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Chapter 4

4.1 Introduction

The main challenge in synthetic organic chemistry is chemo selective oxidation of C-H bond
by natural complexes under mild conditions.”> Heme and non-heme metal complexes with
several oxidants such as dioxygen, hydrogen peroxide, m-chloroperbenzoic acid etc. are
involved in catalytic oxidation of aliphatic and aromatic C-H bond.®® Ubiquitous dioxygen
(Oy) is an ideal oxidant and environmentally benign because water could be obtained as a by-
product after reduction, and the redox potential provided by it is more than sufficient to carry
out several chemical transformations.®** Normally, the catalytic oxidation of alkenes by
dioxygen is not selective, many metal-catalyzed methods have been developed for catalytic
oxidation reactions.'>?? Catalytic properties of iron with dioxygen and its derivatives such as
hydrogen peroxide and superoxide are very useful due to the low toxicity of iron in
biochemistry.”® Last several decades, heme and non-heme iron-oxo species have been
synthesized and characterized for biomimetic studies.?*?® High valent Fe'V=0 is playing a
very important role in the scientific community due to its catalytic properties such as C-H/O-
H/N-H activation and oxygen atom transfer reactions of aliphatic and aromatic
compounds.2?"3® FeV=0 species have been characterized by X-ray and spectroscopic
techniques, and also observed during catalytic reactions with enzymes having iron.*** Role
of axial and equatorial ligands can affect the reactivity of iron(IV) during catalytic
reactions.”>*® Most popular example is cytochrome P450, which catalyzes many reactions
such as oxidation, reduction, isomerisation and dehydration.***> High valent iron(IV)-oxo
containing TMC  (1,4,8,11-tetramethyll,4,8,11-tetraazacyclotetradecane), TPA  (tris
(2pyridylmethyl)amine), BPMEN (N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)ethane-1,2-
diamine) and N4Py (N,N-bis(2-pyridyl methyl)bis(2-pyridyl)methylamine) are also involved

in epoxidation and hydroxylation of aliphatic and aromatic compounds.®“°
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Apart from Fe'V=0, FeV=0 species is also a very reactive intermediate in many catalytic
transformation reactions.®>*®*” Iron complexes by reacting with oxygen form high valent
metal complexes without any electron or proton transfer.*® But, the reaction of a metal
complex with oxygen is rare without any reductant.**> Fe(V) species is reported in several
oxidation reactions involving hydrogen and organic peroxide.”® Fe(V)-oxo species has also
been shown as an active intermediate in the Rieske dioxygenase enzyme family.*"” The
species with TMC, TPA, BPMEN etc. have been reported spectroscopically and their high-
resolution crystal is also observed.*:"®%° Many spectroscopic techniques such as electronic,
magnetic circular dichroism, Raman, electron paramagnetic resonance (EPR) and Massbauer
spectroscopy, are commonly used to characterize the Fe(V)-oxo complexes, 2830798081
Synthetic functional models of Fe(V)-oxo complex carry out many C-H and C=C oxidation
reactions.?®® Fe(V)-oxo with tetra-amido complexes are also reported and well-characterized
spectroscopically and shows selective hydroxylation towards aliphatic compounds but has a
limited theoretical study on catalytic activity by the complex.®*® Allylic oxidation is of great
interest because of the easy availability of olefins and the allylic transformation gives either
allylic alcohol or o,B-unsaturated carbonyl compounds and these are attractive synthetic
targets.®*® General methodology creates several issues such as regioselectivity, stereo
selectivity, poor compatibility and over oxidation during allylic oxidation.”*® The C-H bond
activation in preference to the C=C bond is observed by mononuclear non-heme M'V=0 (M =
Fe and Ru with ligands RuCICp(PTA),; and [RuCp(PTA),(H20-k0)]OTf) complexes (where
Cp = cyclopentadiene and PTA = 1,3,5-triaza-7-phosphaadamantane).®”® Such C-H bond
activation depends upon the allylic C-H bond dissociation energies (BDE) of the olefin
substrates.”**% Iron-oxo complexes are greener, popular and powerful oxidants and these are
used for allylic oxidations giving rise to valuable intermediates for the pharmaceutical

industry. The cyclohex-2-enone is an important intermediate used in organic synthesis,
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medicinal chemistry, pesticide chemistry, materials science, rubber industry etc.'®

