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Interplay Between Steric and Electronic Effects: A Joint 

Spectroscopy and Computational Study of Nonheme Iron(IV)-oxo 

Complexes 

Gourab Mukherjee,[a] Aligulu Alili,[b] Prasenjit Barman,[a] Devesh Kumar,[c] Chivukula V. Sastri*[a] and 
Sam P. de Visser*[b] 

Abstract: Iron is an essential element in nonheme enzymes that 
plays a crucial role in many vital oxidative transformations and 
metabolic reactions in the human body. Many of those reactions are 
regio- and stereospecific and it is believed that the selectivity is 
guided by second-coordination sphere effects in the protein. Here, 
we show results on a few engineered biomimetic ligand frameworks 
based on the N4Py scaffold (N,N-bis(2-pyridylmethyl)-N-bis(2-
pyridyl)methylamine) and study the second-coordination sphere 
effects. We show here, for the first time, that selective substitutions 
in the ligand framework can tune the catalytic properties of the 
iron(IV)-oxo complexes by regulating the steric and electronic factors. 
In particular, a better positioning of the oxidant and substrate in the 
rate-determining transition state lowers the reaction barriers. 
Therefore, an optimum balance between steric and electronic factors 
mediates the ideal positioning of oxidant and substrate in the rate-
determining transition state that affects the reactivity of high-valent 
reaction intermediates. 

Introduction 

Metalloenzymes play vital functions for human health and are 
involved in the biosynthesis of essential compounds in the body 
as well as the biodegradation of xenobiotics and damaging 
products.[1,2] Due to the large natural abundance of iron, 
metalloenzymes with either mononuclear or binuclear iron are 
relatively common in biology. Studies on the details of enzymatic 
reaction mechanisms are challenging due to the short lifetime of 
catalytic cycle intermediates and hence it is not always clear 
what the active species is that performs the transformations or 

what features of the active site affect the rate-determining 
reaction step. In order to understand the functional properties of 
these metal-containing active sites, biomimetic models have 
been developed that comprise the metal with a similar 
coordination environment but dissolved in an organic solvent.[3] 
Biomimetic models give insight into the effect of the ligands on 
the chemical properties and reactivity of the oxidant as well as 
the first and second coordination sphere on the reaction 
mechanism and rate constants. 
Often biomimetic models contain mononuclear iron embedded in 
a ligand scaffold and pentadentate ligands have proved to be 
very popular as they generally give few isomeric structures. One 
particular N5-based pentadentate ligand that has been 
extensively studied is N4Py: N4Py = N,N-bis(2-pyridylmethyl)-N-
bis(2-pyridyl)methylamine, Figure 1.[4] In the iron(IV)-oxo form, 
the [FeIV(O)(N4Py)]2+ complex (1b) has four equatorially bound 
nitrogen donor atoms (Neq) perpendicular to the iron(IV)-oxo axis 
and an axial amine nitrogen atom (Nax) trans to the oxo group. 
Structurally, this ligand framework offers a perfect bowl-like 
cavity for the iron(IV)-oxo for reactions with substrates. In terms 
of bond-atom distances, all the equatorial Fe–Neq distances 
appear to be equivalent and give the iron an octahedral 
symmetry. Over the years, the Fe(IV)-oxo complex (1b) has 
been thoroughly characterized and extensively studied, which 
therefore is an ideal candidate to engineer with substituents and 
ligands and study the interplay between the steric and electronic 
effects on its properties and reactivity.  
There have been quite a few reports on the derivatization of 
pyridine rings that are bound to the iron(IV)-oxo core in 1b,[5,6] 
particularly at the pyridine 6-position, which is closest to the oxo 
group. However, most studies on modified N4Py structures have 
focused on the two pyridine rings that are tethered to the axial 
nitrogen atom (Nax atom) through methylene carbon atoms. We, 
therefore, were wondering what the effect would be of ortho-
substitution of the two pyridine rings that bind via a methine 
carbon to the axial N-atom. Our study reveals the inequivalence 
of the four bound pyridine rings, which otherwise appear similar 
in terms of equatorial ligand field perturbation, when the pyridine 
C6 positions are substituted and results in dramatic changes in 
reactivity. 
It has been shown that substitution of the 6th position of a 
pyridine ring leads to the weakening of the equatorial field 
resulting in elongation of the Fe–Neq bonds due to enhanced 
electrophilicity of the iron(IV)-oxo species.[6] Thus, using the 
tetradentate TPA ligand system (TPA = tris-(2-
pyridylmethyl)amine) Que and co-workers showed that 
introduction of at least one methyl group in the ligand framework 
(in the form of 6-MeTPA, 6-Me2TPA and 6-Me3TPA) led to 
changes in the electronic ground state of the ferrous and ferric 
species from S = 1 to S = 2.[7]  
 
 

[a] Mr. G. Mukherjee, Dr. P. Barman, Dr. Chivukula V. Sastri 
Department of Chemistry 
Indian Institute of Technology Guwahati 
Guwahati-781039, Assam, India 
E-mail: sastricv@iitg.ac.in  

[b] Mr. A. Alili, Dr. S. P. de Visser 
The Manchester Institute of Biotechnology and School of Chemical 
Engineering and Analytical Science, The University of Manchester  
131 Princess Street, Manchester M1 7DN, United Kingdom 
E-mail: sam.devisser@manchester.ac.uk  

[c] Dr. D. Kumar 
Department of Applied Physics, Babasaheb Bhimrao Ambedkar 
University, School for Physical Sciences 
Vidya Vihar, Rae Bareilly Road, Lucknow-226025, UP, India 
E-mail: dkclcre@yahoo.com   
Supporting Information (SI) available: Supporting Information with 
detailed methodology, experimental characterization of the 
complexes and reactivity studies performed as well as 
computational raw data (absolute and relative energies, group spin 
densities, group charges and Cartesian coordinates) is available. 
CCDC number 1876766 contains the crystallographic data for this 
paper that can be obtained free of charge from The Cambridge 
Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures. 

mailto:sastricv@iitg.ac.in
mailto:sam.devisser@manchester.ac.uk
mailto:dkclcre@yahoo.com
http://www.ccdc.cam.ac.uk/structures


FULL PAPER    

2 

 

Figure 1. Structures of oxidants discussed in this work.  

