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Theoretical study of oxidation of molecular nitrogen
with vanadium peroxo complexes
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The structure and reactivity toward molecular nitrogen of vanadium diperoxo complexes,
as well as the influence of the protonation and coordination of trifluoroacetate on the reactiv-
ity, were studied using the density functional method. The most stable form of the starting
complex is the ozonide [V(03)O,]~. The triplet state of the complex is formed with small
energy expenses for electron transfer from the peroxo ligand to the vanadium atom to form V.
The transfer of the O atom to the N, molecule to form N,O is possible for several transition
states. The nature of possible complexes and transition states retains upon protonation but the
number of different structures increases depending on the ligand and the site of proton addi-
tion. Upon protonation the reactivity increases and the lowest activation barrier decreases from
27 to 20 kcal mol~!. The coordination of trifluoracetate anion also decreases the activation
barrier for the intermolecular transfer of oxygen to the nitrogen molecule.

Key words: vanadium peroxo complexes, vanadium ozonides, dinitrogen oxidative activa-
tion, quantum-chemical calculations, density functional theory.

Vanadium peroxo complexes are efficient oxidizing
agents for various organic compounds under mild condi-
tions.! Active sites of enzymes, viz., haloperoxidases that
perform the oxidative halogenation of substrates, contain
these complexes.2—4 We have previously’ examined the
possibility of oxidative dinitrogen activation to form N,O
and concluded, on the basis of calculations of the model
systems, a considerable decrease in the activation barrier
of the O atom transfer from the peroxo ligand to the
dinitrogen molecule in the coordination sphere of metal
complexes. Therefore, vanadium peroxo complexes are of
high interest as potential oxidizing agents for dinitrogen.

Complexes formed in the V¥—H,0,—CF;COOH sys-
tem attract special attention due to their ability to per-

form molecular oxidation.®7 In the absence of substrates,
H,0, is decomposed not only according to the most ther-
modynamically favorable reaction

HyOp — Hy0 +1/2 Oy, AH% 95 = —23.5 kcal mol™,
but also with the formation of ozone

HyOp — Hy0 +1/3 Og, AH®; 595 = —12.2 kcal mol~,
and singlet molecular oxygen3?

HyO,y — Hx0(,+1/20; ('A),

AHOf, 208 = —0.9 kcal mol*1.
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In two latter reactions, hydrogen peroxide does not
completely use its oxidative potential. Therefore, the trans-
fer of the O atom to the nitrogen molecule can be ex-
pected under these conditions

H202(1) + N2 e H20(l) + N20,
AHOfY 298 = -3.9 kcal m0171,

which is also characterized by a small energy gain.

The first experimental studies!® have confirmed this
expectations. In this work, we theoretically studied pos-
sible routes for the formation of N,O from N, and the
vanadium peroxo complexes.

Procedure of calculation

Calculations were performed by the B3LYP hybrid DFT
methods using the GAUSSIAN 98 program.!! The geometry of
the stationary states was optimized in the LANL2DZ basis set,
and the character of the structure obtained (minimum or transi-
tion state) was confirmed by the calculation of frequencies in
the harmonic approximation. The resulting geometry was used
to calculate the energy of the system in the extended LANL2DZ
basis set augmented by the diffusion and polarization functions
for all atoms, which were the same as those in the 6-311++(d,p)
basis set.

Choice of the model

Vanadium(v) interacts with H,O, to form a number
of mononuclear!>=17 and polynuclear!8—22 complexes,
which differ by the charge and number of the peroxo
groups per vanadium atom (from 1 to 4). When direct
experimental data are absent, it is rather difficult to choose
an active species for studying its reactivity toward di-
nitrogen. Since the purpose of this work was to reveal the
factors decreasing the activation energy of the O atom
transfer from the coordination sphere of VV to the N,
molecule, the choice of a specific vanadium complex was
not so important. In this work, we considered in detail the
structures of different isomers of the V(0,),0~ diperoxo
complex and its protonated form and their possible reac-
tions with N,. The effects of nonspecific solvation with
CF;COOH and specific solvation through the complex
formation of one CF;COO™ anion at the vanadium atom
were also studied.

