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High-valent heme and nonheme iron(IV)–oxo complexes
play key roles in biology as catalytic intermediates in
enzymes, where they catalyze vital biotransformations for
human health, including detoxification processes in the liver
and also the biosynthesis of hormones.[1, 2] Mono- and
dioxygenases bind and utilize molecular oxygen on an iron
center and form a catalytically active iron(IV)–oxo species
that transfers the oxygen atom to substrate. Technically, using
a nitrogen donor one should be able to synthesize the
analogous iron(IV)–imido and/or iron(V)–nitrido complexes.
Although these complexes are rare in nature, evidence exists
of substrate aziridination by cytochrome P450 enzymes that
presumably takes place by a high-valent iron(IV)–nitrido or
–imido complex.[3] Several iron–porphyrin models with
nitrene or imido ligands have been synthesized and their
reactivity patterns implicated efficient aziridination of ole-
fins.[4, 5]

By contrast to iron(IV)–oxo complexes, which have been
extensively studied over the years, only few studies have been
reported on its closely related iron(V)–nitrido species (FeV�
N) or the iron(IV)–imido (FeIV=NR) species. In principle,
these high-valent metal–nitrido/imido complexes should have
strong oxidative power and capable to catalyze isolobal
amination reactions. During the past decade, the chemistry of
metal-catalyzed aziridination of alkenes and aminidation of
aliphatic C�H bonds using iminoiodane reagents have been

studied by several groups.[6, 7] In recent years, the putative
metal–nitrogen multiple-bonded species have been isolated
and spectroscopically characterized, which led to significant
progress on the understanding of its fundamental chemical
properties.[6, 8] However, details on its potential as nitrogen
atom transfer agent are lacking and little knowledge exists in
its relative reactivity with respect to the well-known iron(IV)–
oxo species.[8h]

In nonheme iron chemistry, the aromatic amination of
ligands by an iron–nitrido complex was reported by several
groups,[6e, 9] and recently, the spectroscopic characterization of
the iron(IV)–tosylimido (tosylimido2�= NTs) complex with
pentadentate N4Py ligand (N4Py = N,N-bis(2-pyridyl-
methyl)-N-bis(2-pyridyl)methylamine), [FeIV(NTs)-
(N4Py)]2+, was described (Figure 1).[10] As this species was

shown to have a relatively long lifetime, it makes it highly
suitable for reactivity studies, especially since the iron(IV)–
oxo analogue can be studied in tandem. We therefore took the
opportunity to pursue a comparative reactivity study of
[FeIV(NTs)(N4Py)]2+ (1) and [FeIV(O)(N4Py)]2+ (2) with
substrates.

Complexes 1 and 2 were generated in an acetonitrile
solution in situ using either PhINTs as tosylimido donor or
PhIO as oxygen atom donor using procedures reported
before.[10, 11] The identity of complex 1 was confirmed on the
basis of visible features with an intense LMCT band at 445 nm
(e = 2700 L mol�1 cm�1) and a low energy 660 nm band (e =

250 Lmol�1 cm�1) that arises from ligand field transitions
characteristic for S = 1 iron(IV) complexes (Supporting
Information, Figure S2). The electron spray ionization mass
spectrum (Supporting Information, Figure S3) gave a major

Figure 1. Structures of [FeIV(NTs)(N4Py)]2+ (1) and [FeIV(O)(N4Py)]2+

(2) derived from computational and crystallographic results. Hydrogen
atoms are omitted for clarity. Fe magenta, C brown, O red, N blue,
S yellow.
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peak at m/z = 741.0751 corresponding to {[FeIV(NTs)N4Py]-
(OTf)}+ with an isotope pattern that matches the theoretically
expected distribution. Thioanisole was added to the solution
of 1 at 273 K, which led to the decay of the characteristic peak
at 660 nm in the UV/Vis spectrum concomitant with the
appearance of its iron(II) precursor (lmax = 450 nm) with an
isosbestic point at 516 nm (Supporting Information, Fig-
ure S4). Aminidation of thioanisole to N-p-tosylmethylphenyl
sulfilimine was obtained in about 85 % yield,[12] and a second-
order rate constant for this reaction was evaluated of
0.260 Lmol�1 s�1 (Supporting Information, Table S5). In con-
trast, the second-order rate constant for 2 determined under
the same reaction conditions was found to be only
0.050 Lmol�1 s�1 (Figure 2a; Supporting Information,
Table S6). It appears, therefore, that the [FeIV(NTs)(N4Py)]2+

complex reacts with thioanisole with rate constants that are
about five times higher than those found for the [FeIV(O)-
(N4Py)]2+ complex.