Introduction of bulkier quinoline groups instead of pyridine led to 
the formation of a highly reactive high spin ferryl-oxo 
intermediate with spectroscopic features analogous to the active 
species of the enzyme taurine/α-ketoglutarate dioxygenase 
(TauD).[8] Furthermore, drastic improvement in catalytic reactivity 
has been successfully achieved by replacement of pyridine 
groups in TPA by bulkier heterocycles such as N-
methylbenzimidazole.[9] There are also reports of other (S = 2) 
iron(IV)-oxo intermediates where the metal center is positioned 
in a sterically encumbered cavity with forceful occupation of a 
trigonal bipyramidal geometry.[10] 

On account of steric bulk and better -donor ability, these 
engineered ligand frameworks can offer enhanced perturbations 
in the equatorial ligand field that can make the iron(IV)-oxo core 
more susceptible to approaching substrates. Steric and 
electronic effects are two vital tuning probes that manifests the 
reactivity profiles for these systems and a delicate borderline 
exists between the two factors.[11] It is understood that along with 
the stretched Fe–Neq bonds, the distortion in the ferryl axis, 
specifically the Nax–Fe–O bond angle, plays a pivotal role in their 
stabilities, spectroscopic properties and various oxidative 
reactivities.[6] These examples from the literature implicate that 
substitution of the 6th-position of a metal-bound pyridine ring 
leads to better hydrogen atom abstraction (HAA) and oxygen 

atom transfer (OAT) reactivity. However, what most of these 
metal complexes have in common is that the manipulations have 
been done in the 6th position of two specific methylene bound 
pyridine rings in N4Py, while any sort of engineering on the other 
two methine carbon bound pyridine rings in the primary 
coordination sphere has rarely been reported. Hence, an effort is 
made by our groups to dig deeper into this factor. Both 
experimental and theoretical studies reveal the intrinsic parity 
between the two sets of pyridine rings, contributing to the overall 
reactivity profiles of the two catalysts. Considering the 
frameworks shown in Figure 1, the ligands are named 2(6-
MePy)Nax2Py or MeN4Py and 2PyNax2(6-MePy) or N4PyMe in 
short and their iron(II) complexes are designated 2a and 3a, 
respectively. 
The distinct spectroscopic properties and stability of the two 
complexes [FeIV(O)(MeN4Py)]2+ (2b) and [FeIV(O)(N4PyMe)]2+ (3b) 
allowed us to pursue a detailed kinetic analysis and probe into 
the very definitive factors that govern the reactivity and stability 
of these high valent metal-oxo species. Our studies concern the 
fine line between steric and electronic factors that orchestrate 
the reaction rates and selectivity and also reveal the intricate 
details of second coordination sphere effects related to substrate 
approach to a metal-oxo species. 
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Table 1. Selected bond lengths (Å) and bond angles (°) for Fe(II) complexes 1a-7a. 

a Ref [13a], b This work, c Ref [13b], d Ref [6c], e Ref [5d], f Ref [5f], g Ref [5g], h Average of all the equatorial bonds, i Average of all the axial bonds, j Average cis-bond 
angle of equatorial Fe1‒N bonds with Nax and N6. “Avg“ stands for average. 

Results 

Experimental Characterization 

Ligands MeN4Py and N4PyMe were synthesized starting from 
di(6-methyl-pyridin-2-yl)methanone or di(pyridine-2-
yl)methanone and in a reaction with hydroxylamine converted 
into an oxime and subsequently over Zn reduced further to their 
amine form. Upon addition of either 2-(chloromethyl)-pyridine or 
2-(chloromethyl)-6-methyl-pyridine in NaOH we reacted the 
amines to form the MeN4Py and N4PyMe structures, respectively, 
in good yield (detailed synthetic procedures are discussed in the 
Supporting Information, Scheme S1 and S2). Subsequently, the 
MeN4Py and N4PyMe ligands were reacted with 
[FeII(CH3CN)2•2ClO4] in acetonitrile to form the metal complexes 
[FeII(MeN4Py)](ClO4)2 (2a) and [FeII(N4PyMe)](ClO4)2 (3a), which 
were characterized with UV-vis absorption spectroscopy, 
electrospray ionization-mass spectrometry (ESI-MS), and 
crystallographic methods.[12] Single crystals of 2a were obtained 
by vapor diffusion of diethyl ether in an acetonitrile solution of 
[FeII(MeN4Py)(CH3CN)]2+•2BF4. 

 

Figure 2. ORTEP diagram (with 30% ellipsoid probability) of complex (a) 
FeII(MeN4Py)(CH3CN)](BF4)2 and (b)  FeII(N4PyMe)(CH3CN)](ClO4)2. 

[13b] Color-
coding: Hydrogen (off-white), carbon (gray), iron (green), nitrogen (violet). 
Counter-ions have been omitted for clarity. 

The crystal structure (Figure 2a and Table 1) shows clear 5-
coordination of the metal to the MeN4Py ligand in a structural 
orientation analogous to the reported complexes, [FeII(N4Py)]2+ 
and [FeII(N4PyMe)(CH3CN)]2+•2ClO4.[13] The Fe‒N bond 
distances for 2a as shown in Table 1 and are typical for low spin 
Fe(II) complexes reported previously.[5,6,11,13] In comparison to 
the crystal structure of Feringa and co-workers,[13b] (Figure 2b, 
Table 1) the two metal complexes 2a and 3a indicate minor 
differences.

Complex: 1a 
a
 2a 

b
 3a 

c
 4a 

d
 5a 

e
 6a 

f
 7a 

g
 

Bond 
Bond 

length 
Avg 

Bond 

length 
Avg 

Bond 

length 
Avg 

Bond 

length 
Avg 

Bond 

length 
Avg 

Bond 

length 
Avg 

Bond 

length 
Avg 

Fe1-N1 
1.976 

(3) 

1.971 h 

2.049 
(5) 

2.012 h 

2.004 
(4) 

2.036 h 

2.199 
(6) 

2.220 h 

2.057 
(1) 

2.008 h 

1.964 
(3) 

1.977 h 

1.963 
(8) 

1.971 h 

Fe1-N3 
1.967 

(3) 
2.043 

(6) 
1.981 

(4) 
2.233 

(8) 
2.031 

(1) 
1.983 

(3) 
1.971 

(8) 

Fe1-N4 
1.975 

(3) 
1.974 

(5) 
2.083 

(4) 
2.223 

(6) 
1.979 

(1) 
1.983 

(3) 
1.965 

(7) 

Fe1-N5 
1.968 

(3) 
1.981 

(5) 
2.078 

(3) 
2.226 

(6) 
1.966 

(1) 
1.979 

(2) 
1.984 

(8) 

Fe1-Nax 
1.961 

(3) 
1.938 i 

1.968 
(5) 

1.949 i 

1.990 
(2) 

1.974 i 

2.192 
(6) 

2.118 i 

1.967 
(1) 

1.949 i 

1.983 
(3) 

1.942 i 

1.959 
(7) 

1.938 i 

Fe1-N6 
1.915 

(3) 
1.930 

(5) 
1.959 

(3) 
2.045 

(6) 
1.930 

(6) 
1.901 

(3) 
1.918 

(7) 

Avg Fe-N 1.960 1.991 2.016 2.186 1.988 1.965 1.960 

Angles Bond angles Bond angles Bond angles Bond angles Bond angles Bond angles Bond angles 

 Neq-
Fe-Nax 

j 
84.0 83.3 82.7 77.2 83.5 83.6 84.0 

 Neq-
Fe-N6 j 

96.0 96.6 97.1 102.6 96.6 96.4 96.0 

 Nax-
Fe-N6 

177.3 179.3 167.5 168.3 175.5 175.7 176.9 
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In particular, the sixth coordination position, trans to the Nax, is 
occupied by the solvent CH3CN in both the complexes, but there 
is a substantial bending in the Nax‒Fe-solvent axis for 3a 

