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The gas-phase selective reduction of nitrobenzene (NB) to nitrosobenzene (NSB) by iron monoxide has been
for the first time studied by means of density functional theory (DFT) using both the hybrid and pure exchange-
correlation functionals. As shown at both DFT levels, when interacting with NB, the iron center donates an
electron into the nitro group to form the NEnion radical strongly coupled by F&OThis electron-transfer
characteristic of the NB-FeO' intermediate reveals itself in tH€# operator expectation value that exceeds

its eigenvalue o§(S+ 1) by almost 1.0. Further reaction steps necessary to obtain nitrosobenzene from this
intermediate are discussed. One of the possible steps based on the abstraction of oxygen from the nitro group
by a ferrous center is considered in detail. This reaction appears to be favorable at the pure DFT level,
whereas the hybrid theory predicts small endothermicity for the process.

1. Introduction in the present work using the following model reaction.

Selective reduction of nitrobenzene (NB) to nitrosobenzene C¢HsNO, + FeO— C,H.NO + FeQ, 1)
(NSB) by ferrous iron has relevance to many areas. One
application of this reaction is related to the synthesis from Modeling of the transition-metal compounds is well-known
nitrosobenzene of various industrial products such as antioxi- {4 e the most challenging task for quantum chemistry because
dants, insecticides and photolacqueiEransition metals and of the number of theoretical and computational problems
particularly iron oxides are known to exhibit catalytic activity  55gociated in particular with the open-shell electron structure
in this procesg.Another application concerns the deactivation of these system’sS A number of studies of iron-containing
of explosives by nontoxic materials and the remediation of gnecies has been recently carried out within density functional
nitroaromatic compounds (NAC) which are widely spread ihoqry (DFT) using both the “pure” exchange-correlation and
environmental contaminants. The various forms of ferrous iron 4,4 hybrid functionals, including a fraction of the nonlocal
comp!exed with both organic_and mi_neral surfaces can be Hartree-Fock exchange. These studies appear to be quite
effectively used for the reduction of nitrobenzene to amino- gccessful in energetic predictions despite all known limitations
benzene under anaerobic conditiéns. of this theory for such compounds. These limitations include

To our knowledge the reduction of NB to NSB by ferrous  improper treatment of spatially degenerate states, the abundance
iron has not been studied by means of quantum chemicalof |ocal minima, and an absence of a systematic way of
methods. The abundance of various iron oxides showing activity improving accuracy. Glukhovtsev et al., for instance, concluded
in the reduction of NB in different media and the lack of that the hybrid three-parameter Becke’s functional having a
experimental data concerning the structure of the active centerfraction of the pure HartreeFock exchange (B3LYP)is
doenot allow one to address directly open questions concerningcapable of providing reliable results for iron-containing mol-
the detailed mechanism of this process by particular Fe(ll)- ecules and iond.They found in particular that for the FeO
contained systems. In this work an extremely simplified model molecule the B3LYP dissociation energy agrees with experiment
of ferrous iron (iron monoxide) in the gas phase has been chosenyithin 1.2 kcal/mol. Gutsev et &lfound good accuracy of the
in order to get some insight into the common features of the pure DFT method in predicting the adiabatic electron affinities
mechanism determined by the electron structure of Fe(ll). Itis for the FeQ (n < 4) iron oxides as studied using the functional
also assumed that NB is reduced to NSB by ferrous iron via given by a combination of the Becke’s exchahaed Perdew
the direct removal of oxygen from the N@roup. Therefore,  wangs’ correlation gradient-corrected functionals (hereafter
the removal of oxygen from NB by Fe(ll) is theoretically studied denoted as the BPW91 function&f)The same oxides plus
Fe0, FeO,, and FeO4 have been investigated in the work of
*To whom correspondence should be addressed. Chertihin and co-worket$ within the pure Becke’s exchange
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and Perdew’s correlation function#s(denoted as the BP  density is obtained for the complex formed between NB and
functional) and the hybrid B3LYP functional. They found that FeO. The charge difference density(r) (or spin difference
B3LYP favored the higher spin states relative to the pure BP densityAp(r)) is defined as
functional and that a match between the calculated and observed
isotopic frequency ratios was required to assign the ground states Ap(r) = p(r) — p(r) = Predr)
as triplet FeQ and quintet Fe(g). The B3LYP functional was
also employed in the work of Kellogg and Irikura to characterize
the relative energetics of the Fg@) species They reported
that B3LYP accuracy in the prediction of the heats of formation
depends on the specific case and is the highest in the case o
FeH, FeO, FeOH, FeO(OH), and Fe(QH)s can be concluded
from the results obtained in the aforementioned studies, the pur
and hybrid functionals are similar in predicting the geometries
and frequencies when compared with the same spin state.
Differences appeared in predictions concerning the origin of
the ground state: the pure functionals favor low-spin states while
the hybrid methods favor the high-spin states. ) .
Unfortunately, none of the aforementioned papers contains 3- Results and Discussion
information concerning the spin contamination for the spin states
of iron (hydro)oxides treated at various DFT levels. The
expectation value of th& operator cannot be directly deter-
mined within the DFT method due to its dependence on the
second-order density matrix, which is not defined in this theory.
Despite that, there is the possibility of evaluatif§using a
one-determinant wave function constructed from spin-up an

wherep(r) is the density for the compleyng(r) is the density

for NB calculated for the geometry of the NB moiety of the
omplex using the “complete” basis set, i.e., including functions
or the FeO moiety of the complex. Theedr) density for FeO

is calculated similarly to that of NB. This approach is analogous

o the counterpoise methd@,which is widely used for the

estimation of the basis set superposition error.