The pseudo first-order rate constants were then deter-
mined for the reaction of 1 and 2 with various p-substituted
thioanisoles (Supporting Information, Table S7). From
a direct comparison of the kobs values for the reactions of
1 and 2 with different para-substituted thioanisoles, it is
evident that the reactivity of 1 is more sensitive than that of 2
to substitution at the para position of the substrate. In fact, the
difference in reactivity between 1 and 2 increased when
electron-donating groups at the para position were employed;
for instance, in the reaction with p-methoxythioanisole the
difference in reactivity was found to be more than 50 times.
We then created Hammett plots, for a quantitative examina-
tion of the substituent effect on the reaction rates. For 2,
a linear correlation with s was found with a 1 =�0.90. In
contrast, when a similar plot was made for 1, non-linearity was
observed with 1 =�3.36 (Supporting Information, Figure S8),

which is likely as a result of additional stabilization of positive
charge in the transition state by electron-donating groups in
the para position of thioanisole and thus enhanced the overall
rate of oxidation, as also will be discussed in the computa-
tional section. To accommodate the additional stabilization of
the positive charge in the transition state, new Hammett plots
were now made using s+ values leading to 1 values of �1.92
and �0.52, respectively, for 1 and 2 (Supporting Information,
Figure S9). This difference is slopes quantitatively reflect that
1 is more sensitive to electronic effects of the para substitu-
ents than 2. Further, the plot of log(kX/kH) values against the
E0

ox of sulfides gave a linear correlation with a slope of �7.1
and �1.92 for 1 and 2, respectively (Supporting Information,
Figure S10). Such a large negative slope obtained from these
plots implicates a rate determining electron transfer from
sulfides to 1 rather than a group transfer.[13]

Considering the high reactivity of 1 over 2 in the oxidation
of thioanisole, we then evaluated the hydrogen atom transfer
(HAT) capability of 1. It has been shown that the rate
constant of HAT reactions often correlates with the strength
of the C�H bond that is broken, that is, BDEC–H or bond
dissociation energy,[14] we therefore studied the rates of HAT
between 1 and substrates with a range of BDEC–H values:
xanthene, 9,10-dihydroanthracene (DHA), 1,4-cyclohexa-
diene (CHD), fluorene, and triphenylmethane. Indeed
a plot of the logarithm of the rate constant of HAT by
1 versus the BDEC–H value of the substrate gives a linear
correlation, Figure 3, (Supporting Information, Table S11,

Figure S12). However, when excess triphenylmethane
(BDEC–H = 81 kcalmol�1) was added to a solution of 1 at
298 K, no change in 660 nm absorption band was observed,
despite observable reactivity with fluorene, which has a com-
parable BDEC–H.[11] Most probably the difference in reactivity
between these two substrates with closely related BDEC–H

values is due to stereochemical clashes of 1 with the
approaching substrate. This is particularly important for
substrates with bulky groups adjacent to the hydrogen
abstraction center, such as triphenylmethane.

Subsequently, we compared the relative activity in HAT
processes of 1 and 2 using fluorene as the substrate
(Supporting Information, Table S13). The reaction of 1 and
2 follows pseudo first-order kinetics, and second-order rate
constants were determined for each system (Figure 2b;

Figure 2. Second-order rate constants determined in the reactions of
1 mm [FeIV(NTs)(N4Py)]2+ 1 (&) and [FeIV(O)(N4Py)]2+ 2 (*) in CH3CN
solution against various concentrations of a) thioanisole at 273 K and
b) fluorene at 298 K. Figure 3. Correlation of the second-order rate constants (determined

at 288 K) for HAT by 1 with BDEC–H of substrates.
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Supporting Information, Table S6). At 298 K, complex
1 decayed with a second order rate constant of
0.116 Lmol�1 s�1 to form 9H,9’H-[9,9’]bifluorenyl (9,9’-
bifluorene) products in about 32% yield. These results
indicate that 1 effectively acts as a one-electron oxidizing
agent in HAT reactions, whereby the 32% yield of 9,9’-
bifluorene reflects the conversion of about 64 % of iron(IV)–
imido complex in two one-electron oxidation steps of
fluorene. By comparison, complex 2 decays with a k2 =

