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Nonheme iron dioxygenases are efficient enzymes with relevance for human health that regio- and stereospecifically

transfer an oxygen atom to substrates. How they perform this task with such selectivity remains unknown, but may have

to do with substrate binding, positioning and oxidant approach. To understand substrate approach on a catalytic reaction

centre, we investigated the structure and reactivity of a biomimetic oxidant with ligand features that affect the

interactions between oxidant and substrate. Thus, we report here the synthesis and characterization of an iron(IV)-oxo

complex with pentadentate nonheme ligand, where structurally induced perturbations in the equatorial ligand field affect

the spectroscopy and reactivity of the complex. We tested the activity of the complex with respect to oxygen atom

transfer to and hydrogen atom abstraction from substrates. This oxidant shows improved reaction rates toward

heteroatom oxidation with respect to the nonsubstituted ligand complex by ~10* fold. The origin of the enhanced

reactivity is explained with a series of density functional theory studies that show an enhanced electron affinity of the

oxidant through equatorial ligand perturbations.

Introduction

Iron-containing metalloenzymes are well-known oxidants that
carry out metabolically vital oxidative transformations in the
human body.1 High valent iron(lV)-oxo complexes have often
been identified as the key reacting species in such oxidative
transformations,2 and indeed have been characterized for
several nonheme iron dioxygenases.3 Most nonheme iron
dioxygenases display a typical facial iron coordination via two
histidine and one carboxylate based residue; usually from Asp
or Glu. Many details on the catalytic reaction mechanisms of
heme and nonheme metalloenzymes remain unknown.
Moreover, iron dioxygenases
substrates in a stereoselective or regiospecific manner. For

many nonheme react with

instance, prolyl-4-hydroxylase activates a proline residue in a
peptide chain to give solely the R-4-hydroxyproline product as
part of its natural biosynthesis pathway.4 Recent QM/MM
studies showed that even though 5-hydroxyproline would be a
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thermodynamically more stable product, the enzyme manages
to avoid this product through substrate binding and
orientation.” In particular, substrate is held in a tight binding
pocket and can only approach the active site through a narrow
funnel lined up by a Trp and Tyr residue. Moreover, key
hydrogen bonding interactions hold the substrate in a tight
conformation and site-selective mutations of one of the
residues in the substrate binding pocket leads to either loss of
specificity or complete loss of activity. Other enzymes with
tight substrate binding pockets that catalyse a regioselective
reaction include the camphor hydroxylating heme enzyme
cytochrome P450C3m,6 and the nonheme iron dioxygenase
AlkB, which is involved in DNA repair mechanisms through the
demethylation of methylated DNA bases.’ Clearly, the
substrate binding position and orientation in enzymes is
important and can determine and affect the product
distributions.

To understand the mechanistic aspects of metalloenzymes
biomimetic models have been developed that contain the
coordination features of the metal but lack the protein
environment.? Artificial/synthetic mimics of these biological
systems provide necessary information about their catalytic
cycle and their mode of operation. There are several reports in
the literature regarding the tuning of the primary coordination
sphere of these high valent intermediates and the various
factors that affect their reactivity, such as ligand topology,
axial ligation, spin-state of the metal atom, etc.” As changes in
the primary coordination sphere can be quite dramatic,
research has also focused on the influence of secondary
coordination sphere modifications, where changes are more

Dalton Trans., 2018, 00, 1-3 | 1
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subtle.’® Non-covalent interactions in the vicinity of the active
site, such as charge induction or stereochemical perturbations
influence reaction mechanisms and can change bifurcation
pathways.11

[Fe'V(O)(2PyN2Q)]?*, 1b [Fe'V(O)(N4Py)]?, 2b

N/ N \N N/ N \N
‘/N N\‘ _N N

Fig. 1. Oxidants investigated in this study.

A biomimetic iron(IV)-oxo species that has received quite a lot
of attention over the years is the [Fe'V(O)(N4Py)]2+ complex
with N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)
methylamine): structure 2b in Fig. 1. The complex was
originally synthesized by Feringa and Que and their co-
workers'? and was one of the first biomimetic iron(IV)-oxo
species that was characterized by electron paramagnetic
resonance, resonance Raman, Mdssbauer, UV-vis and nuclear
magnetic resonance (NMR) spectroscopic methods as well as
by X-ray crystallography.13 In addition, many reactivity studies
reported, which showed it
efficiently reacts through oxygen atom transfer.™ Very
recently Que and co-workers showed that substitution of the
three pyridine rings of the tetradentate TPA, tris-(2-
pyridylmethyl)amine, ligand by quinoline moieties enabled the
synthesis of a high-spin (S = 2) iron(IV)-oxo species.15 However,
replacement of the pyridine rings by N-methylbenzimidazole
moieties, instead generated an S = 1 iron(lV)-oxo ground

16 Nevertheless, in both of these systems enhanced
reactivity towards substrates was observed. Interestingly, such

with substrates have been

state.