Cyclohexene is a good raw material for industry, which can be accessed cheaply by selective
hydrogenation of benzene.!®% In cyclohexene, two oxidation sites are present, one for
hydrogen abstraction of an allylic C-H bond and the other for oxygen-atom transfer to the
C=C bond give many products such as trans/cis- cyclohexane- 1,2- diol, adipic acid,
cyclohex-2-enol or cyclohex-2- enone. Cyclohex-2-enone is useful in organic synthesis,
medicinal chemistry, pesticide chemistry, materials science etc.'®*'%%1% To synthesize
cyclohex-2-enone from cyclohex-2-enol is very important and has wide applications in
pharmaceutical and synthetic organic industries.””®® A very little theoretical study has been
done on the O-H bond activation of the cyclohex- 2- enol. A computational investigation of
active catalyst species plays an important role in O-H and C-H bond activation to get better
insights into electronic structures and mechanistic study of catalytic transformation reactions.
Here, we have reported a mechanistic study of selective allylic oxidation of cyclohex-2-enol
by Fe(V)-oxo with tetra-amido ligand and electronic structures/energetic of intermediates
involves during the catalytic cycle followed by origin of higher reactivity between O-H and

C-H activation.

4.2 Computational Details

Gaussian09 suite of programs is used for all calculations.'® Method assessment on the
transition metal complexes had been carried out using several functionals such as B3LYP''*
1 B3LYP-D2'*?, wB97XD,'* B97D,'*? TPSSh,"* OLYP,™* MP2,*® M06,'*" and MO6-
2XM8120 in previous studies.”® Among all tested functionals, B3LYP, B3LYP-D2 and
wB97XD were predicted correct spin states of the transition metal complexes.®® The
functional B3LYP-D2 includes dispersion correction which was found as superior.®®** So
here, we have employed B3LYP-D2 functional for all the calculations. B3LYP-D2 functional
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is used for all geometry optimizations and the mechanism of metal-mediated catalytic

reactions” 122133

IS understood by state-of-the-art functional. Although we have also done
calculations with other functionals such as B3LYP and wB97XD for further confirming
barrier height during the reaction (see Table AX 4.1 - AX 4.6 of appendix). The LACVP
basis set comprising the LanL2DZ-Los Alamos effective core potential for the transition
metal (Fe)™**** and a 6-31G'®" basis set for the other atoms (C, H, N and O) have been
employed for geometry optimization, and the optimized geometries are then used to perform
single-point energy calculations using a TZVP?**%¥1% hasis set on all atoms. PCM solvation
model is used for computing the solvation energies using acetonitrile as a solvent. The quoted
DFT energies are B3LYP-D2 solvation at TZVP basis set incorporating free-energy
corrections at LACVP basis set at a temperature of 298.15 K. The transitions states were
characterized by a single imaginary frequency which pertains to the desired motion as

visualized in Chemcraft!*°

and also by intrinsic reaction coordinate calculations. To confirm
the minima on the potential-energy surface (PES) and to obtain zero-point energy corrections
frequency calculations are done on the optimized structure at the B3LYP-D2 level. The
fragment approach available in GaussianQ9 is employed to aid smooth convergence in cases
of radical intermediates. Common notation of ™"A e is used throughout, the mult

superscript  denotes  the total multiplicity of the species, A  denotes

transition/intermediate/product and the pathway subscript denotes the possible pathways.

4.3 Results and Discussion

Based on experimental studies, electronic structures and bonding aspects of high valent iron
species are discussed followed by the mechanism of allylic oxidation along with the oxygen
attack of cyclohex-2-enol using tetra-amido iron(V)-oxo species. Two possible mechanistic
pathways are proposed based on the O-H (pathway a) and C-H (pathway b) bond activation
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of the cyclohex-2-enol to form cyclohex-2-enone which are discussed separately followed by

a comparative study.

