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Metal nitrite adducts can, under certain conditions, insert
one of their oxygen atoms into hydrocarbons. This reaction
is to some extent reminiscent of the process whereby high-
valent ferryl (formally FeIV=O) species such as compound I in
hemoproteins also insert an oxygen atom into hydrocarbons.
Density functional theory (DFT) data are shown here, exam-
ining the oxygenation ability of ferrous and ferric nitrite ad-
ducts in octahedral coordination environments modeling

Introduction

Hydrocarbon activation via oxygen atom insertion and/
or hydrogen atom abstraction is achieved selectively and ef-
ficiently by high-valent (formally FeV) centers of which
compound I species seen in hemoproteins such as perox-
idases and cytochrome P450 have received much inter-
est.[1–18] Compound I species typically involve an FeIV cen-
ter bound to an oxido ligand, FeIV=O (ferryl), with one
more reducing equivalent located on the porphyrin ligand
as a cation radical.[12,17,18] Among the factors controlling
the oxygen-inserting and hydrogen-atom-abstracting reac-
tivity of these ferryl centers, the basicity of the oxido ligand
(possibly in connection with the generation of a protonated
ferryl as a prerequisite for the reaction), the spin density at
the oxygen atom correlated with the high degree of coval-
ence within the FeIV–oxido bond, the redox potential, and
the availability of low-lying excited states have been dis-
cussed.[1–18] It is also known that compound II species,
which feature ferryl groups without the additional extra ox-
idizing equivalent on the porphyrin, and also ferric–oxido
centers, are less reactive towards hydrocarbons.[19,20] On the
other hand, metal nitrite adducts in the nitro isomer are
also known to hydroxylate or epoxidize hydrocarbons.[21,22]

While their reactivity towards hydrocarbons is distinctly
lower than that of ferryl-containing compound I spe-
cies,[21,22] a comparison between the hydrocarbon-activating
properties of the ferryl oxygen with the nitro oxygen in a
metal nitrite adduct may be expected to offer insight into

[a] “Babes-Bolyai” University,
Cluj-Napoca 400028, Romania
Fax: +40-264590818
E-mail: rsilaghi@chem.ubbcluj.ro

[b] State University of Chemistry and Technology,
Engels str. 7, 153000 Ivanovo, Russia

Eur. J. Inorg. Chem. 2010, 1129–1132 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1129

those seen in hemoproteins where such adducts are well
characterized. A comparison of these results with those ob-
tained with similar methods on formal FeV–oxido models of
hemoprotein compound I models relevant for such enzymes
as cytochrome P450 and chloroperoxidase reveals a key role
of the redox potential in dictating oxygenation ability, in
good agreement with interpretations previously given by
Green and co-workers.

the factors controlling hydrocarbon oxidation/oxygenation
by metal complexes. Thus, density functional theory (DFT)
data are presented here, comparing the oxygen atom do-
nation and hydrogen atom abstraction reactions by models
of hemoprotein ferryl-containing compound I and models
of iron nitrite adduct with biologically relevant ligands.