ligand modifications are much less explored in pentadentate
iron(IV)-oxo intermediates. Nordlander and co-workers have
shown that a systematic replacement of the pyridine groups
with N-methylbenzimidazole in the N4Py ligand framework
leads to enhanced reaction rates."’
In particular, the introduction of ortho-substituents to a
pyridine ring is a well-established design strategy to
significantly affect the iron(IV)-oxo core by weakening the
Fe—N¢, bonds. To gain insight into the influence of the
equatorial ligand perturbations in biomimetic complexes, we
engineered the N4Py ligand system to 2PyN2Q (1,1-di(pyridin-
2-yl)-N,N-bis(quinolin-2-ylmethyl)methanamine). The
is expected to
influence the electronic orbitals and spectroscopic features of
the reactivity with
substrates. Specifically, we compare the spectroscopy and

introduction of bulky quinoline moieties

iron(IV)-oxo oxidant and hence its

2 | Dalton Trans., 2018, 00, 1-3

reactivity of the two nonheme iron(lV)-oxo complexes 1b and
2b (Fig 1), namely [Fe"(0)(2PyN2Q)]** and [Fe"(0)(N4Py)1*. In
these complexes the equatorial ligand perturbations on the
oxo group are different, whereby in 1b the oxo group
undergoes two weak C-H--O hydrogen bonding interactions
that is absent in complex 2b. We predicted that the changes in
ligand coordination may give different spectroscopic and
reactivity patterns. Indeed, the results described in this work
show a dramatic rate-enhancement with the new ligand
system, which is explained through a combination of
experimental and computational studies.
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Fig 2. a) UV-vis spectra of 1b (red) and 2b (blue) in CHsCN at 298 K; b) Electrospray
lonization mass spectra of 1b in CH3CN at 298 K. Inset shows expanded isotopic
distribution pattern of [Fe"(0'®)(2PyN2Q)(OTf)]" (red) and [Fe"(0™®)(2PyN2Q)(OTf)]"
(blue).

Results and discussion

In this work we report a combined experimental and
computational study on the reactivity of a modified N4Py
ligand system (2PyN2Q) that when bound to an iron(IV)-oxo
influences substrate approach and therefore leads to
significant enhancement of oxidative properties. Various
experiments are performed to understand the mechanism of

the reaction and are supported by computational studies.

Experiment.

Our initial work started from a pentadentate nonheme iron
complex [Fe'(2PyN2Q)(OTf),], 1a, supported by the 2PyN2Q
ligand bearing quinoline moieties.™® Dropwise addition of an
acetonitrile solution containing Fe”(OTf)ZOZCH3CN to the ligand

This journal is © The Royal Society of Chemistry 2018



resulted in the formation of a dark yellow compound (1a) in
95% vyield that could be characterized with UV-vis
spectroscopy, electrospray ionization-mass spectrometry (ESI-
MS) and NMR spectroscopy, see Figs. S2 and S3 (Electronic
Supporting Information). Treatment of 1a with 1.5 equivalents
of Phl(OAc), in CH3;CN under ambient conditions generated the
corresponding iron(lV)-oxo complex [Fe'V(O)(ZPyNZQ)]2+, 1b
(Amax = 770 nm, £ = 340 LM~ cm™, t;/, = 50 min at RT), Fig. 2a.
These values are similar to those reported recently by Que et
al.” The intermediate 1b was also prepared by the addition of
PhIO (in CF3CH,OH) and 1-"butylsulfonyl-2-iodosylbenzene with
a half-life of 3 and 50 min respectively. The UV-vis absorption
spectrum of 2b when generated under the same experimental
conditions gave an absorption band at A, = 695 nm with a
half-life of over 60 hours typical of [Fe'V(O)(N4Py)]2+. Thus,
substitution of the pyridine rings in N4Py with quinoline
groups to form 2PyN2Q resulted in a bathochromic shift of the
d-d transition band by 75 nm and a significant loss of the
thermal stability of the complex. These lifetimes indicate that
the ligand architecture at the equatorial site influences its
stability and reactivity.

The ESI-MS gives a major peak at m/z 269.57 corresponding to
[FeV(0)(2PyN2Q)]** and a minor peak at m/z 688.08
representing the [Fe'(0)(2PyN2Q)(OTf)]* ion (Fig. 2b). The
isotopic patterns for the two species confirm the assignments
of the two ions. The formation of [Fe"V(0)(2PyN2Q)]*" was
further established by an isotopic labelling experiment using
Hzlgo, which leads to oxygen atom exchange with the oxo
group. The experiment with Hzlgo moves the peak in the ESI
mass spectrum for [Fe'(0)(2PyN2Q)(OTf)]" from m/z 688.08 to
m/z 690.08, while the peak representing the
[Fe"(0)(2PyN2Q)]*" ion shifts by one unit. Hence the isotopic
labelling experiment shows that one oxygen atom is
incorporated into the metal complex in the form of an iron(IV)-
oxo. We further employed "H-NMR spectroscopy to see the
differences between the two iron(lV)-oxo complexes (see Fig.
S3, Electronic Supporting Information). The '"H-NMR spectra
for complex 2b as reported by Klinker et al reveals the
presence of mirror symmetry.13b
expected, a more complicated spectrum with a larger number
of signals is obtained compared to 2b, due to the presence of
quinoline groups instead of pyridine rings. The observed range
of paramagnetic shift in the "H-NMR spectrum of 1b decreased
with respect to its Fe(ll) precursor and gave a typically S =1
shift, 1013020 14 gain more insight into the electronic structure
of 1b, we performed a variable temperature NMR experiment
over a temperature range from 233 — 298 K. With a lowering of
the temperature, no upfield shift of peaks was observed in the
Curie plot, thereby confirming an S = 1 ferryl species as the
ground state, see Figs. S4 and S5 (Electronic Supporting
Information). This observation was further supported by a
recent report of Rasheed et al using Md0Ossbauer
spectroscopy.19 The Fourier transform infrared spectral data of
1b showed a Fe=0 stretch vibration at 834 cm™* which was at a
lower frequency in comparison with 2b."° Nevertheless, the