Visualization of the geometries, charge, and spin densities
has been performed by means of the MOLDEN progfam.

3.1. Structure of Reactants and ProductsAll bond lengths
of nitro- and nitrosobenzene predicted by both variants of the
DFT functionals are in perfect agreement with those determined
experimentally by Domenicano etZl(Table 1). The calculated
dipole moment of NB is fairly close to its experimental vatge.

d Since it is important for a discussion of the molecular
spin-down Kohn-Sham orbitals. This is analogous to the mechanism of the nitro group decomposition, the frontier

standard technigue developed for the unrestricted Hartfeek Kohn—Sham prbitals of NB (hereafter denoted as molecular
method (UHF). The value df?Tobtained in this approach is ~ OrPitals) obtained at the B3LYP/6-3¥1G(d,p) level are
shown to have a diagnostic meaning allowing one to assess thec’loited Im F|g_ur(|a 1. As can be seen, the highest O(.:CLljp'ed
spin contamination of the open-shell states as obtained by meanéncl’ eCLf.ar orbita (;'OMO) appears to .be thetype c;]rbltla

of spin-unrestricted density functional theory (UDF¥)n the delocalized over the benzene ring (Figure 1a). The lowest
present work thévalue is found to be especially useful for unoccupied molecular orbital (LUMO) contains the antibonding

. S )
identifying intermediates formed between the electron donor % YP€ combination of the p(N) and p(O) orbitals and the

and acceptor of which the NBFeO complex appears to be a bopding _combination of thg P(N) and the, prb_ital of the. .
particular case. For this complex the electron transfer from N€ighboring carbon atom (Figure 1b). Due to this composition

Fe(lIl) onto the nitro group results in an electron configuration of LUMO, some elongation of the NO bond and shortening

containing unpaired spin-up and spin-down electrons occupying of th? N__C bor;]d can be ex$ected inhthefcase pf the ele_ctron
the orthogonal g, orbital of iron and ther* orbital of the =~ transfer into the LUMO of NB. Therefore, in reductive

nitro group, respectively. A corresponding unrestricted B3Lyp Modifications of the nitro group, the composition of the LUMO
solution is characterized by tH&0value, which exceeds its orbital seems to play a key role since it determines the electron-

exact eigenvalue of 6.0 for the quintet by about 1.0 withdrawing ability of NB. To obtain the electron affinity (EA)
' o of NB, the anion radical of nitrobenzene has also been calculated

at all three DFT levels used in this work (Table 1). The EA
values estimated as a difference between the total energies of

The gas-phase interaction of nitrobenzene with FeO is studiedNB~ and NB are 1.22, 1.10, and 3.94 eV at the B3LYP, BLYP,
at the UDFT level using the hybrid B3LYP and gradient- and BPWOL1 levels, respectively. The BLYP functional appears
corrected local-density functionals BLYP and BPW91. Since to agree the most with the laser photoelectron spectroscopy value
an isolated nitrobenzene is a closed-shell molecule and the FeCof 1.000+ 0.010 eV?*

molecule has &\ ground state, the electronic state of the formed  The FeO molecule has been the subject of extensive theoreti-
intermediate was treated as a quintet assuming that the totalal investigation8:25-2” The ground state is commonly accepted
spin of the system does not change during the reaction. Theto beSA arising from the 8147293 configuration. In the present
geometries of the local minima and transition states were work the same ground state was obtained using the B3LYP,
optimized without symmetry restrictions<C{ symmetry was  BLYP, and BPW91 functionals (Table 2). The assignment of
assumed) by the gradient procedtd@he local minima and  the spatial and spin symmetry to thA state of FeO treated
transition states were verified by frequency analysis. Some within UDFT for S, = 2 has been made for the following
minima have also been checked for SCF instability to ensure reasons. First, the value é¥obtained at various levels is
that all obtained solutions are stable. fairly close to its eigenvalue of 6.0 for the quintet state. This
All calculations were carried out within the Gaussian-98 means that the obtained spin state is in fact a pure quintet.
package® The standard 6-31-+G(d,p) basis set was employed  Second, thé-type Kohn-Sham orbitals are occupied by almost
for light atoms along with the Wachtersiay”:18 all-electron three electrons. As a result the Mulliken charge and-spibital
basis set for iron using the scaling factors of Raghavachari anddensities appear to be unequal for two spatial components of
Trucks?® supplemented by diffuse functions. The latter basis theo orbital. Therefore, the obtained state is broken symmetry,
set for iron will be denoted as 6-3+H#G(d,p) below. a fact which was not mentioned in the above-cited DFT studies
To gain insight into the mechanism of decomposition of the of FeO. The diatomic constants obtained for this molecule are
nitro group by ferrous iron, the charge and spin difference presented in Table 2. The BLYP-level-predicted bond length,

