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/Abstract: High-valent iron-oxo species are known for their
very high reactivity, and this aspect has been studied in
detail over the years. The role of axial ligands in fine-tuning
the reactivity of the iron(IV)-oxo species has been particular-
ly well studied. The corresponding role of equatorial ligands,
however, has rarely been explored, and is of prime impor-
tance in the development of non-heme chemistry. Here,
we have undertaken detailed DFT calculations on
[(LN")Fe"(O)(CH,CN)1>* (1; LNH€ =3,9,14,20-tetraaza-
1,6,12,17-tetraazoniapenta-cyclohexacosane-

1(23),4,6(26),10,12(25),15,17(24),21-octaene) in comparison to
compound Il of cytochrome P450 [(porphyrin)Fe"(O)(SH)]-
(2) to probe this aspect. The electronic structures of 1 and 2
are found to vary significantly, implying a large variation in
their reactivities. In particular, the strong equatorial ligand
present in 1 significantly destabilizes the quintet states as

\

compared to species 2. To fully understand the reactivity
pattern of these species, we have modelled the hydroxyl-
ation of methane by both 1 and 2. Our calculations reveal
that 1 reacts via a low-lying S=1 m pathway, and that the
generally available S=2 o pathway is not energetically ac-
cessible. In addition to having a significant barrier for C—H
bond activation, the -OH rebound step is also computed to
have a large barrier height, leading to a marked difference
in reactivity between these two species. Of particular rele-
vance here is the observation of pure triplet-state reactivity
for 1. We have also attempted to test the role of axial li-
gands in fine-tuning the reactivity of 1, and our results dem-
onstrate that, in contrast to heme systems, the axial ligands
in 1 do not significantly influence the reactivity. This high-
lights the importance of designing equatorial ligands to
fine-tune reactivity of high-valent iron(IV)-oxo species.

Introduction

High-valent iron-oxo species are key intermediates in the cata-
lytic cycles of heme and non-heme iron enzymes that insert an
oxygen atom from dioxygen into non-labile C—H bonds of ali-
phatic and aromatic hydrocarbons.™ In heme iron enzymes
such as cytochrome P450, iron(lV)-oxo cation radical porphyrin
compound (cpdl) and iron(lV)-oxo porphyrin compound
(cpd Il) are suggested as the reactive intermediates.”’ Cpd | has
biological significance and has been explored in detail over
the years. Cpd Il is also found to activate C—H bonds of alkan-
es.?¥ To better understand and tune their reactivities, several
model complexes have been synthesized to mimic the reactivi-
ties of the metalloenzymes."-*** Numerous efforts have been
made to synthesize and characterize model heme and non-
heme iron complexes.>? Their reactivities toward C—H bond
activation have been studied both experimentally and theoreti-
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cally. One possible way to fine-tune the reactivity is to alter the
nature of the axial ligands. This has been proposed and stud-
ied in detail for cytochrome P450 enzymes. In cytochro-
me P450 and related model complexes,”* weaker axial li-
gands are found to decrease the reactivity of the species to-
wards hydrogen atom transfer (HAT) reactions. For example, an
imidazole axial ligand imparts lower reactivity than an -SH axial
ligand.!

Models reported to mimic non-heme enzymes are based on
aminopyridine ligands, which offer weak to moderate ligand
fields. Whereas the role of axial ligands in biomimetic non-
heme iron(IV)-oxo models has been delineated,’” how substan-
tially stronger equatorial ligands alter the reactivity has not
been established. This is an attractive idea and is now starting
to be explored. Specifically, carbene-based organometallic cat-
alysts have been synthesized and characterized.” These cata-
lysts have also been found to promote C—H bond activation,
epoxidation, and N—H insertion.”® In this context, efforts
have been made to fine-tune the equatorial ligands,”” most
notably the synthesis and reactivity studies of an iron(IV)-oxo
complex bearing a macrocyclic tetracarbene ligand
(IL9FeM(O)(CH,CNYI> T (1) where  LN*©=3,9,14,20-tetraaza-
1,6,12,17-tetraazoniapenta-cyclohexacosane-
1(23),4,6(26),10,12(25),15,17(24),21-octaene).!’® In complex 1,
the carbene carbon atoms are found to coordinate at the
equatorial positions, leading to a stable iron(IV)-oxo species.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://orcid.org/0000-0001-6133-3026
http://orcid.org/0000-0001-6133-3026
https://doi.org/10.1002/chem.201800380
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.201800380&domain=pdf&date_stamp=2018-04-25

.@2 ChemPubSoc
x Europe

We have now undertaken a detailed theoretical study to ad-
dress a number of intriguing issues: (i) why species 1 exhibits
high stability compared to other reported iron(IV)-oxo species;
(i) the comparability of the electronic structures and reactivi-
ties of species 1 and 2; and (i) whether the axial ligand can be
used to fine-tune the reactivity in 1 (Scheme 1).
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Scheme 1. The hydroxylation process by tetracarbene and cytochrome P450
cpd Il iron(IV)-oxo reagents with variable axial ligands: 1
((L")Fe™(O)(CH,CN)I ), Ta ((L")Fe(O)(SH) ), 1b
((L")Fe™(O)N(CH,),)1* ), 1 ([(L"IFeMO)N(CH,))I ), 1d ([IL)Fe(0)1*),
2 ([(porphyrin)Fe"(0)(SH)1"), and 2a ([(porphyrin)Fe"(0)(CH,CN)]).