However, for complex 1b, as

This journal is © The Royal Society of Chemistry 2018

lifetime of 1b is sufficiently long to enable us do a detailed

kinetics and spectroscopy study at room temperature
alongside those for the analogous complex 2b, i.e.
[Fe"(0)(N4Py)]*".
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Fig 3. a) UV-vis spectral changes of 1b upon addition of 7 equiv. thioanisole in CH3CN at
233 K. Inset shows the decay profile of the 770 nm band; b) Second order rate constant
determined for the reaction of 1b (1mM) (M) and 2b (1 mM) (®) with thioanisole at
233 K; c) Plot of log (kx/ku) against one-electron oxidation potentials (Eoox) of p-X-
thioanisols in their reaction with 1b (®) at 233 K in CHsCN, where ky and ky are the
pseudo first-order rate constants of p-X-thioanisole and thioanisole, respectively.
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Table 1. Pseudo first-order rate constants (kops) determined for the reaction of 1b (1 mM solution in CH3CN) with 5 equivalents of para-X-substituted thioanisole at —40 °C in

CHiCN.?
X b Cp € O'P+ ¢ Euox ¢ kobs € kX/kH ! IOg(kX/kH)
-OCH; -0.27 -0.78 1.13 0.177(4) 3.29 0.52
-CH3 -0.17 -0.31 1.24 0.088(2) 1.64 0.22
-H 0.00 0.00 1.34 0.054(2) 1.00 0.00
-Cl 0.23 0.11 1.37 0.015(3) 0.28 -0.55.

2 All the reactions were followed by monitoring the UV-vis spectral changes of the reaction solution. ® para-substituents in para-X-thioanisole. ¢ data taken from Ref
21a. ¢ data taken from Ref 21b. © In s . f Relative rate constant obtained by dividing the kobs of p-X-thioanisole by kobs of p-H-thioanisole.

Table 2. C-H Bond dissociation energies and second-order rate constant values for the reaction of 1b (1 mM) and 2b (1 mM) with various substrates in CH3CN at 25 °C.

Substrate * BDEc_y (kcal mol™)® Complex

PhsCH (1) 81 1b
2b

PhCH(CHs), (1) 84.5 1b
2b

PhCH,CH; (2) 87 1b
2b

PhCH; (3) %0 1b
2b

k. © Ky log k'
0.376(4) 0.376 -0.42
0.043(2) 0.043 -1.37
0.125(3) 0.125 -0.90
0.003(3) 0.003 -2.55
0.082(2) 0.041 -1.38
0.011(1) 0.005 -2.26
0.015(4) 0.005 -2.29

0.0006(2) 0.0002 -3.68

2 The number in the parenthesis indicates the number of equivalent H-atoms on the substrate that would react with the iron(IV)-oxo species. ® from Ref 13. < In M~ s,
4 The k,’ values are obtained by dividing k, values by the number of equivalent hydrogen atoms in the substrate that would react with the iron(IV)-oxo species.

In order to find out whether the change in spectroscopic
properties of the oxidant (1b versus 2b) has an effect on the
oxidation properties, we did a thorough kinetics study using a
range of different substrates. Thus, we employed thioanisole
and benzyl alcohol as model substrates for heteroatom
oxidation and alcohol oxidation reactions, respectively.

Addition of thioanisole to 1b at 233 K led to the decay of the
iron(IV)-oxo characteristic band at 770 nm in the UV-vis
spectrum concomitant with the appearance of its iron(ll)
precursor (Amax = 475 nm) with an isosbestic point at 605 nm,
thereby generating methyl phenyl sulfoxide as the major
product (Fig. 3a). We measured the change in absorbance
from the UV-vis spectra at 770 nm and plotted it as a function
of time, which enabled us to determine the pseudo first-order
rate constant (k.,) for the reaction. Subsequently, these
observed rate constants were converted into second-order
rate constants by plotting k.., as a function of substrate
concentration. The second-order rate constant (k,) for the
reaction of thioanisole with 1b was evaluated to be 10.7(4) M~
st at 233 K (Fig. 3b). Previous work on the reaction of
thioanisole with 2b under the same reaction conditions,16
provided a second-order rate constant of 2.7 x 107 M™* s™.
Consequently, under the same experimental conditions, the
reactivity of 1b with thioanisole is faster than that of 2b by a
factor of almost 4 x 10* fold. This rate increment is much
higher than those observed for an analogous ligand system
with N-methylbenzimidazole substituents by at least 30

4 | Dalton Trans., 2018, 00, 1-3

times."” The enhanced reaction rate probably originates from
the introduction of the ortho-substituent on the pyridine ring
and consequent weakening of the Fe-N., bonds relative to
that in 2b. To gain insight into the mechanistic details of the
reaction, we studied the reaction of 1b with various para-X-
substituted thioanisole substrates (X = OCH3;, CH;, H, Cl) and
measured their reaction rates (Table 1 and Fig. S6, Electronic
Supporting Information).21 A plot of the logarithm of the rate
constant ratio (kx/ky) as a function of the one-electron
oxidation potentials (Eoox) of various para-X-substituted
thioanisole substrates gives a linear correlation with a slope of
p = —3.77 (Fig. 3c). The negative p value and slope implicates
that the reaction proceeds via atom transfer through an
electrophilic reaction mechanism.>*

This journal is © The Royal Society of Chemistry 2018
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Fig 4. Second-order rate constant determined for the reaction of a) 1 mM 1b (M) and
1mM 2b (@) with benzyl alcohol in CH3CN at 298 K; b) 1mM 1b with benzyl alcohol (M)
and benzyl alcohol-d; (®) in CH;CN at 298 K; c) Correlation between C-H bond
dissociation energies of different hydrocarbons and log k;’ for their reactions with 1b
(®) and 2b (@) at 298 K; k,’ is the second—order rate constant divided by the number
of equivalent C—H bonds on the substrate that would react with the iron(IV)-oxo.

