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Sluggish Reactivity by a Nonheme Iron(lV)-Tosylimido Complex as
Compared to its Oxo Analogue

Gourab Mukherjee,? Fabidn G. Cantl Reinhard,? Umesh Kumar Bagha,® Chivukula V. Sastri*® and
Sam P. de Visser*®

High-valent iron-nitrido intermediates have been postulated as reactive intermediates in various enzymes, including the
nitrogenases and the cytochromes P450, but so far few have been trapped and characterized. As little is known on their
oxidative and spectroscopic properties, we decided to create biomimetic models of iron(IV)-imido complexes and compare
their structure and reactivity with analogous iron(IV)-oxo systems. In this work we report the synthesis and spectroscopic
characterization of a novel [Fe"(NTs)(Bntpen)]?* complex (Bntpen = N'-benzyl-N* N2,N2-tris(pyridine-2-yImethyl)ethane-1,2-
diamine) and study its reactivity patterns with respect to hydrogen atom abstraction and nitrogen atom transfer reactions.
The work is compared with analogous pentadentate ligand systems as well as with iron(IV)-oxo species with the same ligand
features and highlights the differences in chemical properties and reactivity patterns. It is shown that the reactivity is
dependent on the metal ligand system that affects the physico chemical properties of the oxidant such as the redox
potential, which is the main driving force for the reaction mechanism with substrates.

Introduction

High-valent metal-oxo and metal-nitrido species are common
intermediates in enzymes and are found in the catalytic cycles
of several oxidases as well as in nitrogenases.>? Thus, in many
of these oxygenases, the enzymes utilize molecular oxygen to
create a high-valent nonheme iron(1V)-oxo or iron(IV)-oxo heme
cation radical species as active oxidant. On the other hand, few
enzymes use nitrogen to generate a high-valent iron(IV)-nitrido
or —imido active species. Nevertheless, the latter has been
proposed as an intermediate in nitrogenase: the enzyme that
binds molecular nitrogen on a FeMo cluster containing seven
iron and a molybdenum atom bridged by sulphides.2 The FeMo
co-factor in nitrogenases reduces nitrogen to ammonia. The
only other enzyme that is known to form a high-valent iron(IV)-
imido intermediate is the heme enzyme cytochrome P450
possibly as part of a substrate aziridation and imidation reaction
of substrates.?

As these high-valent intermediates are short-lived they are
difficult to trap and characterize and consequently few reports
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on enzymatic nonheme iron(IV)-oxo intermediates are known,*
and even fewer on iron(IV)-nitrido.3 To gain insight into these
short-lived enzymatic intermediates, many biomimetic models
have been synthesized that have the active site features of the
but Especially, a
significant number of reports on biomimetic nonheme iron

metal lack the protein environment.>
model systems containing a central iron(lV)-oxo species are
known.® On the other hand, on the analogous iron(IV)-
tosylimido or iron(lV)-nitrido species very few investigations
have been reported.”8 The iron(IV)-tosylimido systems are
interesting to study as their bulkier tail, as compared to iron(1V)-
oxo or iron(lV)-nitrido, makes the approach of crowded

substrates difficult. However, the spectroscopic
characterization of these iron(lV)-tosylimido species is also
challenging.

Using the pentadentate N4Py ligand, i.e. N,N-bis(2-

pyridylmethyl)-N-bis(2-pyridyl) methyl amine (Scheme 1), the
corresponding iron(IV)-oxo and iron(lV)-tosylimido oxidants
were synthesized and trapped and characterized with a range
of spectroscopic methods.82.2 Over the past few years, effective
perturbations in the equatorial ligand field of the N4Py ligand
were induced to explore the second-coordination sphere
effects on the reactivity of the iron(IV)-oxo species with
substrates and its spectroscopic parameters.1® These N4Py
derivatives (2" generation N4Py ligands) were shown not only
to stabilize the iron(IV)-oxo species better, but also to drastically
improve their catalytic efficiency. Unfortunately, for many of
these N4Py derivatives the iron(IV)-imido moiety has been
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tested but due to additional bulk on the equatorial ligand field,
such exercises remained futile. Recently, Nam and co-workers
have showcased the stabilization and reactivity of iron(V)-
tosylimido species with the anionic TAML
(tetraamidomacrocyclic ligand) ligand, [Fe'V(NTs)(TAML)], which
also offers a planar structure for the tosylimido group to sit
upon.!l It was also pointed out that in the coordination sphere
of the iron(IV)-NTs active species, apart from the relative
positioning of the donor atoms, the nature and number of
donor groups is also responsible for their relative stability.12

[FeV(NTs)(N4Py)J?* (2)

[FeV(NTs)(Bntpen)]?* (4)

Scheme 1. Chemical structures of the ligands and [Fe'V(NTs)(N4Py)]** (2) and
[FeV(NTs)(Bntpen)]?* (4) complexes.

