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High-valent iron(Iv/v)-oxo species are known as the potent oxidant in various organic transformations such as C-C, C-H acti-
vation reactions. While the aggressive oxidative abilities of these species are established, very little is known about the oxi-
dative abilities of the precursor complexes that generate these species. This is particularly important, as often these species
are not generated with 100% conversion and present a possibility with the coexistence of the catalytic precursor in the solu-
tion. Given this background, it is important to establish the comparative oxidative ability of the precursor materials viz a viz
iron(Iv/v)-oxo species. In our current study, along with high-valent iron(1v/v)-oxo species, we have also tested the reactivity
of the iron(ill)-iodosylarene towards epoxidation reaction. DFT methods have been taken into account to establish a detailed
mechanism of this reaction. A comprehensive study of the mechanism of epoxidation of styrene reveals that the energetic
requirement of generating the iron(v/v)-oxo species from the iron(ill)-iodosylarene is on par with the direct olefin epoxidation
by the iron(il)-iodosylarene. As there are additional barriers for the high-valent oxo species to activate olefin, it is safe to
conclude iron(llN)-iodosylarene as the potent oxidant in this reaction. A careful electronic structure analysis reveals that ligand
design is playing a major role in tuning the reactivity of the iron(ill)-species hence altering the entire landscape of the cata-
Iytic transformations. This work unequivocally establishes that Fe(ill)-iodosylarene as a powerful oxidant. Since this act as a
key catalytic precursor for the formation of Fe!V=0 species, this likely to trigger an intense debate on the need to evoke ag-

gressive oxidant such as Fe'V=0 in other catalytic transformations.
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Introduction

Heme and non-heme metalloenzymes are known as effi-
cient and robust catalysts for reactions such as hydroxyla-
tion, epoxidation and C-H activation of aliphatic/aromatic
hydrocarbons’. The active site of these metalloenzymes con-
tains high-valent metal-oxo, peroxo or superoxo species that
are known to be aggressive oxidants towards inert sub-
strates2. This has triggered the interest in bio-mimick chem-
istry where high valent metal-oxo, peroxo and superoxo com-
plexes mimicking the active site structure of enzymes are
prepared as structural-functional models of enzyme and have
been employed extensively in several catalytic transforma-
tion®. Although quite a few high-valent metal-oxo complexes
are spectroscopically detected and for some even X-ray struc-
tures are available, their catalytic selectivity, efficiency, and
robustness are diverse and the catalytically active species is
often elusive leading to various proposals and ambiguities®.

Among, high-valent metal-oxo complexes, iron-oxo com-
plexes play an important role in biological chemistry”. In the
iron-oxo species, Fe!V=0 species is well known in the cyto-
chrome P450 enzyme which efficiently catalyzes various
types of metabolic reactions such as oxidation, reduction,
isomerization as well as dehydration®. To mimic the reactiv-
ity of this species, ceaselessly numerous synthetic efforts
have been undertaken. Over several decades, significant
advancements towards the direct characterization of heme
and non-heme Fe!V=0 and Fe"=0 have been performed®.
Some of the ligands which stabilize the Fe!V=0 and FeV=0
species are shown in Fig. 1. The detailed structural knowl-
edge on these model complexes such as, [(TMCS)Fe!V=0]*
(TMCS = 1-mercaptoethyl-4,8,11-trimethyl-1,4,8,11-
tetrazacyclotetradecane)8, [(TAML)FeV=0]" (TAML =
tetraamido macrocyclic ligand)*® and [(14-TMC)Fe!V=0]2*
(14-TMC=1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetra-
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Fig. 1. Schematic representation of some widely used ligands in non-

heme complexes: (a) 14-TMC, (b) TMCS and (c) TAML.

decane)*a are available now as thorough experimental and
spectroscopic studies have been undertaken.