Computational details

In the present work, all calculations were performed using es-
tablished procedures.*™' Geometry optimization was carried
out with Gaussian 09 software,'” whereas all spectroscopic pa-
rameters were calculated with the ORCA 3.0 program package
incorporating COSMO solvation effects.”¥’ Geometries were op-
timized using Grimme’s dispersion-corrected unrestricted
B3LYP functional (UB3LYP-D2).'"¥ We carried out optimizations
and frequency calculations with the LANL2DZ double-C-quality
basis set, with the Los Alamos effective core potential for Fe
and a 6-31G basis set for C, H, O, N, P, and S, and then per-
formed single-point energy calculations using the Tzyp!'e'®
basis set for all atoms. To ascertain the role of basis sets, geom-
etry optimizations were also performed with the LANL2TZ
basis set for Fe and the 6-31G* basis set for other atoms. The
structural parameters and the computed energies were found
to be only marginally altered by using this higher basis set
(see Tables S5 and S6 in the Supporting Information). Frequen-
cy calculations were performed on the optimized structures to
verify that they were minima on the potential-energy surface
(PES) and also to obtain free-energy corrections. The quoted
DFT energies are UB3LYP-D2/TZVP solvation energies including
free-energy corrections, at 298.15 K unless otherwise men-
tioned. Since most of the species studied in this work have a
charge of +2, gas-phase optimizations employing lower basis
sets are prone to self-interaction errors (SIE). To avoid this
issue, we also performed solvent-phase optimizations for se-
lected species. However, only minor alterations in the values
were noted, as indicated in Table S3 in the Supporting Informa-
tion. The optimized geometries were further verified by ani-
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mating frequency using Chemcraft software.'”’ The solvation
energies were computed at the UB3LYP-D2 level using the po-
larizable continuum model (PCM) with acetonitrile as solvent.
Spin density visualizations were achieved using Chemcraft soft-
ware."™ All spectroscopic parameters were calculated by
taking into account relativistic effects based on a zeroth-order
regular approximation method (ZORA) as implemented in the
ORCA suite."” Méssbauer isomer shifts () were calculated on
the basis of calibration constants reported by Romelt et al.,
and 0.16 barn was used for the calculation of quadrupole mo-
ments of *’Fe nuclei.”” We performed state-average complete
active space self-consistent field (SA-CASSCF) calculations to
compute the zero-field splitting (ZFS) parameters of 1, wherein
dynamic correlations were incorporated using second-order N-
electron valence perturbation theory (NEVPT2). We employed
the def2-TZVP basis set for these calculations. The active space
for CASSCF calculations comprises five Fe"-based orbitals with
four electrons therein (d* system; CAS(4,5) setup). We consid-
ered five quintet excited states, 35 triplet excited states, and
22 singlet excited states in our calculations. Zero-field splittings
were then extracted using the effective Hamiltonian approach
as implemented in the ORCA program. In the notation used to
specify particular species, 1-n->TS1, for example, denotes TS1
corresponding to species 1 in the triplet surface for the & reac-
tion channel.

Results

Electronic structures of species 1 and 2

To address issues (i) and (i) raised above, we computed the
electronic structures of species 1 and 2. Calculations yielded
S=1 as the ground state for 1, with an Fe—O bond length of
1.659 A (see Figure 1a and Table S1 in the Supporting Informa-

(b)

Figure 1. (a) B3LYP-D2-optimized structure of the ground state of
[(L"")Fe(0)(MeCN)I** (1) and its corresponding spin density plot.
(b) B3LYP-D2-optimized structure of the ground state of [(porphyrin)-
Fe"O(SH)]~ (2) and its corresponding spin density plot.
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Figure 2. Eigenvalue plots for the ground states (S=1) of (a) 1 and (b) 2 (all values in eV).

tion). This and other structural parameters were in accordance
with the reported X-ray structure."” The Fe—C distances were
estimated as 1.986 and 2.043 A, shorter than the equatorial
Fe—N distances computed for 2, thus reflecting stronger
bonds. The electronic configuration for the ground state (S=1)
of 1 was computed as (0,,)(t*,.) (1%,)(0%,:)°(0%,. ,2)° (see Fig-
ure 2a), implying strong m overlap between the O p,, orbitals
and Fe d,./Fe d,, orbitals. Besides, as the carbene ligands are
nonplanar, their 6 bonding orbitals are found to have bonding
interactions with the nt*,, and w*,, orbitals, leading to a reduc-
tion in the gap between the 6,, and m*,,, levels (0.25 eV, see
Figure 2a). Unlike in conventional iron(lV)-oxo species, very
strong equatorial ligation by the tetracarbene significantly de-
stabilizes the 0%,._,. orbital in 1.