4.3.1 Mechanistic study of cyclohex-2-enol to cyclohex-2-enone

After a detailed study on the electronic structure of [(TAML)Fe¥(O)]" species in chapter 3,
we have a keen interest to do a mechanistic study towards the O-H and C-H bond activation
of cyclohex-2-enol using [(TAML)FeY(O)]" species. A significant spin density on the ferryl
oxygen can be witnessed for the O-H/C-H bond activation of the cyclohex-2-enol. Based on
previous mechanistic studies,®®?"° here we have proposed a mechanistic study for the
conversion of cyclohex-2-enol to cyclohex-2-enone by the putative FeV=0 species. Here we
have proposed two possible pathways (pathway a: O-H and pathway b: C-H bond activation)
by which the reaction can take place for the formation of the final product, cyclohex-2-enone.
In pathway a, hydrogen abstraction of the O1-H1 of the cyclohexen-2-enol by ferryl oxygen
can proceed via ts,-1 (see Scheme 4.1) for the generation of radical at the oxygen of
cyclohex-2-enol followed by abstraction of the second hydrogen (C1-H2) via ts,-2 leading to
the final product (see Scheme 4.1), while in Pathway b, the abstraction of hydrogen from the
carbon atom (C1-H2) can occur via tsp-1 (see Scheme 4.1) where OH is attached by the ferryl
oxygen followed by abstraction of the hydrogen (O2-H1) of the same carbon atom via tsp-2,
leading to the final product (see Scheme 4.1). The mechanism of pathway a and b is

discussed separately.

4.3.1.1 Pathway a: In this pathway, at first, the abstraction of hydrogen of O1-H1 by Fe(V)-
oxo takes place via the formation of the transition state (**ts.-1; see Scheme 1).2%*142 Qur
DFT calculations show that the barrier height for the abstraction of hydrogen on the low spin

surface is computed to be at 64.9 kJ/mol and this is the ground state compared to the high
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spin surface (“ts,-1) at 71.5 kd/mol (see Figure 4.1). The low spin as the ground state is also

calculated by functionals B3LYP and wB97XD (see Figure AX 4.1 of appendix).
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Scheme 4.1. Adapted DFT mechanism for the formation of cyclohex-2-enone from cyclohex-
2-enol by FeV=0 species.

The lower computed energy surfaces suggest that the O-H bond activation can show two-
state reactivity, and this is also found with the functional B3LYP. The computed energy
profile with these functional suggests that the dispersion plays a significant effect on reducing
the energy barrier of the transition state which is ca. 20 kJ/mol lower in energy. This shows
an interesting impact upon the addition of the dispersion (see Figure AX 4.1 and AX 4.2 of
appendix). Imaginary frequency and intrinsic reaction coordinate (IRC) calculations confirm

the formation of the transition state.
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Figure 4.1. B3LYP-D2 computed energy surface for the formation of cyclohex-2-enone from

cyclohex-2-enol via O-H bond activation by FeV=0 species (AG in kJmol™).

The computed Fe—O bond in the 2ts,-1 elongates to 1.737 A compared to its corresponding
bond lengths in the Fe(V)=0 from 1.630 A, the O1-H1 bond length comes closer to 1.077 A,
H1-02 elongates from 0.979 to 1.397 A and C1-O2 shortens from 1.476 to 1.435 A (see
Table 4.1 and Table 4.2). The DFT optimized structure of the transition state (*ts,-1) and its
corresponding spin density plot with B3LYP-D2 functional are shown in Figure 4.2. These
computed structural parameters of the “ts,-1 confirm the formation of the transition state for
the abstraction of hydrogen from the cyclohex-2-enol by the ferryl oxo oxidant as shown in
Figure 4.2. These parameters of the transition states show that the %ts,-1 looks more towards
the next step (Int,) compared to the %ts,-1 and this unfolds the reason for the lowest barrier at

the low spin surface (see Table 4.1).
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Table 4.1. B3LYP-D2 computed structural parameters of the [Fe¥(TAML)O] species, intermediates transition states and product of Pathway a.

Bond lengths (A)

Bond angle (°)

Fe-N1 Fe-N2 Fe-N3 Fe-N4 Fe-O1 0O1- O1- Hl- H2- Ci- Fe- Fe- O1- O1- N1- N2-

H1 H2 02 C1 02 01- 01- H1l- H2- Fe-N3 Fe-N4

H1 H2 02 C1
A 1914 1914 1878 1.878 1.664 - - - - - - - - - 155.7 155.8
2| 1.898 1.898 1.887 1.886 1.630 - - - - - - - - - 152.2 152.1
1.871 158!