(167.5°), as compared to 2a (179.3°). This is the maximum bend 
observed among the fellow structures (Table 1) and is close to 
that in 4a reported by Rana et al where a triflate counter-anion 
occupies the apical position instead of a solvent molecule.[6c] 
The huge tilt accounts for an induced steric effect imparted by 
the methyl groups in the structure of 3a. Another interesting 
observation is that in 2a, the Nax‒Fe‒solvent axis is closest to 
180° in agreement with 1a (177.3°). Thus, in the absence of any 
substituent the bond angle deviates from 180° to an acute value 
(177.3° in 1a), and substituents in the methylene bound pyridine 
rings (167.5 in 3a, 168.3 in 4a, 175.7 in 6a and 176.9 in 7a) and 
even methine bound pyridine rings (as in 5a) display the same 
tilt. By contrast, in 2a the steric effect acts from the opposite 
direction thereby making the axis almost as straight as 180°. 
The Neq‒Fe‒Nax and Neq‒Fe‒N6 angles (compiled in Table 1) 
give a measure of the position of Fe in the equatorial plane 
inside the ligand framework and signifies the depth, to which the 
metal center is located inside the cavity. Again, complex 4a and 
then 3a have the lowest Neq‒Fe‒Nax and highest Neq‒Fe‒N6 
values compared to the rest indicative of the strain inside the 
cavity (although there are intrinsic differences in ligation ability 
for the 6th donor which is N for 3a and O for 4a). 
Furthermore, the average Fe‒N bond distance is higher in 3a 
(2.016 Å) than that in 1a (1.960 Å), 2a (1.991 Å), 5a (1.988 Å), 
6a (1.965 Å) and 7a (1.96 Å). This is imperative of a weakened 
equatorial ligand field in complex 3a. Considering the cavity 
provided by the N5 donor center in all the ligand systems, the 6th 
coordination site is occupied by the solvent molecule that is 
susceptible to be replaced by the oxygen atom during the 
formation of the oxo species. Indeed, the fragility of the Fe-
solvent bond is indicated by the Fe1‒N6 bond length which is 
also longer in 3a (1.959(3) Å) compared to 1a (1.915(3) Å), 2a 
(1.930(5) Å), 5a (1.930(6) Å), 6a (1.901(3) Å) and 7a (1.918(7) 
Å). The Fe‒OOTf bond length is 2.045(6) Å in 4a is even longer 
than the Fe‒N6 bond in 3a. The higher bond length values in 4a 
are most probably due to the high spin nature of the complex as 
a result of anion binding (triflate) to the 6th coordination site 
instead of CH3CN that generally results in low spin complexes. 
Thus, albeit the intrinsic differences between the Fe‒N and Fe‒
O bonds, the quinoline groups impart strong influence on the 
vertical Nax‒Fe‒O axis which is obvious from the huge OAT 
rates.[6b] Clearly, the positioning of the methyl groups is 
responsible for similar steric effects in 3a that can be anticipated 
for the corresponding oxo complex (3b) as well. 
Unlike in the solid state, structural tuning of the ligand skeleton 
of such Fe(II) complexes often leads to spin-equilibrium in the 
solution phase. The absorption spectra of all Fe(II) complexes 
1a, 2a and 3a, show two MLCT bands with notable differences 
in their epsilon values (1a = 8120, 6600 L M‒1 cm‒1, 2a = 5360, 
4920 L M‒1 cm‒1 and 3a = 880, 400 L M‒1 cm‒1), see Figure S6a, 
Supporting Information. The very low epsilon value is 
speculative of substantial spin crossover in 3a and 2a which is 
absent in 1a. Steric hindrance of the methyl groups increases 
the bond lengths in the solid state; however, in the solution state, 
the spin-equilibrium is mostly shifted towards the high spin form 
that also rationalizes the low epsilon values of the new 
complexes. As the temperature is lowered to 233 K, the 
population of the low spin state increases effectively in 3a and 

2a thereby increasing their absorbance values (see Figure S6, 
Supporting Information). The 1H-NMR spectra of 2a and 3a 
further support these findings and expectedly paramagnetic 
shifting of the peaks were observed in both the cases (see 
Figure S7, Supporting Information). However, the extent of 
peak-shifting and broadening is more in case of 3a than in 2a, 
thereby confirming larger contribution of the high spin form in 3a 
in equilibrium with the low spin species. Similar paramagnetic 
shifting of proton resonances for ferrous complexes was also 
observed for 4a and 6a.[5f,6] 

Complexes 2b and 3b were generated in situ by treating the 
iron(II) precursor complexes with 1.5 equivalents of PhI(OAc)2 in 
an acetonitrile solution at room temperature. These ferryl-oxo 
complexes were characterized by UV-vis, ESI-MS and 1H-NMR 
spectroscopy. Upon addition of oxidant to the Fe(II) species, the 
FeIV=O chromophores were formed almost instantaneously for 
both 2b and 3b as observed from the UV-vis spectrum. Subtle 
differences in the absorption spectrum were seen for the 
iron(IV)-oxo complexes 1b, 2b and 3b (Figure 3). Cumulative 
bathochromic and hypochromic shifts range from 695 nm ( = 
400 L M–1 cm–1) for 1b to 750 nm ( = 340 L M–1 cm–1) for 2b to 
775 nm ( = 200 L M–1 cm–1) for 3b. These changes in the d-d 
transition bands are indicative of the sequential increment of the 
equatorial ligand field perturbation along the series and 
weakening of the same. Furthermore, this also leads to 
distortions in the bell shaped absorption curve of 2b and 3b due 
to the appearance of shoulder humps in the NIR region as 
compared to that of 1b. The stability of these complexes also 
follows the same trend with half-lives of 3600, 130 and 30 
minutes, respectively. 

Figure 3. UV-vis absorption spectrum of 1b (green), 2b (blue) and 3b (red) in 
CH3CN at 298 K 

The relatively less stable nature of the new oxo complexes (as 
evident from their half-lives) made it difficult to record their ESI-
MS spectra at room temperature. Therefore, the ESI-MS spectra 
for 2b and 3b were recorded at lower temperatures by infusing 
cold samples directly into the source. Both complexes gave a 
major peak at m/z 233.6 corresponding to [FeIV(O)(L)]2+ (Figure 
S8, Supporting Information). To further confirm the existence of 
iron(IV)-oxo, we did an isotope labelling experiment. The iron-
oxo complexes are known to exchange oxygen from water.[14] 

