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/Abstract: Activation of inert C—H bonds such as those of
methane are extremely challenging for chemists but in
nature, the soluble methane monooxygenase (sMMO)
enzyme readily oxidizes methane to methanol by using a diir-
on(lV) species. This has prompted chemists to look for simi-
lar model systems. Recently, a (u-oxo)bis(p-carboxamido)diir-
on(lV) ([Fe",0(L),]** L=N,N-bis-(3',5'-dimethyl-4-methoxy-
pyridyl-2’-methyl)-N'-acetyl-1,2-diaminoethane) complex has
been generated by bulk electrolysis and this species acti-
vates inert C—H bonds almost 1000 times faster than mono-
nuclear Fe"=0 species and at the same time selectively acti-
vates O—H bonds of alcohols. The very high reactivity and
selectivity of this species is puzzling and herein we use ex-
tensive DFT calculations to shed light on this aspect. We
have studied the electronic and spectral features of diiron
{Fe"-u(0)-Fe" "2 (complex 1), {Fe"-u(0)-Fe"}** (Il), and {Fe"-
w(O)-FeM™* (ll) complexes. Strong antiferromagnetic cou-
pling between the Fe centers leads to spin-coupled S=0,
$=3/2, and S=0 ground state for species I-lll respectively.

N

The mechanistic study of the C—H and O—H bond activation
reveals a multistate reactivity scenario where C—H bond acti-
vation is found to occur through the S=4 spin-coupled
state corresponding to the high-spin state of individual Fe"
centers. The O—H bond activation on the other hand, occurs
through the S=2 spin-coupled state corresponding to an in-
termediate state of individual Fe" centers. Molecular orbital
analysis reveals o-m/m-mt channels for the reactivity. The
nature of the magnetic exchange interaction is found to be
switched during the course of the reaction and this offers
lower energy pathways. Significant electronic cooperativity
between two metal centers during the course of the reac-
tion has been witnessed and this uncovers the reason
behind the efficiency and selectivity observed. The catalyst is
found to prudently choose the desired spin states based on
the nature of the substrate to effect the catalytic transforma-
tions. These findings suggest that the presence of such fac-
tors play a role in the reactivity of dinuclear metalloenzymes
such as sMMO.

/

Introduction

The C—H bond activation of alkanes have been studied im-
mensely over the last decade as it offers a direct way to intro-
duce functional groups into a relatively inert hydrocarbon in
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a cost-effective manner and this process has high industrial ap-
plication."”” High-valent metal-oxo complexes have a versatile
role in C—H bond activation, and this is evident from a variety
of biological transformations such as hydroxylation, epoxida-
tion, dehydrogenation, halogenations, etc. performed by these
species.’”! Enzymes activating O, generally employ a transition
metal such as Fe, Mn, Co, or Cu where the oxidation state of
the metal ion can also be fine-tuned.”! The catalytic pathway
includes oxygen activation followed by the formation of highly
reactive intermediates such as oxo, peroxo, hydroperoxo, and
superoxo species.’*% |n the last decade, a large number of
model complexes have been synthesized to understand the
mechanism of C—H bond activation, which mimics the catalytic
activity of enzymes.*~

Several high-valent iron-oxo intermediates are also reported
to perform stereo- and regioselective hydroxylation and epoxi-
dation of organic substrates."*>® The oxoiron(IV) unit remains
the center of investigation as it is involved in many catalytic
cycles of non-heme iron enzymes, and analogous biomimetic
oxidants can perform hydroxylation and O atom transfer reac-
tions. Bae4ab 07l Nymerous efforts have been made to under-
stand the mechanism of C—H bond activation occurring in cy-
tochrome P450 enzymes, possessing one of the well-character-
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ized oxoiron(IV) radical cation units in its active site.">*® The
mechanistic pathways adapted by the enzymes and the
mimics are generally common and this offers a way to improve
the efficiency and selectivity of bio-mimic catalysts.">3>

In addition, mononuclear metal-oxo species, oxygen bridged
iron, copper and manganese {M-(O)-M} dimer species are also
found to play an important role in biological systems, as evi-
dent from the presence of these dinuclear species at the active
site of numerous enzymes like tyrosenase, catechol oxidase,
methane monooxygenase, arginase, etc.”*'” These enzymes
utilize dinuclear metal centers in catalyzing various biological
transformations."¥?*>™ During the last few years, several
models containing dimeric p-oxo bridged metal ions coordi-
nated with various types of ligands have been investigated.
Among the dinuclear species, high-valent diiron oxo com-
plexes have gained considerable attention as they are found
to be the active species of most of the hydroxylating and O,-
dependent dehydrogenating enzymes such as methane mono-
oxygenase, toluene monooxygenase, fatty acid desaturases,
etc'[1d,2a,b,12]

There are two types of methane monooxygenase enzyme
(MMO), one being membrane bound particulate MMO (pMMO)
and the other being cytoplasmic soluble MMO (sMMO). Al-
though particulate MMO utilizes a multicopper center,!
sMMO possesses a diiron unit in its active form.'¥ Several
model complexes have been reported based on the diamond
core of SMMO, which is comprised of an antiferromagnetically
coupled {Fe,(u-0),} unit, to understand the action of SMMO on
methane.[Zb'gd'Ma'b']S]
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Among several model systems reported, the (u-oxo)bis(u-
carboxamido)diiron(lll) complex has gained attention as its oxi-
dized form exhibits very high reactivity towards strong C—H
bonds."* Upon oxidation of (u-oxo)bis(u-carboxamido)di-
iron(lll) by performing cyclic voltammetry experiments, the (u-
oxo)bis(u-carboxamido)Fe" dimer is formed in 70% vyield
(Scheme 1).1*1 This species has been found to oxidize inert
C—H bonds such as those in cyclohexane as well as stronger
O—H bonds such as those in aliphatic alcohols while keeping
the relatively weaker C—H bonds intact. Although these species
have been characterized by X-ray absorption spectroscopy and
other techniques, the origin of such high reactivity and selec-
tivity is still unknown !

Theoretical studies play an important role in this area to
obtain insight into the electronic structure of the catalytically
active species, and also to probe the mechanism of the catalyt-
ic transformations.”®'” In the literature, there are numerous re-
ports on the electronic structure and mechanistic studies of
mononuclear high-valent iron-oxo species but there are only
limited studies on the dinuclear iron-oxo species."'7<'® This is
essentially owing to the presence of numerous spin states aris-
ing from the exchange coupling between the two metal cen-
ters, and these states are often challenging to compute." In
this work, we aim to discuss the electronic structure of the di-
nuclear iron oxidants to uncover the high reactivity observed
for the p-oxo bis(u-carboxamido) diiron(IV) complex towards
activating O—H and C—H bonds by using density functional
theory. Particularly, we aim to answer the following intriguing
questions: 1) how does the electronic structure of p-oxo diiron

\O 3+
S o—|
(o) = I? \\
I\ \ N N7

complex I

Scheme 1. Schematic diagram illustrating various species involved in the formation of the p-oxo high-valent diiron(IV) catalyst.
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species evolve as the oxidation state increases from Il to IV?
2) how does the complex spin state pattern have an effect on
the observed spectral parameters (absorption, Mdssbauer, and
EPR)? 3) what are the mechanistic pathways by which the diir-
on(lV)-oxo activates the C—H and O—H bonds? 4) what is the
origin of the high selectivity and efficiency observed for this
species?