“s-1  1.892 1.882 1.871 1.875 1.752 1.067 - 1.387 1.423 119.0 169.6 153.8 156.9
ts,-1 1.894 1.897 1.874 1.872 1737 1.077 - 1.397 1.435 109.0 169.7 156.9 152.0
Int 1911 1919 1.889 1.905 1.906 154.7 - - - - - - - - 154.7 150.3
“Int  1.877 1.877 1.879 1.879 1.803 0.982 - - - - - - - - 155.0 155.0
ZInt 1.932 1.834 1910 1.830 1.760 1615 - - - - - - - - 1615 143.6
Sts;-ns 1.884 1912 1.875 1.877 2.010 - 1.297 1.327 - - 115.9 - 173.8 1604 153.1
“sns  1.901 1.904 1.887 1.881 1.974 - 1.470 1.226 - - 129.7 - 170.7 1556 155.9
“ts,-2is 1.887 1.898 1.883 1.890 1.886 - 1.598 1.174 - - 130.5 - 166.7 156.2 153.9
%ts,-2is 1.903 1.911 1.883 1.889 1.956 - 1.276 1.335 - - 132.8 - 1749 1569 155.1
%ts,-2s  1.877 1.878 1.880 1.870 1.848 - 1.457 1.224 - - 131.8 - 1733 160.2 155.7
5p 1984 1984 1924 1.924 - - - - - - - - - - 159.7 159.7
‘P 1864 1867 1.868 1.864 - - - - - - - - - - 1719 1719
2 1851 1.872 1853 1.865 - - - - - - - - - - 1709 1712
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Table 4.2. B3LYP-D2 computed spin density values of the [FeY(TAML)O] species,

intermediates, transition states and product of Pathway a.

Fel 01 H1 H2 02 C1

4 1.279 0.757 - - - -

2 1.061 0.585 - - - -
tsa-1 1.607 0.290 -0.017 - 0.519 -
%ts,-1 1.690 0.139 0.012 - -0.447 -

®Int 3.202 0.381 0.005 - - -
*Int 1.788 0.036 0.010 - - -
2Int 0 0 0 - - -
8ts,-2hs 3.173 0.216 - 0.109 0.557 0.141
*S5-2hs 3.143 0.201 - -0.119 -0.698 0.010
Hsa-2is 2.319 0.038 - 0.110 0.795 -0.031
2t5,-2is 2.468 0.051 - -0.108 -0.625 -0.095
2t55-2)s 0.513 0.026 - 0.120 0.717 -0.016
°p 3.914 - - - - -
“p 2.663 - - - - -
p 1.187 - - - - -

Although all the three functionals show similar architecture the plot of the transition state
(“tsa-2) (see Figure AX 4.1 of appendix) but the computed structural parameters are in the
good agreement with B3LYP-D2 compared to B3LYP and wB97XD suggesting that
dispersion drives transition state much nearer to the next step. The bond angle of Fe-O1-H1 is
109.0° suggests that electron transfer can take place by z-pathway (see Scheme 4.2) and this
is also confirmed by the eigenvalue plot (see Figure 4.3 and Figure 4.4).°?” In the transition
state %ts,-1, one of the C-H bond electrons is found to be transferred to (dy, )" orbital (vide
infra) and here we have also observed that the energy gap between the (dy;) and (dy,) orbitals
increase slightly. Spin density plots (see Figure 4.2a’) show that there is a significant
increment of electron density at the iron center of the transition state which means an extra

electron is coming to the metal center (see Figure 4.3) by z-mechanism (see Scheme 4.2).

127



Chapter 4

Figure 4.2. B3LYP-D2 a) optimized structure (bond length in A) and b) its spin density plot

of the transition state, “ts;-1 ¢) optimized structure (bond length in A) and d) its spin density.

This suggests that hydrogen abstraction proceeds by the proton-coupled electron transfer
mechanism.®?2* The spin density plot and optimized structure of the ground state are shown
in Figure 4.2a,b. The transition state shows that a significant spin density also found on the
oxygen of the cyclohex-2-enol indicates radical character generation on it along with carbon

center.
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@

Figure 4.3. Computed Eigen-value plot incorporating energies computed for d-based orbitals
for alpha and beta spin corresponding to the ground state (*ts.-1) (energies are given in eV).
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Scheme 4.2. Orbital occupancy diagrams for the H-abstraction of (a) ts.-1 and (b) *tsa-2s.