It was shown that the ligand architecture of N4Py affects the
oxidant positioning as well as the substrate approach. Other
fundamental properties like one-electron reduction potential
and the reorganization energies in electron transfer (ET) along
with a substantial change in reaction mechanism between
iron(lV)-oxo and iron(lV)-imido has been
demonstrated by Vardhaman et al.13

Clearly, there are still many gaps in the understanding of iron-
imido, iron-nitrido and iron-oxo oxidants. To gain insight into
the properties and reactivities of these biomimetic species, we
synthesized [Fe'V(NTs)(Bntpen)]?*, [Fe'V(O)(Bntpen)]?*,
[FeV(NTs)(N4Py)]?* and [FeV(O)(N4Py)]?*. The studies show
differences in spectroscopic and electronic properties based on
the pentadentate ligand, but also the differences between
iron(IV)-oxo and iron(IV)-imido are explored.

complexes

Methods

Materials

The solvents were dried using previously reported procedures
and were distilled and stored under an argon atmosphere prior
to use.'* All chemicals were obtained from Aldrich Chemical Co
and were of the best available purity and used without further
purification unless otherwise stated. lodosylbenzene and N-
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tosyliminophenyliodinane were prepared following reported
procedures.’> The ligand Bntpen was synthesized by using
procedures from the literature.’® The ferrous
[Fe"(Bntpen)(CH3CN)](OTf),
[Fe'V(O)(Bntpen)]?*, were synthesized inside a glove-box filled
with argon as described previously.1%17 Similar procedures as
for [Fe'V(NTs)(N4Py)]?* have been followed in this work to
iron(IV)-imido complex.® Deuterated benzyl

complex

and its oxo derivative. i.e.

generate the

alcohol-[D;] was procured from Cambridge Isotope
Laboratories Inc.
Instrumentation
UV/Vis spectra were recorded on an Agilent 8453

spectrophotometer equipped with either constant temperature
circulating water bath or a liquid nitrogen cryostat (Unisoku)
with a temperature controller. High-resolution electrospray
ionization mass spectra (ESI-MS) of [Fe'VY(O)(Bntpen)]?* and
[Fe'V(NTs)(Bntpen)]?* were recorded on a Waters (Micromass
MS Technologies) Q-TOF Premier mass spectrometer by
infusing pre-cooled (233 K) samples directly into the source at
15 pL min=! using a syringe pump. The spray voltage was set at
2 kV and the capillary temperature at 80°C. Bruker Avance Ill HD
600 and 400 MHz NMR spectrometers were used for recording
NMR spectra using TMS as an internal standard. FTIR spectra
were recorded on a Perkin ElImer FTIR spectrometer. Product
analysis was performed using NMR spectroscopy and WATERS
ACQUITY UPLC equipped with a variable wavelength UV-200
detector.

Reaction Kinetics

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 dry 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. The reactions
were run at least in triplicate and the data reported represents
their average.

Synthesis of [Fe'(Bntpen)(CHsCN)](OTf),

The ligand Bntpen (100 mg) was taken inside a dry glovebox and
dissolved in 3 mL dichloromethane. Fe(OTf),#2CHsCN (1.2
equivalents) was dissolved in 2 mL dichloromethane. The ligand
solution was added dropwise to the stirred suspension of the
ferrous salt solution. The reaction mixture was allowed to stir
overnight and was then dried under vacuum. The resulting solid
was washed with diethyl ether and dried in vacuo. The yellow
powder was recrystallized with dichloromethane and diethyl
ether to get >90% vyield.

Synthesis of [Fe'V(Bntpen)(NTs)](OTf),

The [Fe'V(NTs)(Bntpen)]?* complex was generated in situ by
stirring the ferrous precursor complex with excess of the nitrene
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transfer reagent, PhINTs, inside a glovebox. Within ~30s the
colour of the mixture changed to golden yellow. The resultant
slurry was then filtered using 0.2 um PTFE syringe filters. The
resultant filtrate was stored at —40°C inside the anaerobic glove
box for further use.

