 65 

energy margin of 35.9 and 43.6 kJ/mol respectively. This 

energetics clearly illustrate that the orientation of the pyridine 

rings play an important role in the stability of these species.  
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The Fe-N(py) distances also drastically vary based on 

the orientation in all four structures (II-1A, II-1B, II-1C  and II-

1(2)) with longer Fe-N distances are found when the pyridine 

rings are parallel to the Fe=O bond. This is due to the fact that the 

pyridine π-orbitals strongly mixes with the (πFe(dyz)-O(py))* orbital 5 

when it is aligned parallel to the Fe=O bond. The perpendicular 

orientation prevents the π-orbitals of pyridine to mix with the 

(πFe(dyz)-O(py))* orbital (see Figure S11 of ESI).      

 
 10 

 
 
 
 
 15 

 
 
 
 
 20 

 
Figure 9. B3LYP-D Computed optimized of 2II-1(2) and 2IIb-ts2(2) 

species.94  

This mixing with π(Fe-O)* frontier MO stabiles the FeV=O 

species and provide a more delocalized description for the 25 

unpaired electron (see Figure 12). Eigen-value plot incorporating 

the energies of d-based orbitals for species II-1 and II-1(2) are 

shown in Figure 12. For both the species (δxy)
2(πFe(dyz)-O(py))*

1 

configuration is detected for the ground state. The (πFe(dyz)-O(py))* 

orbital in II-1 is more destabilized than that in species II-1(2). 30 

This is again associated with the fact that II-2 has two parallel 

pyridine stabilizing the (πFe(dyz)-O(py))*orbital compared to II-1 

which possess only one parallel pyridine ring.  
 
     35 

 

 

 

 

 40 

 

 
Figure 10. B3LYP-D Computed optimized and spin density plot of 

ground state of the 2II-1. 

 45 

 

 

 

 

 50 

 

 

 

 

 55 

Figure 11. B3LYP-D computed optimized structures of (a) 4II-1B and (b) 
4II-1C .   

Besides the α-hydrogen atom of the pyridine ring is also in H-

bonding interaction with the ferryl oxo species when the pyridine 

rings are parallel to the Fe=O bond. This is also reflected in the 60 

spin densities of the ferryl oxygen atoms where the magnitude of 

the spin density is found to correlate to the number of pyridine 

rings being either parallel or perpendicular to the Fe=O bond (see 

Table S4 of ESI). This analysis suggest that the electrophilicity of 

the ferryl oxygen atoms decreases in the following order II-65 

1C>II-1A> II-1(2)>II-1B. This trend rationalizes the observed 

difference in reactivity between species 1 and 2 and suggest that 

(a) ligand possessing pyridine parallel to the Fe=O bond can help 

to stabilize the transient species or can help to enhance the t1/2 

times so that these species can be trapped and a thorough 70 

spectroscopic and other characterizations can be performed (ii) 

ligand possessing pyridine perpendicular to the Fe=O lead to 

localized Fe=O bond character and are likely to be stronger 

oxidants. In the next section we test the reactivity of these two 

species towards ortho-hydroxylation to probe further the 75 

observed reactivity pattern.  

 

Importance of Ligand design: Reactivity towards ortho-

hydroxylation of benzoic acid  

Computed PES for the ortho-hydroxylation of benzoic acid by 80 

complex 1 and 2 is given in Figure 13 (see Figure S15 of ESI). 
Starting from the cis-isomer of each, the heterolytic cleavage of 
the O...O bond is predicted to have a barrier height of 69.9 kJ/mol 
for the complex 2 while complex 1 has a barrier height of 73.6 
kJ/mol. A lower barrier for complex 2 suggests that formation of 85 

FeV=O species is faster with TPA ligand system than with the 
BPMEN ligand system. The electrophilic attack on the benzene 
ring by the FeV=O species is found to be the rate limiting step for 
both the species and this has a barrier height of just 2.7 kJ/mol for 
BPMEN (II-1) while the it is 5.3 kJ/mol for the TPA system (II-90 

1(2);  see Figure 9b for 2IIb-ts2(2)).   

Besides the TPA-FeV=O species always form less exothermic 

intermediates and have slightly larger kinetic barrier for the rest 

of the reaction as shown in Figure 13. This reconcile with the 

experimental observation where complex 1 is found to be more 95 

reactive than complex 2. Coincidently the ratio of the product 

formation 1.84 between these two systems (94% for 1 and 51% 

for 2)22 also matches with the ratio of the barrier height computed 

for the rate determining step of the hydroxylation reaction (1.96). 