Results and Discussion
We have previously described the potential energy sur-

face for hydrogen atom abstraction from a methane molec-
ule by a model of the cytochrome P450 compound I such
as that depicted in Figure 1, and for which an energy barrier
of ca. 18 kcal/mol was predicted at the level of theory em-
ployed in the present study.[23] Figure 1 illustrates the per-
formance of a simple octahedral iron–nitro model, in its
ferrous and ferric forms, in performing the same reaction
employing this time not a ferryl but rather a nitro oxygen
atom. Thus, for the FeII–nitro case, hydrogen atom abstrac-
tion appears entirely unfeasible. Remarkably, however, the
energy required for hydrogen atom transfer from methane
to one of the two equivalent oxygen atoms in the ferric–
nitro model appears to be within the same range as that
previously computed for P450 compound I. The key stage
of this process, according to Figure 1, appears to be at oxy-
gen–hydrogen distances of 1.3 Å and shorter, where the fer-
rous and ferric states behave drastically different. Indeed,
examination of the spin densities within the ferric–nitro
model, illustrated in Figure 2, shows that as the O(nitro)–
H(methane) distance is lowered in the ferric model, the spin
density migrates from the iron (≈one full unit on iron at
equilibrium) to the methane carbon atom. This is consistent
with an electron being transferred from the hydrocarbon to
the iron, resulting in a radical on the methane and a FeII
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center. Notably, at an O(nitro)–H(methane) distance of
1.30 Å, where most of this electron transfer has essentially
occurred, the carbon–hydrogen bond length is still slightly
shorter than 1.30 Å, at 1.26 Å, implying that proton trans-
fer occurs subsequent to electron transfer. Furthermore,
subsequent steps on the reaction coordinate, from 1.30 Å
further towards a proper O–H bond, are all done at essen-
tially no further energy cost, implying that most of the rise
in energy along the reaction coordinate has come from
transfer of electron density, prior to transfer of the proton.
Under these conditions, with the first step consisting of an
electron transfer, the redox potential of the hydrogen-ab-
stracting species does appear to be a key factor, thus ex-
plaining the distinctly better reactivity in the ferric–nitro
adduct compared to the ferrous–nitro counterpart. This
finding is in line with previous observations by Green and
co-workers on the importance of the redox potential in con-
trolling the reactivity of compound I in hemoproteins and
related systems, while also downplaying the role of the ba-
sicity of the oxygen atom in hydrogen-atom-abstracting re-
actions:[1] indeed, Figure 1 shows that the oxygen atom in
the ferrous–nitro models, despite having more electron den-
sity available than the oxygen atom in the ferric–nitro coun-
terpart, performs far worse in abstracting a hydrogen atom
from the hydrocarbon. Also notable is the fact that while
the oxygen atom in compound I carries ≈one spin unit,
making it somewhat akin to a hydroxyl radical and there-
fore presumably more adept at abstracting hydrogen atoms,
there is only negligible spin density on the oxygen atom in
the ferric–nitrite model 1 prior to reaction with methane;
yet, the energy required for hydrogen atom abstraction by
these very different oxygen atoms is very similar, suggesting
that pre-existing spin density of the oxygen atom is not a
prerequisite for the reaction.

Figure 1. Variation of the potential energy as a function of the
O···H distance (in Å) during hydrogen atom abstraction from meth-
ane by thiolate ligated compound I or by a ferric or ferrous–nitro
adduct (structures shown). Geometries were optimized with the
O···H distance (dotted lines in chemical structures shown as inset)
constrained to values indicated in the plots (empty squares and
triangles, respectively), starting from the 1.8-Å state and decreasing
the O···H distance by amounts indicated in the plot. For each
model, energy differences are plotted with the energy of the reac-
tants (far right side of the plot) taken as reference.
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Figure 2. Evolution of spin densities on iron and carbon along the
reaction coordinate for the Figure 1 process involving hydrogen
atom abstraction from methane by the ferric nitrite model.

A final note on Figure 1 is to be made on the fact that
the product of hydrogen atom abstraction by the ferric–
nitro adduct does not appear to be a stable local minimum;
this is in line with experimental data according to which
nitrite adducts do not hydroxylate hydrocarbons under the
same mild conditions as hemoprotein compound I species
do. This part of the difference in potential energy surfaces
between ferric–nitro and compound I models can be now
traced to the basicity of the oxygen atom: its protonation
by the hydrogen atom arriving from methane would, if it
was more energetically favorable, lower the energy of the
left-most data points in the Figure 1 potential energy sur-
face and stabilize the end product to the point where the
reaction would indeed be feasible.

A second reaction type achieved by compound I systems
is epoxidation of carbon–carbon double bonds. In principle,
the mechanism of this process may follow two routes, as
illustrated in Scheme 1: a concerted route or a sequential
one. Figure 3 illustrates the performance computed for the
ferrous– and ferric–nitro models versus P450 compound I
in the first stage of a sequential epoxidation mechanism;
attempts to locate low-energy reaction pathways for a con-
certed mechanism in the nitro adducts failed and are not
discussed.

Scheme 1.