To a certain extent, this also destabilizes the o*, orbital.
Lower o*,. energy also implies that the Fe—C equatorial ligand
field is much stronger than the axial Fe—O and Fe—N bonds. As
both of these orbitals are destabilized, there is a large energy
penalty for attaining the S=2 high-spin state, placing it at
93.1 kJmol™' higher in energy compared to the S=1 state.
This large energy gap (one of the largest energy gaps known)
reduces the reactivity and contributes to the stability of spe-
cies 1."% Moreover, the optimized structure shows that each
ethylene unit forms a weak C—H--O interaction with the ferryl
oxygen atom, and this imparts 1 with additional stability (see
Figure 1a). This stabilization can be compared to that imparted
to a tripodal iron(lV)-oxo complex by three N—H--O hydrogen-
bonding interactions.”” To quantitatively assess the strength of
this interaction, we performed NBO second-order perturbation
theory donor-acceptor analysis, which placed this interaction
energy at as high as 8 kJmol ™. Spin density at the iron centre
for the ground state of 1 was computed as 1.103 (see Fig-
ure 1a). A significant spin density was also computed at the
ferryl oxygen atom (0.927) in 1, suggesting oxyl radical charac-
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ter (see Table S2 in the Supporting Information).” The spin
density on the oxygen atom of 2 was estimated as 0.960,
slightly larger than that for 1 (see Figure 1b).

The electronic configuration for the quintet state of 1 is
(0,)" (%) (i*,) (0% ,2) (0% ,2_,2)°. The Fe—O distance was estimat-
ed as 1.755 A, and the Fe—N bond length to the acetonitrile
ligand as 3.899 A, leading to a distorted square-pyramidal ge-
ometry. The Fe—O distance found for the S=2 state is much
longer than that for the S=1 state. This may be attributed to
the presence of an unpaired electron in the antibonding o*,
orbital, which reduces the Fe—O bond order. The elongation of
the Fe—N bond in the S=2 state is due to strong pseudo-
Jahn-Teller distortion, which favours elongation along the z-di-
rection and compression along the Fe—C bond in 1. A search
for a second pseudo-Jahn-Teller isomer with longer Fe—C
bonds and shorter axial bonds revealed no defined second
minimum (the other isomer was found to lie around
27.2 kJmol™" higher in energy; see Figure S11 in the Support-
ing Information for a relaxed scan profile). Usually, non-heme
complexes in the S=2 state possess an unpaired electron in
the 0*,._,. orbital, giving rise to compression along the z-direc-
tion. Here, strong equatorial ligation and weak axial ligation of
MeCN pushes the ¢*,._,. orbital very high in energy, leading to
a different electronic state (see Figure 3).

Although there is a reduction in the radical character at the
ferryl oxygen atom of 1, significant spin density is still detected
at this atom, which suggests a possible C—H bond activation
for this species. To fully comprehend the implications of the
electronic structure, we computed the spectral features of 1.

Calculations yielded a Mossbauer isomer shift o of
—0.139 mms™' and a quadrupole splitting parameter AE, of
2.97 mms~' for the S=1 state. The computed & value is small-
er than those reported for other iron(IV)-oxo species (in the
range 0.15-0.20 mms ). The lower isomer shift for 1 reflects

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. B3LYP-D2-optimized structure of the quintet state (S=2) of
[(LN)Fe(0)(MeCN)I** (1) and its corresponding spin density plot.

the presence of the strong equatorial o-donor macrocyclic tet-
racarbene ligand, which donates charge into the 4s orbital of
the iron centre, as supported by NBO calculations. This charge
transfer also enhances the stability of the iron(IV)-oxo species.
The zero-field splitting parameter of the S=1 state has been
estimated by the NEVPT2 approacht?? as D=16.52 cm™' with
E/D=0.015cm™", in excellent agreement with earlier re-
ports'®? (see Table 1). The estimated axial parameter D is

Table 1. Computed spectroscopic parameters for 1.

Fe'=0 AE, 6 [mms™] Dlem™] E/D
§=2 —1.78 —0.117 - -
S=1 297 —0.139 16.52 0.015
5=0 - - - -
exp.'” 3.08 —0.13 16.40 -

smaller than those for other iron(IV)-oxo triplet states, suggest-
ing a reduction in the spin-orbit coupling for 1. A very large
ZFS parameter generally suggests strong mixing of the spin
states, a desired condition to observe two-state reactivity.
Since the magnitude of the D parameter is small for 1, this is
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To compare the electronic structure and reactivity of 1 to
those of a heme iron(IV)-oxo species, we chose to study [(por-
phyrin)Fe"(O)(SH)]~ (2; see Figure 1b). This is the active site
structure of compound Il (Cpd II) in cytochrome P450,% which
has been shown to exhibit moderate reactivity compared to
compound | of cytochrome P450. Besides, this particular model
complex has also been prepared and its catalytic abilities to-
wards C—H bond activation and the epoxidation of olefins
have been tested.*®? Similar to Cpd | of cytochrome P450, this
species has also been found to feature a strong axial ligand
effect on the reactivity. Our calculations reveal the ground
state of 2 to be a triplet, with the S=2 level found to lie
38.7 kkmol™' higher in energy (see Table 2).?’ The electronic
configuration for the ground state (S=1) of this species is
computed to be (d,)(m*,) (%) (0% 2)%0*,.)° (see Fig-
ure 2b). Unlike in 1, the mt*,,, orbitals are pure Fe—O orbitals,
and the 9, —n%,,,, gap is estimated to be 0.42 eV, much larger
than that computed for 1.