2. Details of Calculations
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TABLE 1: Total and Zero-Point Energies along with the Dipole Moments and Selected Bond Lengths of Nitrobenzene,
Nitrozobenzene, the Anion Radical of Nitrobenzene, and Oxygen Species As Revealed by DFT Using the 643tG(d,p) Basis
Set

energy, au bond lengthdh
molecule potential total ZPE dipole moment, D —-C C-H N—-O N-C
CsHsNO, B3LYP -436.874 73 0.102 53 491 1.393 1.083 1.225 1.480
BLYP -436.766 69 0.098 94 4.88 1.403 1.089 1.245 1.498
BPW91 -436.843 46 0.099 67 4.76 1.399 1.090 1.236 1.489
Exp. 4,224+ 0.08 1.399 1.093 1.223 1.486
CsHsNO B3LYP -361.639 31 0.096 76 4.06 1.395 1.084 1.214 1.440
BLYP -361.531 23 0.093 52 4.24 1.405 1.090 1.235 1.455
BPW91 -361.603 16 0.094 04 413 1.402 1.091 1.227 1.450
CeHsNO2~ B3LYP -436.919 38 0.099 26
BLYP -436.806 94 0.095 60
BPW91 -436.885 06 0.096 36
0(&=1) B3LYP -75.089 88
BLYP -75.079 27
BPW91 -75.076 85
O (§=1/2) B3LYP -75.149 01
BLYP -75.142 08
BPW91 -75.136 76
0, (§=1) B3LYP -150.370 42 0.003 72
BLYP -150.369 26 0.003 38
BPW91 -150.367 73 0.00351

2Bond lengths are averagetExperimental data from ref 23.Electron diffraction data for the gas phase (ref 22).
a) higher!! Plane and Rollason obtained the ground st&teat

the B3LYP/6-311G level with the tripletA; as the lowest
excited state, being 5.7 kcal/mol higher in enetgKellogg
and Irikura predicted the same ground state and first excited
state®B, for the C,, geometry using the B3LYP functional and
the Stuttgart effective core potentidlThe excitation energy
was revealed to be about 1.4 kcal/mol. The calculations of
Gutsev et al. at the BPW91/6-318G(d) level yielded the triplet
ground statéB; with 3A; and®B, being 0.7 kcal/mol highet.
Our calculations at the B3LYP and BLYP/6-3t1+G(d,p)
levels agree completely with the results described above in that
the hybrid functional B3LYP predicts quintéB; to be the
ground state with quasi degenerate trip8s and3A; being
2.5 kcal/mol higher (Table 2). The nonhybrid functional BLYP
yields a reverse ordering of the states. The ground sté&is
with A1 being very close in energy (0.6 kcal/mol) &t} being
2.7 kcal/mol higher. The spin contamination for these states is
rather modest, as seen from Table 2.

The ordering of electronic states for Fe€n be qualitatively
described if one assumes that there are four unpaired electrons
distributed in five d orbitals of P& in the field of two G~
anions (Chart 1). According to simple electrostatic reasons, the
d orbitals can be ordered by energy as follows

Fjgure 1. Highest ocgupied (a) and lowest unoccupied (b) orbital of e(dxy) < E(dxz—ﬂ) < g(dxz) < e(dxz) < G(dzz) < e(dyz)
nitrobenzene as predicted at the B3LYP/6-3#1G(d,p) level.

For maximal spirS= 2, the electron configuration of Feis
(OxyOxo—y20xd22) OF (&aibsas) in terms of the molecular orbitals.
This configuration determines the many-electron st@asevhich
seems to be the ground state in accordance with Hund’s rule,
assuming that d orbitals are quasi degenerate. Triplets arise from
configurations with one pair of coupled electrons. It seems to
be obvious that the lowest triplet would correspond to the pairing
of electrons from thejehighest orbital and the,dowest orbital

to form the (a%a;b;) configuration. This configuration corre-
sponds to théB; state. The next tripletA; arises from the
(ap%ash;) configuration. For these reasons the ordering of the
three lowest states of Fe@eems to be the following.

vibrational frequency, and dipole moment for FeO appears to
be close to the experimental d&éz82°

The FeQ molecule has been studied by infrared spectros-
copy?® and the DFT metho#11.13:30.3There is still controversy
concerning the ground state of this molecule. The calculations
of Andrews and co-workers at the B3LYP level using the
[8s4p3d]-contracted Wachters basis set for iron and the 6-G11
(d,p) basis set for oxygen indicate that the ground stat84s
with the first excited staté€B; being 2.42 kcal/mol higher in
energy3° In the other paper the same group reported calculations
using the nonhybrid DFT scheme with Becke’s exchange and
Perdew’s correlation functional. At this so-called BP level with
the same basis set as in the previous paper, the triplet state was s 3 3
predicted to be the lowest one with the quintet at 2.35 kcal/mol B, <"B, <A,
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TABLE 2: Total Energies (Et), Zero-Point Energy (ZPE), [$2[] Vibrational Frequencies (w), Bond Lengths, and Dipole
Moments for Iron Oxide Species As Obtained at the DFT Level Using Various Exchange-Correlation Potentials and the
6-311++G(d,p) Basis Set

molecule potential Eior, U ZPE,au [¥0 w, cmt Fe-0, A dipole moment, D
FeO fA) B3LYP —1338.898 38 0.00204 6.035 896 1.61 5.27
BLYP —1338.955 66 0.00201 6.014 881 1.62 4.44
BPW91 —1339.017 43 0.00207 6.017 907 1.61 4.38
Exp 880a 1.62b 4.7(0.2c
FeO" (63 ™) B3LYP —1338.572 76 0.00187 8.768 819 1.64 4.92
BLYP —1338.628 65 0.00187 8.750 823 1.65 4.44
BPW91 —1338.691 33 0.00193 8.757 847 1.64 4.47
FeQ (°By) B3LYP —1414.125 59 0.00458 6.056 288,915,953 1.61,117.5 4.04
BLYP —1414.209 57 0.00475 6.025 288,874,911 1.63,117.3 3.45
BPW91 —1414.268 97 0.00485 6.025 294,896,936 1.61,117.2 3.37
FeQ (°B1) B3LYP —1414.121 58 0.00491 2.127 186,883,940 1.58,142.2 221
BLYP —1414.213 90 0.00472 2.034 193,891,1001 1.60,137.8 2.11
BPW91 —1414.27078 0.00485 2.037 198,911,1019 1.59,137.7 2.03
Fe@=2)  B3LYP —1263.650 24 (45319440 04)d 6.010
BLYP —1263.684 57 (45636534100 6.008
BPW91 —1263.745 20 (4531358 07 6.007

a Reference 28° Reference 23° Reference 29¢ Natural electron configuration of as revealed by the NBO anafysis.