A few works were devoted to the quantum-chemical
studies of the vanadium peroxo complexes.23—26 The au-
thors of these works studied mainly the thermodynamic
and structural aspects of mutual transformations of these
complexes with a change in the number of the peroxo
groups or solvent molecules in the coordination sphere
and did not consider the reactivity of the complexes.
In order to verify the accuracy of the approach used,
we considered the X-ray diffraction characterized
[VO(0,),(NH;)]~ peroxo complex.2’” A comparison of

Table 1. Comparison of the calculated? and experimental® bond
lengths (d) and angles (o) in the [V=0,(0,—0,),NH3]~ complex

Bond d/A Angle o/deg
Experi- Calcu- Experi- Calcu-
ment lation ment lation
V-0, 1.599 1.620 0,—V—0, 105.4 110.0
V-0, 1.871 1.901 0,—V—-0, 106.3 112.2
V-0, 1.872 1.874 0,—V—N 97.5 91.6
V—N 2.098 2.155 0,—V—0, 46.0 47.5
0,—0, 1.463 1.521 O,—V—N 128.5 127.1
0,—V—0, 88.9 90.7
O0,—V—N 83.6 79.7
O0,—V—0, 1463 131.2
4 This work.

b The data in Ref. 27.

the calculated bond lengths and angles with the experi-
mental values (Table 1) showed that the difference in the
valent distances is very small: on the average, 0.026 A.
The average difference in the bond angles is greater: 5°,
which is likely related to the easy angular deformation of
the complex in the field of the [VO(O,),(NH;)]"[NH,]*
ionic crystal.

Results of calculation

System VO5~ + N,. The results of calculation of the
stationary points in the VO5~ +N, system are presented in
Table 2. The potential energy diagram for the VOs~ +N,
system is shown in Fig. 1. Several structures were opti-
mized in the extended basis set (energies are presented in
Table 3). As should be expected, the total energies change
insignificantly, indicating the minimum changes in the
geometry of this optimization. The relative energies of the
structures change by at most 2 kcal mol~!, with the only
exception for the transition state TS3, which is destabi-
lized by 5 kcal mol~!.

Complex 1 with ozone is characterized by the lowest
energy in the system (Fig. 2), lying in the energy scale by
1.1 kcal mol~! lower than diperoxo complex 2. It is of
interest that the triplet form of diperoxo complex 2T is
formed with the expense of only 13.5 kcal mol~!. The
spin and electron density distributions (see Fig. 2) show
that the formation of this complex is accompanied by
intramolecular redox transition. The complex can be con-
sidered as VIV(0,™), although the total charges on the O,
and 0,2~ ligands do not differ strongly, despite noticeable
elongation of the V—O bonds from 1.83—1.89 A t0 2.07 A
and shortening of the O—O bond in the O, ligand to
1.403 A, which is close to its value in O, (1.419 A)
calculated in the same B3LYP/LANL2DZ approxima-
tion. The complexes with the monodentate coordination
of the peroxo group, viz., triplet 3T and singlet 3, are
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Fig. 1. Energy diagram for the VO5~ + N, system.

Table 2. Total energies (E, £*) and zero-point vibration energies
ZPE of the vanadium complexes, transition states in the
VO5~ + N, system calculated by the B3LYP methods in the
LANL2DZ basis set (£) and in the extended basis (£*), and
relative energies A

Struc- —F ZPE —E* A
ture hartre /kcal mol~!
1 447.50392  0.01447 447.59264 —1.1
2 447.49353  0.01426 447.59052 0
2T 447.47427  0.01319 447.56788 13.5
3 447.44929  0.01345 447.54353 29.0
3T 447.45582  0.01292 447.54402 28.3
4 556.98724  0.02173 557.13813 -2.9
5 556.95216  0.02135 557.09709 22.6
5T 556.95691 0.02010 557.09998 20.0
TS, 556.93787  0.02011 557.07442 36.1
TS, 556.93098  0.02026 557.06724 40.7
TS; 556.91391  0.02178 557.05395 50.0
TS, 556.90482  0.01943 557.04033 57.0
6 556.9688 0.02307 557.12021 9.2
7 556.96479  0.02278 557.11913 9.7
8 372.34172  0.01148 372.41823 13.1
8T 372.30961 0.01056 372.38424 33.9
9 297.16228  0.00835 297.22060 43,549
10T 297.03851  0.00753 297.09709 120.6 ¢
11T 296.95601  0.00664 297.01572 171.4¢

9The relative energies were calculated under the as-
sumption of singlet dioxygen formation in the system
VO5;~ - VO3~ + O, (lAg).

43.5
9+0,("Ag) + Ny

33.9
8T + N,O

Table 3. Total energies E*opt and zero-point vibration energies
ZPE* of the vanadium complexes, transition states in the
VO;5~ + N, system calculated by the optimization of the geom-
etry using the B3LYP method in the extended basis set (£*), and
their total energies calculated taking into account the solvation
effects of CF;COOH E*_,

Struc- —E* ot ZPE* —E*)y

ture hartree

2 447.59551 0.01479 447.59588
3 447.54799 0.01391 447.54907
4 557.14477 0.02267 557.14909
5 557.1036 0.02212 557.10787
TS; 557.06027 0.02273 557.06099
TS, 557.04469 0.02001 557.0462