0.697 Lmol�1 s�1 to form fluorenone as the dominant prod-
uct.[15] The observed slower rate (ca. 6 times) of 1 relative to 2
for C�H bond activation is opposite to that observed for
thioanisole oxidation (see above). This observation indicates
that iron(IV)–tosylimido complex is a less-effective oxidant
than iron(IV)–oxo for hydrogen atom abstraction reactions.
Indeed, recent computational studies on nonheme iron(IV)–
oxo versus iron(IV)–nitrido complexes gave higher hydrogen
atom abstraction barriers from methane for the latter system,
in agreement with our results herein.[16]

Further evidence of a rate-determining HAT reaction
comes from kinetic isotope effect (KIE) studies of 2 with
fluorene (KIE = 30). Such large KIE values exceed the semi-
classical limit and suggest strong tunneling behavior in the
reaction mechanism. On the other hand, the reaction of
deuterated fluorene with 1 gave a KIE of only 7, although it is
still regarded as a HAT mechanism (Supporting Information,
Figures S14, S15).

To gain insight into the details of the reaction mechanisms
of substrate activation by iron(IV)–tosylimido complexes, we
decided to do an additional density functional theory study
and compare the work with the experimental work reported
above and earlier computational studies on the reactivity of 2
with substrates.[17] We calculated the reaction mechanisms of
1 with dimethylsulfide (DMS) and CHD as model substrates
for sulfoxidation and HAT reactions. Dehydrogenation of

CHD is a stepwise process with two sequential hydrogen-
atom abstraction barriers TS1CHD and TS2CHD by a radical
intermediate ICHD leading to benzene products PCHD. Figure 4
displays the calculated free energy landscapes and the rate-
determining transition states (TS1) for the two reactions on
the lowest lying triplet and quintet spin-state surfaces. Similar
to previous studies, we find a concerted one-step,mechanism
via a transition state TS1DMS for substrate sulfoxidation by
both 2 and 1, leading to products PDMS.

[18] Despite the fact that
substrate sulfoxidation by either 1 or 2 appears to be
concerted through a single rate-determining transition state,
actually there are some critical differences between the two
sulfoxidation processes that lead to changes in the Hammett
plots for 1 versus 2. In case of 1, the analysis of the orbital
occupation and group spin densities and charges of 3,5TS1DMS

shows that in the sulfoxidation transition states a large
amount of charge transfer has taken place from substrate to
oxidant; QCT = 0.57 (0.47) for 3TS1DMS (5TS1DMS), respectively.
Furthermore, the orbital occupations and group spin densities
(Supporting Information, Tables S18, S31) implicate a prod-
uct-like electronic configuration. In contrast, the electron-
transfer processes from substrate to iron(IV)–oxo happen at
a much later timescale and give group spin densities much
more in line with the reactant structure.[18] To find the origin
of these differences in reactivity we calculated the electron
affinities of 1 and 2, which gave values of DE + ZPE + Esolv =

120.5 and 94.6 kcal mol�1, respectively. Therefore, 1 is more
electrophilic than 2.

The substrate sulfoxidation mechanism by [FeIV(NTs)-
(N4Py)]2+ shows analogy to aromatic hydroxylation by 2,
where also a large energy difference between 3TS1 and 5TS1
was calculated.[17b] However, there are critical differences and
one relates to the orientation of the substrate. Thus, on the
quintet spin-state surface the substrate usually attacks from
the top and aligns itself along the Fe�O/N bond owing to