Thus upon addition of H2
18O to the new iron-oxo complexes, a 

positive peak shift of one unit for the M/2 ion-cluster was 
observed in the mass spectrum after an incubation spell of 10 ‒ 
15 minutes thereby confirming the existence of iron(IV)-oxo 
complexes (see insets in Figures S8).  
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We also carried out 1H-NMR spectroscopy experiments to 
discriminate between the two new iron(IV)-oxo species, 2b and 
3b, (Figure 4) and compare the spectra with the existing 1H-
NMR spectrum of complex 1b.[15] Clearly, there are shifting of 
peaks resulting from the typical S = 1 ferryl species that 
unequivocally exists in the octahedral environment.[15] The low 
spin Fe(IV) center in 2b enjoys more favorable relaxation 
properties compared to 3b thereby producing sharper signals 
although both the complexes give rise to paramagnetically 
shifted proton resonances. As compared to the 1H-NMR spectra 
of 4b, the same for 2b and 3b appears less complex due to the 
absence of the quinoline ring protons.[6b,c] The 1H-NMR spectra 
for 2b and 3b were recorded over a spectral width of 200 ppm at 
298 K temperature (Figure 4). Both complexes show a unique 
shift pattern for the pyridine protons of low spin Fe(IV) centers, 
with one β-proton shifted upfield (-17.2, -8.6 ppm for 2b and -
12.4, -8 ppm for 3b) and one β-proton shifted downfield (43.6, 
47.8 ppm for 2b and 32.8, 43.9 ppm for 3b) as observed 
previously for analogous complexes.[5b-5e,15] However, in case of 
Fe(III)-pyridine complexes, both the β-protons shift downfield 
with comparable paramagnetic shift.[7] The different amount of 
paramagnetic shifts and peak integrations in the NMR spectra of 
2b and 3b justify the unequal interaction of the two different sets 
of pyridine rings with the Fe d-orbitals that have uneven load of 
unpaired spin density.  
 

Figure 4. 1H-NMR spectra of 2b (top) and 3b (bottom) in CD3CN at 298 K. 

Reaction Kinetics  

The reactivity of these complexes was investigated for the 
oxygen atom transfer (OAT) and hydrogen atom abstraction 
(HAA) reactions from substrates. Thioanisole was employed 
initially for OAT reactivity while HAA properties were tested 
using a range of substrates having varied C‒H bond dissociation 
energies and active hydrogen availability. Addition of substrates 
to a solution containing 2b or 3b in acetonitrile led to the first-
order decay of the characteristic d-d transition band in the 
respective UV-vis spectrum. The second-order rate constants 
(k2) were determined by plotting the pseudo first-order rate 
constants (kobs) as a function of the proportional increment of 
substrate concentration. In the case of OAT, the sulfur atom of 

the organic substrate acts as the active recipient of the oxygen 
atom and eventually forms the oxidized product in the form of 
sulfoxides or sulfones.[16‒18] [FeIV(O)(N4Py)]2+ (1b) reacts with 
thioanisole with a k2 of 50  10–3 M–1 s–1 at 273 K.[17]  

 

Figure 5. (a) Decay profile for the reaction of 3b with THA (5 equivalents) at 
233 K. Inset shows the time trace for the decay of the 775 nm band. Second-
order rate constants determined for the reaction of 1b (1 mM, ►), 2b (1mM, 
●) and 3b (1 mM, ) with (b) thioanisole at 273 K; (c) DBT at 298 K. 

Under identical conditions, complex 2b shows enhanced 
reaction rates (see Figure 5b). However, upon addition 10 
equivalents of thioanisole to 1 mM solution of 3b, the 775 nm 
band vanished in less than 20 seconds at even lower 
temperatures (233 K). As such, complex 3b reacts with 
thioanisole at even faster rates than recently reported 
[FeIV(O)(2PyN2Q)]2+ complex (4b) under identical conditions: for 
5 equivalents THA at 233 K, 3bkobs = 8.9(4)  10-2 s-1 and 4bkobs = 
5.4(2)  10-2 s-1.[6b] Therefore, in order to procure a comparative 
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analysis for S-oxidation under identical conditions, we employed 
dibenzothiophene (DBT) as the model substrate for OAT 
reactions for all three oxidants. DBT has two benzene rings 
fused to a thiophene, in conjugation with the heteroatom, and 
delocalizes the electron density through a number of canonical 
structures thereby making the reaction slower compared to 
thioanisole.[18] Thus, it is a more suitable substrate for a 
comparative study of all three complexes than thioanisole. 
Complex 3b transfers an oxygen atom to DBT about a thousand 
times faster (k2 = 4.1 M–1 s–1) than 1b (k2 = 3.2  10–3 M–1 s–1)[18] 
whereas 2b (k2 = 9.5  10–3 M–1 s–1) could only triple 1b (see 
Figure 5c) at 298 K. These rates second the fact that complex 
3b, compared to 2b, has an underlying weaker equatorial Fe–N 
bonding and more ferryl-oxo distortions thereby making the 
catalyst more susceptible towards heteroatom oxidation 
reactions. Hence, introduction of methyl groups at the two 
methylene bound pyridine rings exerts a prolific effect on the 
iron-oxo core compared to the one containing methyl groups on 
the pyridine rings connected by the methine carbon in the case 
of OAT reactions.  
To verify the sustainability of this reactivity trend for HAA, we 
evaluated the C‒H activation abilities of the complexes under 
study. The conversion of ethylbenzene to 1-phenylethanol was 
tested with 1b, 2b and 3b. Reaction rates with 3b (k2 = 155.3  
10–3 M–1 s–1) was around twenty times faster than 1b (k2 = 8  
10–3 M–1 s–1); whereas 2b (k2 = 9.7  10–3 M–1 s–1) almost mirrors 
1b in terms of C–H activation rates at 298 K (see Figure 6a). To 
ensure that HAA is the rate-determining step, we repeated the 
experiment with ethylbenzene-[D10] (see Figure S12, Table S8, 
Supporting Information).[4b] The isotopomers react differently due 
to vibrational differences in the C–H and C–D bond frequencies 
and kinetic isotope effect (KIE) values of 14 and 13 were 
obtained for 2b and 3b respectively. Hence, C–H bond cleavage 
is the rate-determining step in the HAA reactions. 
A more pragmatic approach was made to study the effect of the 
methyl groups towards substrate approach and reactivity using 
the conventionally available substrates with varying C‒H bond 
dissociation energies (BDE).[4b,17a] As can be seen in the Bell-
Evans-Polanyi plot, the log k2’ values for five different complexes 
(1b, 2b, 3b, 4b and 6b) is portrayed against the C‒H BDE of the 
sacrificial C‒H bond(s) ranging from 77 to 90 kcal mol‒1 (see 
Table S9, Supporting Information). As evident from Figure 6b, 
1b and 2b display almost the same reaction rates for all the 
substrates. The only exceptions being 9,10-dihydroanthracene 
(DHA), fluorene and triphenylmethane, where 2b happens to 
react very sluggishly compared to 1b. Clearly the steric effect 
imparted by the methyl groups in 2b during the approach of 
these three bulky substrates can be perceived. Other complexes 
viz. 3b, 4b and 6b have substantially higher reaction rates than 
1b/2b for all the substrates irrespective of the C‒H bond 
strength, one specific case, again, being the reactivity of 3b with 
triphenylmethane where a significant drop in reaction rate is 
observed. All the points in the plot shown here have been 
recorded under similar reaction conditions. Therefore, the 
sudden drop in reactivity for 2b and 3b with triphenylmethane 
can only be attributed to the steric factor between the oxo 
complex and the approaching substrate. The only active 
hydrogen atom in Ph3CH is deeply embedded inside its 
‘propeller shaped’ structure, abstraction of which by 2b and/or 
3b is highly hindered by the steric fencing provided by the 
methyl groups in both the complexes. This observation is unique 