To compare the reactivity difference of 1b over 2b in C-H
activation reactions, we subsequently monitored the hydrogen
atom abstraction ability of both complexes toward benzyl
alcohols. Upon addition of different concentrations of benzyl
alcohol to 1b in acetonitrile, the 770 nm band decayed in a
pseudo first-order manner as a function of time. Product
analysis reveal the formation of benzaldehyde in almost
stoichiometric vyields (>80% with respect to intermediate
formed). The second-order rate constant (k) for the reaction
of 1b with benzyl alcohol is found to be 51.04(1) x 10°M7*st

This journal is © The Royal Society of Chemistry 2018

at 298 K (Fig. 4a), whereas previous work for 2b found a value
of 8.27 x 10 2 M s* under the same reaction conditions.?

As such, [Fe"(0)(2PyN2Q)]*" reacts with benzyl alcohol with
rates that are more than six times faster than
[Fe'V(O)(N4Py)]2+. Therefore, the equatorial ligand
environment has significant effect on the reaction rates of
alcohol oxidation reactions. Its rate-enhancement, however, is
not as strong as in oxygen atom transfer (compare Fig. 3b and
Fig. 4a), but clearly both reaction processes are favoured with
1b as an oxidant.

To ascertain that hydrogen atom abstraction is indeed the
rate-determining step in the reaction mechanism, we repeated
the experiment with benzyl alcohol-d; or C¢DsCD,0OH as the
substrate. A comparison of the rate constants depicted in Fig.
4b (and Table S1, Electronic Supporting Information) clearly
shows that substitution of the active hydrogen atom by
deuterium reduces the reaction rate by a factor of about 8.
Hence, we determine a kinetic isotope effect (KIE) value of 8
for the reaction of 1b with benzyl alcohol at 298 K. This KIE
value is indicative of a rate-determining hydrogen atom
abstraction step in the reaction mechanism. Our mechanism,
therefore, is in excellent agreement with that derived for 2b
with benzyl alcohol although an even larger KIE value is
obtained upon replacement of hydrogen by deuterium.?*?

We then studied the hydrogen atom abstraction ability of 1b
and 2b with a selection of substrates with known C-H bond
strengths. Previously, it was shown that reactions proceeding
with a rate-determining hydrogen atom abstraction have the
natural logarithm of the rate constant linearly related to the
C—H bond dissociation energy (BDEC_H).24 We investigated the
hydrogen atom abstraction reactions of 1b with substrates
including triphenylmethane, cumene, ethylbenzene and
toluene (Fig. 4c and Table 2). These substrates span a range of
C—H bond dissociation energies (BDE._) typical for hydrogen
atom abstraction reaction rates.>*?> As can be seen from Fig.
4c, a linear correlation between the natural logarithm of the
rate constant versus BDE_ is found for the reactions of 1b/2b
with substrates. The linearity of the Bell-Evans-Polanyi plot (log
ky” versus BDE._,) provides evidence of a rate-determining
hydrogen atom abstraction. Product analysis of the dead
reaction mixture after the decay of the characteristic band in
UV-vis spectrum indicated the production of the
corresponding alcohols (and aldehydes) in variable yields (e.g.
Ph;C—OH, 88%; PhC(OH)(CHs),, 60%; PhCH(OH)CH;, 32% and
PhCHO, 55%). It is not surprising to see that the rate
enhancement for sulfoxidation is different from hydrogen
atom abstraction as sulfoxidation generally is a concerted two-
electron reaction mechanism, whereas substrate
hydroxylation is stepwise reaction via a radical intermediate.”®
Clearly, the change of the ligand and the introduction of
equatorial ligand perturbations do not affect the reaction
mechanism of 1b/2b with substrates. However, the change in
ligand does affect the absolute reactivities.

Further evidence of the mechanism was obtained through
studies of para-X-substituted benzyl alcohols in a reaction with
[Fe'V(O)(ZPyNZQ)]b, 1b. In particular, we monitored the
influence of electron-withdrawing or electron-donating para-

Dalton Trans., 2018, 00, 1-3 | 5



X-substituents on the reaction rate of 1b with benzyl alcohols
at 298 K. When we plot the log (ky/ky) values as a function of
the Hammett parameters, o,, a linear trend is found with a
slope of p = -0.27, Fig. S7 and Table S2 (Electronic Supporting
Information). This small Hammett p value implicates little
electronic effects as a result of the addition of para-
substituents to the benzyl alcohol. Mechanistically, therefore,
1b shows a reactivity pattern close to that previously reported
on 2b, where a p value of —0.10 was found under similar
reaction conditions.”