The absolute variation in the magnitude of spin densities are found to be larger in the
B3LYP-D2 compared to B3LYP (see Table 4.3 and Table AX 4.4 of appendix) revealing that
dispersion drives the transition state much closer to the next step. After the first hydrogen
abstraction, the intermediate Int, is formed which has three possible spin states (**?Int,). Our
results show that the *Int, is found to be the ground state with 24.1 and 82.0 kJ/mol,
respectively, for ®Int, and 2Int, states are higher in energy (see Figure 4.1). The results are
also almost inconsistent with functional B3LYP and wB97XD (see Table AX 4.1 and AX
4.2) and the ground state is also observed in previous studies with other architectures.®>*** In
the next step, the abstraction of the second hydrogen which is directly attached to carbon (C1)
of cyclohex-2-enoxide radical (see Scheme 4.1) to form transition state ts,-2. The barrier
height for the hydrogen abstraction is found to be 53.6 kJ/mol on the *ts,-2 transition state

with other spin surfaces that are higher in energy (see Figure 4.1 and 4.2c,d). The Fe-O1, O1-

H2 and H2-C1 bond lengths are computed to be 1.974 A, 0.980 A and 1.226 A. Computed
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structural parameters with the other two functionals are also shown in Table AX 4.1 and
Table AX 4.2 of appendix. After this, leads to the formation of final product cyclohexen-2-
one. The energetic reveals the doublet spin state is the most stable for product and the overall
thermodynamic stabilization of -285.6 kJ/mol (see Figure 4.1). A significantly large
thermodynamic stability of the final product can be abled for C-H/O-H bond activation for

forthcoming catalytic cycles.

4.3.2.2 Pathway b: Similar to Pathway a, Fe(V)-oxo abstracts hydrogen (H2) which is
directly attached to the carbon from cyclohex-2-enol to form a transition state (*?tsy-1).55%"
3083103145146 The parrier height for the hydrogen abstraction for high and low spin surfaces is

found to be 84.5 and 60.7 kJ/mol, respectively (see Figure 4.4).

84.5

2tSb-2iS
2,00 -39.1 %tsp-2,,

Figure 4.4. B3LYP-D2 computed energy surface for the formation of cyclohex-2-enone from

cyclohex-2-enol via C-H bond activation by Fe¥=0 species (AG in kimol™).

The low spin state (*tsy-1) is found to be the ground state and this barrier is comparatively

lower than the C-H bond activation of cyclic aliphatic compounds by other iron(IVV)-oxo
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species.>”® The optimized structure and spin density plot of the ground state is shown in

Figure 4.5ab. Our computed structural parameters show that the Fe-O bond in “ts,-1

elongates to 1.740 A from 1.630 A, and the O1-H2 bond length is 1.470 A and the H2-C1 is

1.178 A in the %ts,-1.
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Figure 4.5. B3LYP-D2 a) optimized structure (bond length in A), b) its spin density plot of
the transition state °ts,-2ns, C) optimized structure (bond length in A) and d) its spin density

plot of the transition state 8tSp-2hs.
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These parameters confirm the formation of the transition state. The formation of the transition
state is also confirmed by the IRC calculation. The bond angle between Fe-O1-H2 is 116.0°.
This shows that the hydrogen abstraction takes place by z-pathway (see Table AX 4.5 of
appendix). There is a significant increment in spin density (Ap = 0.460; see Table AX 4.6 of
appendix) indicates that an extra electron is coming to dy, orbital which is also be seen in the
eigenvalue plot (see Figure 4.3(a) and 4.6). From all these observations, we can see that the
hydrogen abstraction takes place along with electron transfer and this is known as proton-
coupled electron transfer which is similar to the %ts,-1.2%*'*® After the hydrogen abstraction,
an intermediate is formed (®*?Int,). The *Int, is computed to be the ground state and the other
surfaces ®Int, and 2Int, are found at 24.0 kJ/mol and 65.3 kJ/mol higher in energy. In the next
step, ferryl hydroxide abstracts the hydrogen from the hydroxyl group of cyclohexenolyl
radical to form transition states (tsp-2) with five possible spin states due to the interaction of

metal electrons with an unpaired electron on the allyl carbon atom, but unfortunately, we are

not able to get three transitions due to convergence issues.

$
% dz.2 732

Figure 4.6. Computed Eigen-value plot incorporating energies computed for d-based orbitals

for alpha and beta spin corresponding to the ground state (*ts,-1) (energies are given in eV).
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Scheme 4.3. Orbital occupancy diagrams for the H-abstraction of (a) 2tsy-1, and (b) ®tsp-2s.