Initially, from the economical points of view, molecular
oxygen (02)7 and hydrogen peroxide (H202)8 are the oxi-
dants of choice. In 1979, Groves and co-workers for the first
time used iron(ill)-porphyrin with iodosylarene (PhlO) for the
oxidation of hydrocarbon®. After that many groups have fo-
cused on the use of PhlO as an artificial oxidant in metal-
catalyzed oxidation reactions'?. While this species is widely
used to generate the putative Fe'V=0 species, this involves
cleavage of |--O bond. A recent report suggests a possibility
of utilizing the iodosylarene species itself as an oxidant
emerge and experimental evidence gathered in this direc-
tion clearly dictate the possibility of this species rather than
the high-valent Fe-oxo species as an active oxidant'!. Par-
ticularly, report of iron(ll)-iodosylbenzene complexes as a
reactive intermediate instead of high-valent Fe!V=0 and
FeV=0 utilizing 13-TMC ligand gather wide attention and
speculate this possibility also in other catalytic reactions
where in general iron(lll)-iodosylbenzene has been utilized
as a catalytic precursor. In this work, the reactivity of [(13-
TMC)Fe!l-OIPhJ** (13-TMC=1,4,7,10-tetramethyl-1,4,7,10-
tetraaza-cyclotridecane) (see Fig. 2) and its derivatives with
[(13-TMC)FeV=0]?* has been compared to arrive at the
aforementioned conclusions.

Computational tools play an important role in establish-
ing the reaction mechanism of such intricate reactions in

826

\
g v /
SN

Fig. 2. Schematic representation of [(13-TMC)Fe'l-OIPhJ3* (1).

general. As various spin-states are involved, very often iden-
tifying the nature of the catalyst is challenging and theoreti-
cal tools combined with the gather experimental evidence
can provide insight into the nature of the catalytic species.
In our current study, we aim to utilize density functional meth-
ods to achieve the following (i) to understand the electronic
structure of the iron(lll)-iodosylarene, (ii) to establish the na-
ture of oxidant among iron(in)-iodosylarene, Fe'V=0 and
FeV=0 species in olefin epoxidation.

Computational details

In the present work, previously established procedures
are used for all the calculations'2. Here, the geometry opti-
mizations were done using the Gaussian 093, suite of pro-
gram and spectroscopic parameters are calculated with the
ORCA 3.0.3 program package incorporating COSMO sol-
vent effect’®. All the reported geometries were optimized
using the Grimme’s dispersion corrected unrestricted B3LYP
functional (UB3LYP-D2)°. A double {-quality basis set with
the Los Alamos effective core potential (LANL2DZ ECP) for
Fe'6, LANL2DZdp ECP for | (where dp stands for polariza-
tion function of d symmetry and diffuse functions of p
symmetry)'?® and a 6-31+G* basis set for C, H, O, N'# for
geometry optimization and frequency calculations were cho-
sen. This is followed by single-point energy calculations us-
ing a TZVP128.12¢17 hagjs set for C, H, O, N, Fe and | with
SDD ECP on the optimized geometries'8. The minima (low-
est energy geometry) and first-order saddle point (transition
state) on the potential energy surface (PES) are verified us-
ing frequency calculation and it gave also the zero point as
well as free energy corrections on the electronic energies of
optimized geometry. The quoted DFT energies are UB3LYP-
D2/SDD(I),TZVP(rest)//UB3LYP-D2/LanL2DZ(Fe), Lan-
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L2DZdp(l), 6-31+G*(rest) solvation including free-energy
corrections at the temperature of 298.15 K, unless otherwise
mentioned. Calculations were performed using acetonitrile
as solvent using the polarizable continuum model (PCM)"®.
Spin density visualizations are done using chemcraft soft-
ware20. All the energies reported in the paper are zero-point
corrected solvation energies (AE). Time-dependent density
functional theory (TD-DFT) calculations were performed us-
ing the ORCA program, incorporating relativistic effects by
the zeroth-order regular approximations methods (ZORA)?'
at B3LYP/TZVP level of theory. Natural bond order (NBO)
analysis is carried out using Gaussian 0922. While basis set
superposition error could play a role in the estimated ener-
getics, at various occasion these effects are known to be
small and hence has not been computed here?.

Results

Electronic structure of [(13-TMC)Fe "OIPh]3* (1)

Since Fe(li)-iodoyslarene [(13-TMC)FelOIPh] (1) has
been proposed as a putative oxidant in the olefin epoxidation
reaction and its electronic structure details are previously
not known, we would like to begin with establishing the elec-
tronic structure of this species here. The iron(lll) center here
has three different spin possibilities viz. sextet (S=5/2), quartet
(S=3/2) and doublet (S=1/2) states. Among all three pos-
sible spin states, DFT calculations predict the sextet state
(61) as the ground state and quartet and doublet found to lie
at 10.1 and 88.0 kJ/mol higher in energy, respectively. Opti-
mized structure of the ground state of 1 and its correspond-
ing spin density plot is shown in Fig. 3. Geometry around
Felll center is distorted square pyramidal which is exhibiting
a deviation of 0.805 from an ideal square pyramidal geom-
etry (using SHAPE software). The Fe!l-O bond length is
computed to be 1.822 A which corresponds to a single cova-
lent bond while O-l and Fe-N,, (average of all four Fe-N dis-
tances) bond lengths are 1.985 A and 2.190 A, respectively
(see Table S1).