Finally, a reactivity study of 1b with cyclobutanol was
performed, which is often used as a mechanistic probe.u’23 In
particular, formation of cyclobutanone as a product indicates a
single step two-electron process, whereas two sequential one-
electron steps involve ring opening of the substrate and the
subsequent formation of 4-hydroxybutyraldehyde. We find
that 1b reacts with cyclobutanol to give cyclobutanone as the
major product, thereby, confirming that alcohol oxidation by
complex 1b proceeds by a direct two-electron transfer
pathway.

Theory.

In order to understand the rate-enhancement of 1b over 2b in
oxygen atom transfer reactions, we initiated a density
functional theory (DFT) study using methods and procedures
calibrated against experimental rate constants for
[Fe'V(O)(N4Py)]2+ reactivities previously.zz’ Our previous
studies reproduced experimental free energies of activation to
within 3 kcal mol™ using the methods and procedures used
here.”® Particularly, test calculations using about 50 different
computational methods and basis sets showed that
B3LYP/BS2//B3LYP/BS1 with solvent corrections was one of
the best performing procedures.27b Further tests using this
procedure found good structures and potential energy
landscapes that were generally within 0.5 kcal mol™ of those
obtained with B?;LYP/BSZ.29 This was indeed confirmed here
for the toluene reaction mechanism (see Electronic Supporting
Information). Furthermore, in case of bifurcation pathways
leading to multiple products, the methods predicted the
correct product distributions for the reactivities of nonheme
iron(lV)-oxo complexes and consequently correct transition
state ordering.30

We started with a detailed analysis of the electronic and
structural configuration of 1b or [Fe"(0)(2PyN2Q)]*" in the
triplet and quintet spin states, see Fig. 5. At the AE+ZPE level
of theory with solvent corrections included, the triplet spin
state is the ground state by 2.8 kcal mol™. This energy
difference is considerably smaller to that found for 3%2b or
3'S[Fe'v(O)(N4Py)]2+, where a value of 7.5 kcal mol™ was found
using the same methods.?**! Interestingly, the structural
differences between 1b and >2b are relatively minor with
similar Fe—O distances (1.658 vs 1.660 A). The only changes
appear to be a drop in the Fe—O stretch vibration (859 vs 846

27
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em™) and a more tilted O-Fe—N,, angle (from 179.5° to
171.3°) for >2b versus *1b, respectively.

fon: 2.113 [2.015]
Ion: 2.118 [2.018]

Ieeo: 1.654 [1.660]
Aorenac 172.9° [171]

51b [21b]

Fig. 5. UB3LYP/BS1 optimized geometries of >*1b as obtained in Gaussian. Bond lengths
are in angstroms and angles in degrees.

The geometric differences between *1b and *2b can affect the
high-lying occupied and low-lying virtual orbitals and hence
influence physical variables such as electron affinity (EA),
ionization energy (IE) and proton affinity. To highlight the
differences in high-lying occupied molecular orbitals we
display orbital diagrams of *1b and *2b in Fig. 6. This Figure
displays the metal-type molecular orbitals of *1b and *2b and
particularly focus on orbitals that include an iron 3d
contribution that interacts with neighbouring atoms. The
lowest in energy are the bonding pair of orbitals (=n,,/n,,) for
the interaction of the metal 3d,,/3d,, with the 2p,/2p, on
oxygen. A little bit higher in energy is the n*,, molecular
orbital, which is perpendicular to the Fe-O axis inside the
plane of the four pyridine nitrogen atoms. In heme-type iron
complexes this n*,, orbital is nonbonding and generally
labelled as 8,32 but here interactions are seen with the
aromatic groups of the 2PyN2Q ligand. These antibonding
interactions will raise the ©t*,, in energy and may result in a
stabilization of the quintet spin state as seen from the relative
energies. A bit higher in energy than the n*,, orbital are the
almost degenerate m*,, and ©*,, molecular orbitals for the
antibonding interaction of the metal 3d,,/3d,, atomic orbital
with the 2p,/2p, atomic orbital of the oxo group. Also these
two orbitals interact with orbitals on the aromatic 2PyN2Q
ligand system and particularly with the hydrogen atoms that
hydrogen bond with the oxo group. Higher in energy and
virtual in the triplet spin state are two c* orbitals, namely the
o*,, orbital for the antibonding Fe—O interaction and the c*,,_
y2 orbital for the interaction of iron with four nitrogen atoms.
The latter is the only molecular orbital where few or little extra
interactions between the metal and ligand are observed.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6. Orbital energy levels of *1b (part a) and *2b (part b) as obtained at the UB3LYP/BS1 level of theory in Gaussian. Orbital energies are given in kcal mol™ relative to the a-

orbital for *,,.