Computational Details

All calculations were performed by using the Gaussian 09 suite of
programs.?” In our earlier theoretical studies on high-valent metal-
oxo species, we have employed a bunch of functionals (such as
B3LYP, B3LYP-D2, wB97XD, B97D, M06-2X, OLYP, TPPSh, and MP2)
among which B3LYP, B3LYP-D2, and wB97XD were found to predict
the correct spin state structures.”” Among the three tested func-
tionals, the B3LYP functional incorporating dispersion correction as
proposed by Grimme et al. was found to be superior.?'?? On the
dinuclear front, a detailed method assessment performed on p-ni-
trido-diiron(IV)-oxo species by using the B3LYP, B3LYP*, BP86, M06-
L, and PBEO functionals reveals that the B3LYP functional is able to
reproduce the structure, spin state patterns, and spectral parame-
ters. To further validate the spin state energetics for complexes | to
Ill, here we have performed calculations by using OPBE and B3LYP
functionals incorporating the dispersion effects proposed by
Grimme et al.?*®! Both the functionals predict the same ground
states for all the species computed and also yield very similar split-
ting patterns (see Table S10 in the Supporting Information). By ana-
lyzing these results along with all the previous observations, here
we have chosen the B3LYP-D3 functional for our study. The LACVP
basis set comprising the LanL2DZ—Los Alamos effective core po-
tential for Fe® and a 6-31G®¥ basis set for the other atoms
(carbon, nitrogen, oxygen, and hydrogen) (B-I) were employed for
the geometry optimization and frequency calculations. Single
point calculations were performed by using a def2-TZVP**' basis
set (B-Il) on the optimized geometries. The solvation energies were
computed by using the polarizable continuum model (PCM) solva-
tion model where acetonitrile has been used as the solvent. It has
been reported that the spin state energies of mono and dinuclear
FeV=0 species are strongly influenced by solvation energies.*® To
ascertain this effect in our calculations, we have also computed the
relative energies of all species in the gas phase. Comparison be-
tween these two sets are given in the Supporting Information
(Table S9) and from this table, it is clear that the solvation signifi-
cantly influences the spin state gaps. However, the ground state as
well as the trends are predicted to be very similar between these
two sets. As solvation-incorporated energies are more appropriate
for our complexes, only these energies will be discussed further.
The fragment approach available in the Gaussian 09 program has
been employed to obtain open-shell singlet states and also to con-
verge difficult multiplets. All reported energies are B3LYP-D3 solva-
tion energies (at B-Il level) incorporating free energy corrections (at
B-I level) at 298.15 K. Although inclusion of solvent in the optimiza-
tion was found to influence the spin state energies to a certain
extent,”” the trend for the computed energetics are similar as
shown earlier® and therefore here we have performed only
a single point calculation including solvation using the PCM
model. Additionally, for comparison, we have also given zero-point
energy (ZPE) corrected values in the Supporting Information (see
Figure S9 for C—H activation and Figure S10 for O—H activation).
The transition states were characterized by a single imaginary fre-
quency, which pertains to the desired motion as visualized in
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Chemcraft®” and Molden.®” In the diiron complexes, the magnetic
exchange (J) between both iron centers is computed by employing
the following spin Hamiltonian [Eq. (1)]:

H = —JS, -5, (M)

In the above equation, the positive J value corresponds to a ferro-
magnetic interaction whereas a negative J value corresponds to an
antiferromagnetic interaction. To compute J values, the energy of
the high-spin state (Eys) and the low-spin state (Eg) are calculated
by using the broken symmetry (BS) approach developed by Noo-
dleman."” All spectroscopic parameters are calculated by using
the ORCA 2.8 software® incorporating relativistic effects by the
zeroth-order regular approximation method (ZORA)®¥ involving
the COSMO solvation method. The MB-Isomer shifts (IS) were com-
puted based on the calibration constants reported by Romelt et al.
and 0.16 barn was used for the calculation of the quadrupole
moment of *’Fe nuclei by using the TZVP basis set.*¥ Time-depen-
dent density functional theory (TD-DFT) implemented in the ORCA
program was employed for the calculation of excitation energies.
Molecular orbital (MO) and natural bond order (NBO) analyses®!
were performed by using Gaussian 09 and visualizations were ex-
amined by using Chemcraft software. A common notation of
’*“"‘A(,,C,Hspin,State has been used throughout, where the superscript
mult denotes the total multiplicity; A indicates the complex
number and spin state in the subscript denotes the different spin
configurations (high-spin, low-spin, etc.) of the Fe atoms. The O—
H/C—H characters in the subscript indicate the transition state cor-
responding to the O—H/C—H bond activation.

Results

The starting point for this study is the dinuclear Fe"-u(O)-Fe"
moiety [Fe",O(L),]*" (complexl, where L=N,N-bis-(3',5"-di-
methyl-4’-methoxypyridyl-2’-methyl)-N'-acetyl-1,2-diaminoetha-
ne)."* Earlier experimental studies suggest that electrolysis of
complex | at potentials above +0.70 V leads to the formation
of complex Il. Increasing the bulk electrolysis potential to
+1.70 V after the formation of complex Il leads to the forma-
tion of complex lll as shown in Scheme 1.'*" We will begin our
discussion with species I-lll, examining the structures and spin
state energetics in detail before we move to probe the reactivi-
ty aspects of complex Ill. The Fe" center in the complex | can
be high-spin (hs; S=5/2) or intermediate-spin (is; S=3/2) or
low-spin (Is; S=1/2). Similarly, the Fe" centers in complexes Il
and Il can possess hs (§=2), is (S=1), or Is (S=0) states.
These two centers are coupled through the p-oxo and two car-
boxamido bridges, leading to ferro/antiferromagnetically cou-
pled spin states characterized by the total spin quantum
number S. As the ligand environment is the same for both the
metal centers, one can assume that both the metal centers are
likely to exhibit the same type of spin states (that is, hs on
both Fe"). Based on these criteria, we have restricted our calcu-
lations to the same type of spin states on both the metal cen-
ters for complexes | and Ill, whereas for complex Il other com-
binations have also been computed.
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Electronic structures and energetic of complexes |-l
Complex I {Fe"-u(0)-Fe"}

There are six different spin states: "I, 'lhe, ke 'k 3l and 'l
are possible for this species and the explicit electronic configu-
rations for each of the Fe atoms are given in Table 1. Here, the
"l,s singlet state is found to be the ground state, suggesting
antiferromagnetic coupling between the Fe" centers. This is
followed by the "I, "I, "I, *l,, and 'l,; states with energy mar-
gins of 25.0, 101.9, 101.2, 125.2, and 178.6 kJmol™’, respective-
ly. The energetics reveal that the Fe" centers possessing an in-
termediate spin state are also coupled antiferromagnetically
whereas the Fe" centers possessing low-spin configurations
are found to be coupled in a ferromagnetic fashion. This differ-
ence in coupling is attributed to the nature of the orbital over-
lap between the two magnetic centers. As both high-spin and
intermediate-spin Fe" centers possess unpaired electrons in
the ey orbital, this results in an efficient overlap and hence an-
tiferromagnetic interaction. For the low-spin Fe" centers (t,,’
configuration), the unpaired electron is found to reside in the
d,, orbital and these orbitals are orthogonal between the two
Fe" centers, yielding a ferromagnetic coupling. The computed
data is consistent with the experimental observation of an an-
tiferromagnetic coupling between the two high-spin Fe" cen-
ters, resulting in an S=0 ground state.™ This result is also
consistent with other dinuclear {Fe"-u(0)-Fe"} moieties where
S=0is generally found to be the ground state. The optimized
structure and the spin density plot of the 'l state are shown
in Figure 1a and b where both the Fe centers are in a distorted
octahedral geometry. Selected structural parameters and spin
densities of the optimized structures are given in Tables S2 and
S3 in the Supporting Information.