These bond lengths parameters are in accord with the
data reported earlier for heme models based on cytochrome
P45025. Spin density of 4.099 has been detected on the iron
center while oxygen and nitrogen atoms gain spin densities
due to spin delocalization. Here, we see that the maximum
unpaired electron spin densities are located on Fe and O
atoms and the rest delocalized on the 13-TMC ring nitrogens
(see Table S2).

ZFe-0-1=151.0°

Z£0-1-C= 105.4°

ZN1-Fe-N3 =135.8°
. ZN2-Fe-N4=148.8°

(a)

Fig. 3. B3LYP-D2 (a) optimized geometry of ground state of [(13-
TMC)Fe'-OIPhJ3* (1) and (b) its corresponding spin density
plot. All the bond lengths are given in A and bond angles are
in degree (). Spin density plot are presented with a contour
value of 0.03 a.u. and values shown are in arbitrary units.

The electronic configuration for the ground state (S=5/2)
of complex 1 is computed to be (S*Xy)1(7t*xz)1(7t*yz)1 (cs*xz_yz)1
((5*22)1 (see Fig. 4). From the below figure, it is clear that the
non-bonding &",, orbital is found to be the most stabilized
one. The m* set of orbitals viz. *,, and m*, , orbitals are high

Fig. 4. Electronic structure and molecular orbitals of the ground state
(S=5/2) of the complex 1. All the relative energies of molecular
orbitals are given in eV.
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lying with 4.41 and 4.76 eV, respectively. The G*Xz_yz and
c*,2 orbitals are nearly degenerate with a smaller energy
gap of 0.13 eV.

To understand the bonding in 1, a detailed NBO analysis
has been performed. The NBO analysis reveals that Fe-O
o-bonding interaction is composed of a 13.86% of Fe(d,2)
and 86.14% of O(p,) orbitals while mt-bonding interaction com-
posed of a 13.33% of Fe(d,,) and 86.76% of O(p,) orbitals
(see Fig. 5). Both the bonds are found to be strongly ionic in
character with a significant donation from the oxygen atoms.
Additionally, the O-l c-bond is formed by 71.44% contribu-
tion from O(py) and 28.56% contribution from I(py). These
observations suggest that Fe-O bond and O-I bonds are ionic
in nature. The Wiberg bond index (WBI)26 values for Fe-O
and O-| bonds are 0.53 and 0.69 both suggestive of a net
single bond.

To comprehend the electronic structure of complex 1 fur-
ther, we have computed the corresponding spectral features.
Particularly, we have computed the absorption spectra using
TD-DFT and the computed absorption spectra using aceto-
nitrile as a solvent for the 1 state shows two characteristic
peaks at 616 nm and a broad peak centered at 821 nm. Both
these peak positions are in agreement with the experiments
(shown in Fig. 6 as a solid black line). The peak observed at
616 nm is found to be due to the transition of ©t*{(Fe-O)-IPh}
moiety to the d,2.,2 orbitals of the iron.

Py ~Py
%0-71.44
%I — 28.56

Ay Py
%TFe — 13.33
%0 —86.76

d2-p,
%Fe—13.86
%0 — 86.14

Fig. 5. NBO diagram for selective bonds for the ground state of 1

showing o-bonding and mt-bonding interaction between Fel!l!
O and | atoms of Fe-O-I moiety.

Another peak computed at 821 nm shows d-d transition
from ¥ (Fedxy-Opx) to * (Fedzz-OpZ) orbitals. Experiments
also reveal a broad feature around this region offering confi-
dence on the computed electronic structure parameters.