Reactivities of species 1 and 2 towards the
hydroxylation of methane

To probe the reactivities of species 1 and 2, we performed a
computational study on methane activation.”” This was specif-
ically chosen as methane is known to be a very inert substrate
(Scheme 2). Although the reactivity of 1 was unknown at the
time of writing, very recently Mayer’s group established the re-
activity of 1 towards various substrates with relatively weaker
C—H bonds, such as 1,4-cyclohexadiene, 9,10-dihydroanthra-
cene, 9H-xanthene, and 9H-fluorene.”® Besides, the reactivity
of an Fe"=0 carbene species with a slightly different architec-
ture has been documented, and its C—H bond activation and
oxygen-atom-transfer abilities have been demonstrated.””

The hydroxylation of methane is expected to proceed
through a C—H bond activation step (via TS1) followed by the
formation of a radical intermediate. Rebound of the -OH group

likely to further affect its reactivity.

[24]

from the intermediate to the radical species via TS2 leads to

Table 2. B3LYP-D2-computed relative energies (kJmol ") of 1, 1a-1d, 2, and 2a. The potential-energy surface figures corresponding to the energies given
here are shown in Figures S1-S5 and S9 in the Supporting Information.

Species 1 1a 1b 1c 1d 2 2a

R 93.1 97.6 78.6 86.2 50.6 387 49.2
R 0.0 0.0 0.0 0.0 0.0 0.0 0.0
R 121.1 129.0 1243 120.9 1.6 123.0 1334
¢-"TS1 2219 2234 152.5 240.6 189.5 1371 -
7-*TS1 197.1 189.5 129.6 152.8 1213 156.7 144.9
¢-’TS1 183.2 141.0 71.2 165.0 107.1 - -
n-*TS1 123.2 1283 120.5 118.0 138.0 110.7 125.5
TS1 238.1 2584 2369 2319 259.0 2263 -
’Int 158.9 259.1 105.1 142.9 124.6 723 56.9
®Int 84.0 14.7 101.4 69.3 97.2 90.5 139.8
®Int 77.2 81.8 71.8 68.6 50.4 56.4 719
7-*TS2 191.1 2211 - 151.8 177.0 -
¢-’TS2 138.7 156.2 184.0 128.6 138.6 132.9 1314
'TS2 208.3 202.8 - - 265.9 167.4 -
°p 14.3 40.2 —51.1 -11.0 —11.1 -91.4 —48.4
*p —41.7 -11.5 —110.1 —50.1 —77.2 —69.2 —726
P —42.4 42 —42.2 —50.9 —8.6 —39.6 —57.3
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Scheme 2. Schematic depiction of the mechanism proposed for C—H bond
activation of methane by iron(IV)-oxo species.

the hydroxylated product. For the C—H bond activation step,
two different pathways, o and m, based on the Fe—O—H angles
are proposed.®” In the ¢ pathway, an electron from the o* or-
bital of the C—H bond is expected to occupy the o*,. orbital of
the metal. In the case of the ;t pathway, an electron from the
C—H bond is expected to occupy the m*,,/n*, orbitals of the
metal. This is shown in the orbital evolution diagram in
Figure 4. In the o pathway (via 6-TS1), the Fe—O—H angle is ex-
pected to be close to 180°, whereas in the m pathway (via -
TS1), it should be close to 120°.5”

The computed potential-energy surface for the hydroxyl-
ation of 1 is shown in Figure 5. For 1, we computed five differ-
ent C—H bond activation barrier heights for the S=1, 0, and 2
surfaces. The barrier height along the 1-m-*TS1 channel is
123.2 kimol™', which is estimated to be the lowest, and for the
1-6-*TS1, 1-n-°TS1, and 1-6->TS1 channels, the barriers are esti-
mated to be 183.2, 197.1, and 221.9 ki mol™', respectively. For
the S=0 singlet surface (1-'TS1), a much higher barrier of
238.1 kJmol™" was obtained, and this ruled out the possibility
of S=0 participating in this reaction. The lengths of the newly
forming O—H bond at TS1 were found to be shorter for the
triplet states (1.148 A/1.108 A for 1-6-*TS1/1-n->TS1) than for
the quintet states (1.168 A/1.204 A for 1-6-°TS1/1-n-°TS1; see
Table S1 in the Supporting Information). The computed Fe—O—
H angle for the lowest triplet transition state (1-m-*TS1) is
114.8°, which corresponds to the m pathway (see Figure 6a).
For the S=2 pathway, the Fe—O—H angle is estimated to be
110.0°, also suggesting a & pathway (1-w-°TS1).

Generally, the S=2 state reacts via a 0 pathway, as this maxi-
mizes the exchange energy leading to stabilization of the tran-
sition state and the observation of two-state reactivity (TSR). To
further probe the reactivity of 1, we also explored other reac-
tion channels, for which we computed the o pathways for the
S=1 (1-6->TS1) and S=2 states (1-6-°TS1) (see Figure 6b).
These computed transition states were found to be even
higher in energy at 1832 and 221.9kJmol™' (60.0 and
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Figure 4. Orbital occupancy diagrams for the H-abstraction processes and
corresponding orbital selection rules for predicting transition-state structures
in 1. The indicated Fe—O—H angles were obtained from the calculated re-
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Figure 5. B3LYP-D2-computed potential-energy surface (AG in kmol™) for
methane hydroxylation by [(L"")Fe"(0)(MeCN)I** (1).