Figure 4. DFT calculated potential-energy landscapes for DMS sulfoxidation and hydrogen atom abstraction from CHD by [FeIV(NTs)(N4Py)]2+.
Energies are DG� in kcalmol�1 relative to a reactant complex with solvent and dispersion energy corrections included. Also given are optimized
geometries of the transition states with bond lengths [�], the degree of charge transfer (QCT), and the imaginary frequency in the TS [cm�1] .
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electron transfer into the s*z2 orbital.[17, 19] In [FeIV(NTs)-
(N4Py)]2+ this alignment is not possible because of stereo-
chemical constraints of the NTs group with the approaching
substrate and thus a more sideways approach is essential. As
a consequence, the quintet spin barriers have increased in
energy and in the case of HAT from CHD 5TS1CHD is
competitive with 3TS1CHD. These studies support the exper-
imental observation mentioned above that 2 will be better in
catalyzing HAT reaction mechanisms owing to lesser stereo-
chemical interactions between substrate and oxidant as
compared to 1. Furthermore, the stereochemical interactions
between oxidant and the approaching substrate destabilize
the transition states and increase the HAT process for 1. This
effect is larger for HAT processes by 1 than by 2 as the
(almost) linearity of the Fe-O-H angle in the quintet spin state
will ensure large distances between the rest of the substrate
and the oxidant. Approach under an angle of 1208 as in 1,
however, brings the substrate closer to the equatorial ligand
of the oxidant and hence stereochemical repulsions are larger
and barriers are raised. As a consequence, the HAT barriers
for 1 are above those for 2 in support of the experimental rate
constants in Figure 2.

The dehydrogenation reaction has low barriers TS1CHD on
the triplet and quintet spin states, leading to a radical
intermediate. However, the subsequent dehydrogenation of
hydrogen atom abstraction via TS2 encounters significantly
larger barriers of well over DG + Esolv> 25 kcalmol�1, and
consequently will be difficult. Instead theory predicts that the
radical will dissipate from the reaction center rather than
donating a second hydrogen atom to the oxidant. A subse-
quent collision of two of these radicals will then form a dimer
at much lower energetic costs than dehydrogenation products,
which is indeed what was observed experimentally. The fact
that these dimers are not formed in the reaction of 1 with
triphenylmethane may be due to stereochemical restrictions
in dimer formation. The large TS2 barrier obtained for the
reaction of 1 with CHD contrasts that found for the reaction
of 2 with CHD, where typically barriers of less than
5 kcalmol�1 are obtained.[20] This change in TS2 barrier
leads to fundamental differences in substrate activation and
consequently product distributions.

So what is the origin of the differences in reactivity of
1 over 2 and why is sulfoxidation preferred for 1, whereas
hydrogen atom abstraction is favored by 2? Hydrogen atom
abstraction is accompanied by the breaking of the C�H bond
of the substrate and the formation of an O/N�H bond with the
oxidant. It has been shown that hydrogen atom abstraction
barriers tend to correlate with the BDEC–H bond of the
substrate as well as the BDEO–H bond of the oxidant.[14, 21] We
calculated values of BDEN–H = 94.4 kcal mol�1 and BDEO–H =

96.7 kcal mol�1 for 1 and 2, respectively, which implies that 2
and 1 should be similarly good oxidants of HAT reactions.
Instead, differences in HAT catalysis are most likely origi-
nated by stereochemical repulsions of the approaching
substrate with the oxidant. Thus, as shown in Figure 4,
during HAT the substrate attacks the NTs group under an
angle Fe-N-H of 137.48 (134.88) for 3TSCHD (5TSCHD), respec-
tively, whereas in [FeIV(O)(N4Py)]2+ the approach will be
along the Fe�O axis in the quintet spin state.[22] Consequently,

the attack of substrate on 1 will be more stereochemically
constraint than in 2 and thus generally higher barriers for
HAT reactions.

In summary, we present herein the first comparative study
on the reactivity patterns of nonheme iron(IV)–oxo versus
iron(IV)–imido. We show that owing to the larger electron
affinity of the oxidant iron(IV)–imido is a better oxidant of
sulfoxidation reactions than iron(IV)–oxo. By contrast, these
trends are reversed for stepwise one-electron transfer reac-
tions, such as hydrogen atom abstraction reactions where
stereochemical interactions upon substrate approach deter-
mine the relative rate constants.

Experimental Section
Detailed procedures and methods of the experiments and computa-
tions, which follow those of our previous studies in the field,[23] are
given in detail in the Supporting Information.
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