Computation

Density functional theory (DFT) was utilized using the
unrestricted B3LYP density functional method for geometry
optimizations and the mechanistic characterization of a series
of [Fe'V(O)(Bntpen)]?* and [Fe'V(NTs)(Bntpen)]?* complexes with
two common substrates using procedures reported previously:
dimethylsulfide (DMS) and 1,3-cyclohexadiene (CHD).18 Initial
ground state geometry optimization searches were performed
from two different conformations for each spin state: singlet,
triplet or quintet. In all calculations an intermediate size basis
set 6-31G* was employed on all atoms, except on the iron
centre where LANL2DZ with electron core potential (ECP) was
employed, basis set BS1.1%20 Further (BS2) single point
calculations were performed at the LACV3P+ level of theory
(with core potential) on all atoms with the UB3LYP density
functional. Finally, an implicit continuum polarized conductor
model (CPCM) with acetonitrile as solvent model was included
as an energy correction on all systems (BS2+Solvent).2! Further
re-optimization of the [Fe'V(O)(N4Py)]2* and [Fe'V(NTs)(N4Py)]2*
complexes and the reaction mechanisms was performed at the
same level of theory for direct comparison. All geometry
optimizations, frequencies and constraint geometry scans were
run in Gaussian-09.22

Minimum-energy crossing points (MECPs) were calculated in
Orca?3 at the same level of theory using the code developed by
Harvey and co-workers.?*

Results and Discussion

We started our study with synthesizing the basic ligand
framework of N!-benzyl-N1,N2,N2-tris(pyridine-2-ylmethyl)
ethane-1,2-diamine (Bntpen),1%® which is a less symmetrical
framework as compared to the N4Py ligand, see Scheme 1. A
comparative reactivity study between [Fe'V(O)(N4Py)]?* and
[Fe'V(O)(Bntpen)]%* complexes with various hydrocarbons was
reported by Que and co-workers, where, the latter was known
to be a better oxidant in terms of kinetic reaction rates.1%® In
particular, the iron(IV)-oxo complex, [Fe'V(O)(Bntpen)]?*, was
found to react faster with every organic substrate tested than
[Fe'V(O)(N4Py)]%*. When a detailed kinetic study was done
between [Fe!V(NTs)(N4Py)]2* and [Fe'V(O)(N4Py)]%*, the former
showed faster reactivity in the sulfimidation reaction of
thioanisole. However, the trend was found to be reversed for
C—H abstraction reactions instead.® In order to find out how the
ligand framework affects the reactivity patterns of iron(IV)-
tosylimido oxidants, we decided to do a comparative study
between the [Fe'V(O)(N4Py)]?* (1), [FeV(NTs)(N4Py)]Z+ (2),
[Fe!V(O)(Bntpen)]2* (3) and [Fe'Y(NTs)(Bntpen)]2* (4). The work
shows that the ligand framework affects substrate approach as
well as the redox properties of the oxidant.

This journal is © The Royal Society of Chemistry 2019

Complex 4 was synthesized using the nitrene transfer reagent
PhINTs under an argon atmosphere. Similar to complex 2, the
formation of 4 was identified by an intense LMCT band at 460
nm (€ = 4100 M~1 cm™1) and a weaker band at 650 nm (¢ = 330
M-1 cm™1) due to ligand field transitions characteristic for S=1
iron(IV) complexes, see Fig. 1a. Further characterization of the
[Fe'V(NTs)(Bntpen)]?*, (4), was done by electrospray ionization
(ESI)-mass spectrometry (MS), proton NMR spectroscopy and
Fourier transform infrared (FTIR) spectroscopy (see Electronic
Supplementary Information for details). Unfortunately, under
normal mass separation-conditions, unlike the case of
[Fe'V(O)(Bntpen)(OTf)]*, we did not manage to obtain a clear
spectrum most probably due to thermal degradation of the
intermediate under routine mass spectrometry conditions. This
indicates weaker Fe=N bonding in 4 than the Fe=0 bondingin 1
and 3, which is also evident from the corresponding stretch
vibrations discussed later. Their thermal stability values at 298
K also reflect the same trend of bond strengths (t1, of 3=~6 h
while ti2 of 4 =~3 h)

4500+ 400 3 (a)
—~ g 2
= 3000- g 200
E =
—_ w
= 0
w 1500+ 800
0 B T T T
400 600 800 1000
Wavelength (nm)
100+ (b)
324.10
% 322 324 326 792795 798 801
“ 797.19
0 L " lL clons il Il l
400 600 800 1000
m/z

Fig. 1. (a) UV/Vis spectra of 1 mM solutions of [Fe'V(O)(Bntpen)]?* (3, blue line) and
[Fe"V(NTs)(Bntpen)]?* (4, red line) in CH3CN. (b) ESI-MS spectra of 4in CH3CN. Insets shows
the isotopic distribution patterns for the peaks at m/z 324.10 and 797.19.