The molecular ground state in the triplet spin state is n*xyz
n*le n*yzl, whereas the quintet spin state has configuration
n*xyl n*le n*yzl G*xz—yzl-

Orbital energies (Fig 6) are calculated relative to the m*,,
orbital from the a-set of orbitals. As can be seen most relative
energies are similar between the two structures and those for
the m,,/m,, and n*,,/n*, set of orbitals. These orbitals are all
raised in energy in *1b as compared to *2b, which should lead
to a lowering of the triplet-quintet energy gap as indeed found
here. More dramatic changes are seen in the orbital shapes as
depicted in Fig 6 alongside the orbital diagram. In particular,
the m-orbitals of the pyridine ligands interact with the metal
strongly in *1b and even the n*,, and ¢*,,_,, orbitals are seen
to be affected by this. Clearly, the equatorial ligand
perturbation has a major effect on the molecular orbital
shapes and energies that deviate dramatically from those

This journal is © The Royal Society of Chemistry 2018

typically found for pentadentate nonheme iron(IV)-oxo
complexes without these effects.”® Nevertheless, the
molecular orbitals show clear metal-ligand interactions that
affect the relative ordering and energies of the orbitals of the
complex. As a result the triplet-quintet spin state gap is
narrowed from 7.5 kcal mol™ for [Fe(O)(N4Py)]2+ to 2.8 kcal
mol™ for [Fe(0)(2PyN2Q)]**. This result is in line with
Nordlander et al’® who also observed enhanced reactivities
for hydrogen atom abstraction processes through equatorial
ligand perturbations. In recent work, a nonheme iron(IV)-oxo
complex with a tetra cyclic-NHC ligand was investigated, which
showed considerable widening of the triplet and quintet spin
states resulting in unexpected triplet spin reactivity patterns.34
A reduced energy gap between triplet and quintet spin states
is expected to enhance the reactivity dramatically.
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Thus, in the triplet spin state a hydrogen atom abstraction
results in filling of the m*,, orbital with a second electron,
whereas in the quintet spin state the virtual c*,, orbital is
occupied. In most nonheme iron(lll)-hydroxo complexes the
intermediate with n*xyl n*le n*yzl c*xz_yzl c*zzl is the lowest
in energy and hence the quintet pathway has the largest
driving force.® As such, nonheme iron(IV)-oxo complexes react
through two-state reactivity (TSR),® whereby in model
complexes the reaction starts from a triplet spin state and
cross over to the lower-lying quintet spin state during the
reaction.

In our particular system, the *>1b complex has a small triplet-
quintet energy gap due to equatorial ligand perturbations that
affect the structure and molecular orbitals along the Fe—0 axis.
Particularly, the change in O-Fe—N,, angle will affect the
G,,/0*,, orbital interactions of the oxo with iron atoms and
particularly their energy levels and energy splitting. Since, the
reduction of the iron(lV)-oxo complexes leads to filling of the
o*,, orbital with one electron this bending also should lower
the energy of the complex to pick up an electron, i.e. its
electron affinity (EA). As such, we calculated the electron
affinities of 1b as compared to 2b. Indeed, we find a
considerably lower electron affinity for 1b than for 2b as
predicted: EA;, = 123 kcal mol™ and EA,, = 134 kcal mol ™.

This journal is © The Royal Society of Chemistry 2018

Therefore, the change in electron affinity should affect the
reactivity differences with substrates as well in agreement
with the experimental data reported above.

To further test the reactivity changes of 1b versus 2b with
substrates for either hydrogen atom abstraction or oxygen
atom transfer, we calculated the reaction mechanisms of
1b/2b with several model substrates, namely 1,3-
cyclohexadiene (CHD), toluene (Tol) and dimethylsulfide
(DMS). These substrates were used in various previous studies
with [Fe'V(O)(N4Py)]2+ and enable a direct comparison between
the two oxidants, while toluene is one of the substrates
reported above in our experimental study.

Let us first start with a discussion on the hydrogen atom
abstraction from toluene and 1,3-cyclohexadiene by 1b and
2b. In particular, we investigated the dehydrogenation of 1,3-
cyclohexadiene to benzene by **1b and *°2b, and the results
are given in Fig. 7. The reaction is stepwise with an initial
hydrogen atom abstraction via transition state TSy, leading to
a radical intermediate Inty,. In the next step a second
hydrogen atom abstraction occurs via transition state TS,., to
form benzene products (Prody,). On the triplet spin state with
oxidant 1b as well as with both spin states for oxidant 2b all
these transition states and local minima could be
characterized.

Dalton Trans., 2018, 00, 1-3 | 8
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However, starting from 51b, the reaction has an almost
barrierless hydrogen atom abstraction transition state (that
could not be characterized and was estimated from the
geometry scan) and collapses to form products directly. This
was established with detailed geometry scans that fixed one
degree of freedom and optimized all others. As such the
reaction will be facile on the quintet spin state and lead to
products very rapidly.

As can be seen from Fig. 7, during the hydrogen atom
abstraction a spin-state crossing occurs from the triplet to the
quintet spin state to give the quintet spin products. With *21b
this spin-state crossing is early and probably happens before
the hydrogen atom abstraction transition state, so that 5TSHA,1b
will be rate-determining. On the triplet spin state the barrier is
well higher in energy and located at 11.4 kcal mol ™ above °Re.
These barriers are considerably lower than those found for *2b
(52b) where values of 11.6 (21.1) kcal mol™ were found.
Previous calculations for this reaction found similar trends.”
Therefore, the changes in molecular orbitals and the second-
coordination sphere effects of the ligand present an ideal
approach in the quintet spin state as well as significant triplet-
quintet spin state separation. The combination of these effects
raises the quintet barriers well above those for the triplet.
Consequently, *31b will be a much better oxidant and is
expected to react with substrates through hydrogen atom
abstraction with significantly lower barriers than those
reported for *°2b. The experimental work reported above
indeed confirms these calculations. Fig 7 gives barriers as
calculated at AE+ZPE and AG level of theory. Similarly as seen
before, thermal and entropy corrections to the enthalpy
contribute to shift of about 10 kcal mol™ and hence, on

This journal is © The Royal Society of Chemistry 2018

average AG values are 10 kcal mol™ higher than AE+ZPE
values.”’