24.8 kJmol™' higher than the corresponding m pathways). This
clearly suggests that the expected lowering of the kinetic barri-
er due to the choice of various reaction channels is absent in
1, leading to the observation of a pure triplet-state reactivity.

In all of the computed TS1 structures, clearly significant spin
densities are detected at the carbon atom of the methane mol-
ecule (see Figure 7 and Table S2 in the Supporting Informa-
tion). This suggests that the reaction proceeds via a radical

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(a) (b)

Figure 6. HOMOs of transition states for (a) 1-n->TS1 exhibiting mt-interaction
with the C—H bond, and (b) 1-6-*TS1 exhibiting o-interaction.

(b)

Figure 7. (a) B3LYP-D2-optimized structure of the lowest transition state for
C—H bond activation by [(L"*)Fe"(0)(MeCN)I** (1) (1-n-*TS2) and its corre-
sponding spin density plot. (b) B3LYP-D2-optimized structure of the lowest
transition state for C—H bond activation by [(porphyrin)Fe'VO(SH)]’ (2) (2-7-
3TS2) and its corresponding spin density plot.

pathway, as shown in Scheme 2. Hydrogen atom abstraction
generates the Fe"-OH intermediate. For this intermediate (1-
Int), a triplet state is found to be the ground state, with the
quintet state lying 6.8 kimol™ higher in energy. Thermody-
namically, formation of this intermediate (Fe"—OH) is found to
be endothermic by 77.2 kimol™". In the next step, -OH re-
bound is expected to occur. In some cases, the -OH rebound
step has been computed to be rate-determining,”® and there-
fore the estimation of this step becomes important to fully un-
derstand the reactivity pattern.

For species 1, rebound barriers are estimated to be
138.7 kJmol™" on the triplet surface and 191.1 kJmol™' on the
quintet surface. We also estimated the barrier height on the
singlet surface and found it to be very high (208.3 kJmol™'; see
Table 2).

Previously, Neese and co-workers®® reported that the reac-
tivity of an Fe"=0 group can be expected to follow a ¢ path-
way for the H-abstraction followed by a 7 pathway for the re-
bound step, or vice versa. For the rebound at the 1-6-*TS2
transition state, the Fe—O—C bond angle is computed to be
157.7°, suggesting a o-pathway (see Figure 8 and Table S1 in
the Supporting Information).”**" Thus, the reaction follows a &t

30a]
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Figure 8. (a) B3LYP-D2-optimized structure of the lowest transition state of
the OH rebound of [(L"")Fe"(O)(CH,CN)I** (1) (1-6-3TS2) and its correspond-
ing spin density plot.

pathway for TS1 followed by a ¢ pathway for the hydroxyl-
ation step. The very large barrier computed for the rebound
step suggests that both the C—H bond activation and -OH re-
bound steps are associated with decisive kinetic barriers. The
quintet state barriers were also estimated to be very high in
energy, ruling out the possibility of the S=2 state participating
in the reaction. Thus, the whole reaction is expected to occur
along the triplet surface, following single-state reactivity. The
final hydroxylation product is found to possess a triplet
ground state and its formation is exothermic by 41.7 kJmol™".
Again, as both the reactant and the products possess the
same spin multiplicity, a TSR scenario can be ruled out.

To compare the reactivities of 1 and 2, we also computed
the corresponding C—H bond activation transition states (see
Figure 7b). For 2, the barrier heights are estimated as 110.7,
137.1, 156.7, and 226.3 kimol™" for 2-n-*TS1, 2-0-°TS1, 2-m-
*TS1, and 2-'TS1, respectively (see Table 2 and Figure S1 in the
Supporting Information). Also for 2, the difference in barrier
heights is larger, suggesting a possible triplet-state reactivity in
the initial step, as has been evidenced in previous work.”® The
formation of the radical intermediate is found to be endother-
mic (56.4 kJmol™" on the triplet surface), and the rebound
steps are estimated to have associated barrier heights of 132.9,
177.0, and 167.4 kimol™" for transition states 2-6->TS2, 2-m-
*TS2, and 2-6-'TS2, respectively. Although the reaction is likely
to proceed on the triplet surface until the rebound surface, the
final hydroxylation product has a quintet ground state and its
formation is exothermic by 91.7 kJmol™". Since the final prod-
uct has different multiplicity compared to the reactant, this
suggests a possible spin crossover prior to formation of the
product and invokes a likely TSR scenario for this reaction.

Role of axial ligands in the electronic struc-
tures and reactivities of 1 and 2

To assess the role of axial ligands in fine-tuning the reactivity, a
series of complexes bearing thiol (-SH, 1a), tertiary amine
(N(CH5);, 1b), or tertiary phosphine ligands (P(CH);, 1¢) or no
ligand (1d) at the axial position of 1 was modelled. Although
such axial ligands have been routinely used in non-heme
iron(IV)-oxo chemistry, variation of the axial ligands for 1 has
not yet been tested experimentally. Additionally, we also mod-
elled 2 with axial acetonitrile coordination (2a) to compare
and contrast the results with those for heme models. Our com-
puted results show that, irrespective of the nature of the axial
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ligation, the ground state is a triplet in all cases. The gaps be-
tween the triplet and quintet states are estimated to be 93.1,
97.6, 78.6, 86.2, 50.6, 38.7, and 49.2 kJmol™" for 1, 1a, 1b, 1¢,
1d, 2, and 2a, respectively (see Table 2). Clearly, the energies
of the quintet states are very high-lying for all of the axial li-
gands tested for 1, with the exception of 1d, whereas for 2
only moderate gaps are detected, even with acetonitrile in the
axial position.