Although this is a barrier-less transition state (see Figure 4.4). However, we are able to get
transition state on four possible spin surfaces of the ts,-2 with the functional B3LYP (see
Table AX 4.5 and 4.6 of appendix) and these computed results also support the barrier-less
transition (also see Figure 4.4). The spin density plot and optimized structure of the ground
state of the transition ts,-2 are shown in Figure 4.5c,d. After this, it is converted into the
product which is stabilized by -285.6 kJ/mol on the doublet surface and the overall

thermodynamic stabilization is already discussed in pathway a.

4.3.2 Epoxidation of cyclohex-2-enol

Apart from the C-H/O-H bond activation, we have further elucidated the epoxidation on the
C=C bond of cyclohex-2-enol by the Fe¥=0 oxidant. For this, we have also optimized the
transition state of oxygen attack on cyclohex-2-enol and our DFT calculations show that the

barrier height of this transition is computed to be 78.3 kJ/mol on the low spin surface (4ts)

134



Chapter 4

with a high spin surface lies at (“ts) at 88.4 kd/mol (see Figure 4.7). The optimized structure
and spin density plot of the ground state (*ts) are shown in Figure 4.8a,b. The Fe-O1 bond
length elongates to 1.683 A from 1.630 A and the C1-O1 bond length is 1.940 A confirm the
formation of the transition state of oxygen attack. A significant spin density (p = 0.483) on
C2 shows the formation of radical at the carbon atom. This leads to the formation of
intermediate (Int) lie at 45.8 kJ/mol (®Int), 19.9 kd/mol (*Int), and 53.9 kd/mol (?Int). Second
transition state lie at 16.4 kd/mol (*ts-2ps), 43.2 kd/mol (*ts-25s) and 59.1 kd/mol (®ts-2n) (see

Figure 4.7).

Hspgl 88.4

ztshs-l

4
I

21 0.0

Figure 4.7. B3LYP-D2 computed energy surface for the formation of cyclohexane epoxide
from cyclohex-2-enol via O atom transfer by FeV=0 species (AG in kimol™).

This barrier shows that the first step is the rate-determining step. During the second transition
state, the C2-O1 bond distance is 2.204 A. The optimized structure and spin density plot of

*s-21s is shown in Figure 4.8c,d. The second transition state leads to the formation of the
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epoxide. The barrier height of the oxygen attack is significantly larger as compared to C-H
and O-H bond activation of cyclohex-2-enol, so we can safely ignore the epoxidation

pathway here.

(c) (d)

Figure 4.8. B3LYP-D2 a) optimized structure (bond length in A) of low spin surface (%ts)
and b) its spin density plot.

4.3.3 Comparative study of O-H vs. C-H bond activation

Dual catalytic abilities are observed for the TAML iron-oxo complex, where it is found to

activate inert O-H/C-H bonds of cyclohex-2-enol.®'% The O-H/C-H bond activation
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proceeds via doublet spin surface of the Fe(V)=0 center. The computed barrier height for the
O-H bond activation is relatively larger than that of the C-H bond activation (64.7 vs. 60.9
kJ/mol; see Figure 4.9) and this step is the rate-determining step. The Fe-O1 bond length is
found in the 2ts,-1 is 1.737 A whereas 1.684 A in the 2ts,-1 suggested that the Fe-O bond is
more shortened in the %ts,-1 i.e. transition state looks like more towards the further step (Intp).
This unfolds the relatively lower barrier height of the Fe'=0 oxidant towards the C-H bond
activation rather than the O-H activation. We have also observed that if the bond angle of the
ground state of the transition states is nearer to 120° suggests smoothly entering an extra
electron into metal d-orbital and this can control energy barrier height (see Scheme 4.2 and
Scheme 4.3). Both the HOMO of the transition states %ts,-1 and %tsy-1 clearly show
involvement of the mon and mcy bond activation but larger orbital contribution in C-H bond
can reduce barrier height (see Figure 4.10). A significant electron density acquired at the
oxygen (%ts;-1) and carbon (°tsp-1) centers show that the reaction takes place via radical
mechanism rather than cationic or anionic. The iron center of the transition %ts,-1 gains more
electrons compared to the 2ts,-1 (Ap = 0.229) indicates proton-coupled electron transfer can
take place relatively faster in the O-H bond activation. The energy required for the
abstraction of the second hydrogen in the 4s,-2 is 53.7 kd/mol and in the %tsy-2 is -73.6
kJ/mol. The activation energy for the second hydrogen abstraction in the pathway a required
22.8 kJ/mol and it is computed barrier less transition in the pathway b although the first step
in both the pathways is the rate-determining step. Computed structural parameters show that
the Fe-O bond elongation during the ts-2 is more in pathway b than the pathway a suggested
that the “ts,-2 is more likely towards the product. The spin density at the iron center in the
%tsa-2ns is 3.143 and in the 6tsb-2hs is 3.981. We have observed that the spin density on the iron
center has decreased by 0.032 in the case of O-H whereas it has increased by 0.779 in C-H