Optimized geometries of the hydrogen atom abstraction
transition states are given in Fig. 7. The triplet spin structures
are very similar with C—H and H-O distances of 1.239/1.421A
for 3TSHA,2b versus 1.260/1.381A for 3TSHA,1b. These structures
match previously calculated hydrogen atom abstraction barrier
well. Furthermore, the equatorial ligand perturbations of
structure 1b do not affect the geometry of the hydrogen atom
abstraction barriers dramatically. Group spin densities of
3TSHA,1b give a spin of 1.52 on the FeO unit and 0.51 on CHD,
which implicates the transfer of a down-spin electron from
substrate to n*,,. Indeed, the radical intermediate (3IntHA,1b)
has configuration n*xyz n*xzz Tt*yzl ¢Sub1~ This type of
mechanism has been labelled a 31'c—pathway and usually
proceeds via a transition state with a strongly bent angle of
about 120° for the Fe—O-H interaction.>*** Our optimized
geometry of 3TSHA,1b is 127.2° in line with what is expected.
Similar structure and electronic configuration was found for
TSuab."”

In the quintet spin state, by contrast, the hydrogen atom
abstraction results in a transfer of an a-electron from
substrate into the o*,, orbital, which usually gives a radical
intermediate with configuration Tc*xyl n*le n*yzl c*,," c*xz,yzl
<|)5ub1, whereby all the unpaired electrons on the metal are up-
spin and the substrate radical is down-spin. This mechanism is
called the 5cs-pathway and generally gives a highly stable
intermediate that is well below that of the triplet spin state. In
the case of 1b the radical intermediate is a shoulder on the
potential energy profile and no stable, local minimum could be
located. All attempts to optimize the structure of SlntHM,[J
converged to the product complex instead.
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Also given in Fig 7 are the hydrogen atom abstraction barriers
from toluene by 1b. In general, the barriers are considerably
higher than those seen for 1,3-cyclohexadiene as a significantly
stronger C—H bond is broken in the process. Indeed triplet and
quintet spin free energies of activation of 22.8 and 13.2 kcal
mol ™, respectively for hydrogen atom abstraction from
toluene are found. These values are in reasonable agreement
with the rate constants reported in Table 2 above. Moreover,
in comparison with the toluene hydrogen atom abstraction
barriers by [Fe'V(O)(N4Py)]2+ reported previously,sla it implies a
substantial rate-enhancement can be expected. This is in
excellent agreement with the experimental rate-enhancement
reported above.

To further understand the reactivity differences of 1b and 2b
with substrates, we investigated oxygen atom transfer (OAT)
to dimethylsulfide as a typical substrate for sulfoxidation
reactions. Fig. 8 shows the potential energy landscape of OAT
by **1b from DMS. As can be seen, the reaction proceeds by
forming a reactant complex (3’5Re) of oxidant and substrate in
a highly exothermic reaction step of —16.0 kcal mol_l, which
retains the spin-state ordering between triplet and quintet. No
charge transfer is encountered in this step and the electronic
configuration stays the same as isolated reactants. Upon
approach of the substrate on the oxo group an OAT transition
state (TSspo) is encountered prior to the formation of the
sulfoxide product complexes (Ppys). The quintet spin state
barrier is very small (1.7 kcal mol™ above SRe), whereas the
triplet spin barrier is considerably higher in energy. Therefore,
the reaction will proceed through a spin-state crossing from
triplet to quintet during the OAT reaction. Moreover, these
calculations imply much faster oxygen atom transfer than the
bare N4Py complex, whereas the reactivity differences
between 1b and 2b are much less for hydrogen atom
abstraction in line with the experimental observations.
Previously,22 we calculated a quintet spin barrier for OAT from
[Fe"(0)(N4Py)]** to DMS of 20.6 kcal mol™ above a reactant
complex. As such, the computational modelling agrees with a
rate-enhancement upon replacing the oxidant of 2b with 1b as
shown in Fig. 2b. Consequently, 1b is a more efficient oxidant
than 2b because of a lower-lying quintet spin state that
enables a fast spin-state crossing from triplet to quintet.
Optimized geometries of the oxygen atom transfer transition
states using 3*1b and *°2b as oxidants are shown in Fig. 8.
These transition states show typical features of sulfoxidation
transition states seen before with elongated Fe—O and O-S
bonds.*® In the 3T55011b the Fe—O and O-S distances are 1.768
and 2.069 A and hence the transition state is late on the
potential energy surface. By contrast, the quintet spin state
transition state is much earlier with a very long O-S distance of
2.935 A and still a relatively short Fe—O distance of 1.673 A.
The quintet spin state structure has a small imaginary
frequency of 133 cmfl, while a much larger value was
obtained with model 2b. Therefore, considerable differences
of the potential energy profile are seen through the
modification of the N4Py ligand system with aromatic rings
that clearly affect substrate approach and activation.

10 | Dalton Trans., 2018, 00, 1-3

In summary, the DFT calculations show that **1b is much more
reactive with substrates than *°2b. This is the result from
changes in the o, and c*,, molecular orbitals, which are
perturbed by equatorial interactions particularly of C—H groups
to the oxo. As a consequence, the electron affinity of 1b is
significantly lower than that of 2b and hence it is more
reactive.