Both the Fe" centers are found to possess the following
ground-state electronic configuration (3,)" (m*,)' (%)’
(6,2 ,2)' (0*2)" (Figure 2). The magnetic coupling of complex|
is computed by using the ground-state structure employing
the standard protocol®® and this gives a J value of
—1454 cm "7 There is a significant smi-type interaction be-
tween the d,, and d,, orbitals of the two Fe centers through
the p-oxo bridge (see Table S4 in the Supporting Information)
and this strong interaction leads to a strong antiferromagnetic
coupling in this species. This is supported by the calculation of
overlap integrals between the singly occupied molecular orbi-
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tals (see Table S4 in the Supporting Information). Comparison
between the spin density plots computed for the "I, and "l
states (see Figure 1b and Figure S8 in the Supporting Informa-
tion), reveals a dominant spin delocalization mechanism
through which both the Fe" centers are coupled. The p-oxo
oxygen is found to possess a spin density of 0.76 at the high-
spin state, however, owing to cancellation of spins, at the
ground state the p-oxo oxygen possesses nearly zero spin den-
sity values. Significant spin densities on the carboxamido N
and O atoms reveal that the magnetic exchange propagates
not only through the p-oxo bridge, but also through these
bridges, offering a counter-complementarity effect leading to
smaller antiferromagnetic exchange than what is expected for
a bare p-oxo bridged Fe" dimer.®®

The p-oxo Fe—O bond of the 'l state is found to be sym-
metric between the two Fe" centers with a distance of 1.821 A
and the Fe—N,,, bond length is computed to be 2.180 A (see
Table S1 in the Supporting Information). The computed geo-
metrical parameters are consistent with the X-ray structure re-
ported* and this offers confidence in the employed method-
ology. NBO analysis reveals that o-bonding interaction in the
Fe"-u-oxo bond is composed of 24.7% of Fe(1)-d,. and 75.3%
of O(p,*) orbitals (see Figure S1a in the Supporting Informa-
tion), suggesting ionic character. The electronic configuration
of the I, state reveals similar contributions between both
iron-p-oxo atoms.

To probe the electronic structure further and to compare it
with experimental observations, we have computed the spec-
troscopic parameters of complex l. The TD-DFT computed ab-
sorption spectra using acetonitrile solvent for the 'l,, state
shows four features at 356, 402, 436, and 517 nm. Although
the computed features are in broad agreement with the exper-
imental features®® (Figure 3), some deviations in the absolute
values are noted. Benchmarking studies of the exchange-corre-
lation functional for the prediction of absorption spectra re-
ported such observations earlier for the B3LYP functional.*”
The peaks computed at 356 and 402 nm are found to be of
ligand to metal charge-transfer transitions (Figure 3). The peak
observed at 436 nm has a predominant d-d character where
a a-(Fely:)—o-(Fe2y,) transition is witnessed. Similarly, the
peak at 517 nm corresponds to a [-(Fe2,,:)—f-(Fely,) transi-
tion. The computed isomer shift (0) and quadrupole splitting |
AEy| values for the 'l state are 0=0.42 mms ' and AE,=

Table 1. Different possible spin state configurations of complex I.
Electronic configuration

Spin states Fe'" Fe" Relative energy [kJmol ]
™ LU SO LR LIEE L afmel, w8l 2ol 25.0

"t oy, nel oh 2o DEME LR RYD 00

, ¥ net, wot, o o R 019

1|is 6T¢ 7'['*1‘ "*1‘ 6T2 26* 2 STVL *-& *J' 8*2:‘,2 0*22 101.2

3, 4& Nn,ﬁ 8,2, 2672 1& b‘TZJr 1‘ 52,2072 1252

"I 61;,*- n* NW‘T 22672 5ﬁﬂ*§ nd 52,2672 178.6
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Figure 1. The optimized structure of: a) 'l,,, and b) its corresponding spin density plot. The optimized structure of: c) *ll;, and d) its corresponding spin den-
sity plot. The optimized structure of: e) 'lll, and f) its corresponding spin density plot.

1.500 822

T

0.87| h
.
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0260 % By

Figure 2. The computed Eigenvalue plot incorporating energies computed
for d-based orbitals for alpha and beta spin corresponding to the ground
state ('l,) of the complex | (energies are given in eV).

1.07 mms~, respectively (Table 2) and are same for both the

iron(lll) centers. The computed parameters are in agreement
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Figure 3. Absorption spectra computed by using TD-DFT calculations on the
ground state of complex I and its corresponding orbitals involved in the
transitions. The values given in parenthesis are the corresponding experi-
mental values.

with the experimental data and this clearly indicates that the
observed spectral features can be rationalized based on the
ground state structure. We would like to note here that the
standard deviation expected for the a, 5, and C parameters
employed to compute the isomer shift is estimated to be
0.08 mms~' for the methodology employed.®” To ascertain
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Table 2. Computed spectroscopic parameters along with the experimen-
tal values reported for complexes I-1ll.

Complex O values [mms™] AEq values [mms™"]  J[cm™']
expt]'*! calcd expt]'%’ calcd
Fe(1) Fe(2) Fe(1) Fe(2)
{Fe"-u(0)-Fe"t 045 0417 0417 1.30 1.070 1.070 —145.4

0.388 —0.034 1.57
—0.039 —-0.041 2.14

0.540 1.808 —335.6
2914 2225 —1145

{Fe"-p(0)-Fe"}  0.07
{Fe"-w(0)-Fe"t —0.05

the accuracy of these calculations further, we have performed
additional geometry optimizations and calculation of M&ssba-
uer parameters by using the BP86 functional. The computed
values using this methodology are given in the Supporting In-
formation (Table S8); apparently, the values estimated by using
this methodology are found to be inferior compared with the
B3LYP estimation on comparison with the experimental param-
eters.

Additionally, our calculations suggest that the singlet
ground state of complex | is derived from two high-spin Fe"
centers coupled in an antiferromagnetic fashion and rules out
other two singlet state possibilities listed in Table 1.

Complex Il {Fe"-u(0)-Fe"}

One-electron oxidation of complex | leads to the formation of
complex Il. For complex I, the ligand environment is similar
for both iron centers but the electronic environments are dif-
ferent. Here, both metal centers are in different oxidation
states and this leads to nine possible electronic combinations,
which are denoted as "l g lhens Miio 2lhisiss “NMigier 2Migiss
llis i and 2, respectively (see Table S5 in the Sup-
porting Information). We have computed eight spin states and
our results show that the “ll,,; quartet state is the ground
state followed by ™lighe sy Miis Migis i Mg and
8l ;s at 45.8, 27.6, 57.6, 49.0, 1.9, 7.3, and 23.4 kJmol™' energy,
respectively. Here, it should be noted that owing to the self-
consistent field (SCF) convergence problem, the Zll,, state
could not be computed. Our calculations reveal that at the
ground state, the Fe" ion has high-spin configuration whereas
the Fe" ion possesses intermediate spin configuration. Typical
aminopyridine ligands generally stabilize the intermediate spin
state as the ground state for Fe"-oxo species and this is due to
strong o-antibonding interaction with the d,. orbital.2<2"*"
Our computed results are in agreement with this expectation
and it is also supported by the experimental studies performed
earlier on the mixed valance oxo bridged iron dimers.['**%

The p-oxo bridge mediates a strong delocalization of spin,
leading to an antiferromagnetic coupling between the two
metal centers resulting in the stabilization of the S=3/2 (*ll.;)
state as the ground state."” The optimized geometry and the
spin density plot of the ground state of complex Il are shown
in Figure 1c and d (see Table S1 in the Supporting Information
for all the spin state structural parameters). The electronic con-
figuration of the Fe" center is computed to be (§,)" (%)
()" (8,2)" (0*,)' whereas the Fe" center is computed to
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be (8,)° (%) (%,)" (§,2_,2)° (0%)° for the Il state (see Fig-
ure S2 in the Supporting Information). The Eigenvalue plot of
the “ll,;, state reveals that the energy gap between the thg
and e, orbitals in case of the Fe" center is computed to be
smaller compared with the very high energy gap observed in
case of the Fe" center. The shorter Fe"—uO bond compared
with the Fe"-—uO bond facilitates stronger o-interaction and
uncovers the reason for the differential spin character ob-
served between the two Fe centers.