and novel and portrays the steric effect of Fe(IV)-oxo complexes 
with bulky substrates like Ph3CH (also 9,10-DHA and fluorene) 
whereas all other complexes (like 1b, 4b and 6b) follow the 
thermodynamic trend of bond strength vs reactivity and the 
corresponding points for BDE 81 kcal mol‒1 falls close to the 
best fitted line. For substrates other than Ph3CH, the active 
hydrogen(s) is/are easily accessible to all the complexes 
depending upon the geometry and approach pathway. Complex 
4b and 6b have almost similar reactivity profile to 3b but do not 
show reluctance towards Ph3CH, as such, the influence of the 
added substituents in the pyridine-6 position is primarily 
electronic thereby enhancing their reactivity compared to 1b.[5f,6] 
The longer Fe‒N bond length in Fe(IV)-oxo, in general, gives 
rise to a more reactive complex. The average Fe-N bond lengths 
in 4b and 6b are 2.053 Å and 1.999 Å, while the same for 1b is 
1.972 Å.[6a] Again in complex 2b and 3b, the introduction of the 
methyl groups in the ortho-position of the pyridine rings leads to 
a flagpole-like interaction with the oxo moiety; and the sp3 
hybridization of the methyl carbon thereby adds up to the 
flexibility in terms of C‒C bond rotation and bending. In 4b and 
6b, however, the added bulk is tethered to the ortho- and meta-
position of the pyridine ring and that to the immediate vicinity of 
the binding N is an sp2 carbon thereby restricting its free 
movement and rotation (see Figure 1).  

 

Figure 6. (a) Second-order rate constants determined for the reaction of 1b (1 
mM, ►), 2b (1mM, ●) and 3b (1 mM, ) with ethylbenzene at 298 K; (b) Bell 
Evans Polanyi plot for their reaction of 1b (►), 2b (●) 3b (), 4b () and 6b 
(★) with different substrates at 298 K in CH3CN; k2′ is k2 divided by the number 
of equivalent C–H bonds on the substrate that would react with the iron(IV)-
oxo species. Best fit lines exclude points for Ph3CH to show the deviation. 
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Figure 7. Optimized UB3LYP/BS1 geometries of 3,5
1b, 3,5

2b and 3,5
3b with bond lengths in angstroms and the O–Fe–Nax angle in degrees with Nax the axial amine 

nitrogen atom.  

Overall, in 2b and 3b, the steric factor precedes the electronic 
factor to determine the fate and rate of a reaction, and 
triphenylmethane (in spite of having a lower BDEC-H) is an ideal 
substrate to judge the same. 
 
Computational studies 

 
To understand the anomaly in reactivity of 1b versus 2b and 3b, 
a theoretical investigation was conducted. Before going into the 
details of the various reaction mechanisms we will discuss the 
electronic and structural differences of the oxidants first. 
Figure 7 displays optimized geometries of complexes 1b, 2b and 
3b in the lowest triplet and quintet spin states. In all cases the 
triplet spin state is the ground state and well separated from the 
nearest quintet spin state. In particular, triplet-quintet energy 
gaps of 4.0 and 2.3 kcal mol–1 are found for 2b and 3b, 
respectively. For structure 3b we also calculated the lowest lying 
singlet and septet spin states, which we find 28.9 and 20.6 kcal 
mol–1 higher in energy, respectively. As such, these spin state 
surfaces were not explored further. Our spin-state energies and 
spin-state orderings match previously calculated DFT studies on 
[FeIV(O)(N4Py)]2+ (1b) excellently, where triplet-quintet energy 
gaps of well over 4 kcal mol–1 were calculated.[17] Moreover, 
experimental EPR and Mössbauer studies identified 1b as a 
triplet spin iron(IV)-oxo species.[4] Therefore, methyl substituents 
have a small effect on the spin-state energies of 1b, 2b and 3b 
but do not change the spin-state ordering. 
The Fe–O distances are short and typical for a double bond 
between the iron and oxo group. Although the Fe–O distances in 
32b and 33b are the same (1.654 Å), the Fe–O stretch vibration 
changes from 856 cm–1 for the former to 848 cm–1 for 33b. These 
distances match previously reported bond lengths and vibrations 
of calculated geometries as well as experimental crystal 
structure distances of iron(IV)-oxo complexes well.[19,20] No 

dramatic changes in iron(IV)-oxo distances are seen upon 
addition of methyl substituents to the pyridine scaffold. Similarly, 
the distances of the iron atom to the axial amine nitrogen atom 
(Nax) do not vary a lot between the individual complexes. The 
only structural change that is seen comes from a modest bent 
O–Fe–Nax angle in 3,53b to 172° (triplet) and 174° (quintet), 
respectively that was envisaged from the crystal structures for 
the ferrous complexes. This bending may affect the orbital 
shapes and energies. Note also the weak interactions of the 
methyl protons to the oxo group at a distance of 2.0 – 2.4 Å in 
the 3,52b and 3,53b structures. The electronic configuration of the 
iron(IV)-oxo complexes is determined by the interaction of the 
metal 3d orbitals with first-coordination sphere ligands and 
particularly the oxo group. With the molecular z-axis associated 
along the Fe–O bond this gives a pair of bonding and 
antibonding orbitals for the  and * interaction of 3d(Fe) with 
2p(O) with a total for six electrons: xz

2 yz
2 *xz

1 *yz
1. A final -

type orbital is located in the xy-plane and is non-bonding (*xy). 
Two -type orbitals associated with the bonding and antibonding 
interactions along the Fe–O axis (z2 and *z2) and in the xy-
plane with pyridine nitrogen atoms (x2–y2 and *x2–y2). Figure 8 
gives orbital depictions of 32b as calculated in Gaussian for the 
- and -set of molecular orbitals. The z2 and x2–y2 orbitals are 
low in energy and not shown. In general, all triplet spin states 
have orbital occupation z2

2 x2–y2
2 xz

2 yz
2 *xy

2 *xz
1 *yz

1, 
whereas the quintet spin state had z2

2 x2-y2
2 xz

2 yz
2 *xy

1 *xz
1 

*yz
1 *x2–y2

1 configuration. Therefore, a triplet to quintet 
transition results from the promotion of one electron from *xy 
into *x2–y2. A comparison of the orbital shapes of 32b (Figure 8) 
and 33b (Figure S14, Supporting Information) shows very little 
differences in orbital shapes. Relative orbital energies as taken 
from the UB3LYP/BS2 and UB3LYP/BS1 calculations are given 
in Figure 8. Little variation between the data is seen and most 
numbers are within a few kcal mol‒1. 
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Figure 8. Orbital shapes and energies of 3
2b as calculated at UB3LYP/BS1 

and UB3LYP/BS2 (in parenthesis) in Gaussian. Orbital energies are given in 
kcal mol–1. 