CHART 1: Lowest States of FeQ As Predicted
Assuming the Feft4) and O(—2) Oxidation States

X dy, b, - —
i P d, a + - +
Fex y 2 !
“\\O dy, b, _*_ _f_ R
o N\
fodep o A A A
dxy a + —H— —f—*—
5B, 3B, 3A,

This ordering is in accord with the B3LYP predictions. One

can, however, anticipate competition betwewdy and 3B,
depending on the splitting of the d shell at the iron center due b)
to the bent OFeO structure. The larger the splitting, the smaller
is the gap between the quintet and triplet. To address the problem
described above, a detailed study of the electronic structure of
Fe® using both the DFT and the complete active space self-
consistent field (CASSCF) approach will be presented else-
where.

Considering two different classes of the DFT method, one
can clearly see that quasi degeneracy of the d orbitals (and,
the_refore,.closeness_ O-f the quintet and triplets) is res_ponsibIeFigure 2. Intermediate formed due to the interaction between ni-
fqr inconsistent predictions of thes_e methods for the qumtet and trobenzene and iron monoxide (a) and between nitrosobenzene and iron
triplet states of Fe@ The proportion of the correlation and  gjoxide (b) as obtained at the B3LYP/6-32+G(d,p) level.
exchange in the particular functional determines whether the
higher or lower spin state is the lowest one. The B3LYP method aforementioned qualitative predictions concerning the electron
seems to favor the quintet because the Hartfemck exchange  transfer from FeO into the nitro group. Exactly the same effect
account leads to the prevalence of the exchange over theof electron transfer on the NB structure resulting in the
correlation in the correlation-exchange potential. Otherwise due elongation of the N-O bonds was obtained previously in our
to the underestimation of the exchange, the nonhybrid DFT semiempirical study of the reduction of nitrobenzene by zero-
methods seem to favor the lower spin configurations with paired valence irorg2
electrons. Evidence of the electron transfer from ferrous center into NB

3.2. Structure of the FeO-Nitrobenzene Complex.The is provided by nonzero Mulliken atomic spin densities for the
results of our calculations reveal that FeO interacts with NB moiety in the NB-FeO complex (Chart 2). Taking into
nitrobenzene to form an almost planar intermediate shown in account that isolated nitrobenzene molecule has closed-shell
Figure 2a. The nonplanarity is caused by the iron oxide oxygen electron configuration with zero total spin, these spin densities
center located slightly out-of-plane, formed by NB and the iron which add up to 0.85 au for the NB moiety (at the B3LYP level)
atom. Analyzing the geometrical data presented in Table 3 onecan be considered as a result of the electron transfer from the
may see that there is similarity in the geometrical parameters ferrous center into NB. Pure functionals do not reveal such a
predicted by DFT using various functionals. In particular, all profound effect, predicting transfer of only 0.13 au (see BLYP
functionals predict some elongation of the-® and the Fe O densities in Chart 2, where we did not report the BPW91
bonds of iron monoxide and some shortening of the bond densities since they are fairly close to those of BLYP).
between the nitro group and the aromatic ring upon formation  Taking into account well-known shortcomings of Mulliken
of the NB—FeO complex. This is perfect verification of the population analysis that, in particular, result in a quite arbitrary
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TABLE 3: Selected Geometrical Parameters for NB-FeO (I), the Transition State (TS), and the NS-FeO, Complex (F) As
Predicted by Various Functionals Using the 6-311++G(d,p) Basis Set

structure R R> Rs Ry Rs Rs AP A As D D, D3

B3LYP | 2.06 2.06 1.65 1.31 1.39 1.31 150.6 64.5 113.6 180.0 180.0 180.0

TS 1.71 1.88 1.63 2.41 1.41 1.35 155.8 84.1 50.8 170.5-114.6 106.4

F 1.62 1.99 1.62 2.88 1.39 1.26 134.8 111.6 41.7 —86.2 157.0 167.0
BLYP | 2.10 2.19 1.66 1.32 1.41 1.29 116.6 61.6 114.5 180.0 180.0 180.0

TS 1.76 1.90 1.64 1.78 1.43 1.38 126.6 81.8 89.34 124.4-108.8 112.9

F 1.62 1.81 1.62 2.59 1.38 1.35 122.4 120.3 52.1 —91.9 174.4 156.2
BPW91 | 2.08 2.16 1.65 1.31 1.41 1.28 115.6 61.7 114.7 180.0 180.0 180.0

TS 1.73 1.89 1.63 1.83 1.42 1.36 124.6 82.3 87.8 122.3-108.9 112.8

F 1.61 1.83 1.61 2.25 1.37 1.35 121.9 121.8 66.7 —90.0 180.0 152.9

aListed in the table distances are shown in Figur& Phe following designations are used for valence and dihedral andies: <OFeQ,
A, = <OFeQ, Az = <O1NOy; D; = <OFeQN, D, = <FeONC;, andD3 = <O,NO;Cs.