The magnetic coupling constant (J) of complex |l at the
ground state is estimated to be —335.6 cm™'. The strong anti-
ferromagnetic interaction arises from the dominant ni-type d,, |
p,|d,, overlap between the two iron centers (see Table S6 in
the Supporting Information). For the “ll,;, state, the spin den-
sity on the Fe" center is estimated to be 4.05 whereas the spin
density on the Fe" center is estimated to be —1.58 and a signif-
icant spin density (—0.26) on the Fe-p-oxo is also observed
(Figure 1d). The spin density plot (Figure 1d) clearly reveals
a significant negative spin density at the p-oxo bridge but the
magnitude is less than what is generally expected for a ferryl
oxygen atom of the monomeric Fe"=0 unit. Both the Fe" and
Fe" centers are promoting spin delocalization with the oxygen
atom, leading to cancellation of spins and reduction of radical
character at the p-oxo bridge (see Table S3 in the Supporting
Information). The two Fe"—pO and Fe"—uO bond lengths of
the ‘Il state are computed to be 1.902 and 1.702 A, respec-
tively. This large difference in bond lengths reflects a single
bond between Fe" and oxygen whereas Fe"=puO maintains
double bond character. This is clearly witnessed in the comput-
ed Wiberg bond (WB) indices (0.9 and 0.7 for Fe"=uO and
Fe"—uO species, respectively). The Fe"=pO bond lengths are
approximately 0.1 A longer compared with the monomeric
Fe"=0 species.’“'*21 NBO analysis of the Fe"—u-oxo bond
shows it is composed of 18.5% Fe(1)-d,. and 81.5% O(p,*) or-
bitals (Figure S1b in the Supporting Information). For the Fe"=
O bond, the composition is 30.5% Fe(2)-d,. and 69.5% O(p,*)
orbitals for the o-bond, whereas 37.4% from Fe2 and 62.6%
from pO contributes for the m-bond. Owing to the difference
in the oxidation state, there is a significant variation in Fe—O
bonding as reflected in the computed bond ionicity™® (0.9 for
the Fe"—uO vs. 0.67/0.47 for the o/m bond in Fe"=p0).

The computed absorption spectra of the ground state *ll,,
are shown in Figure S3 in the Supporting Information. TD-DFT
calculations give five intense absorption peaks at 416, 433,
490, 542, and 667 nm (see Figure S3 in the Supporting Infor-
mation). Experimentally, a peak at 550 nm and a broad peak
centered around 878 nm are detected. Interestingly, significant
number of bands are noted in the very low energy region
(below 1050 nm) and some of them correspond to intervalance
charge-transfer bands (IVCT).*¥ However, as the experimental
spectra were not recorded beyond 1050 nm, predicted features
beyond this wavelength could not be verified (see Figure S4 in
the Supporting Information). Two sets of 0 and | AE,| parame-
ters are noted for this complex corresponding to Fe" and Fe"
oxidation states (Table 2). The ¢ value of 0.39 mms™ is com-
puted for the Fe" center whereas —0.03 mms~' is computed
for the Fe" center. Experimentally, however, only one set of pa-
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rameters is reported and this is in agreement with the comput-
ed Fe" center parameters but not the Fe" center. In fact, exper-
imental observation of only one isomer shift suggests a valance
delocalization whereas our calculations suggest an asymmetric
valance localized picture. Although valance localized asymmet-
ric Fe"-O-Fe" intermediates are reported for class 1Ta RNAs
enzyme™ and other bio-mimic models,"” we would like to
judge how far the symmetric structure is maintained in terms
of energy for species Il as revealed by the Mossbauer data. To
estimate this, we have performed additional calculations,
where we have fixed the p-O bonds symmetric between the
Fe" and Fe" atoms at 1.80 A and this geometry is found to be
only 1.2 kimol™" higher in energy compared with the ground
state structure, suggesting subtle energy differences between
the symmetric and asymmetric structures of this species.

In addition, the computed energetics reveal the presence of
several spin states within a 10 kimol™' energy window and
some of these states exhibit valance delocalization (see
Table S3 in the Supporting Information). Our energetics and
spectral data reveal the S=3/2 state observed for this species
arises from the antiferromagnetic coupling of hs Fe" and is
spin Fe" centers" and not from other possibilities mentioned
in the Table S3 in the Supporting Information.

Complex Ill {Fe"-u(0)-Fe'""}

Further one-electron oxidation of complex Il generates com-
plex lll. Complex lll possess identical spin on each Fe atom as
they are associated with the same electronic environment, sim-
ilar to complex I. Here, five different possible spin states, °lll,,,
I, NI, "N, and "Ml are considered and the electronic con-
figurations for each of the Fe atoms are schematically shown
in Table S7 in the Supporting Information. Our DFT calculations
reveal the 'lll,, state as the ground state for this species. Other
spin states such as °lll,, "lll,, °lll,, and 'lll, lie 81.5, 61.8, 2.5,
and 190.8 kJmol™" higher in energy, respectively. Experimental
spectra clearly reveal an S=0 ground state arising from indi-
vidual S=1 states from the Fe" centers and this strongly sup-
ports our calculations.!*?!

Here, both the Fe" centers have the same ground state elec-
tronic configuration of (8,))* (%) (*,)' (6%2)° (8,2 ,2)° (see
Figure S5 in the Supporting Information). The magnetic ex-
change between the two Fe" centers is estimated to be anti-
ferromagnetic in nature with a J value of —114.5cm™". Al-
though an experimental J value for complex Il is not reported,
the {Fe",(u-0),} core reported earlier possesses a J value of
—80cm™' and this is smaller than the computed J value of
complex lll, which is in agreement with our expectation. This
interaction is strongly supported by the overlap integral calcu-
lation of the 'lll, state, which reveals a significant d,, | p,|d,, in-
teraction between the two iron centers (see Table S6 in the
Supporting Information). The spin density plot (Figure 1f) also
suggests a significant spin polarization along the iron-uO-iron
atoms. The optimized structure of the ground state of complex
1 (') is shown in Figure 1e. The Fe(1)—p-oxo and the Fe(2)—
p-oxo bond lengths are computed to be 1.825 and 1.740 A, re-
spectively (see Table S2 in the Supporting Information). The
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WB index values for both Fe"—u-oxo bonds are computed to
be 0.7 and 0.9. Additionally, our calculations clearly reveal that
although both the iron centers have equivalent formal charge,
there is a significant difference in Fe—O bond lengths. Iron
atom possessing beta electrons (the negative spin density in
Figure 1f) has shorter Fe—O bond lengths compared with the
other Fe atom. NBO analysis reveals similar o-bonding effects
between the two iron atoms, (Fel/Fe2 18.6/19.4%; O1/02
81.4/80.6 %, Figure S1c in the Supporting Information). Howev-
er, the Fe(2)—p-oxo possesses additional Fe—O m-bond charac-
ter where 30.3% contribution from Fe(2) and 63.7% contribu-
tion from the bridged O atoms are detected. This suggests
a Fe"—uO=Fe" type of bonding for the ground state of com-
plex lll. These significant differences in bonding and polariza-
tion of the p-oxo group led to the observed catalytic behavior
towards C—H/O—H bond activation.