 100 

Correlation to experiments:  

        All our results are in agreement with the experiments 

where the FeV=O has been proposed as a potential oxidant for the 

ortho-hydroxylation of benzoic acid for both complexes 1 and 2. 

Control experiments particularly reaction with the organic 105 

peroxide MPPH (2-methyl-1-phenyl-2-propyl hydroperoxide) 

suggest that the O...O bond of the FeIII-OOH cleaves in a 

heterolytic fashion21 and calculations suggest that in the 

tetradentate ligand system when the benzoic acid coordinates to 

the cis-position of the –OOH group, this lead to acid assisted 110 

cleavage of O...O bond leading to the formation FeV=O species.  
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Figure 12. B3LYP-D computed Eigen-value plot incorporating energies computed for d-based orbitals for II-1 and II-1(2) species at doublet surface 

(energies are given in eV). 

 
This has much lower barrier than homolytic cleavage. Thus our 45 

calculations reiterate the fact that FeV=O is the likely oxidant in 

this chemistry. Our mechanistic studies reveal that ferryl oxygen 

attack the benzene ring via electrophilic attack and this is also 

consistent with small inverse kinetic isotopic effect values 

(kH/kD=0.8)21 determined by experiments. 50 

4 Conclusions 

DFT calculations have been performed to explore the mechanism 

of ortho-hydroxylation reaction of benzoic acid with 

[(BPMEN)FeIII-OOH]2+ species and compared its reactivity with 

[(TPA)FeIII-OOH]2+ species. Significant insights into the 55 

mechanistic aspect of these two systems are gained in this work. 

Particularly our work highlights the importance of ligand design 

to achieve greater reactivity for these species. Some salient 

conclusions derived from this work is summarized below 

 60 

1. Dispersion corrected B3LYP functional is found to 

perform superior in predicting correct spin states for 

these high-valent iron-oxo species compared to 

B3LYP. B3LYP-D also yield lower energy barrier 

heights for the transition states compared to B3LYP 65 

and this implicates that accurate estimation of kinetics 

require incorporation of dispersion effects.      

2. The O...O bond heterolysis of FeIII-OOH species is 

found to be an energetically favourable process with  
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Figure 13. B3LYP-D computed potential energy surface (∆G in kJ/mol) (green  for BPMEN and red for TPA94). All energies are in kJ/mol. 

 35 

both the ligand systems studied. This suggest that the 

acidic protons present in the cis-position to the –OOH 

group leads to the generation of FeV=O species 

preferentially over the popular FeIV=O species.  

The FeV=O species formed with both the ligand 40 

systems preferentially undergo electrophilic attack of 

the benzene ring leading to a transient radical 

intermediate. This suggests that the reaction proceeds  

via a radical pathway. The migration of hydrogen atom 

from this intermediate leads to the formation of ortho-45 

hydroxylated product and these findings are consistent 

with small KIE observed. The first electrophilic attack 

of the ferry oxygen on the aromatic ring is found to be 

the rate determining step for both the species.  

3. The difference in reactivity between these two ligand 50 

systems studied are found to correlate to the orientation 

of the pyridine rings with pyridine ring parallel to the 

Fe=O bond are found to interact with the (πFe(dyz)-

O(py))* SOMO orbital leading to a more delocalized 

densities and  less electrophilic ferryl oxygen character. 55 

This adds up to less reactivity. Our calculations predict 

that if both the pyridine rings of the BPMEN ligand 

systems are perpendicular, an enhanced reactivity may 

be achieved. Such modified ligand systems are known 

in the literature but ortho-hydroxylation of such 60 

systems has not been studied.145, 153, 154  

 

To this end our calculations shows the reactivity of the non-heme 

iron system can be fine tuned at will with designed ligand 

architectures. This underlines the importance of ligand design in 65 

this chemistry with two diverse goals, one to achieve a relatively 

stable reactive intermediates (such as FeIV=O or FeV=O species) 

in order to trap and thoroughly characterize them and the other to 

achieve a transient but aggressive oxidant which can perform the 

catalytic transformations with enhanced selectivity, efficiency 70 

and robustness.  
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