CHART 2: Mulliken Spin Densities on Atoms of NB—

FeO and FeO As Obtained at the B3LYP and BLYP/6- a)
311++G(d,p) Levels
B3LYP
0.09 -0.18 0.13
O..
037/ T>~_400 085 359 041
-0.18 N\ ~Fe—O Fe—oO
o’
0.09 -0.18 -0.14
BLYP
0.06  -0.02 0.04
o..
00s /TS 321 066 345 055
-0.03 N Fe—O Fe—0

\o/ .
0.07 -0.03 -0.03

partition of the charge and spin density between neighboring
atomic centers, the question of the electron-transfer nature of ¢
the ground state of NBFeO was also considered using charge
(p(r)) and spin density functiorpf(r)) for the whole complex.
As can be seen from the plot &fp(r) (Figure 3a) and\p(r)
(Figure 3b) obtained on the base of the B3LYP/6-3#1G-
(d,p) data, there are correlated redistributions of the charge and
spin densities between NB and FeO due to the intermolecular
interaction. There is a transfer of tifespin density from FeO
(shown in red in Figure 3b) into the nitro group of NB and the
benzene ring. This shift of spin-down density is accompanied
by the appearance of tlwespin density on iron monoxide. There
is also the redistribution of charge between FeO and the nitro
group moiety of the NB-FeO complex (Figure 3b) due to the
charge transfer from FeO toward NB. The difference spin
density provides us also with information concerning the orbitals Figure 3. Difference charge (a) and spin (b) densities as obtained at
that are involved in the spin transfer. As can be clearly seen the B3LYP/6-311+G(d,p) level along with the spin density of the
from Figure 3b, these are the orbital of the nitro group and excited !B, state (_c) of nitrobenzent_e obtained by using the broken-
antibonding combination of the#l,(Fe) and s(O) orbitals. The symmetry unrestricted B3LYP solution.
resultant electron configuration of NB-eO contains thex underestimation of the exchange effects in comparison with
electron localized on the FeO moiety and fhelectron localized B3LYP (containing an admixture of the exact Hartrdeck
on the nitro group in addition to four electrons of the d shell  exchange potential) and is observed also for other moleétiles.
of the iron center. In some sense the obtained spin state is analogous to the broken
In addition to the considered-above redistribution of the symmetry (BS) solution for the dissociated Holecule which
electron density, additional evidence of the electron transfer in might be obtained within the unrestricted Hartréeck method
guestion is provided by the mean value of ®eoperator. At as well as with any DFT method. The BS determinant fer H
the B3LYP/6-313#+G(d,p) level the¥appears to be almost  comprises ther. and 8 molecular (or Koha-Sham) orbitals
1.0 larger than its eigenvalue §(S+ 1) = 6.0 (Table 4). Pure localized on different nuclei, which is necessary to predict the
functionals BLYP and BPW91 induced a lower spin contamina- correct dissociation limit of two H atoms. TH&Cvalue for
tion (Table 4), which seems to be a consequence of thesuch a determinant is exactly 1.0 in the dissociation limit,
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TABLE 4: Total Energy ( Ey), Zero-Point Energy (ZPE), and [$?[Jfor the NB—FeO Complex (1), the Transition-State Complex
(TS), and the NS-FeO, (F) Complex along with the Activation Energy (E¥) for Oxygen Transfer from the Nitro Group into
FeO

exchange

correlation Euot,? au; ZPE, auf$0 E*, kcal/mol; ZPE-correctef*, kcal/mol
potential 1(§=2) 1(§=23) | (projected quintet) TS F(&=2) before projection after projection
B3LYP —0.828 49 —0.770 84 —0.838 89 —0.77330 —0.79579 34.6 41.2
0.103 64 0.102 74 0.102 78 34.1
6.917 (6.03) 12.030 6.083 6.104
BLYP —0.776 07 —0.75594 —0.77752 —0.75031 —0.78754 16.2 16.8
0.101 16 0.099 02 0.099 20 14.8
6.404 (6.004) 12.017 6.034 6.037
BPW91 —0.914 88 —0.895 44 —0.916 34 —0.88234 -0.91944 20.4 21.0
0.101 85 0.099 78 0.100 27 19.1
6.420 (6.004) 12.017 6.035 6.039

aTotal energies are given with respect+d775.0 au® The [¥value after annihilation of the septet.

indicating that this determinant is a-560 mixture of the pure The energy of th&l’S state (in our case quintet) can be estimated
singlet and triplet two-determinant functions. from the following expression