However, the mass spectrum was obtained by infusing cold
samples directly into the source (Fig. 1b). The spectrum shows
a major peak at m/z 324.10 that can be attributed to the ion
cluster [Fe'V(Bntpen)(NTs)]2* (calculated m/z 324.0979) and a
smaller peak at m/z 797.19 corresponding to
[FeV(Bntpen)(NTs)(OTf)]* (calculated m/z 797.1490). Another
peak at m/z 644.16 most likely can be assigned to traces of

Dalton Trans., 2019, 00, 1-3 | 3



[Fe'V(O)(Bntpen)(OTf)]* in the sample which thereby implicates
the hydrolysis of the oxidant, PhINTs into PhlO (most probably
this is due to the trace amount of water present in the solvent
that enables oxidant exchange under ESI-MS conditions). Under
normal conditions though, addition of water does not hydrolyse
4 into 3.

In the TH-NMR spectrum, the Fe(ll) complex [Fe(Bntpen)(OTf)]%*
in CDCl3 shows a paramagnetic shift of peaks to higher o values
which is typical for an S = 2 spin state on iron (Fig. S2, Electronic
Supplementary Information).19.2> By contrast, both the ferryl
complexes, [Fe'V(O)(Bntpen)]?* (3) and [Fe'V(NTs)(Bntpen)]?* (4),
give characteristic shifts in the NMR spectra of the S = 1 Fe
centres in CD3CN (Fig. S3, S4, Electronic Supplementary
Information).”e82.25 The overall NMR spectra for 3 and 4 are
more complicated than those of 1 and 2 due to lack of symmetry
in the Bntpen ligand framework as compared to the
N4Py.10i16d25 |n 3 and 4, there are pyridine rings both
perpendicular and parallel to the Fe=X axis (X = O, N) rendering
an uneven shift pattern due to unequal interactions of the
pyridine rings with the Fe=X core.1®d The unique shift pattern of
the pyridine B-protons to positive (downfield) and negative
(upfield) o values infers that the Fe centre is oxidized to the +4
oxidation state, which is linked to the terminal oxidant being
oxo or NTs (see Electronic Supplementary Information).

0.4 ()

0.3

g 02{
0.3 ol
_‘6 02_ 0 300 Gl.]r?mZO(US;ZOU
<
0.1
0-07 T T T V T T
600 700 800 900 1000
Wavelength (nm)
2.0 -OMe (b)
- 1.51 p=-2.55
X
\x 1.07
= .
o 0.5 -Me
e,
0.0_ _H -Cl
-0.51

T T T T T T
-0.8 -06 -04 -02 00 0.2
o+
2
Fig. 2. (a) Decay profile for the 750 nm band due to addition of 150 equiv. of thioanisole
to 4 in CH3CN at 298 K; inset shows the time trace corresponding to the same decay. (b)
Hammett plot obtained by plotting the log (kx/k) values against the 6,* Hammett values

of para-X-thioanisole (X = OMe, Me, H and Cl) substrates in their reaction with 4 in CH3CN
at 298 K.

4 | Dalton Trans., 2019, 00, 1-3

To understand the oxidative properties of complex 4, we
decided to investigate its heteroatom transfer reactivity to
thioanisole as the model substrate. As reported previously,
complex 2, [Fe'V(NTs)(N4Py)]?* is five times more reactive than
its oxo counterpart 1.2 Surprisingly, in the case of Bntpen, an
opposite trend was observed to that found for N4Py. Unlike
N4Py, the NTs complex 4 reacts sluggishly with thioanisole with
considerably lower rate constants than those seen for the
corresponding oxo complex 3.° The second-order rate constant
for the reaction of 4 with thioanisole was 5.4 x 102 M1 s71 at
298 K, whereas for the same reaction with 2, a value of 26 x 10~
2 M1 571 was reported at 273 K.? Thus the rate of the reaction
for 4 is expected to be even slower at 273 K, although we were
not able to record it at that temperature due to solubility issues.
The slower reaction rate of 4 with thioanisole is, therefore,
speculated to originate from a group transfer reaction instead
of an electron transfer mechanism.

In order to establish the mechanism with conviction, we
repeated the reaction using various para-substituted
thioanisole substrates at 298 K. The second order rate constants
were plotted against the para-substituent constant (cp) for
each substrate to obtain a Hammett plot (Table 1).27 A large
negative slope p = —4.13 is found, which is indicative of an
electron transfer reaction (see Fig. S7, Electronic
Supplementary Information). This value is larger than the one
for N4Py where a negative slope of —3.36 has been reported
corresponding to electron transfer reaction.®@ Thus the para-
substituents on the thioanisole substrates contribute with quite
a substantial effect on the rates of the reactions for 4.