Reactivity studies of complex 1 towards the
epoxidation of styrene

To understand the reactivity of complex 1 towards C=C
bond activation, we have chosen a well-known substrate sty-
rene and tested its reactivity towards the epoxidation reac-
tion. Various plausible reaction pathways have been explored
(see Scheme 1). Three possible pathways are proposed and
among these pathways, the first pathway (pathway a) involves

616 nm

821 nm

&

4

660 nm
616 nm = TD-DFT
- Exp.
821 nm
1] 1 | " L] b 1
500 600 700 800 900 1000

Wavelength (nm)

“

Fig. 6. Absorption spectra computed using TD-DFT calculations on the ground state of complex 1 and its corresponding orbitals involved in the
transitions. The experimental spectrum of 1 obtained from Ref. 11 is given in black line for comparison“.
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Scheme 1. Various possible reaction pathways for the epoxidation of styrene starting from [(13-TMC)Fe!l-OIPh]3* (1).

the direct attack on styrene by iron(ill)-iodosylarene complex
1, leading to the formation of intermediate 1 (1-Int1). The
other two pathways involve a common first step viz. homolytic
cleavage of the O--1 bond to generate Fe'V=0 species [(13-
TMC)Fe!V=0]2* (2) along with highly reactive iodobenzene
cation radical (PhI**). In the next step, either species 2 can
directly attack the styrene to generate a product via a radical
intermediate (2-Int1, pathway b) or species 2 can undergo
further oxidation and donate one electron through electron
transfer mechanism (ET) to the iodobenzene radical cation
leading to the formation of the putative [(13-TMC)FeV=03*
(3) species and iodobenzene (pathway c, see Scheme 1 for
details). In the subsequent steps, species 3 can attack sty-

rene to form the epoxidation product via intermediate 3-Int1
(see Scheme 1).

Direct attack of styrene on iron( 1)-iodosylarene com-
plex 1 (pathway a)

In this pathway, a styrene molecule is expected to be
directly attacked by the iodosylarene complex 1 via 1-TS1 to
form intermediate 1-Int1 with a newly formed O-C bond. We
have computed all the three possible spin states (S=5/2, 3/2
and1/2) for the transition state (1-TS1) corresponding to the
direct C=C bond activation. Computed potential energy sur-
face for the epoxidation reaction of complex 1 is shown in
Fig. 9. The calculated barrier heights for sextet, quartet, and
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doublet states are found to be 53.6, 66.2 and 147.1 kJ/mol,
respectively. The sextet state found to have the lowest acti-
vation energy and hence no spin crossover to other spin
states are desired in this reaction pathway. From the com-
puted barrier heights, it is evident that S=1/2 state has no
role on the reactivity as this surface lie very high in energy
compared to the other two spin states. The approach of sty-
rene C1 carbon towards the oxygen of Fe!l-OIPh moiety of 1
in transition state (61-TS1) is apparent from the decrease in
0--C1 bond distance [1.935 A] and simultaneous increase
in Fe--0 [2.115 A], O--1 [2.009 A] and C1---C2 distances
[1.409 A], which is characterised by the imaginary frequency
of 370 cm~" (Fig. 7).

Spin density at the iron and oxygen centers for the ener-
getically low-lying transition state (81-TS1) are found to be
3.846 and 0.113, respectively (see Fig. 7(a) and (b)). These
spin density values are slightly reduced compared to the same
in 61 reactant (Fe=4.099 and 0=0.240). The alpha HOMO of
the 81-TS1 reveals that the @ orbital of the styrene are do-
nating the electrons into the O-I orbital leading to the likely
cleavage of the O---1 bond in the next step (see Fig. 7(c)).

For intermediate (1-Int1) also sextet state is found to be
the ground state, with quartet state lying at 24.0 kd/mol higher

ZFe-04=131.2°
ZFe-0C1= 110.6°
Z0-1-C =107.8°
ZN1-Fe-N3= 134.3°
~N2-Fe-N4= 146.8°

Vimg= 1370 em 1

(a)

Fig. 7.

in energy. Thermodynamically, the formation of this interme-
diate (51-Int1) is found to be highly exothermic in nature by
224.4 kJImol suggesting the feasibility of the formation of
this intermediate in the reaction. Spin density analysis clearly
reveals the absence of any radical character on the C2 car-
bon atoms and charge analysis indicate that this species is
rather cationic than a radical intermediate (see Fig. 8). In the
next step, the ring closure transition state followed by the
formation of the product is expected. Since there is a signifi-
cant gain in stabilizing the cationic intermediate and it is very
well known that the ring closure transition states are often
barrier-less?’ or have a very small barrier, we expect that the
reaction proceeds smoothly upon the formation of the inter-
mediate leading to the desired epoxide product.