The spin states just described for NBeO and H are
examples of an unrestricted Hartreleock or DFT solution ES= (E*® — o, E5 /(1 — cop ) =

characterized b
y EKS+ (EKS _ ESH)CS+12/C52

F=SS+1)+m m=1,2, ..
) ) _in which EXS denotes the energy of the contaminated state
One can show that the c_orrespondlng unrestricted determi- gescribed by the KohaSham determinant. In practice one can
nant must be of the following form use this formula only when the pure septet energy is available.
\(paired orbitals) This is the case for the NBFeO complex since its septet state
. . appears to be a pure one for a good approximation as revealed
(unpaired orbitals) @x,...,q,0, 0yS,.... 8,80 py the B3LYP, BLYP, and BPW91 calculations (geometry
) ] ) ) o optimized for the spin projection d§, = 2) (Table 4). The
in which orbitals aand b (i = 1, m) have negligible overlaps,  gnergies of the quintet state estimated in this approach are given
“paired orbitals” are thosex and f spatial orbitals having i, Taple 4 along with those for the septet. Since the septet is
overlaps close to 1.0, and “unpaired orbitals” derotrbitals higher in energy than the quintet for all three potentials, the
exactly orthogonal to each other and all occupied orbitals. SUChprojected quintet appears to be lower than the contaminated
a set of spatial orbitals can be referred to what is known as giate. However, the difference in energy between the “pure”
Léwdin’s paired orbita® obtained by unitary transformations  gnd contaminated quintet is relatively small at about 0.01 au

of a and 3 sets. The deviation di[Jfrom its eigenvalueX(S for B3LYP and 0.001 au for the BLYP and BPW91 level
+ 1) for the considered unrestricted determinant is in fact -gculations.

determined by the number @ orbitals b ( = 1, m) which To determine whether the redistributions described above of
have negligible overlaps with correspondingorbitals and,  oparqe and spin can be attributed to a one-electron transfer (or,
because of that, can be called unpaifedrbitals. equivalently, spin) from FeO into NB, the following “proof

bAn interesfjing ((ajx?mplg of .the uErestricted de(;'erminfag't. of the by contradiction” is used. If one suggests that the redistribution
above-considered form is given by UDFT ;éu 1S Ol GIFON  of electron density is not equivalent to the charge transfer, then
0X0 proteins conS|_st|r|1|g of two paramagneti r:'iF(; ) Centers s effect must be related to the spin and charge polarization
b”dgeq by a nomina y d|amagngt|c 0oxo ce AN Open-  wijthin the NB moiety caused by the complexation to FeO. The
shell singlet state for this system, in which there are five spin- o, citad states of nitrobenzene corresponding to fikepin
up electrons_ on one iron center and f_|ve spm-dovv_n electro_ns transfer from the occupied orbitals of NB have been calculated
on another, is described by an unrestricted determinant havingg, S, = 0 using the spin-polarized B3LYP approach. The

an [$lvalue of abogt °.0. . L obtained solution is of the BS type (as follows fra®0=

For the NB-FeO intermediate after the annihilation of the 1.01), and as well as in the NBFe case some spin density
fi_rst contaminant (se_ptet)[$2D becomes fairly close to its . appears on the* orbital of the nitro group (Figure 3c). Unlike
eigenvalue for the quintet (TaEISe 4). One can conclude that in 1o case of the NBFeO complex, the spin appearing in this
the Kohp—Sham determlnantl{. ) there are no other substan- gty s singlet coupled with the spin of the other sign
tial admlxtures to the pure quintet state. Thgrefore, the latter occupying thes type orbitals on the oxygen atoms of the nitro
can be fairly well approximated by the normalized sum of pure g6 5" Therefore, the initial suggestion of the spin polarization

quintet and septet states. is wrong, and the obtained spin density shift from FeO into the
Ks _ s St nitro group is undoubtedly the result of a one-electron transfer
WV =cW e, W from FeO to NB.

3.3. Mechanism of Nitrobenzene-to-Nitrosobenzene Re-
duction by FeO. Considering the mechanism of the overall
reaction (1), the following thermochemical predictions have to
be first put forward. Using the zero-point-corrected energies
obtained for the NB, NS, FeO, and Fe@olecules, the heat of
5 2 reaction(1) is estimated to be 3.1;13.3, and—8.8 kcal/mol
Cs =1—Cgyy at the B3LYP, BLYP, and BPW91 levels, respectively (Table

In this expression the weight of the first contaminant (here
septet) is

Cory” = (B S(S+ 1))/2(5+ 1)
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TABLE 5: Heats of Gas-Phase Reactions (kcal/mol) Related to the Selective Reduction of Nitrobenzene by Iron Monoxide As
Estimated from Zero-Point-Corrected DFT Results Using the 6-311+G(d,p) Basis Set

reaction B3LYP BLYP BPWO1 AH g

CeHs—NO, — CgHs—NO + O(S=1) 87.7 94.6 99.0 9122

FeS=2) + O(S=1)— FeO fA) —98.0 -119.1 -121.3 —96.84 3
—93.1+ 3
—95.84 2

FeO fA) + O(S=1) — FeO,(°B,) ~84.6 -107.9 ~107.9 ~102.0+ 5
—99.04+ 6°

CeHs-NO; + FeO FA) — CoHs-NO + FeOy(°By) 3.1 ~13.3 —24.1 -10.8

CeHs-NO, + FeO fA) — CgHs-NO,~ + FeO 174.2 177.8 175.1

20(S=1) — Ox(S=1) -117.3 -130.1 ~132.1 —119.110+ 0.024

aThermochemical data from ref 39Derived by Hildenbrand from studies of gaseous equilibria involving Fe, FeO, angdpeCies by means
of high-temperature mass spectroméfry.Mass spectrometric Knudsen effusion metbd.Mass spectrometric Knudsen cell metléd: Derived
using Hildenbrand's data ofAH® for FeQ.