Experimental
Materials and methods.

All Chemicals were obtained from Aldrich Chemical Co., and
were of the best available purity and used without further
purification unless otherwise stated. Solvents were dried
according to published procedures39 and distilled under argon
prior to use. Hzlgo (99.9% pure and enrichment 97.1 atom%)
was purchased from Berry and Associates (lcon Isotopes).
Benzyl alcohol-d; was purchased from Cambridge Isotope
Laboratories, Inc. lodosylbenzene and 1-‘butylsulfonyl-2-
iodosylbenzene were prepared using previously reported
literature methods.*® The ligand (2PyN2Q) was synthesized
using previously reported procedures.183 Iron(ll) complex,
[Fe”(ZPyNZQ)](CF3SO3)2, (1a) was synthesized inside a glove-
box by an equimolar reaction of 2PyN2Q and
Fe"(CF3505),22CH;CN in CHsCN. The reaction mixture was
stirred overnight, filtered with the help of syringe filters.
Excess diethyl ether was slowly added to the resulting filtrate
and the bilayer solution was left undisturbed inside the
glovebox at —40 °C. The ethereal solution was decanted off
after a few days and the yellowish residue was washed several
times with diethyl ether and dried under vacuum to get the
desired complex 1a in excellent vyield (95%). The
[Fe"(0)(2PyN2Q)]** (1b) was synthesized in situ in CH;CN by
adding 1.5 equivalents of PhlI(OAc), in CH3;CN at ambient
temperature and was further used for all the kinetic studies.
The [Fe”(N4Py)](CF3503)2 complex (2a) and corresponding
[Fe'V(O)(N4Py)]2+ intermediate (2b) were synthesized by

. 12,13
previously reported procedures.

Instrumentation.

Bruker Avance Il HD 600 and 400 MHz NMR spectrometers
were used for recording NMR spectra using TMS as an internal
standard. Variable temperature-NMR spectra were recorded
on a Jeol Advanced Solution State 400 MHz spectrometer (JNM
ECZ400S). UV-vis spectra were recorded on a Hewlett Packard
8453 spectrophotometer equipped with either constant
temperature circulating water bath or a liquid nitrogen
cryostat (Unisoku) with a temperature controller. The purified
complexes and intermediates were characterized by mass
spectrometry on Agilent-Q-TOF 6520 instrument in positive ESI
mode equipped with a Mass hunter workstation. The samples
were infused directly into the source. The spray voltage was
set at 3 kV and the drying gas flow and temperature were
maintained as 5.0 L min* and 200 °C respectively. The
products were analysed by 'H and *C-NMR recorded with
Bruker Avance Ill HD 600 and 400 MHz spectrometers and
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LCMS with Waters ACQUITY UPLC equipped with a variable
wavelength UV-200 detector. Product yields were determined
by comparison with standard curves of authentic samples.

Reactivity studies.

All reactions were run in a 10 mm path length UV-vis cuvette
by monitoring UV-vis spectral changes of reaction solutions.
The kinetics studies were performed under pseudo first-order
conditions with excess substrate in acetonitrile. The reactions
were monitored by following the decrease of the absorbance
of the characteristic peaks as a function of time. The rate
constants were determined by fitting the changes in
absorbance of the intermediates under study. Reactions were
run at least in triplicate and the data reported represents the
average of those.

Computational modelling.

Computational studies used density functional theory as
implemented in the Gaussian program package.41 Due to the
overall charge of +2 in our chemical system full geometry
optimizations were performed with a solvent model, i.e. the
polarized continuum model mimicking acetonitrile. We did
initial optimizations and frequency calculations using the
hybrid density functional method UB3LYP and the LACVP basis
set on iron and 6-31G on the rest of the atoms (BS1).***
Subsequent single points utilized a triple-{ LACV3P+ basis set
on iron and 6-311+G* on the rest of the atoms (BS2). All
structures were calculated on the lowest lying triplet and
quintet spin state
characterized by a frequency calculation at the same level of

surfaces and all structures were
theory as the optimization as either a local minimum (without
imaginary frequencies) or a transition state structure (with one
imaginary frequency for the correct mode). Reactivities were
investigated with dimethylsulfide (DMS), cyclohexadiene (CHD)
and toluene (Tol) as model substrates for sulfoxidation and

HAT reactions.

Conclusions

In conclusion, we have synthesized a room temperature stable
iron(IV)-oxo intermediate (1b) that acts as an efficient oxidant
of substrates. Instead of contributing to the steric fencing
around the iron(IV)-oxo core and prohibiting molecular
approach, the introduction of two bulky quinoline groups in
the N4Py ligand framework has notably enhanced the HAT and
OAT reactivity of the iron(IV)-oxo complex. We did a
comparative study of thioanisole oxidation and hydrogen atom
abstraction reactions with various substrates. We show that 1b
reacts with substrates with increased rate constants with
respect to those obtained with oxidant 2b which is attributed
to subtle changes in the ligand skeleton that position the oxo
group and lower the virtual o*,, orbital in energy. These
engineered structures show that small perturbations on the
equatorial ligand may have major influences in substrate
positioning and reactivity in line with what is found for
enzymatic reaction mechanisms. The work highlights how

This journal is © The Royal Society of Chemistry 2018

tweaking the ligand architecture of a catalyst can affect its
performance, which will help in designing novel synthetic
scaffolds for enzymatic mimics.
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