Formation of Fe!V=0 species and its reactivity towards
styrene (pathway b)

The I-O bond can undergo either homolytic or heterolytic
cleavage to form Fe'V=0 or FeV=0 species, respectively.
Earlier experimental reports suggest homolytic cleavage of
the I--O bond and support the formation of Fe!V=0 species
(2). The homolytic cleavage of the I---O bond is expected to
occur via TS0 from species 1 leading to the formation of
species 2. Here we have computed the sextet and quartet

(b) (c)

B3LYP-D2 (a) optimized geometry of the lowest transition state (81-TS1), (b) its corresponding spin density plot and (c) alpha HOMO

orbital picture. Spin density plot and alpha HOMO orbital picture are presented with a contour value of 0.03 a.u.
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ZFe-0-1=101.1°
ZFe-0-C1=143.2°
ZN1-Fe-N3 = 134.3°
ZN2-Fe-N4 = 135.9°

= 160°C

(a) (b)

Fig. 8. B3LYP-D2 (a) optimized geometry of ground state of 81-Int1
and (b) its co[responding spin density plot. All the bond lengths
are given in A and bond angles are in degree (9.

transition states and our calculations suggest that 4TS0 be-
ing lowest lying with an estimated barrier of 51.4 kJ/mol fol-
lowed by TS0 state at 67.3 kJimol (see Fig. 11). This sug-
gests a possible spin-crossover from the 61 state to 4TS0
state during the course of the reaction. The transition state
(4TS0) exhibited a characteristic imaginary frequency of i262
cm! corresponding to a significant decrease of Fe--O dis-
tance from 1.864 A (41) to 1.690 A (4TS0), along with simul-
taneous increased I--O bond distance from 1.966 A (41) to
2.358 A (4TS0), depicting the dissociation of O--I bond. The
spin density on Fe, O and | are found to be 2.187, 0.236 and

21-TS1
147.1
2 41-TS1
88.0 —- .2
e T
104, AL umgseai 61-TS1 ",
0.0 7

A g0 4

Ce—224.4
61-Int1

Fig. 9. B3LYP-D2 computed potential energy surface (AE in kJ/mol)
for epoxidation of styrene by [(13-TMC)Fe-OIPh]3* (1).

0.376 respectively (see Fig. 10). The combined spin density
on Phl moiety is 0.744 which suggests the formation of Phl**
upon cleavage of the O---| bond leading to the formation of
FeV=0 species. This is also confirmed with the Intrinsic
Reaction Coordinate (IRC) calculations (see Supporting In-
formation). Furthermore, significant spin densities at the oxy-
gen and lodine atoms also affirm homolytic cleavage of the
O--I bond leading to the formation of species 2.

ZFe-0-1=161.3°
Z0-1-C=128.7°
ZN1-Fe-N3 = 148.1°

Z/N2-Fe-N4 = 159.5°
< 2.358

Vimg= 1262 cm™

(a) (b)

Fig. 10. B3LYP-D2 (a) optimized geometry of lowest transition state
4780 and (b) its corrgsponding spin density plot. All the bond
lengths are given in A and bond angles are in degree (9.

The formation of Fe'V=0 [(13-TMC)Fe!VO] (2) from 1 is
found to be endothermic in nature by 34.6 kJ/mol in energy.
The ground state for species 2 is found to be triplet spin
state (32) with quintet excited state (°2) found to lie at 29.5
kJ/mol higher in energy. The Fe-O bond is decreased to 1.587
A in 32 compared to transition state 4TS0 (1.690 A) which
suggests the formation of Fe=0 double bond character (see
Fig. 12). The spin density on Fe and O are found to be 1.342
and 0.715, respectively, revealing characteristic oxyl-radical
character on the oxygen atom as witnessed for this species
earlier'2a.12¢

The Fe!V=0 species (2) reacts with styrene at C2 carbon
through 2-TS1. Here we could compute only triplet spin state
(32-TS1) which has an energy barrier of 67.4 kJ/mol and
quintet transition state was not converging correctly with the
desired spin state despite several attempts. However, given
the substantial triplet-quintet gap (~34.3 kJ/mol) and a fact
that 32-TS1 transition found to lie 1.5 kJ/mol lower in energy
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Fig. 11. B3LYP-D2 computed potential energy surface (AE in kd/mol)
for epoxidation of styrene involving pathways b and ¢ through
[(13-TMC)Fe'"-OIPhJ?* (1). Black and blue lines show various
pathways viz. b and ¢ pathways depicted in Scheme 1. Path-
way b depict the formation of Fe'V=0 species and its reactivity
in activating the styrene and pathway ¢ depict the formation
energy required for the generation of putative FeV=0 species.
52-TS1 in the green line indicates a possible transition state
that could connect the intermediate to the product but this has
not been converged correctly to the desired spin states.