5). Thus this reaction is exothermic only at the pure DFT level. iron oxides is concerned a higher theory level, e.g. the
Such inconsistency of these methods seems to have the sameulticonfiguration self-consistent-field approach, is required to
origin as that considered above for the ordering of higher and obtain alternative estimations of the iron oxide bond energies.
lower spin states. Pure general-gradient-approximation (GGA) Such approaches could also be helpful in addressing the problem
methods such as BLYP are known to suffer overbinding errors of the interconnection betweddy(OFe-0) andDy(Fe—0).
as high as 20 kcal/mol for non-transition-metal compoufids. The intermolecular electron transfer from FeO and NB to
The hybrid methods reduce substantially these errors due toform the ionized Fe©and NB™ species is predicted at all levels
exact-exchange mixing. The only problem is that the parametersof DFT to be strongly thermodynamically forbidden (Table 5).
of the hybrid functional such as B3LYP are obtained from the This may be explained by the common situation when the
fit to the G2 atomization energies $8tThat makes this electron affinity of an acceptor cannot compensate for the
functional dependent on this particular set of reference systemsionization potential of a donor which is usually larger in
with no guarantee for securing reliable results for other species.magnitude. Otherwise, the electron transfer between the FeO
That seems to be the case for iron dioxide. and NB moieties of the NBFeO complex results in the
Considering the available thermochemical ddtane can see  formation of a quite stable intermediate whose structure can be
(Table 5) that B3LYP underestimates both theNO)O and drawn as [(GHsNO, )"+(FE+0)]. Moreover, taking into
(OFe)0O bond strengths, while BLYP and BPW91 systematically account that no other states (like those without electron transfer)
overestimates these values. At the BLYP and BPW91 level the for the NB—FeO intermediate have been revealed by our DFT
Fe(Il)—O bond strength agrees with the experimental value study, one can conclude that the interaction of FeO with the
obtained by Hildenbrarfwithin the experimental uncertainty  nitro group results in the nonbarrier transfer of one electron
while the B3LYP-predictedDo(OFe-0) is by 8.4 kcal/mol from ferrous iron into the nitro group. The obtained anion radical
lower than the lowest limit of the experimental value obtained NB moiety would be apparently very reactive toward abstraction
by Kaibicheva et at? (Table 5). At the same time, BSLYP-  of hydrogen atoms from the hydrocarbons or protons from
predicted dissociation energy for FeO agrees with Hildebrand’s solution if they would be present in the media. For the gas-
and other experimental data within experimental uncertainty, phase reaction considered in this work the reductive transforma-
while both pure functionals overestimaig(Fe—O) by more tion of the nitro into the nitroso group is accessible only via
than 20 kcal/mol (Table 5). The question arises why B3LYP, formation of isolated O or the abstraction of the oxygen center
showing excellent credibility in the case of FeO, disagrees with from the nitro group to form Fe© Corresponding reactions
experiment in the case of FeOn this regard it is worth noting  are as follows.
that the calculate®o(OFe—0) value is lower thaDo(Fe—0)
by 11-13 kcal/mol at all DFT levels in contrast to the CsH;—NO, + FeO— (CGHS—NO[)l---T(FeHO) (2)
experimental trend of increasing ¥© bond strength by 56
kcal/mol when going from FeO to Fe@Table 5). A similar oSt Ay CNA ~
tendency was found for the cobalt oxides. The B3LYP calcula- (CeHs=NO, )"+|(F&”"0) — [CgHs~NO—FeO] + 0 (3)
tions predicted bond strength decrease from 88.3 kcal/mol for R .
Do(Co—0) (experimental value, 87.6 kcal/mol) to 73.3 kcal/ (CgHs—NO, )'+++(FE¥*0) — CsHs—NO (*A") + FeQ, (4)
mol for Dg(OCo—-0), respectively* The DFT-predicted de-
crease of the bond dissociation energy in Fe€ems to result ~ The decomposition of the NO,™ group complexed by the iron
from some repulsion between +6© bonds in dioxide. If the oxide to produce O (reaction 3) seems to be a thermodynami-
experimental data are correct, one may suggest that an additionatally unfavorable process because of the high energy of bonding
stabilization of Fe@ arises from overestimated attraction between the-NO group and O. The latter is estimated from
between oxygen centers which counterbalances the repulsionthe calculated energies of NS and (rable 1) to be about 82
between Fe O bonds. This suggestion is in line with the results kcal/mol. Therefore reaction 4 seems to be the major way of
of Plane and Rollason who predicted the existence of a stableproducing nitrosobenzene via iron monoxide when no other
peroxo isomer of Feglying by 49.2 kcal/mol higher in energy  reactants (protons from water for instance) are involved in the
than dioxo Fe@at the B3LYP/6-311G(d) levét There is also process.
a possibility of experimental errors, as was pointed out by Plane  To estimate the activation energy of reaction 4, a transition-
and Rollasori! To judge whether the only existing experimental state (TS) search has been performed for this reaction. The
values ofDy(OFe—0) obtained by Hildenbrand and Kaibicheva geometrical structure of the obtained TS complex is displayed
with coauthors are correct, additional experimental data mustin Figure 4. The most important geometrical parameters
be obtained. As far as verification of theoretical predictions on predicted at various levels of DFT are listed in Table 3. The
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TABLE 6: Relative Energies (kcal/mol) of the Whole Reaction FeO+ NB — FeO, + NS As Predicted by Various Functionals
Using the 6-31#+G(d,p) Basis Set

FeO+ NB FeO-NB TS FeQ—-NS FeQ + NS
B3LYP 0.0 —34.8 (-35.3) —-0.1(-1.3) —14.2 (-15.4) 5.2 (3.1)
BLYP 0.0 —33.7 (-33.6) ~17.5 (-18.8) —40.9 (-42.0) ~11.6 (-13.3)
BPWO1 0.0 —33.9(-33.8) —13.5 (-14.7) —36.7 (-37.7) ~-7.1(-8.8)

a ZPE-corrected values in parentheses.