The X-ray structure of complex Il is not available, however,
extended X-ray absorption fine structure (EXAFS) analysis on
complex Il suggests the Fe-Fe distance to be 3.08 A and the
average Fe-O distance is estimated to be 1.71 A. Calculations
yield an average Fe-O distance of 1.78 A and comparison of
these two values suggest that the Fe—O bond lengths are
slightly overestimated by the calculations."* Compared with
the di-p-oxo-diiron(IV) species reported earlier, where the pres-
ence of two p-oxo groups yield a symmetric Fe"-oxo environ-
ment,"* here, our calculations suggest an asymmetric environ-
ment with one shorter and one longer Fe—O bond owing to
the presence of one p-oxo group.

The computed absorption spectra of the ground state ('ll;)
is shown in Figure 4. TD-DFT calculations predict three intense
absorption peaks at 460 nm, 534 nm, and 611 nm (see Figure 4
and Figure S6 in the Supporting Information)."*' The intense
peak at 460 nm corresponds to ligand (N-ligand) to metal (t*
(d,,—p,) orbital) charge-transfer transitions. The computed fea-
ture at 534 nm corresponds to a o-(Fe2y,)—a-(Fely,.) transi-
tion whereas the one observed at 611 nm corresponds to the
ligand to metal charge-transfer band. Experimentally, one dis-
tinct absorption peak at approximately 550 nm was recorded
for complex lll and reduction of complex Ill to complex Il by
0.1 m cyclohexane revealed some hidden features at approxi-

460 nm

534 nm
_—

611 nm
—_—

400 600 800 1000

wavelength (nm)
Figure 4. The TD-DFT computed absorption spectra for the complex ('ll;;)
and the corresponding orbitals involved in the transitions.
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mately 650 nm. Although the calculated bands are underesti-
mated compared with the experiments, the features observed
in the experimental spectra are reproduced in the calculations.

The isomer shift (9) and quadrupole splitting | AE,| parame-
ters of the ground state ('lll) of complex Il are computed to
be —0.04 (—0.04) mms™' and 291 (2.23) mms™' for the Fel
(Fe2) center (Table 2). Experimentally, only one set of values is
obtained upon simulation of spectra for an S=0 coupled state.
Very close resemblance of computed data to the experi-
ments"*! supports the S=1 Fe(1) and S=1 Fe(2) centers cou-
pled in an antiferromagnetic fashion leading to 'l as the
ground state. This is similar to the ground state estimated for
the diamond core [Fe",(u-0),]*" unit observed in SMMO and
other bio-mimic models.®** %! Calculations correctly predict
the variation in the 0 value as we move from complex I to lIl.

Reactivity of complex Ill {Fe"-u(0)-Fe"} towards C—H and O—
H bond activation

After the detailed electronic investigation of the complexes I-
1ll, we were interested in probing the mechanism of the C—H
and O—H bond activation and reactivity trends with complex
1Il. Monomeric iron(IV)-oxo complexes are popular oxidants for
several catalytic transformation reactions™” but, recently, dinu-
clear iron complexes have picked up the pace and in some
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cases have been found to be stronger oxidants than the corre-
sponding mononuclear complexes.®"'* 1848 The high redox
potential of complex lll among the three complexes (I-Ill) re-
veals that it is a powerful oxidant."*! Complex Ill was found to
activate C—H bonds as strong as 400 kJmol™' and found to
react 1000 times faster than a mononuclear Fe"=0 complex-
es."! Although C—H bond activation by monomeric iron(IV)-
oxo species are known,*’ activation of a very strong O—H
bond has no precedence."* Quite interestingly, these species
are found to cleave O—H bonds of methanol and tert-butanol
selectively instead of their weaker C—H bonds. One species
possessing dual catalytic abilities depending on the nature of
the substrate is rare and this has motivated us to probe the
electronic and mechanistic origin of the reactivity of complex
lll. Here, we have undertaken a detailed study to explore the
mechanism of the formation of acetone from tertiary butyl al-
cohol (tert-butanol) and cyclohexene from cyclohexane by
using complex Il

Hydrogen atom abstraction of cyclohexane

Based on the experimental evidence and earlier theoretical
studies, #4725 e have adapted the following mechanism
for the dehydrogenation of cyclohexane (Scheme 2). In the
first step, the bridged oxygen complex Ill abstracts a hydrogen

.
/ \io/ \ 4+
H \ﬂ
—° N o IN’ LW,
(\‘F F/<
VT A
Ufﬁ N\
TS

2| ALY H
N N
IO T4 + \Hf
//\o /IL\N ;

Intermediate

Scheme 2. The schematic mechanism of C—H activation of cyclohexane by complex Il {Fe"-O-Fe"}.
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atom from the cyclohexane via transition state TS and forms
a cyclohexyl radical along with the {Fe"-uO(H)-Fe"} intermedi-
ate. Another hydrogen atom abstraction from the cyclohexyl
radical leads to the formation of cyclohexene.®" Several re-
ports on monomeric complexes reveal that the second hydro-
gen abstraction process has a smaller barrier height and hence
we have restricted our calculations to the first step.®"*? An at-
tempt has been made to calculate the TSc, on all spin surfaces
and we have successfully computed the °TScung 'TScihe
*TScuie and 'TScy; transition states although 'TSc, could not
be obtained (the 'lll spin state lies 229.1 kimol™' higher in
energy than the 'lll; ground state and thus it may not be a rel-
evant spin state in this reaction scenario). Our computed re-
sults show °TSc, to be the lowest lying with a barrier height
of 126.4 kimol™' whereas the TSy transition state lies at
147.2 kJmol™". Lower barrier heights for the °TSc,. species
suggest a possible two/multi-state reactivity scenario for this
species.?">3 The barrier heights computed incorporating only
the ZPE corrections are given in the Supporting Information
(Figure S9).

The '"TScun, and 'TSc,; are found to be 201.5 and
355.1 kJmol™" in energy, respectively, and thus are unlikely to
participate in the reaction mechanism (Figure 5). Interestingly,

Figure 5. B3LYP-D3 computed potential energy surface for C—H bond activa-
tion of cyclohexane by complex lll (AG in kJmol™).

the ground state of complex lll is the 'l species possessing
S=1 on both the Fe" centers, but the transition state corre-
sponding to this spin state is prohibitively high (355.1 kJmol™")
for participation in the reaction mechanism. The °lll,; and °lll,,
spin states of complex lll, lying at 2.5 and 81.5 kimol™', are
found to offer lower energy pathways at the transition state.
The "I, —°TScuns pPath suggests that the reaction proceeds
through a minimum energy crossing point (MECP).*® The ma-
jority of the mononuclear Fe"-oxo complexes are found to
react via the quintet first excited state and in many instances,
the MECPs are found to be energetically favorable®*¥ and in
least at two instances, exclusively spin-orbit coupling has
been incorporated to validate the possible spin crossover.”
For the 'lil,—°TSc,, pathway, although the multiplicity
changes, the energy here corresponds to the exchange-cou-
pling between the two Fe" centers and the switch from anti-
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ferromagnetic coupling to ferromagnetic coupling is sufficient
to effect this pathway. As the sign of magnetic coupling is cor-
related to the Fe-O distance and the Fe-uO-Fe angles, this can
be rather easily achieved during the structural transformations.
Note that Fe-O distances and Fe-uO-Fe bond angles are signif-
icantly different in the transition state compared with that of
the reactant (see Table S2 in the Supporting Information).