compared to 92 reactant suggests that the quintet reactivity,
as often invoked in the reactivity of Fe'V=0, is unlikely to
alter the reactivity pattern computed. This also rationalizes
rather a sluggish reactivity observed for this species towards
various substrates such as styrene. While the barrier com-
puted for the C=C activation at the triplet surface is not sub-
stantial, this is likely to hinder the formation of the epoxide, if
species 2 to be generated from 1 as there is already a sub-
stantial barrier for the cleavage of the O---| bond. This is also
supported by the experiment that in situ generated Fe!V=0
species found to be unreactive towards styrene. Spin den-
sity computed at the 32-TS1 reveal a spin density of -0.608
on the C1 carbon atom and this clearly suggests the possi-
bility of the radical pathway for the epoxidation reaction as
has been observed generally in the reactivity of Fe'V=0 spe-
cies (see Fig. 13)8910.28 | the next step, the formation of
2-Int1 has been assumed to take place. Here quintet state is
found to be the ground state with the triplet state found to lie
34.7 kJ/mol higher in energy. This suggests a possible spin-
crossover post 32-TS1 formation leading to 32-Int1 species

832

ZN1-Fe-N3 =154.7°
£ZN2-Fe-N4 = 165.3°

(a) (b)

ZN1-Fe-N3 = 165.4°
ZN2-Fe-N4 = 155.9"

©) (d)

Fig. 12. B3LYP-D2 (a) optimized geometry of ground state of 32, (b) its
corresponding spin density plot, (c) optimized geometry of
ground state of 43 and (d) its corresponding spin density plot.

(see Fig. 13). The shortening in O---C2 bond distance [1.974
A to 1.455 A with a simultaneous increase in Fe--O [1.709
Ato 1.792 A] and C1--C2 [1.396 A to 1.482 A] is evident
with an imaginary frequency of i 276 cm™". In the intermedi-
ate 32-Int1, the 0-C2 bond distance is found to be 1.460 A
which corresponds to an O-C single bond and spin density
on C1 carbon now found to be —1.022 which shows the pres-
ence of one unpaired 3-electron on this carbon center. This
intermediate in the next step expected to undergo a ring clo-
sure transition state leading to the formation of the epoxide
product. As this ring closure transitions states are often a
barrier-less process, we have not attempted to compute these
additional steps. In the final step, the formation of the ep-
oxide and Fe(l) TMC is assumed and here quintet state 52-P
is found to be lower in energy compared to the triplet state
32-P by 31.2 kJ/mol.

Formation of FeY=0 species (Pathway c)

Since the cleavage of the O--| bond is found to be exclu-
sively homolytic in all the spin surface computed, the forma-
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/Fe-0-C2=172.5"
ZN1-Fe-N3=146.0"
ZN2-Fe-N4=157.7°

@ 139%g
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ZFe-0-C2=167.5°
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Fig. 13. B3LYP-D2 (a) optimized geometry of lower transition state of
32-T81, (b) its corresponding spin density plot, (c) optimized
geometry of ground state of 92-TS1 and (d) its corresponding
spin density plot.

tion of putative FeV=0 is not expected under the experimen-
tal conditions undertaken. Alternative ways to the formation
of FeV=0 involves further oxidation of species 2 by an elec-
tron transfer from this species to the Phl** species. An inter-
molecular electron transfer from 2 to Phi** expected to form
[(13-TMC)FeV0] species (3). In the case of 3, quartet spin
state (43) is found to be the ground state with 23.5 kJ/mol
energy with respect to the doublet spin state (23). As the
formal oxidation state increases from IV to V, the Fe-O bond
distance decreases from 1.603 A to 1.589 A as we go from
52 to 43 species. Similarly, a shortening of Fe=O bond is
witnessed also in the quintet surface (52 1.587 A vs 43 1.528
A). These changes in Fe=0 bond distance with increasing in
oxidation state are within our general expectations for such
species?®. The spin density of the unpaired electron is pre-
dominantly delocalized in Fe-O bond of 43 (Fe=2.446 and

0=0.779). The conversion of 2 to 3 is found to be signifi-
cantly endothermic process by 76.5 kdJ/mol energy from low
lying intermediate 2 (32). This observation suggests that the
formation of 3 from 2 is thermodynamically not feasible and
this rules out the formation of FeV=0 species in this reaction
mixture and this is supported by the experiments'".