The S=1 states of 1a-1d have the electronic configuration
(0,)(*) " (7t*,) (0% 2)%(0%,2_,2)°, as established for 1. Among
the axial ligands tested, the thiol group has the strongest elec-
tron-donating ability (basicity), followed by tertiary phosphine,
tertiary amine, and acetonitrile. This is reflected in the Fe—O
bond lengths, with the -SH group giving the longest such
bonds with both carbene and porphyrin ligand moieties. Fe—O
bond lengths decrease with P(CH5);, N(CH5);, CH;CN, and no
axial ligand (see Table S1 in the Supporting Information).5
The spin density at the oxygen centre is most informative with
regard to the electrophilic/nucleophilic nature of the metal-
oxygen bonds. All six species studied here have oxyl radical
character at the ferryl oxygen centre, suggesting that they
should behave as electrophiles. The strongest oxyl radical char-
acter was detected for species 2a, followed by 2. Among the
various NHC-based species, the highest spin density was de-
tected for 1, and the lowest for 1d. Interestingly, with both the
porphyrin and the NHC moiety, an acetonitrile ligand was
found to promote strong radical character.

The S=2 states of species 1a-1c¢, on the other hand, have
the electronic configuration (3,,)' (%) (t,,) (6%, )" (0%,)°,
with the o*, orbital being strongly destabilized with respect
to 0%. . (AE(0*:_,.—0*2)~2.7 eV in all three cases). This is
similar to the situation for the S=2 state of 2, but contrary to
those for 1 and 1d. Due to this electronic configuration, the
Fe—O bond lengths in 1a-1c are barely altered compared to
that for the triplet state (in the range 1.658-1.683 A). However,
the Fe—C bonds in these species are found to be longer (Fe—
Covg 2.004 and 2.152 A for 1 and 1a, respectively) compared to
those in the S=2 state of 1 (see Table S1 in the Supporting In-
formation). This suggests stabilization of a pseudo-Jahn-Teller
compression along the Fe=O direction for the S=2 species.
Stronger axial donation in 1a-1c compared to MeCN/no axial
ligand in 1 and 1d stabilizes pseudo-Jahn-Teller compressed
geometries for the former.

To further understand the influence of axial ligands on the
reactivity, we also computed the C—H bond activation of meth-
ane by species Ta-1d and 2a. For species 1a, the barrier
heights are estimated as 128.3, 189.5, and 258.4 kimol™" for
the triplet, quintet, and singlet spin surfaces, respectively.
Despite the presence of a strongly basic ligand in the axial po-
sition, the barrier heights are barely altered in 1a compared to
1, and the quintet state still lies very high in energy. The Fe—
O-H bond angles for 1a-*TS1 and 1a-°"TS1 are 113.3° and
110.2°, respectively, and this suggests a m pathway for the C—H
bond activation on both the surfaces.®® To rule out the possi-
bility that the o pathway for S=1 and S=2 could be lower for
1a, we also computed the corresponding transition states, 1a-
6->TS1 and 1a-6-°TS1; these are estimated to lie 12.7 kJmol™’
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and 33.9 kimol™" higher in energy compared to 1a-n-*TS1 and
1a-m-"TS1, respectively (see Table 2 and Figure S2 in the Sup-
porting Information). The Fe—O—H angle for the S=2 o path-
way is estimated to be 124.9° far from linearity, suggesting
weaker overlap and hence a larger kinetic barrier along this
channel. To estimate the energy penalty required to form a
linear Fe—O—H bond, we performed a single-point energy cal-
culation on 1a-0-°TS1 by fixing the Fe—O—H angle at 180°.
This geometry is found to lie 10.7 kJmol™' higher in energy
compared to the ground state of 1a-6-°TS1, and our attempt
to obtain another transition state with a linear angle was un-
successful. It is interesting to note here that, despite species
1a having a different electronic configuration compared to
species 1, the estimated kinetics is very similar. Close scrutiny
of the electronic structure of 1a-m->TS1 reveals that the un-
paired electron resides in the o*, orbital and not the lower-
lying 0*,._,. orbital found in the reactant state. This suggests
that during the course of the reaction, the computed pseudo-
Jahn-Teller compressed S=2 state switches to a pseudo-Jahn-
Teller elongated state, resulting in a reactivity similar to that
observed for 1. To further verify this, the Fe—O bond lengths
for the quintet state of the reactant and transition states 1/1 a-
7-°TS1 are compared. For 1, the Fe—O bond length is moder-
ately elongated from 1.775 A to 1.943 A at transition state 1-n-
*TS1, whereas in species 1a the increase is more significant,
from 1.683 A to 2.041 A (see Table S1 in the Supporting Infor-
mation). As the ferryl oxygen atom accepts an H atom, the
Fe=0O m character is weakened, leading to a longer Fe—O bond
at the transition state and hence a pseudo-Jahn-Teller elongat-
ed structure. MO analysis corroborates this picture, with 0%, .
being vacant at the transition state. The longer Fe—O distance
is accompanied by concomitantly shorter Fe—C distances in
1a-n-°TS1 (Fe—C,,, 2.152 and 2.035 A for the S=2 reactant
and 1a-n->TS1, respectively). Thus, despite the stronger dona-
tion by the -SH group, the reactivity pattern remains unaltered.