The optimized structures of TS, and *TScy,;, for the C—H
bond activation are shown in Figure 6a and c, respectively. For
the °TSc.uns species, the Fe(1)—uO and Fe(2)—uO bond lengths
are elongated to 2.071 and 1.806 A from 1.825 and 1.741 A, re-
spectively (see Table S1 in the Supporting Information). The
nO-H-C(cyclohexane) bond angle is determined to be 172.1°
whereas the Fe(2)-uO-H/Fe(1)-uO-H angles are determined to
be 117.7/122.4°. Interestingly, the a-HOMO of this transition
state reveals a m-type pathway with the Fe(2) center and a o-
type pathway with the Fe(1) center (Figure 7a). Unlike in mon-
onuclear Fe"-oxo complexes, where the pO-H-C(cyclohexane)
angle determines the nature of the o/m pathway,*"*® the Fe-
nO-H angle plays a critical role here in the dinuclear framework
as linear H-pO-Fe are impossible to attain owing to structural
restrictions. In mononuclear Fe"-oxo complexes, the ¢ pathway
via the S=2 surface is generally found to be low lying in
energy whereas a flexible Og,—7., pathway is found to be op-
erational here.

The computed spin density plot of the transition state is
shown in Figure 6b. The Fe(1) center has a spin density of
4.10, whereas the Fe(2) center has a spin density of 1.83 and
the substrate cyclohexane is also found to possess significant
positive spin density. This suggests a [-electron transfer from
the substrate to the d,, orbital of the Fe(2) center accompanied
by an internal a-electron transfer (IET) from Fe(2) to Fe(1) to
attain the 4-3 oxidation state at Fe(1) (Scheme 3). The ob-
served o-m pathway, in fact, facilitates this transfer. An alterna-
tive way to achieve this electronic configuration includes a-
electron transfer from the substrate to Fe(1) followed by pair-
ing of the electrons at the Fe(2) center. This can be ruled out
as the spin paring energy of the Fe" centers are generally
large and such a mechanism should yield a negative spin den-
sity at the cyclohexane moiety in the transition state. Thus, the
proposed mechanism consists of a proton-coupled electron
transfer (PCET) process from the substrate,”” accompanied by
an unusual internal electron rearrangement from Fe(1) to Fe(2).
This is possible only in a dinuclear species and rationalizes why
the presence of two metal ions promotes reactivity nearly
1000 times faster than monomeric Fe'-oxo complexes. We
would like to note here that another pathway, electron transfer
to the d,, orbital, is termed as the & pathway.**** However,
the frontier MOs that are involved in the electron transfer
paths are clearly o and m on both centers and suggest an in-
ternal rearrangement of electrons in the intermediate species.
Although precedent for this mechanism has not been noted,
recently a pentanuclear Fe-oxo complex was found to split
water efficiently in which a {Fe"-uO-Fe"} type moiety is expect-
ed to be generated through an internal electron transfer from
one metal center to another.® As this is a key mechanistic ob-
servation in the pentanuclear Fe reaction, this suggests the
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Figure 6. The optimized structure of: a) “TSc.4, and b) its corresponding spin density plot. The optimized structure of: ) *TSc.,, and d) its corresponding

spin density plot.

Figure 7. The computed HOMOs of the *TSc.,, and *TSc.; transition states
for the C—H bond activation.

possibility of observing such features in reactions catalyzed by
tetranuclear complexes.”®>% Such electron transfer processes
are also associated with the structural variation and entropic
contributions to the barrier height and thus are likely to play
a role here. To further probe the variation in entropy change,
we have analyzed the variation in entropy across the structures
studied (see Tables S11 and S12 in the Supporting Information).

Chem. Eur. J. 2017, 23, 10110- 10125 www.chemeurj.org

10119

Fel(IV) Fe2(IV)
Reactant

Fel(III) Fe2(IV)
Transition state

Scheme 3. The schematic orbital evolution diagram for the C—H activation
of the “TSc transition states. Here, IET describes an internal electron trans-
fer from Fe" to another Fe" unit. PCET describe the proton-coupled electron
transfer.

Although the computed variations are small, the entropy
factor is found to favor the transition state and this is particu-
larly true for states possessing several unpaired spins com-
pared with other states with paired spins.
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For the *TScy; state, the Fe(2)-uO-H/Fe(1)-uO-H angles are
determined to be 111.3/128.5°. The orbital analysis indicates
a o-pathway with the Fe(1) center and a m-pathway with the
Fe(2) center, leading to the Op.—T, pathway for this species
(Figure 7b). The spin density reveals (-electron transfer from
the substrate to the Fe(2) center. This leads to a significant re-
duction of spin density on the Fe(2) center (from 1.61 to 1.10).
As the Fe" center here are in the S=1 state, no internal elec-
tron transfers are observed and the spin density of the Fe(1)
remains similar to that of the reactant.

Hydrogen atom abstraction results in the formation of the
{Fe"-u(OH)-Fe"} intermediate. Considering the exchange be-
tween iron centers, there are ten possible spin states for this
species ("'Mtpgng, “MNtpgng, MNtegsg, Nt Nty INt, g,
*Inty, ), *Inty, i, and ’Int;,). However, we are unable to con-
verge intermediate ’Int,, to the desired solution. All the in-
termediates are computed to be slightly endothermic with re-
spect to the reactant. The °Inty,;, state is found to be the
lowest lying at 46.2 kJmol™' with respect to the reactant, fol-
lowed by the °Int,,, state at 46.8 kJmol . Experimentally, the
protonated species is found to lose the proton, readily leading
to complex Il. We have estimated the energetic requirement to
be 5.9 kJmol™' for this reaction when using water and a hydro-
nium ion, suggesting thermoneutral conditions. If larger water
clusters are employed, they are likely to yield exothermic con-
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ditions.®™ The proposed mechanism is consistent with experi-
mental data where the kinetic isotopic effect (KIE) for the C—H
bond activation of cyclohexane is estimated to be 3.5 and the
second-order rate constant is determined to be 8.1x
1072m~'s7 .1 Both of these numbers suggest the hydrogen
abstraction of cyclohexane as the rate-determining step (rds)
as is evident from our computations.

Mechanism of oxidation of tert-butanol by complex Il

The experimental study shows that deuteration of the O—H
bond results in a kinetic isotope effect (KIE) of 1.4-1.5 although
no such observation has been noticed with the deuteration of
C—H bonds. This suggests that the oxidation of tert-butanol
occurs through O—H bond cleavage rather than C—H bond
cleavage and the O—H bond cleavage is the rds."*! Based on
the experimental data, we have proposed the following mech-
anism for the oxidation of tert-butanol (Scheme 4) by complex
L' The bridged oxygen atom (p-oxo) of complex Il {Fe"-
uO-Fe'} activates the O—H bond of the tert-butanol via transi-
tion state TSyy (Scheme 4), where essentially the bridged
oxygen abstracts the hydrogen atom, forming a tert-butoxide
species and {Fe"-uO(H)-Fe"} intermediate."*¢ This intermedi-
ate undergoes deprotonation to yield complex Il as discussed
earlier for the C—H bond activation mechanism. We have suc-
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Scheme 4. The schematic mechanism of oxidation of tert-butanol by complex Il {Fe"-O-Fe"}.
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cessfully optimized all five possible transition states, °TSq e
TSonhs “TSoumiss 'TSomis and 'TSqs. The *TS 4 transition state
is computed to be lowest in energy and its barrier height is
found to be 118.2 kimol™" (Figure 8) followed by 150.9, 152.0,

Int

125"

Int, N7119.7 118.9 Int, .