Discussion

Generally, it is found that high-valent Fe'V=0 and Fe"=0
species formed by O--| bond cleavage from Fe(1ll)-OIPh are
involved in oxidation reactions such as styrene epoxidation?®:
289 However, recent experiments utilizing 13-TMC as ligand
reveal contrary observations. In the experiment, it has been
found that the addition of styrene to the solution of iron(in)-
iodosylarene results in the first-order decay product. This
suggests the reaction involves a direct attack of oxygen from
the iron(lll)-iodosylarene. This is supported by various ex-
periments and kinetic isotopic effect (KIE) value of 1.0 sug-
gests the oxygen atom transfer mechanism''. Further ex-
periments to probe the mechanistic aspect suggests that in
situ generated Fe!V=0 species using 13-TMC ligand, there
were no olefin products. As FeV=0 species are not spectro-
scopically detected, this also rules out the possibility of this
being the oxidant. Collectively all the experiments indicate
iron(lll)-iodosylarene as a potential oxidant in chemistry, how-
ever, there are ambiguities surround to the reactivity of this
species compared to very aggressive oxidants such as
FelVV=0 species. Our theoretical studies to probe the rela-
tive oxidative abilities of these three species shed light into
this mechanistic problems.

First of all, the direct attack of styrene on the iron(iil)-
iodosylarene (1) complex found to have a substantially lower
barrier (53.6 kd/mol). This is associated with the weak |---O
bond coupled with relatively stronger Fe-O bond triggering
an attack on electron rich olefins. This attack simultaneously
cleaves the I---O bond and forms O-C bond leading to a stable
cationic intermediate. Absence of axial ligation at the Fe(ill)
center, strong distortion at the coordination environment lead
to strong electrophilic character for the Fe(i)-O(IPh) spe-
cies. Particularly at the sextet state, oxygen atom found to
have a significant spin density (0.24) and this reveals Fe(ll)-
O° character due to weak |---O bond. This species is elec-
tronically equivalent to the oxylradical Fe(i)-O® species which
is an electromeric form the putative Fe'V=0 species. Thus a
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very low barrier for C=C activation is not surprising. The radi-
cal character at the ferryl oxygen is not as strong as it is in
FelV=0 and this is triggering two electron transfer leading to
the formation of the cationic intermediate, rather than a radi-
cal intermediate that is known in Fe!V=0 paradigm. Further,
the reactant, transition state, and the final intermediate formed
all have sextet state ground state and hence no spin-cross-
over is required for this transformation. The necessity of spin-
crossover with Fe(lll) species may be a hindrance to its reac-
tivity as Fe(lll) species are generally isotropic in nature with
very small zero-field splitting — a parameter that can be cor-
related to the mixing of states and to the feasibility of such
spin-crossover. Experimental kinetic data estimate the over-
all barrier as 30.1 kJ/moI”, while our estimated barriers are
higher than this value, computed energetics are in general
agreement with the experiments.

The alternative mechanism involving aggressive oxidants
such as FeYV=0 and this start from the Iron(ii))-O(IPh) pre-
cursor species where |---O cleavage is expected to be facile.
The barrier estimated for the homolytic cleavage of the I---O
bond is 51.4 kJ/mol and this is on par to the barrier com-
puted for the activation of olefin. This is a substantial barrier
considering a fact that I---O bonds are generally weak. A large
barrier is associated with the ligand which is less bulky and
sterically less demanding and hence the I---O in this species
are found to be shorter than the same computed with differ-
ent ligand architecture. This is likely to a driving force for
such a large kinetic barrier computed. It is worth comparing
this barrier to the homolytic cleavage of the I---O bond in
[Fe(11)-O(IPh)(Por)(SH)] species reported earlier?. For this
species, the barriers are estimated to be 33.2, 32.4 and 21.2
kJ for the sextet, quartet and doublet surfaces, respectively.
Here doublet surface despite being higher in energy at the
reactant found to offer a substantially lower barrier for the
I---O bond cleavage, however, this spin-state pathway is com-
pletely blocked in 13-TMC ligand architecture. This is likely
due to the fact that the 7, and n*,, orbitals are nearly de-
generate and there is no strong axial ligand that would de-
stabilize the s(d..) orbital leading to a unique electronic struc-
ture driven by the ligand design. Hence the doublet surface
found to lie at 88 kJ/mol in [Fe'-O(IPh)(13-TMC) compared
to [Fe-O(IPh)(Por)(SH)] where it lies at 32.4 k/mol. Absence
of the axial ligand also causes the Fe-O and |--O to be shorter
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and stronger in our case compared to the Cpd-I models stud-
ied. All these factors contribute to the barrier leading to the
generation of Fe!V=0 rather a sluggish process.