Table 1. Hammett parameters and second-order rate constants (k,) determined in the
reaction of 4 (1 mM solution in CH3CN) with various para-substituted thioanisole
substrates in CH3CN at 298 K.2

p-X Op? Opt b k2 (M5 kx/kn© log (k«/ku)
-OMe -0.27 -0.78 541.4 x 1072 100.3 2.00
-Me -0.17 -0.31 22.9x 107 4.2 0.63

-H 0.00 0.00 5.4 x1072 1.0 0.00

-Cl 0.23 0.11 2.7 x1072 0.5 -0.30

@ All the reactions were followed by monitoring the UV/Vis spectral changes of the
reaction solution. ? Data taken from: H. C. Brown and Y. Okamoto, J. Am. Chem.
Soc., 1958, 80, 4979. ¢ Relative rate constant obtained by dividing the k2 of p-X-
thioanisole by k2 of p-H-thioanisole.

This huge slope in the Hammett plot implicates an additional
stabilization of positive charge in the transition state by
electron-donating groups in the para-position of thioanisole
and thus enhances the overall rate of the reaction when
methoxy or methyl groups are employed. Therefore, the o,
values for the barrier heights for the reaction of para-
substituted thioanisole with [Fe!V(NTs)(Bntpen)]?* are
insufficiently negative for electron-rich para-substituents. In
order to accommodate this effect, the Hammett plot was
replotted using c,* on the x-axis instead, where the scale is
shifted to further negative values of the substituent constants
and thereby produces a better fitting. Thus, a p value of —2.55
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was obtained (see Fig. 2b) with a better fitting correlation to the
experimental data. Complex 2, in comparison, produced a
negative slope of —1.92 when the rates were plotted against
op*.%2 Nevertheless, these values from the Hammett plots for 4
are substantial evidence of an operating electron transfer
mechanism in spite of slower reaction rates than the fellow
tosylimido complex 2.

The iron(IV)-tosylimido complexes are usually weaker oxidants
then their corresponding iron(lV)-oxo counterparts towards C—
H abstraction reactions and often cannot react with substrates
with sacrificial C—H bond dissociation energies (BDE) larger than
~80 kcal mol-1. By contrast, the iron(lV)-oxo species of both
Bntpen and N4Py are known to react with cyclohexane (BDE =
99 kcal mol-1)16b,26,27 [y hydrogen atom abstraction. We tested
the alcohol oxidation reactivity of 4 using benzyl alcohol as the
model substrate, (see Fig. 3) and compared the results with the
other oxidants. However, In the case of benzyl alcohol, the
activation of the methylene C—H bond by 4 was investigated at
298 K and led to the formation of benzaldehyde although at a
slower rate compared to the analogous [FeY(NTs)(N4Py)]%*
complex. While the second-order rate constant for benzyl
alcohol oxidation by 2 was reported to be 1.48 x 102 M1 s71,
the same reaction with 4 as oxidant revealed a second-order
rate constant of 0.39 x 102 M1 571 at 298 K (Fig. 3a).° Thus the
iron(lV)-tosylimido complex of Bntpen reacts even slower with
substrates than the one with N4Py ligand.

(@
80 k,(3): 115.61x102 M5’
—_ k_,(U.' 820x10°M's
ﬁl 60+ k,(2): 1.48x10°M' s’
A k,(4): 0.39x 107 M'sT
~° 40
x
6 204
A o o —— o |
0 y——————
0 50 100 150 200 250 300 350 400
[BzOH] (mM)
(b)
<
\X
=
o
o

Fig. 3. (a) Second-order rate constants determined for the reaction of benzyl alcohol
(BzOH) with 1 (A), 2 (#), 3 (H) and 4 (®) in CH3CN at 298 K. (b) Hammett plot obtained
by plotting the log (kx/ku) against o,* values of para-X-benzyl alcohol (X = OMe, Me, H
and Cl) substrates (200 equiv.) in their reaction with 3 () and 4 (®) in CHsCN at 298 K.