96.3 118.23 Int

7.

(s, is)
1L, 75.0 2o
m 743 CInt
hs " (s, is)
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‘m, 00

Figure 8. B3LYP-D3 computed potential energy surface for the O—H bond
activation of tert-butanol by complex Ill (AG in kJmol™).

200.7, and 340.0 kJmol™" for "TSg i *TSo.hns TSo.hhs and 'TSq.
we respectively. The barrier heights computed incorporating
only the ZPE corrections are given in the Supporting Informa-
tion (Figure S10). The optimized structure of the transition
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state TSy, is shown in Figure 9a. The computed bond
lengths of *TS,, suggest that the distance between p-oxo and
the alcoholic hydrogen atom decreases to 1.737 A along with
the reduction of the length of the C—O in the tert-butanol
moiety from 1.473 to 1.420 A (see Table S1 in the Supporting
Information). This suggests possible double bond character for
the C—0 bond. The H—0 bond length of the hydroxyl group in-
creases from 0.979 to 1.021 A and simultaneously the C—C
bond also elongates from 1.535 to 1.652 A in the transition
state. These parameters suggest that cleavage of O—H and the
C—C bonds take place simultaneously and it is a product-like
transition state. Frequency calculations clearly reveal that both
the O—H and C—C bond cleavages are synchronous and to fur-
ther verify the nature of the transition states, we have per-
formed intrinsic reaction coordinate (IRC) calculations, which
support our argument. The O-H-O bond angle of the transition
state *TSq., is computed to be 149.9° and the Fe(1)-uO-H/
Fe(2)-uO-H angles are determined to be 131.9/106.8°. The
computed spin density plot of the *TSq.y; species (Figure 9b)
suggests a [-electron transfer from the substrate to the d,, or-
bital of the Fe(1) center to attain the + 3 oxidation state (see
Scheme S1 in the Supporting Information) and suggests -
type pathway (see Table S3 and Figure S7 in the Supporting In-
formation). A significant spin density on both the alcoholic
oxygen (p=0.43) and the carbon atom (0=0.21) of the alkyl

Figure 9. B3LYP-D3 computed the optimized structure of: a) *TSq.,, and b) its corresponding spin density plot. The optimized structure of: ¢) 'TS¢,,, and

d) its corresponding spin density plot.
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group reveals that this oxidation takes place through a radical
pathway rather than a cationic or anionic (Figure 9b) pathway.
From the spin density analysis, we can conclude that this reac-
tion can take place through a proton-coupled electron transfer
mechanism (see Scheme S2 in the Supporting Information).
The next closest (at 103.2 kJmol™") lying transition state is
"TSo.uis (Figure 9c and d) corresponding to the antiferromag-
netic solution of the *TS,;, species discussed earlier. For the
"TSo.ui State, the Fe(1)-uO-H/Fe(2)-uO-H angles are determined
to be 133.6/105.2°. Here, a a-electron transfer from the sub-
strate to the Fe(1) center has been observed with a n-m type
pathway (see Figure S7 and Scheme S2 in the Supporting Infor-
mation).

Discussion
Electronic structure of dinuclear iron oxo complexes I-lll

In all three complexes I-lll, the ground state is characterized
by an antiferromagnetic coupling between the two iron cen-
ters. In complex I, both Fe" centers possess a high-spin state,
leading to the S=0 ground state whereas in complex II, Fe"
possesses a high-spin state whereas Fe" possesses an inter-
mediate-spin state, leading to S=3/2 as the ground state. For
complex lll, both the Fe" centers possess intermediate spin,
leading again to the S=0 ground state. The estimate of mag-
netic coupling, however, was found to vary drastically among
the three complexes (—145.4cm™" for I, —335.6cm™" for II,
and —114.5 cm™' for lll) and this is essentially due to the vary-
ing nature of the d,/d,|p,/p,|d,/d,, overlaps between the
two centers. Calculation of the absorption spectra reveals char-
acteristic peaks for each species corresponding to electron
transfer from one metal center to the another and this can be
used as a guide to detect these species at low temperatures
(436, 517 nm for complex |, very low energy IVCT type bands
for complex Il, and a peak at 534 nm for complex lll). For com-
plex II, the Fe"=pO bond lengths are estimated to be 1.704 A,
which is slightly longer than the monomeric S=1 and S=2
states of Fe"-oxo, yet catalytic activity has not been witnessed
for this species. This is essentially due to strong spin polariza-
tion and energetically accessible valance delocalization, leading
to a reduction of formal charge on the Fe" center. Isomer shift
values are found to vary from 0.417 to —0.039 mms™' as we
move from the Fe" to Fe" center. For complex lll, the Fe" cen-
ters are found to be asymmetric with a longer and a shorter
Fe"-oxo bond (1.825 and 1.741 A), suggesting a scenario of
Fe"—uO=Fe" type bonding. A qualitative MO diagram depict-
ing various interactions of the Fe" centers is shown in
Figure 10. On one end, a Fe"=uO fragment and on the other
end a Fe"(carboxamido), fragment are assumed. The two un-
paired electrons present on the Fe' centers pair up in the anti-
bonding orbitals, leading to the S=0 ground state. Significant
antibonding interactions between the Fe" center and p-oxo
groups are reduced owing to bonding interactions with the
carboxamido moiety in the HOMO. This also places the LUMO
close in energy and leads to several low-lying spin states for
this species. This in turn helps to generate very high reactivity.

Chem. Eur. J. 2017, 23, 10110- 10125 www.chemeurj.org

10122

CHEMISTRY

A European Journal

Full Paper
. L — — !
n*FeV=pO /,’ ‘ e ,\\ m*Fe¥-0,
e R % Ceeel b Y
e s . AN
LR _H_ \\\
/s S %
/ : NS N
4 L AN NN
SN cmems N TN,
/ e e \, =
/ \ ) )
v \\ » %‘ » »
/ —--H— -H—~\ ur .F_,
/s 7 & S e \\ o o
/- o .
o’ ] &% e
~

nFe™V=p0

* o
1N ceeel

Figure 10. The qualitative MO diagram for the p-oxo bridged diiron(IV) com-
plex arising from iron(IV)-oxo and iron(IV)carboxamido fragments.

C—H versus O—H bond activation

Dual catalytic abilities are observed for complex Ill, where it is
found to activate inert C—H bonds such as those of cyclohex-
ane and also selectively activates the O—H bond of tert-buta-
nol. The C—H bond activation proceeds via a S=4 state arising
from the quintet states of individual Fe"-oxo center and S=2
states arising from the triplet state of individual Fe"-oxo cen-
ters. Although the ground state is characterized by antiferro-
magnetic coupling, the ferromagnetic state is found to offer
greater reactivity.

This is essentially due to the exchange-enhanced reactivity
corresponding to the ferromagnetic state.”” In the dinuclear
framework, to maximize the exchange-enhanced reactivity, the
catalyst switches the magnetic coupling from antiferromagnet-
ic to ferromagnetic at the transition state. At the ferromagnetic
state, the spins on both the centers are of the same type, lead-
ing to a large number of unpaired electrons in the ground
state and this eases the catalytic transformations.