Secondly, even if the Fe!V=0 species form due to com-
peting nature of the two pathways, our calculations clearly
reveal that there is a substantial barrier for the epoxidation
reaction by the Fe!V=0 species (lowest barrier height esti-
mated at the triplet surface is 32.8 kd/mol). Again, here as
well, the geometry found to play a critical role. As the quintet
surface found to be destabilized in this, expected C=C acti-
vation solely arise from the triplet state leading to such a
sluggish reactivity. This has been witnessed earlier when the
equatorial ligands are found to be very strong such as in
[(LNHC)FelV=0] (where LNHC = 3 9,14 20-tetraaza-1,6,12,17-
tetraazoniapenta-cyclohexa cosane-1(23),4,6(26),10,12
(25),15,17(24),21-octaene) species studied by us and
others'?" 2% Thus the epoxidation of olefin by the putative
FelV=0 needed a net barrier of 84.2 kJ/mol and this is sub-
stantially higher compared to the activation of olefin by the
Fe(ll)-iodsylarene species. This is clearly substantiated in
the experiments where the in situ generated Fe!V=0 tend to
activate C-H bonds leading to hydroxylation product rather
than performing oxygen atom transfer reaction.

Formation of FeV=0 from the Fe(ill)-iodsylarene is un-
likely, as energetics clearly favour homolytic cleavage of the
[---O bond. The possibility of donating one electron from the
generated Fe!V=0 to the reactive Phl cation radical is exces-
sively endothermic and suggests that the presence of FeV=0
is unlikely. All these observations are strongly supported by
the experiments'".

To this end, by studying thoroughly the mechanism of
epoxidation of olefin by three different oxidants, our calcula-
tions reveal the importance of ligand design and more im-
portantly, how the absence of axial ligand could alter the entire
energy landscape of the catalytic transformations. This work
unequivocally establishes that Fe(lll)-iodsylarene as a po-
tent oxidant. As this is a key catalytic precursor for the for-
mation of Fe!V=0 species, this likely to trigger an intense
debate on the need to evoke aggressive oxidant such as
Fe!V=0 in other catalytic transformations.

Conclusions

In present work, DFT calculations have been performed
to elucidate the detailed mechanism for the epoxidation of
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olefin by the putative Fe'V=0 and FeV=0 which are expected
to be generated from the catalytic precursor [(13-
TMC)Fe!(OIPh)]** (1). Additionally, our work also consid-
ers, for the first time, the catalytic precursor as a potent oxi-
dant and attempt to establish the energetic cost associated
with the generation of aggressive oxidants vis a vis activa-
tion of olefin by the catalytic precursor.

The electronic structure [(13-TMC)Fe!(OIPh)[** is unique
where the m*,, and 7", orbitals are nearly degenerate and
o%(d2) orbital is stabilized due to the absence of strong do-
nation from the sixth position of the axial ligand. This desta-
bilizes the S = 1/2 state of the precursor complex leading to
a substantial difference in reactivity to the known examples.
Particularly, S = 1/2 surface known to offer a very low barrier
for the |--O bond cleavage and this pathway has a signifi-
cant energy penalty here with 13-TMC ligand architecture.
Stabilization of S = 5/2 as the ground state also eases the
energetic requirement for the activation of olefin with the
energy penalty of 53.9 kd/mol leading to epoxidation prod-
uct.

While calculations rules out the possibility of forming
FeV=0 species from the [(13-TMC)Fe!'(OIPh)]** by the het-
erolytic cleavage of the I---O bond, the homolytic cleavage
leading to the formation of Fe'V=0 seems viable (51.4 kJ/
mol) and the energetics computed are on par with the en-
ergy penalty required for the direct epoxidation pathway.
However, Fe!V=0 species thus generated has substantial
kinetic hindrance for the epoxidation of olefins and therefore
even if generated, this species unlikely to activate olefins
towards oxygen atom transfer reactions. This present rather
an interesting conundrum on how the reaction expected to
proceed i.e. generation of Fe'V=0 or direct epoxidation of
olefins by 1. Given the experimental conditions that substrates
are added in excess, epoxidation by species 1 is expected
to be a major project as revealed by experiments (65% of
products are styrene oxide). All the noted observations are
supported by the experiments reported.
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