CHART 3: Reaction Path of FeO and NB Interaction as
It Follows from B3LYP, BLYP, and BPW91 Calculations

FeO, + NS

FeO + NB TS

-10 4

, kcal/mol

b) -20 4

EREL

-30 4

-40

Reaction Path

Unfortunately, to the best of our knowledge, there are no
kinetics data on the gas-phase reaction of the ferrous center with
nitroaromatics. However, the obtained activation energy appears
to be much lower than the energy of bonding between NB and
FeO estimated to be about 34 kcal/mol. This reason formally
allows for reaction 1 to proceed at appropriate temperatures.

ZPE-corrected relative energies for the overall reaction are
displayed in Table 6 and plotted as the energy profile (Chart
3). It turns out that the energy of interaction between nitroben-
Figure 4. Structure of the transition state (a), the composition of the zene and iron monoxide (35.3, 33'.6’ anq 33.8 kcal/mol for
transition vector (b), and the structure of the reaction product (c) as B3LYP, BLYP, and BPW9L, respec'.uvely) ls.almost .the same
obtained at the B3LYP/6-311+G(d,p) level. at all used DFT levels. At the same time, the interaction energy
TS complex has a nonplanar geometry with the 01, 02, and between nitrosobenzen_e and iron dioxide varies significantly
Fe atoms outside of the ring plane (Figure 4a). One may seefor hybrid and pure functionals: 18.5 for B3LYP and 28.7, 28.9

that the structural parameters calculated at all considered levels© fBLYfP anthP dwgl’ rezpegtively. SdUCh di_ffergncesforr:girl;ate g
are quite similar. To confirm that the obtained TS corresponds " act from the discussed-above underestimation of the bon

to reaction 4, the structure of the transition vector has been €N€rgy between FeO and O revealed by the hybrid DFT as
analyzed (see Figure 4b). One may see that the shape of jicompared with the pure DFT methods. The BBLYP-pred_mted
unambiguously suggests that the structure of the transition state’u€ 0fDo(OFe-0) appears to be less tha(NS—0), and it

is located properly. We have also used the structure of the Makes reaction 1 slightly endothermic (Table 6, Chart 3). The
transition vector to locate the product of the reaction of interest. "élatively low affinity of FeO to the oxygen atom predicted by
To do that the geometry of the transition state was changed BBL_YP seems to be also responsible for a too-high activation
accordingly to the directions determined by the transition vector bgrrler (34.1 kcal/mol) for the abstraction of oxygen from the
and then fully optimized. The structure of the product located NirO group, which appears to be comparable with the-NB

in such a way is presented in Figure 4c. One may see that them €0 Interaction energy.

product of the reaction is a bidentate complex of nitrosobenzene
and FeQ@. The most important geometrical parameters are given
in Table 3. Similarly, as noticed also for the geometrical = The DFT study of the selective reduction of nitrobenzene to
parameters of the initial complex, the transition-state molecular nitrosobenzene by iron monoxide in the gas phase using both
parameters are just slightly different for various considered DFT the hybrid (B3LYP) and pure functionals (BLYP and BPW91)
methods. The activation energy corrected in accord with the allows us to make the following conclusions.

projection used above of the contaminated quintet state is The thermodynamics of the removal of oxygen from the nitro
presented in Table 4. The lowest obtained activation energy of group by FeO to form FeDis determined by the ability of
16.8 kcal/mol is predicted at the BLYP level which seems to ferrous iron to compensate for the energy necessary to brake
be the most reliable for studying the process under consideration.the N—O bond by the formation of the oxo ferrotson bond.

In addition in Chart 3 we have schematically presented the As follows from the thermochemical data, the reduction of NB
reaction path of FeO and NB interaction for all considered in by FeO is an exothermic reaction (10.8 kcal/mol). In disagree-
the paper DFT functionals. ment with these data the B3LYP approach predicts this reaction

4. Conclusions
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to be endothermic by 3.1 kcal/mol. Otherwise, the pure DFT
approach such as BLYP is in good agreement with the
experiment revealing that the reaction is exothermic by 13.3
kcal/mol. Such an accuracy of the pure DFT approach might
be due to the fortunate compensation of the errors in predicting
the (—NO)—0O and (OFe}O bondings.

As our study of the initial stage of the nitrobenzetieO

interaction reveals, there is a nonbarrier one-electron transfer

from the d shell of iron into the antibonding LUMO localized
mostly on the nitro group of nitrobenzene. This transfer results
in the formation of the open-shell electronic configuration of
the NB—FeO intermediate with a pair af andf electrons
occupying the g(Fe) andz*(—NO,) orbitals in addition to the
remaining unpaired fous. electrons on the d(Fe) orbitals. An
indicator of this state is th&&#value being about 1.0 larger
than its eigenvalue of 6.0 for the quintet. Thus, the adsorption
of the nitro group on ferrous iron is accompanied by a nonbarrier
oxidation of ferrous to ferric iron. The NBFeO intermediate

formed accordingly is quite stable as predicted by all approaches.

The barrier of the oxygen removal from the nitro group by
FeO depends on the particular DFT approach (Table 4) and
appears to be minimal (16.2 kcal/mol) for BLYP, which is
believed to be the best in predicting the thermodynamics of the
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