activation during the second transition. The increased spin density at the metal center
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indicates that the reaction can take place via the electron transfer which is also confirmed by
the eigenvalue plot. Electron and proton transfer takes place simultaneously in both the
pathways O-H and C-H bond activation and this indicates the process of formation of
cyclohex-2-enone from cyclohex-2-enol proceeds via proton-coupled electron transfer
(PCET) mechanism.”®**® From our DFT calculations, the second transition state in the C-H

bond activation is found as the barrier-less step.®246:147-148

120.8 4 108.4

2tS -2 tSb'l
a I866,O 6|nta 102.9 Ztsb_l
4ts,-2p 53.7 A1)/ &9
432 %ts,-1
2ts5-2is 31.0 a* \0.0 2tsb_1 5 4
300 Ma Ity “tsp-2js
Hnty -60.3 -59.9
-73.7 -70.3
Hnty, 73.6 4tsp-2is
-76.6 Btsp-21c
4Intb
, | Pathwaya Pathway b
P 2
-285.6 \ . 285.6
—305.7=l P P =-3o5,7
-316.1 45 4p-316.1

Figure 4.9. B3LYP-D2 (black), B3LYP (red) and wB97XD (olive) computed energy surface
for the ground state of the pathway a and b (AG in kJmol™).

4.4, Conclusions

DFT calculations have been performed to explore the electronic structures and mechanism of

formation of cyclohex-2-enone with the Fe(V)=0 species. The dispersion corrected B3LYP-
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D2 functional is found to perform better in predicting the correct spin states for these high

valent iron-oxo species compared to B3LYP and wB97XD.%4

(a) (b)

Figure 4.10. B3LYP-D2 computed HOMO of (a) %ts,-1 and (b) tsp-1.

B3LYP-D2 also yields a lower energy barrier for the transition states compared to B3LYP
and this implies that accurate estimation of the kinetics requires the incorporation of
dispersion effects using density functional methods. We have explored the electronic
structures and possible reaction pathways (pathway a and pathway b) in the course of the
formation of cyclohex-2-enone from cyclohex-2-enol. We have also computed oxygen
attacks on cyclohex-2-enol. DFT calculations have been used to investigate the Kinetic
aspects of the C-H bond activation reactions of monomeric Fe(V)-oxo unit with the
tetradentate ligand. The initial H-abstraction on the low spin surface is found to be the rate-
determining step for both pathway a and pathway b. The computed energetic suggests that
the O-H bond activation show two-state reactivity but this may not be possible in the C-H
bond activation. Our calculations also predicted that the O-H/C-H bond undergoes homolytic
cleavage, and it is confirmed by the significant spin density on the carbon and oxygen atoms.

From the computed PES of O-H and C-H bond activation, it is apparent that the C-H bond
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activation is relatively favored over the O-H bond activation which is also well supported by
our computed structural parameters. Our DFT study also shows that the bond angle of the
ground state of the transition state may control the reactivity. In pathway a, after the O-H
activation and intermediate formation, the activation of the C-H bond (second transition step)
takes place which needs the barrier height of 22.8 kJ/mol, while in the pathway b, after the C-
H activation and formation of intermediate, there should be the O-H activation (second
transition step) but it is barrier less step, and it is directly converted into the product, and

formation of the product is thermodynamically favorable.

To this end, our DFT study has been employed to discuss electronic structures of a potential
iron(V) oxidant and probe the mechanistic study towards allylic oxidation via C-H vs. O-H
bond activation. This is the first computational study to discuss a comparative study on C-H
vs. O-H bond activation along with oxygen attack towards cyclohex-2-enol by Fe(V)-oxo
species. A significant exchange of metal electrons and change in structural parameters during
transition states can influence reactivity and help to design a potential oxidant for catalytic

transformation reactions.
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