This journal is © The Royal Society of Chemistry 2019

A comparison of the [Fe(O)(Bntpen)]>* (3) and
[Fe(NTs)(Bntpen)]?* (4) complexes shows that 4 reacts 300
times slower than complex 3 under comparable reaction
conditions. Thus, as compiled in Fig. 3, the [Fe'V(O)(Bntpen)]?*
complex (3) is 14 times more reactive than the [Fe'V(O)(N4Py)]%*
complex (1), whereas, the [Fe'V(NTs)(Bntpen)]?* complex (4) is
four times slower than the [Fe'V(NTs)(N4Py)]?* complex (2)
towards an alcohol oxidation reaction.®

Kinetic isotope effect (KIE) studies were performed on 4 using
benzyl alcohol-[D;] as a substrate and a KIE value of 4 was
obtained (see Fig. S8, Electronic Supplementary Information).
Hence, the KIE experiment reveals hydrogen atom abstraction
as the rate determining step in the reaction mechanism. A
similar KIE value of 7 was obtained for complex 2, which
suggests an analogous reaction mechanism.®® Unlike the
iron(IV)-tosylimido group, the corresponding iron(lV)-oxo
complexes produce higher KIE values, probably due to
tunnelling like mechanism.® To ascertain the effect of intrinsic
parameters including electron donating or withdrawing groups
on the reacting substrate, we repeated the reactions using 200
equivalents of para-OMe, —Me, —H and —Cl substituents of
benzyl alcohol. The reaction of 4 with each of these substrates
follows pseudo first-order kinetics, as excess amounts (200
equiv.) of substrate concentrations were employed to obtain
the pseudo first-order rate constant (kobs) values (Table 2).

Table 2. Hammett parameters and pseudo first-order rate constants (kops) determined in
the reaction of 4 (1 mM) with various para-substituted benzyl alcohols (300 mM) in
CH3CN at 298 K.2

p-X Gp? Gptt kub;.(;;l) x K/ kni € log (k«/ku)
-OMe -0.27 -0.78 57.40 7.90 0.89
-Me -0.17 -0.31 9.94 1.37 0.14
-H 0.00 0.00 7.26 1.00 0.00
-Cl 0.23 0.11 4.76 0.65 -0.18

@ All the reactions were followed by monitoring the UV/Vis spectral changes of the
reaction solution. ? Data taken from: H. C. Brown and Y. Okamoto, J. Am. Chem.
Soc., 1958, 80, 4979. ¢ Relative rate constant obtained by dividing the kobs of p-X-
benzyl alcohol by kobs of p-H- benzyl alcohol.

A Hammett plot of the natural logarithm of the rate constant
ratio of para-X-benzyl alcohol activation versus benzyl alcohol
against op+ Hammett parameter gives a p value of —1.16 for 4
which is close to the value reported above for complex 2 (Fig.
3b).%* This Hammett value is indicative of substantial positive
charge build-up in the transition state. Therefore, the reaction
rates are strongly affected by tuning the electronic charge
content in the reacting substrates during the transition state.
Other hydrocarbon substrates viz. xanthene, 9,10-
dihydroanthracene (DHA) and fluorene, were tested for C—H
abstraction reactions using 4 as the catalyst in order to envisage
a comparative trend with complex 2. However, those reaction
results were not pertinent due to solubility issues in CH3CN.

Dalton Trans., 2019, 00, 1-3 | 5
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FeN: 1.820
NS: 1.855

FeN,. 2.115
[FeV(NTs)(Bntpen)]?*

FeO: 1.654
5Xy
FeN,: 2.120
[FeV(O)(Bntpen)]#*

Fig. 4. Optimized geometries and molecular orbital occupation of [Fe'V(NTs)(Bntpen)]?* and [Fe'V(O)(Bntpen)]?* as obtained with DFT. Bond lengths are in angstroms.

Therefore, unlike the [Fe'V(NTs)(N4Py)]?* (2) complex, the
[Fe'V(NTs)(Bntpen)]?* (4) is a less effective oxidant than its
corresponding iron(lV)-oxo analogue in both the heteroatom
amination and C—H abstraction reactions.

To complement our understanding on the reactivity differences
of [FeV(X)(Bntpen)]Z* vs [Fe!V(X)(N4Py)]2* with X = NTs/O, we
performed a density functional theory study with 1,3-
cyclohexadiene (CHD) and dimethylsulfide (DMS) as model
substrates. CHD dehydrogenation is a stepwise process with
two sequential hydrogen atom abstraction steps (via transition
states TS1cup and TS2c¢up) that passes a radical intermediate
(IR1chp) to ultimately form the benzene product (Prdcup).
Heteroatom transfer (NTs or O) to sulphide is a concerted
reaction with a single transition state (TSpms) leading to
products (Prdpus).