In the next step, H-atom abstraction generates an Fe"—OH
intermediate with an S=1 ground state, a process that is exo-
thermic by 81.8 kimol™". For the rebound step, the triplet state
(1a-*TS2) is found to be lower in energy and here the Fe—0—C
bond angle is computed as 147.6°, suggesting a o pathway as
seen for 1. Formation of the hydroxylated product is exother-
mic (11.5 kJmol ™), and it possesses an S=1 ground state, ob-
viating the need for spin-crossover on going from the reactant
to the product.

We also explored the reactivities of species 1b-d to further
elucidate the overall reactivity pattern (see Table 2 and Figur-
es S3-S5 in the Supporting Information). The computed geo-
metries and electronic structures of species 1b and 1c are
very similar to those of 1a and thus are not elaborated further
here (see Figures S6 and S7 in the Supporting Information).
Likewise, the electronic structure of 1d is similar to that of 1
(see Figure S8).

The C—H bond activation barriers for 1b-d are estimated as
120.5, 118.0, and 138.0 kymol™' for m-*TS1, 71.2, 165.0, and
107.2 kJmol™' for ¢-3TS1, 129.6, 152.8, and 121.3 kimol~" for
7->TS1, and 152.5, 240.6, and 189.5 kJmol~' for 6-°TS1, respec-
tively (see Table 2 and Figures S3-S5 in the Supporting Infor-
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mation). For all four species, the lowest-lying transition state is
S$=1, but there are some differences. Specifically, reactions
with 1b and 1d are found to proceed via ¢->TS1, that is, via a
triplet o channel, whereas in all other cases, the reactions are
found to proceed through the triplet 7 pathway. Close inspec-
tion of the transition-state structure reveals that in 1b, the
axial N(CH,); group is cleaved and becomes weakly hydrogen-
bonded to the NHC ligand (see Figure S8 in the Supporting In-
formation). This is very similar to the transition-state structure
computed for 1d, which lacks an axial ligand. The reactivity of
1c is found to be similar to that of 1a. For 1d, however, the
1d-n->TS1 transition state is only 14.2 kJmol™' higher in
energy than the triplet transition state, suggesting a possible
TSR scenario. A similar conclusion has also been reached for
1d for other chemical transformations, such as epoxidation.?”
The energy differences between the lowest-lying S=1 and S=
2 states are found to be very high for all of the species except
1d, and this rules out the possibility of two-state reactivity for
1 and 1a-c.

Formation of the radical intermediate (Int) is found to be en-
dothermic for species 1b-1d and for this intermediate S=1 is
found to be the ground state in all three cases. The -OH re-
bound barriers are estimated to be 184.0, 128.6, and
138.6 kmol™" for 1b-0-°TS2, 1¢-6->TS2, and 1d-0-’TS2, re-
spectively.?? The products also have a triplet ground state and
their formation is exothermic in all three cases (110.1, 50.1, and
77.2 kJmol™ for 1b, 1¢, and 1d, respectively). Besides, for spe-
cies 2a, the C—H bond activation step has barrier heights of
125.5 and 144.9 kJmol™' for 2a-n-3TS1 and 2a-n-°TS1, respec-
tively, here the lowest-lying transition state (2a-m->TS1) is
higher than that observed for 2 (see Table 2 and Figure S9 in
the Supporting Information). Formation of the intermediate is
found to be endothermic in nature, and the rebound barrier
computed on the triplet surface is estimated to be
131.4 kJmol ™' (2a-6-3TS2), similar to that observed for 2.

Discussion

TSR is a key concept in high-valent iron(IV)-oxo chemistry, and
has been invoked as one of the reasons for the very high reac-
tivity observed. Over the years, many factors influencing this
reactivity have been explored, of which the donor ability of
the axial ligand has been emphasized as the most important.
This has been witnessed both experimentally and theoretically.
However, in all of the cases tested, the equatorial ligands have
been only moderate donors compared to the combined effect
of an oxygen atom and the axial ligand. If this scenario is
changed, as in the present case, this may dramatically influ-
ence the reactivity pattern.

The electronic structures of 1 and 2 differ drastically, both in
the triplet ground states and in the important first excited
quintet states. The most striking difference is in the energies of
the o* orbitals, with ¢*, being lower in energy for 1, but
0%2_,. being lower in energy for 2. Higher reactivity of an
iron(IV)-oxo group stems from lower barrier height at the tran-
sition state for the quintet state. Generally, the quintet state
reacts via a o pathway, whereby it accepts an o electron in the
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o*,. orbital. This maximizes the exchange energy and thereby
stabilizes the transition state. For 2 and other non-heme
iron(IV)-oxo species having an empty low-lying o*,. orbital,**
this scenario holds true, leading to higher reactivity.*”

On the other hand, for 1, as the o*,. orbital is already filled,
only the 6*,._,. orbital can accept an a electron in the ¢ path-
way. As this orbital is strongly destabilized in 1, this more than
compensates for the additional exchange stabilization available
along the o S=2 pathway, leading to the lower unconvention-
al © S=2 pathway. This precludes the possibility of S=2 par-
ticipating in the reactivity of 1. The absence of TSR is clearly
visible beyond the first transition state, with the S=1 state for
the intermediate being stabilized, a significantly lower barrier
for the triplet state associated with the rebound step, and for-
mation of an Fe" product having an unusual S=1 state. Thus,
the entire reaction proceeds on a triplet surface, leading to
single-state reactivity. For 2, the barrier heights computed for
the triplet and quintet states are closer, but not close enough
to suggest a TSR scenario. However, the Fe" product has an
S$=2 quintet ground state, suggesting a spin crossover after
the rebound step, and raising the possibility of TSR. Previous
theoretical studies on this species for other chemical transfor-
mations support this interpretation.??’