Moreover, when the orbital energies are compared relative to 
the -spin *xy molecular orbital, we only see minor shifts in 
energy levels between the two structures. Consequently, the 
addition of methyl substituents to the N4Py scaffold nearby the 
oxo group in the iron(IV)-oxo species has little effect on the 
electronic configuration of the oxidant and the orbital energies 
and shapes. Thus, any change in reactivity must therefore come 
from differences in substrate approach through electrostatic 
interactions. Further evidence for the small changes in orbital 
energies comes from the calculated (adiabatic) electron affinities 
of the various complexes, whereby we find values of 119.3, 
119.2 and 120.7 kcal mol–1 for 31b, 32b and 33b, respectively. 
Therefore, any change in rate constant should result from 
second-coordination sphere effects through interactions of the 
approaching substrate with the oxidant. 
Subsequently, we investigated the oxygen atom transfer from 
3,52b and 3,53b to para-Z-substituted thioanisole with Z = OCH3, 
CH3, H, Cl and NO2. As before, the reactions are concerted with 
a single oxygen atom transfer to form sulfoxide products 
(3,5PSO,Z) with a transition state 3,5TSSO,Z. Figure 9 shows the 
general energy landscape for the reactions starting from 3,52b 
and 3,53b with para-H-thioanisole as an example. Although the 
triplet spin state is the ground state upon reaching the S–O bond 
formation transition state, a spin state crossing from the triplet to 
the quintet spin state occurs and hence 5TSSO is well below 
3TSSO. As a matter of fact, 5TSSO is only a fraction higher in 

energy than the quintet spin reactants, which implies the 
reaction must be really fast on a quintet spin state surface. 
Energetically, for structure 2b the quintet spin state sulfoxidation 
barrier is E‡+ZPE = 5.3 kcal mol–1, while it is much lower for 3b 
where we find a value of only 1.5 kcal mol–1. Despite the large 
drop in barrier height between 5TSSO,H for 2b versus 3b they are 
geometrically alike (Figure S17, Supporting Information). The 
drop in barrier height, therefore, must originate from second-
coordination sphere effects rather than first-coordination sphere 
effects or changes in the oxidant structure. In particular, a 
change in Nax‒Fe‒O angle is seen for all transition states. Thus, 
as discussed above in Figure 7, the 3,52b structures have an 
almost linear Nax‒Fe‒O angle of about 177°, whereas in 3,53b 
the angle is slightly tilted to 172°‒174°. In the sulfoxidation 
transition states displayed in Figure 9 all structures have an Nax‒
Fe‒O angle in the range 168 – 172.5°. Therefore, the change in 
angle is stronger for complexes 3,52b than for 3,53b, where the 
metal stays in virtually the same position as in reactants. As a 
result of smaller changes in geometry the sulfoxidation barriers 
are considerably lower. The overall sulfoxidation reaction is 
exothermic by 12.8 (for 2b) and 17.8 (for 3b) kcal mol–1 to form 
products.  

 

Figure 9. Calculated sulfoxidation reaction mechanism for the reaction of 
3,5

2b/3,5
3b with p-H-thioanisole (Sub) obtained at UB3LYP/BS1//UB3LYP/BS2. 

Energies (free energies) are in kcal mol–1 and contain solvent and zero-point 
corrections. Quintet spin data in parenthesis. 

 
Figure 10. Transition state geometries for the reaction of 3,5

3b with para-Z-
thioanisole (Z = OCH3, CH3, H, Cl and NO2) as calculated at UB3LYP/BS1 in 
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Gaussian. Data represent the Fe–O and S–O bond lengths in angstroms and 
the imaginary frequency of the transition state in cm–1. Quintet spin data is 
given in parenthesis. 

Optimized geometries of the triplet and quintet spin transition 
states for the reaction of 3,53b with para-Z-thioanisole are given 
in Figure 10. In the transition state, the Fe–O distance is 
elongated from 1.654 Å in 33b and 1.647 Å in 53b to values 
ranging from 1.765 – 1.784 Å in 3TSSO,Z and from 1.775 – 1.792 
Å in the 5TSSO,Z structures. A plot of the triplet spin Fe–O bond 
lengths against p Hammett parameter gives a linear correlation 
and as such the structure changes smoothly upon replacement 
of the para-Z group of thioanisole (Supporting Information Figure 
S15). Similar correlations of the S–O and Fe–Nax distances with 
Hammett parameter P also give a linear correlation. Therefore, 
the transition state geometries change smoothly depending on 
the para-Z substituent that causes electron-donating or 
withdrawing properties on the sulfide group. 
The imaginary frequency in the triplet spin state is relatively 
large, namely ranging from i491 cm–1 for para-OCH3-thioanisole 
to i519 cm–1 for para-NO2-thioanisole. Interestingly, in the quintet 
spin state the imaginary frequencies are much lower, i.e. i72 – 
i158 cm–1. Also the imaginary frequency in the transition state 
follows the Hammett correlation with Hammett parameter (P), 
which means that the para-Z substituent affects the shape of the 
potential energy surface and broadens it when more electron-
withdrawing substituents are added to the para-position of the 
aromatic ring of the substrate. A similar observation was found 
for para-Z-styrene epoxidation by iron(IV)-oxo porphyrins, where 
also a linear correlation between Hammett P parameter and 
imaginary frequency was found.[21] These correlations are found 
irrespective of the spin state surface. 

Finally, we investigated hydrogen atom abstraction from 
ethylbenzene (EB) by 3,52b and 3,53b and the results are given in 
Figure 11. As can be seen from Figure 11, the approach of 
substrate onto the iron(IV)-oxo changes upon substitution of the 
6th position with methyl groups and in 3,52b the substrate comes 
from the left, while it enters from the right in 3,53b. The methyl 
groups form weak C–H---O hydrogen bonding interactions that 
stabilize the oxo group and hold it in a specific orientation. 
Nevertheless, the C–H and O–H distances do not vary 
dramatically between the structures in the triplet spin state with 
values of 1.322 (1.303) Å for the C‒H interaction and 1.289 
(1.316) Å for the O‒H distance in 3TSHA,2b (3TSHA,3b), respectively. 
All triplet spin state transition state structures have a large 
imaginary frequency for the C--H--O stretch vibration. Values of 
those magnitudes typically correspond to significant amount of 
tunneling and a large kinetic isotope effect as also reported 
experimentally (see above).[22] Despite similar bond lengths the 
triplet spin HAA barrier for 3b is 2.0 kcal mol–1 lower in energy 
than that for 2b, which matches the experimental rate changes 
well. Lower in energy; however, are the quintet spin hydrogen 
atom abstraction barriers, which are 7.9 and 4.0 kcal mol–1 for 
system 2b and 3b. Therefore, in line with the oxygen atom 
transfer to sulfides, also the hydrogen atom abstraction 
transition states are lower for 3b as compared to 2b. These rate 
changes obtained computationally match the experimentally 
determined trends from Figure 5 and 6 excellently and show that 
3b is a much better oxidant than 2b for oxidation reactions. 
 