Before going into detail of the reaction mechanisms with
substrates, let us first look into the electronic properties of the
iron(IV)-oxo and iron(IV)-imido reactants with Bntpen ligand

6 | Dalton Trans., 2019, 00, 1-3

system. Thus, the high-lying occupied and low-lying virtual
orbitals of [Fe!V(NTs)(Bntpen)]2* and [Fe'V(O)(Bntpen)]?* and the
optimized geometries are given in Fig 4. In both
[Fe'V(NTs)(Bntpen)]?* and [FeV(O)(Bntpen)]?* the triplet spin
state is the ground state, which matches experimental studies
as well as previous DFT calculations.827.28 For both structures,
the high-lying valence orbitals are dominated by the metal 3d
orbitals and their interactions in the first-coordination sphere.
The metal 3d orbitals split into a low-lying 8, orbital in the plane
of the three pyridine nitrogen atoms of Bntpen, two higher lying
n* orbitals for the antibonding interaction along the Fe—O bond
(t*x, and ©*,;) and two c-type antibonding orbitals (c*,, and
o*2-y2). The latter two orbitals are the antibonding interactions
along the O—Fe—Nuial axis and the ones in the xy-plane of the
metal with the three pyridine nitrogen atoms.

The five metal 3d-orbitals are occupied with four electrons and
the lowest energy conformation is the triplet spin state with 8,2
*;! T*,,! occupation (Fig. 4). This is commonly seen in

This journal is © The Royal Society of Chemistry 2019
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and contain zero-point and solvent corrections (in kcal mol-t). Optimized geometries of the transition states and MECP give distances in angstroms and the imaginary frequencies

areincm™.

hexacoordinated iron(lV)-oxo species and matches previous
computational studies on nonheme iron complexes.?? The
alternative quintet spin state has orbital occupation dx! m*,;!
¥y, 6*xoy2t. This state is AE + ZPE = 2.0 kcal mol=! higher in
energy than the triplet spin state for the iron(IV)-tosylimido
complex, whereas in the iron(IV)-oxo species it is higher by 1.5
kcal mol-1. As such, the change from oxo to tosylimido in the
iron(IV)-Bntpen complex has little effect on the spin state
ordering and relative energies.

There are several weak interactions of C—H groups that donate
a hydrogen bonding interaction to the oxo group, but this has
little effect on the orbital shapes and contributions. The
optimized geometries of  3[Fe!V(NTs)(Bntpen)]?* and
3[Fe'V(O)(Bntpen)]?* match previously reported results well. In
both structures the distal atom is close to the centre of the four

7 | Dalton Trans., 2019, 00, 1-3

nitrogen atoms of the Bntpen group and the metal binds the
axial nitrogen atom (Nu) at a distance of about 2.12A. The
iron(IV)-oxo bond is short (1.654A), which is typical for iron(1V)-
oxo complexes in six-coordinate nonheme and heme
biomimetic model complexes.29:30 By contrast, the Fe—N bond in
the iron(IV)-tosylimido structure is much longer (1.820A)
despite the same orbital occupation.

Next, we explored the dehydrogenation of cyclohexadiene
(CHD) by both complexes and the results are given in Fig. 5. We
located transition state structures for the triplet spin surface;
however, on the quintet spin state the transition from reactants
to intermediates is facile and no barrier could be located. In the
triplet spin state reaching the radical intermediate is an
exergonic process by —17.0 / —16.2 kcal mol-! for

This journal is © The Royal Society of Chemistry 2019
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[FeV(NTs)(Bntpen)]2+ versus [Fe!V(O)(Bntpen)]?*. In the next step
a second hydrogen atom abstraction takes place, which is facile
and leads to products with large exothermicity. As such on the
triplet spin state surface the initial hydrogen atom abstraction
is rate-determining. The transition state is shown in Fig. 5 and
displays an early structure with short C—H distance of 1.271A
and a much longer N—H distance of 1.544A. Interestingly, the
transition state for the iron(lIV)-oxo species in the triplet spin
state is very similar with a C—H distance of 1.217A and an O-H
distance of 1.464A. Energetically; however, they are very
different and 3TS1cupnts is 17.0 kcal mol~! above reactants,
while the corresponding iron-oxo transition state only has a
barrier of 9.1 kcal mol-1.

Nevertheless, the landscape in Fig 5 shows that even though the
reactant structure is a triplet spin, the rest of the landscape is

8 | Dalton Trans., 2019, 00, 1-3

lower lying on the quintet spin state surface. To find out if a
spin-state crossing would be possible, we calculated the
minimum energy crossing points, MECP, from triplet to quintet.
We located the MECPs close in energy to the triplet-quintet
energy gap in the reactants, i.e. within 1 kcal mol for
[Fe'V(NTs)(Bntpen)]?*, [FeV(NTs)(N4Py)]2* and [Fe'V(O)(N4Py)]%+,
whereas for [Fe'V(O)(Bntpen)]?* the MECP was found at +4.9
kcal mol-1 above the triplet spin ground state. As such, for all
four profiles, we expect a fast and efficient spin state crossing
from the triplet to the quintet spin state surface. Moreover, the
reaction will be dominated by the spin-state crossing from
triplet to quintet and its probability will determine the reaction
rate, and consequently, will determine the rate constant of the
reaction. The optimized MECP structure for the mechanisms
starting with [Fe'Y(NTs)(Bntpen)]2* is shown in Fig. 5. The MECP

This journal is © The Royal Society of Chemistry 2019
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is close to the reactant complexes and has optimized Fe—N and
N-S distances in between those of triplet and quintet spin
reactants.