Although axial ligands are found to influence the reactivities
of several heme and non-heme iron(IV)-oxo complexes, the re-
activity pattern computed for 1a-c is very similar to that com-
puted for 1. Clearly, the axial ligand modulates the electronic
configuration of the S=2 state, with a very strong donor de-
stabilizing the o*,. orbital (see Figure 9, top). However, triplet-
state orbital ordering and reactivity patterns are unaltered
across the series (see Figure 8, bottom). An axial ligand would
be expected to particularly influence the m*,,,, orbital, but
here we have not witnessed any noticeable changes in the or-
bital splitting/ordering. This is perhaps due to the m-acceptor
property of the carbene, which may compensate for any effect
exerted by the axial ligands (see Figure 9, bottom, and Fig-
ure S10 in the Supporting Information). Moreover, the nature
of the S=2 state is found to switch from one pseudo-Jahn-
Teller isomer to another during formation of the transition
state (TS1). For this reason, the o0 S=2 pathway is found to be
higher in energy compared to the unconventional m S=2
pathway for these species (with the exception of 1b). As seen
for 1, occupation of the o*,._,. orbital is required along the o
S=2 pathway, and this is unlikely to be influenced by the
nature of the axial ligand. This again dictates very similar reac-
tivity across the series studied. For 1d, which lacks axial li-
gands, calculations lead to a different picture, in which the o
S=1 and  S=2 transition states are energetically similar in
the rate-determining C—H bond activation step. This unequivo-
cally suggests TSR for this species, as has also been witnessed
for other tested reactions.””

To compare and contrast the reactivities among all of the
species computed, we have plotted all of the lowest-energy
pathways obtained for 1, 1a-d, 2, and 2a in Figure 10. Clearly,
the barrier heights computed on the i S=1 surface for 1 and
1a-c are unaltered, and the S=2 o pathway is high-lying. For
2 and 2a, a larger difference in the barrier heights is noted,

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

Y

4+

NN R

H H Tyl

Energy (in eV)
i
I+

++++++ o

1 1a 1b 1c 1d 2 2a

S=2
8w
— =\ ==
R
s
e —
3
2
by 48,4
S,
SR BrA Sl
1 1a 1b 1c 1d 2 2a
S=1
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Figure 10. B3LYP-D2-computed potential-energy surfaces (AG in kJmol™")
for comparison of the triplet-state reactivities of 1, 1a, 1b, 1¢, 1d, 2, and
2a.

but closer margins and multiplicities of the product suggest a
TSR scenario. Significant barrier heights are also noted for the
rebound step for each of the species, suggesting that both
steps are important in determining the kinetics of the reaction.
For 1, 1a, 1¢, and 1d, the reaction is found to proceed via a ©
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S=1 path in the C—H activation step, followed by a o S=1
path in the rebound step, leading to an S=1 product. For 1b,
however, slight differences are noted, and the reaction is
found to proceed via a 0 S=1 path in the C—H bond activation
step. For 2, on the other hand, the reaction proceeds via a &
S=1 followed by a ¢ S=1 pathway, leading to an S=2 prod-
uct.

Conclusions

From the above calculations, it is clear that 1 does not exhibit
two-state reactivity. This is essentially due to very strong equa-
torial donation pushing the 0%._,. orbital to higher energy.
Together with the already destabilized o*,. orbital due to the
strong Fe"=0 bond, this ensures that the reaction proceeds
only along the triplet surface. Axial tuning by altering the o*,
orbital energy does not bring about larger transformations to
make the quintet state accessible. This is clearly evident when
both the ¢ and & pathways are calculated for the quintet/trip-
let states. Unlike the usual iron(IV)-oxo reactivity, where 0 S=2
is low-lying in energy, here the S=2 state also prefers to react
via a t pathway, leading to sluggish reactivity (except in the
case of 1b). Besides the C—H bond activation step, there is
also a substantial barrier associated with the rebound step,
and this further hinders the reactivity. Secondly, axial ligands
are found to have very little effect on the reactivity, and the
barrier heights computed on the o triplet surface for various
axial ligands are very similar, affirming the above statement.

In summary, comprehensive DFT calculations have been em-
ployed to probe the electronic structures and reactivities of
iron(IV)-oxo species bearing strong equatorial carbene ligands.
These species are found not to exhibit two-state reactivity as
the quintet states are found to lie very high in energy and the
axial ligands do not significantly influence their electronic
structure/reactivity. Both of these points are contrary to estab-
lished concepts in heme and non-heme iron(lV)-oxo chemistry,
and stress the need to also focus on designing appropriate
equatorial ligands for fine-tuning of the reactivity.
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