 

 

 

Figure 11. Hydrogen atom abstraction energies for the reaction of 3,5
2b and 3,5

3b with ethylbenzene as calculated at UB3LYP/BS1//UB3LYP/BS2 in Gaussian. 
Energies (in kcal mol–1) represent E+ZPE+Esolv values with free energies (at 298K) in parenthesis. Transition state geometries give bond lengths in angstroms 
and the imaginary frequency in cm–1. 

  

3TSHA,2b [5TSHA,2b]

1.322 [1.419]
1.289 [1.246]

1.765 [1.766]

i1577 [i1122] cm–1

1.303 [1.157]
1.316 [1.596]

FeO: 1.766 [1.716]

i1482 [i129] cm–1

3TSHA,3b [5TSHA,3b]



FULL PAPER    

10 

 

Discussion 

To understand the reactivity differences of 1b, 2b and 3b, we 
analyzed the thermochemical and electronic properties of the 
reactant complexes and set up a valence bond model to 
describe their oxidative differences. The electronic changes for 
the hydrogen atom abstraction from substrate by the iron(IV)-
oxo complexes 51b, 52b and 53b in the quintet spin state is 
depicted in Scheme 1. As described above in Figure 8 all 
complexes have an orbital occupation with xz

2 yz
2 *xy

1 *xz
1 

*yz
1 *x2–y2

1 configuration as identified in Scheme 1 with dots for 
each electron, while a line separating two dots represents a 
doubly occupied orbital. Thus, the xz/*xz and yz/*yz pairs of 
orbitals form two three-electron bonds along the Fe–O axis. In 
addition, there are two unpaired electrons with dominant 
contribution on iron in the xy-plane, namely xy and *x2–y2. 
Finally, the substrate has a doubly occupied CH orbital for the 
C–H bond that is activated in the process. 

 

Scheme 1. Valence bond orbital diagram for the electronic changes 

during hydrogen atom abstraction. 

Upon hydrogen atom abstraction, the CH bond splits back into 
atomic orbitals and the leaving H-atoms pairs its electron up with 
a 2p electron on oxygen. The latter originates from the three-
electron xz/*xz pair of orbitals (highlighted in red in Scheme 1) 
that revert back to atomic orbitals. The other two electrons lead 
to the nonbonding 3dxz with one electron and the *z2 orbital with 
one electron. We previously showed that based on these 
electron-transfer mechanisms, the hydrogen atom abstraction 
barrier is correlated with the energy to break the xz/*xz bond, 
the energy to break the CH bond and the energy to form the OH 
orbital for the interaction of 2pO with 1sH.[23] As follows from 
Scheme 1, the oxidation state of iron is reduced from iron(IV) to 
iron(III) during the hydrogen atom abstraction. Therefore, we 
decided to do a thermochemical analysis on the physical 
chemical properties of complexes 1b, 2b and 3b and, 
particularly, focus on the electron and proton abstraction ability. 
Thus, the electron affinity (EA) for the one-electron reduction of 
the triplet spin iron(IV)-oxo complexes were calculated from the 
adiabatic energy differences (at ΔE+ZPE+Esolv) with the iron(III)-
oxo complex, see Figure 12. Interestingly, the electron affinity of 
the three complexes is virtually the same and ranges from 119.2 
kcal mol–1 for 2b to 120.7 kcal mol–1 for 3b. Consequently, the 
changes in reactivity pattern do not originate from differences in 
the reduction potential of the three complexes. 

Subsequently, we calculated the energy for the iron(IV)-oxo 
species to abstract a hydrogen atom as the energy difference 
between the iron(III)-hydroxo complex and the sum of the 
iron(IV)-oxo and a hydrogen atom, which is termed the O–H 
bond dissociation energy (BDEOH). Similar to the electron affinity 
(EA) values, the BDEOH values of 1b, 2b and 3b are very close 
in energy and range from 90.9 kcal mol–1 for 2b to 92.4 kcal mol–
1 for 3b. Previously, the BDEOH of the oxidant was correlated 
with the rate constant for hydrogen atom abstraction and as 
such would imply similar HAA barriers from substrates.[24] To 
complement the reaction cycle in Figure 12, we also calculated 
the acidity of the iron(III)-hydroxo complex (ΔHacid). Obviously, 
as there are little changes between the complexes for the EA 
and BDEOH values, also no dramatic changes for the acidity are 
seen.  
Therefore, the three complexes 1b, 2b and 3b have similar 
physical chemical properties and as a result should also show 
comparable reactivity patterns with substrates. The fact that this 
is not the case means external perturbations must be at play 
and influence the reactivity of these oxidants with substrates. 
Most likely the reaction rates are affected due to differences in 
approach of the substrate to the oxidant, which must show 
structural and electronic differences. To understand the 
reactivity differences, we did a detailed analysis of the structural 
and electronic differences of the rate-determining transition 
states. 

Figure 12. Thermochemical analysis of the differences of structure 1b, 2b and 
3b in electron affinity (EA), gas-phase acidity (Hacid) and O–H bond strength 
(BDEOH) with values in kcal mol–1. 

In order to identify the structural differences between the rate-
determining transition states better, we give an overlay of 
5TSSO,2b and 5TSSO,3b, on one hand, and 5TSEB,2b and 5TSEB,3b on 
the other hand in Figure 13. As can be seen from Figure 13, the 
substrate is located in roughly the same position with respect to 
the oxidant. However, the metal center has shifted slightly within 
the ligand scaffold. Thus, in 5TSSO,3b and 5TSEB,3b the metal is 
located nearby the center of the four pyridine nitrogen atoms 
that give FeN distances within a range of 0.038 and 0.018 Å, 
respectively. By contrast, for the structures originating from 2b 
the FeN distances are much wider apart (0.089 and 0.090 Å), 
so that the metal is not located in the center of the ligand 
scaffold. The deviation of the metal from the axis will affect the 
orbital shapes and particularly influence the energy level of the 
*z2 orbital that accepts one electron during the rate-determining 
step. Interestingly, although the metal is displaced from the 
center, the group spin densities for 5TSSO,2b and 5TSSO,3b are 
virtually the same. Specifically, the complexes give a spin of 
3.82/3.84 on iron, 0.27/0.28 on oxygen and –0.43/–0.47 on the 
substrate. 
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Figure 13. Overlay of optimized geometries of the quintet spin transition states for sulfoxidation and hydrogen atom abstraction by 5
2b and 53b. Bond lengths are 

given in angstroms and the O-Fe-Nax angle is in degrees. 

These spin densities indeed confirm the electron transfer as 
proposed in Scheme 1 that leave a down-spin electron on the 
substrate antiferromagnetically coupled to five unpaired metal-
based electrons. Overall, the sulfoxidation barrier  heights vary 
little in electronic configuration despite the large energetic 
differences. Overall, the calculations show that methyl 
substituents on the 6-position as in 3b has an effect on the 
position of the metal in the ligand framework so that the metal is 
pulled back into the center of the four pyridine rings during the 
rate-determining transition state. This has a dramatic effect on 
lowering the barrier height and consequently the reaction rate 
due to more favorable overlap between the donating (*xz) and 
accepting (*z2) orbital of the electron even though the reactant 
complexes do not appear to be systematically different. As such 
the methyl substituents masquerade the oxidant and effectively 
position substrate and oxidant for ideal hydrogen atom transfer 
or oxygen atom transfer reactions.  