Notable in Figure 3 is the behavior of the three systems
in the epoxidation reaction, very similar to what was seen
for the hydroxylation reaction of Figure 1. Thus, once again
the ferric–nitro adduct appears distinctly more reactive than
its ferrous counterpart and similar to the compound I
model from this point of view. As the O(ferric–nitro)–car-
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Figure 3. Variation of the potential energy as a function of the
O···C distance (in Å, indicated as dotted line in structures shown)
during hydrogen atom abstraction from methane by thiolate-ligated
compound I or by a ferric– or ferrous–nitro adduct (structures
shown). Geometries were optimized with the O···C distance (dotted
lines in chemical structures shown as inset) constrained to values
indicated in the plots (empty squares and triangles, respectively),
starting from the 2.8-Å state and decreasing the O···C distance by
amounts indicated in the plot. For each model, energy differences
are plotted with the energy of the reactants (far right side of the
plot) taken as reference.

bon(ethylene) distance is shortened, a gradual transfer of
spin density is seen to occur from the iron to the second
carbon atom in ethylene (cf. Figure 4). Importantly, while
the ferric–nitro potential energy surface reaches a maxi-
mum in Figure 3 at ca. 1.9 Å, well before a proper carbon–
oxygen bond has been established, Figure 4 shows that at
this point (1.9–2.0 Å on the reaction coordinate) much of
the electron transfer form iron to the hydrocarbon has al-
ready occurred. Thus, once again the process is primarily
redox in nature, which among other things explains why the
ferrous–nitro species is computed to be much less reactive.

Figure 4. Evolution of spin densities on iron and carbon along the
reaction coordinate for the Figure 3 process involving oxygen atom
transfer the ferric–nitrite model to a carbon atom in ethylene.

Conclusions

In conclusion, comparison of the ferryl-type and ferric/
ferrous–nitro oxygenating reagents allows two main factors
to be identified in controlling hydrocarbon activation via
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the oxygen atoms in these centers. First of all, the redox
potential of the metal complex appears to be the main fac-
tor as electron transfer appears to be complete prior to
completion of bond breaking and formation. The second
factor, indirectly correlated in fact to the redox potential, is
the basicity of the oxygen atom. Although the hydrogen
atom abstraction reactions by definition entail free radicals
and may hence be assumed to benefit from the oxygen atom
carrying large amounts of spin density in the ferryl group,
the amount of spin density localized on the oxygen atom in
the “resting state” (prior to reaction) and the precise type
of electronic structure (diradical with dioxygen-type struc-
ture in ferryl, or plain closed-shell nitrite ligand) has negli-
gible importance relative to the redox potential and basicity.

Experimental Section
Figure 1 shows the models examined in the present study. For com-
pound I, an unsubstituted heme, methanethiolate, and an oxido
atom were used as ligands to the iron, and the overall charge was
set to 0, accounting for a formally FeV center as described pre-
viously, with a net spin state of S = 1/2.[23] For the nitro models,
the ligands were five ammonia molecules and a nitrite anion; low-
spin states were assumed and the overall charge was set to +1 and
+2 respectively, accounting for a formally FeII or formally FeIII

center as indicated in the figures. Geometries were optimized at the
DFT level in the Spartan software package[24] without any con-
straints other than those specified in the figures along the reaction
coordinates. Potential energy surfaces were explored by variation
of the distance between the oxygen atom of the ferryl group in
compound I models or from the nitro group of the nitro models,
and the hydrogen atom in the hydrocarbon (for hydrogen atom ab-
straction reactions; methane chosen as model hydrocarbon) or one
of the carbon atoms of an ethylene molecule (for the epoxidation
reactions). Initial oxygen–hydrogen distances for hydrogen-abstrac-
tion reactions were set to 1.8 Å for reasons previously detailed in
ref.;[23] for the same reasons (relevance for the geometry adopted
in cytochrome P450 enzyme active sites, where substrates are placed
in such close proximity to the iron[23]), the initial carbon–oxygen
atom for the epoxidation reactions were set to 2.8 Å. This protocol
is expected to give a reasonable estimate of the barrier heights; a
proper transition search would give even more accurate values. The
BP86 functional, which uses the gradient corrected exchange func-
tional proposed by Becke (1988)[25] and the correlation functional
by Perdew (1986),[26] and the 6-31G** basis set were used as im-
plemented in Spartan. For the SCF calculations, a fine grid was
used and the convergence criteria were set to 10–6 (for the root-
mean square of electron density) and 10–8 (energy), respectively.
For geometry optimization, convergence criteria were set to 0.001
au (maximum gradient criterion) and 0.0003 (maximum displace-
ment criterion). This approach has previously yielded satisfactory
results on similar complexes.[14,23,27–30] Charges and spin densities
were derived from NBO population analyses after DFT geometry
optimization.
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