Next, we evaluated substrate sulfoxidation by using DMS as a
model substrate. As before, the reaction is concerted via a
single intermediate to give sulfoxide products.3!Similarly to the
hydrogen atom abstraction process in Fig 5, also sulfoxidation
has a high energy barrier on the triplet spin state (25.6 kcal mol-
1) for the [Fe'V(NTs)(Bntpen)]?* oxidant, while it is much lower
for the [Fe'V(O)(Bntpen)]?* system at 10.1 kcal mol=l. The
transition state structures shown in Fig 6 display a long N-S
distance between tosylimido and substrate of 2.344A, while the
iron-oxo system has the transition state at a distance of 2.083A.
In addition, the imaginary frequency in the transition state is
large for the oxo-transfer (i422 cm™1), while tosylimido transfer
gives an imaginary frequency of only i287 cm~1. These relative
barriers contrast those found for the analogous N4Py system, b
that found faster reactivity with sulfides for the iron(IV)-
tosylimido complex.
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Fig. 7. Thermochemical reaction energies (AE+ZPE data in kcal mol-) for the various
iron(IV)-toylimido and iron(IV)-oxo species studied in this work.

To understand the differences in properties and reactivity of the
four set of oxidants investigated here, i.e. [Fe'V(NTs)(Bntpen)]?*,
[Fe!V(O)(Bntpen)]2*, [FeV(NTs)(N4Py)]2* and [Fe'V(O)(N4Py)]%,
we calculated the thermochemical properties of each of these
reactant species. Firstly, we calculated the X—-H (X = NTs/O)
bond dissociation energy (BDExy) as the difference in energy
between the iron(IV)-oxo/iron(IV)-tosylimido species, a
hydrogen atom and the corresponding iron(l11)-
hydroxo/iron(lll)-hydrotosylimido species. We also calculated
the one-electron reduction potential or electron affinity (EA) as
the adiabatic energy difference of the iron(IV)-
tosylimido/iron(IV)-oxo and the one-electron reduced species.
As before,32 we calculated the gas-phase acidity (AGagg) from
the difference in BDExy, EA and the ionization energy of a
hydrogen atom (IEy) using the experimentally reported value of
IExy = 313.9 kcal mol1.33 The calculated values for BDExy, EA and
AGa,iq of the four iron(IV) oxidants are given in Fig. 7. As can be
seen the four BDExy values range within a narrow window from
82.0 kcal mol-! for the [Fe'V(O)(Bntpen)]?* species to 90.7 kcal
mol~1 for the [Fe'V(NTs)(N4Py)]2* system. Nevertheless, the two
iron(IV)-oxo species have similar BDExy values and so do the pair

This journal is © The Royal Society of Chemistry 2019

of iron(lV)-tosylimido complexes. Based on this, similar
hydrogen atom abstraction barriers from substrates for the pair

of iron(IV)-oxo and iron(IV)-tosylimido complexes are expected.

Conclusions

In this work we present a combined experimental and
computational study on the properties and reactivities of
iron(IV)-oxo and iron(IV)-tosylimido complexes. In particular,
we synthesize and spectroscopically characterize the iron(IV)-
tosylimido and iron(IV)-oxo complexes with  the
pentacoordinate ligand system, Bntpen, and compared with
those of the existing N4Py framework. Its spectroscopic
fingerprint shows similar features as the analogous N4Py ligated
system, particularly in the UV/Vis spectrum. Subsequently, a
series of reactivity studies with iron(IV)-oxo and iron(IV)-
tosylimido was done with respect to para-X-thioanisole and
para-X-benzyl alcohol as substrate. Overall, the iron(IV)-
tosylimido complexes with Bntpen ligand are weaker oxidants
for hydrogen atom abstraction and group transfer reactions
than their corresponding iron(IV)-oxo species. We then did a
computational study to support the experiments and find that
generally the iron(IV)-tosylimido forms strong N—H bonds after
hydrogen atom abstraction but has a larger redox potential and
therefore reacts slower with substrates.
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