Conclusions 

The reactivity of nonheme ferryl-oxo systems are very difficult to 
generalize and rational optimization of the ligand scaffolds are 
very tricky as these systems are extremely sensitive to 
backbone modifications. However, with the benchmarking of the 
existing and new iron(IV)-oxo complexes in oxidation reactions, 
we provided an experimental overview of the various reactivity 
trends. The theoretical study allows us to understand the fine 
interplay between electronic and steric effects generated by 
substituents that can be utilized as guidelines for a more rational 
synthetic approach to develop more efficient and selective 
systems. Overall, this research highlights the intricate details of 
subtle modifications to the primary- and secondary-coordination 
sphere of mononuclear nonheme iron(IV)-oxo model systems in 
an octahedral environment that brings forth the competitiveness 
of electronic and steric factors that influence their reactivity. With 
the synthesis and characterization of two new pentadentate 
ligand frameworks, that are isomeric in mass and geometry, we 

have evidenced that the corresponding iron(IV)-oxo complexes 
inhabit differences in reactivity profiles towards HAA and OAT 
reactions. In fact, this study is unique of its kind where 
regioselective substitution by methyl moieties in the same ligand 
skeleton provoke substantially different reactivity of the oxo 
species. Not only that, the methyl groups shield the bulkier 
substrates like 9,10-DHA, fluorine and mainly triphenylmethane 
to make the catalysts reluctant towards these substrates, a 
phenomenon not observed before. Computational modelling 
rules out the electronic features of the complexes under study 
and establishes that a steric factor is the driving force behind 
this eccentric reactivity. Indeed, the methyl groups employed at 
the specified positions act as shafts to position the substrate and 
oxidant in a definite orientation in space. These substituents 
direct the corridors of substrate approach to the active site 
thereby tuning the efficiency of hydrogen or oxygen atom 
transfer reaction similar to what enzymatic catalysts do in 
proteins that channel the substrate and position the oxidant in an 
ideal conformation.  

Experimental Section 

Materials and Methods 

All chemicals were obtained from Sigma Aldrich Chemical Co., and were 
of the best available purity and used without further purification unless 
otherwise stated. Solvents were dried according to published procedures 
[25] and distilled under argon prior to use. H2

18O (99.9% pure and 
enrichment 97.1 atom%) was purchased from Berry and Associates (Icon 
Isotopes). Substrates were passed through silica before reactivity study. 
Ethyl chloroformate, 95%, was purchased from Avra synthesis Pvt. Ltd. 
and purified prior to use. Metal complexes, including [FeII(N4Py)](ClO4)2 
(1a), [FeII(MeN4Py)](ClO4)2 (2a) and [FeII(N4PyMe)](ClO4)2 (3a) were 
synthesized inside a Jacomex glovebox filled with argon using 
procedures as described in the Supporting Information. Subsequently, 
the iron(IV)-oxo complexes, i.e. [FeIV(O)(N4Py)]2+ (1b), 
[FeIV(O)(MeN4Py)]2+ (2b) and [FeIV(O)(N4PyMe)]2+ (3b) were prepared 
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from their corresponding iron(II) complexes with 1.5 equivalents of 
PhI(OAc)2 in CH3CN at ambient temperature and pressure. 

Characterization 

UV-vis spectra were recorded on a Hewlett Packard 8453 
spectrophotometer equipped with either constant temperature circulating 
water bath or a liquid nitrogen cryostat (Unisoku) with a temperature 
controller. High Resolution electrospray ionization-mass spectra (ESI-
MS) were recorded on a Waters (Micromass MS Technologies) Q-TOF 
Premier mass spectrometer by infusing samples directly into the source 
at 15 µL min-1 using a syringe pump. The spray voltage was set at 2 kV 
and the capillary temperature at 80°C unless otherwise mentioned. 
Nuclear Magnetic Resonance (NMR) spectra were recorded on Bruker 
Avance III HD 600 MHz spectrometer and Jeol Advanced Solution State 
400 MHz spectrometer (JNM-ECZ400S) using TMS as internal standard 
under ambient conditions. Product analysis of the reaction mixtures were 
done by ESI-MS, NMR (1H and 13C) with a Varian 400/100 MHz 
spectrometer and LCMS with WATERS ACQUITY UPLC equipped with a 
variable wavelength UV-200 detector. The crystal structure was recorded 
on an Agilent Single Crystal X-Ray Diffractometer (XRD) equipped with 
Mo X-ray source (Mova), CCD detector (Eos), Oxford cryo system and 
crystal AlisPRO and Autochem software. 

Kinetics experiments 

Upon addition of substrate to in situ generated iron(IV)-oxo species, the 
decay of the absorption band against time was monitored in the UV-vis 
spectrum. Substrate concentrations were maintained in excess to obtain 
pseudo first-order reaction conditions. Kinetic profiles were obtained at 
four different substrate concentrations which were plotted against the kobs 
values to obtain a linear correlation and enabled us to determine second-
order rate constants (k2) for each reaction. The slopes pass through the 
origin to ensure minimum standard deviation and zero intercept on either 
axes. All UV-vis spectra were measured in a 10 mm quartz cell. 

Computation 

Density functional theory calculations were performed for the reaction 
mechanisms of 1b, 2b and 3b with ethylbenzene and para-Z-thioanisole 
with Z = OCH3, CH3, H, Cl and NO2. Extensive benchmarking and testing 
of computational methods and procedures on this particular system was 
reported in previous work on the reactivity of [FeIV(O)(N4Py)]2+ with para-
Z-substituted thioanisole as well as dimethylsulfide.[26] These studies 
showed that the methods used here give excellent agreement with 
experimentally determined free energies and enthalpies of activation. In 
particular, experimental rate constants were converted into free energy of 
activation values using transition state theory. Those values were within 
4 kcal mol‒1 from those calculated with DFT methods as used in this work. 
Full geometry optimizations (without constraints) were done with either 
UB3LYP/BS1 or UB3LYP/BS2 level of theory in Gaussian-09.[27‒29] BS1 
stands for LACVP with core potential on iron and 6-31G on the rest of the 
atoms, while BS2 represents a triple- basis set (LACV3P+ on iron and 
6-311+G* on the rest of the atoms). The calculations included a 
conductor polarized continuum model (CPCM) with a dielectric constant 
mimicking acetonitrile. In general, calculations obtained with 
UB3LYP/BS2 and UB3LYP/BS1//UB3LYP/BS2 gave virtually the same 
structures and energies. Transition states were characterized with a 
frequency calculation that gave a single imaginary frequency for the 
correct mode. In addition, for a selection of structures intrinsic reaction 
coordinate (IRC) scans were performed. These IRCs connected the 
transition states to the reactants in one direction and to products in the 
reverse direction. 
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