In addition, the o* character of the FeO bond rationalizes
the electrophilic nature of the active catalyst. A low-lying FeO
o* orbital is found to yield a lower energy barrier, however, the
energy also needs to be compared with the HOMO of the
donor atoms as it transfers the electron to the FeO o* orbital.
The energy difference between the donor and acceptor gives
some ideas for the reactivity and this has been employed pre-
viously to rationalize the reactivity of some Fe"=0 species.”®
To understand the role of the FeO o* orbital in our case, we
have also estimated the energy difference between the FeO o*
and HOMO orbital of cyclohexane and this is found to be
2.2 eV in the solution phase. This value is comparable to the
values estimated previously for some model complexes, which
are predicted to activate inert C—H bonds such as those of
methane.” In species 'lll,, the FeO o* orbital is found to be
the LUMO and has significant d,. contributions on both the
metal centers, suggesting strong electron delocalization stabi-
lizing this orbital, leading to a relatively small gap between the
donor and acceptor and this is translated into smaller barrier
heights.
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Although the ground state and the low-lying transition
states have different multiplicity, the energies correspond to
the exchange interaction between the metal centers and this
parameter are known to be very sensitive to small structural al-
terations. Particularly, Fe-O distances and Fe-puO-Fe angles are
significantly altered® at the transitions state compared with
that of the reactant to effect this switch in the nature of mag-
netic coupling during the course of the reaction. This clearly
suggests that exchange coupling plays an important role in
controlling the reactivity of this species. In addition, for the C—
H bond activation, a novel combination o,—7¢, pathway is
discovered, revealing the nature of the electronic cooperativity
present in this species. Further, an internal electron transfer
from one Fe atom to another during the course of the reaction
is witnessed. All these effects put together promotes reactivity
nearly 1000 times faster than a monomeric Fe"-oxo complexes
where none of them are feasible.

For the O—H bond activation, the reactions are found to
occur in the S=2 (S=0) state, corresponding to the ferromag-
netic (antiferromagnetic) coupled state of two S=1 state Fe"
centers. Here, the high-spin solution is high lying in energy
and the reaction is found to proceed only on the intermediate
spin surface of the Fe" centers. In this case, spin-flip transitions
are not involved and the structural change during the course
of the reaction is expected to alter the magnetic coupling so
as to allow the reaction to proceed in a S=2 coupled state. In
the C—H bond activation reaction, the newly forming Fe—
nO-H,, are only partially formed at the transition state where-
as in the O—H bond activation the newly forming Fe—uO-+-H—O
bond is fully formed and thus corresponds to a complete one-
electron transfer from the substrate to the metal centers. The
weakly antibonding mt* orbitals of the S=2 state facilitate this
transfer, leading to the observation of a n—nt type pathway for
this species. Here, also a significant electronic cooperativity be-
tween the two metal centers during the course of the reaction
is noticeable.

Experimentally, the second-order rate constants are estimat-
ed to be 0.081 and 0.30m 's™" for the C—H and O—H bonds,
respectively, suggesting faster oxidation with the tert-butanol
than cyclohexane. The computed data is consistent with these
observations. The barrier height computed for the C—H bond
activation is marginally larger than that of the O—H bond acti-
vation (126.4 vs. 118.2 kimol™). In addition, the O—H bond ac-
tivation is found to occur exclusively on the intermediate spin
surface whereas a MECP is required to access the energetically
low-lying C—H bond activation transition state. This is likely to
add a further energy penalty for the oxidation of cyclohexane.
More importantly, our transition state for the O—H activation
reveals that both the O—H bond and the C—C bond cleavage
are simultaneous, leading to the final product with just one ki-
netic barrier, whereas the C—H bond activation of cyclohexane
requires the abstraction of another H atom from the cyclohexyl
radical, leading to the product. Although the second step is
unlikely to be rate determining, a kinetic barrier for the ab-
straction is likely to be present, leading to a slower reaction
rate."*® Although complex lll is found to activate the C—H
bonds, in the tert-butanol substrate, it selectively cleaves the
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O-H bonds instead of weaker C—H bonds." This selectivity
stems from hydrogen-bonding interactions between the O—H
bonds of the tert-butanol and the p-oxo group. This hydrogen-
bonding interaction generates a precatalytic species leading to
a selective cleavage of the O—H bonds in tert-butanol.

Conclusions

The conclusions derived from our work are summarized below.

Our computed results reveal that for all three diiron com-
plexes (I-1ll), the ground state is characterized by an antiferro-
magnetic coupling between the two iron centers regardless of
the nature of the oxidation states. The J values are estimated
to be —145.4, —335.6, and —114.5 cm™"' for complexes I-1ll and
the computed absorption and parameters are in agreement
with the experiments.

Our calculations reveal an asymmetric Fe"-oxo center in
complex Il with a bonding scenario of Fe"—uO=Fe". Although
the formal oxidation states are the same, a valance localized
picture is visible for this species with the shorter Fe"—uO
center proactively involved in the catalytic reactions. The pres-
ence of another Fe" center and the carboxamido bridges
weaken the Fe"=p0 & bonds, leading to relatively longer bond
lengths compared with any high-spin/low-spin  monomeric
Fe"=O0 reported.

The C—H bond activation is found to proceed with a barrier
height of 1264 klJmol™' at the coupled S=4 state of the
dimer. A switch in the nature of the exchange coupling is wit-
nessed as we proceed from the reactant to the transition state,
revealing the importance of the exchange coupling in control-
ling the reactivity of this species. The significantly exchange-
enhanced reactivity of the S=4 state leads to faster reactions.
In addition, significant electronic cooperativity between the
two metal centers is witnessed where an internal electron
transfer from one metal to the other during the course of the
reaction was observed. This suggests that multiple metal cen-
ters are likely to be more reactive as has been witnessed lately
for tetranuclear and pentanuclear complexes possessing Fe'-
oxo species.’®* The C—H bond activation is found to proceed
via a mixed o-t pathway, combining the advantage of both
the o and the m channels, leading to lower barrier heights. The
O—H bond activation is found to occur in the S=2 and S=0
states, corresponding to the ferro- and antiferromagnetically
coupled triplet states of Fe-oxo species. Here, the high-spin
states are not involved in the reactivity. The barrier height at
the S=2 state is computed to be 118.2 kJmol™", which is lower
than that computed for the C—H bond activation step. In addi-
tion, the transition state reveals a m-mt type pathway. Impor-
tantly, this reaction is found to occur in one step where both
the O—H and C—C bonds cleave simultaneously, leading to the
desired products. One step reaction with a reduction in the
barrier height leads to faster reactivity with the tert-butanol
than cyclohexane.

Spin coupling leads to several close-lying spin states and the
possibility of electronic cooperativity leads to the observation
of the unusual dual catalytic abilities where the catalyst is
found to react via high-spin/intermediate-spin Fe" centers for
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the C—H bond activation whereas only via intermediate-spin
Fe" centers for the O—H bond activation. The catalyst judi-
ciously chooses the desired spin states based on the nature of
the substrate and effects the transformations. These findings
are expected to have a decisive impact on the dinuclear reac-
tivity reported for metalloenzymes such as sMMO.

To this end, here, we have described in detail the electronic
structure and spectral characteristics of oxo-bridged dinuclear
iron complexes. We have employed DFT methods to shed light
on the dual catalytic abilities (C—H and O—H bond activation).
The magnetic coupling and electronic cooperativity between
the metal centers are found to play important roles in regulat-
ing the very high reactivity. These results will have consequen-
ces beyond the examples studied here.
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