6 557.12724 0.02426 557.13956
8 372.42097 0.01171 372.42101

higher in the energy scale. Their energies differ insignifi-
cantly; as in structure 2, electron transfer from 0,2~ to V¥
elongates the V—O bond and shortens the O—O bond.
The VO(0,)?>~ complex has a coordination vacancy,
although the bonding energy of the N, molecule is very
small: only 2.9 kcal mol~! at the rather short distance
d(V—N) = 2.274 A (Fig. 3). The V(0,)(O3)~ complex
with N, was not localized. It is most likely that a weak van
der Waals complex is formed in this case. As known,28 the
formation of strong complexes with dinitrogen is favored
by the n-donor properties of the metal center, which are
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Fig. 2. Structures of the VO5~ complexes. The figures without parentheses (with signs + and —) are the atom charges, and the figures
in parentheses are the spin density values.

not characteristic of the vanadium atom in its highest ture 3T is capable of forming a substantially more stable
oxidation state with the d° electron configuration. That is complex 5T with the N, molecule (d(V—N) = 2.138 A)
why the d!-coordination center of the V!V atom in struc- characterized by a dissociation energy of 8.3 kcal mol~!.
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Fig. 3. Structures of the VO5(N,)~ complexes. The figures without parentheses (with signs + and —) are the atom charges, and the

figures in parentheses are the spin density values.

A close value of 6.4 kcal mol~! was obtained for the sin-
glet complex 5 (d(V—N) =2.068 A). Based on these data,
we can consider both structures (3 and 3T) as the VIV
complexes with O,~ characterized by a sufficiently small
singlet-triplet splitting at different orientations of the spins
localized on the V and terminal O atoms. As a whole,
unstable complexes 4, 5, and 5T are characterized by
insignificant changes in the geometry upon dinitrogen
coordination: the bond lengths change by at most 0.04 A.

A study of the reactivity of the VO5~ complex toward
the N, molecule revealed several transition states (Fig. 4).
Among them, the lowest energies are inherent in the tran-
sition states TSy and TS, in which the dinitrogen mol-
ecule is attacked by the O atom of the peroxo or trioxo
ligand bound to the metal atom to form complex 7, viz.,
the N,O molecule coordinated through the O atom
(Fig. 5). However, the energy barriers are rather high:
37.2 and 40.7 kcal mol~!, respectively.

The monodentate-coordinated peroxo group is highly
reactive. The transition states formed by the intramolecu-

lar (T'S3) and intermolecular (TS,) transfers of the O atom
are characterized by much lower activation barriers of
27.4 and 28.0 kcal mol~!, respectively. The nonlinear
structure of the O—O—N—N group in complex TS, re-
sembles the transition state of O atom transfer from O,~
to the N, molecule when the angles O—O—N 146° and
O—N—N 139° are formed. The reaction products are
the 6—N,0 complex coordinated through the terminal N
atom® or the free N,O molecule and monoperoxo com-
plex 8. The energy of its bonding with N,O is low:
~4 kcal mol~! for different types of coordination. Due to a
considerable loss in translation entropy of the N,O mol-
ecule, the entropy of the system decreases by ~30 e.u.
Therefore, the formation constants of these complexes
are low and in fact they are not formed in noticeable
amounts. The same is valid for the complexes with mo-
lecular nitrogen 4, 5, and 5T. In particular, when com-
plex 5 is formed from complex 3 and N,, the standard
entropy of the system decreases by 33 e.u., and the total
change in the standard free energy calculated taking into
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TS, 485icm™!

TS, 597icm™!

Fig. 4. Structures of the transition states in the VOs~ + N, system. The arrows designate the displacements of the atoms for the

vibration with the imaginary frequency.

account the temperature corrections to the thermal en-
ergy is +3 kcal mol~!. Therefore, the formation of pre-
cursor complex 5 can be ignored in calculation of the
energy barrier. This decreases to 21.0 kcal mol~! the acti-
vation energy for the cyclic transition state TS;. Taking
into account that the activation energy may somewhat
decrease upon the coordination of a solvent, the value
obtained for the energy barrier can explain the high reac-
tivity of the vanadium peroxo complexes toward N,.
Transitions states TS and TS, are closest in energy to
structure 3. It can be expected that the barrier for the
transformation of the open form of complex 3 into closed
form 2 is low, because the corresponding reaction coordi-
nate mainly coincides with the rotation of the peroxo
ligand. Moving from this barrier under continuing inter-
action with the dinitrogen molecule, one could, in prin-

ciple, reach TS, through the second-order saddle point
and then can reach complex 6. However, we did not
attempt to locate this saddle point.

The open form of the complex possesses an excess
energy. However, since ozone and singlet dioxygen are
formed in the VV—H,0,—CF;COOH system, it can
be concluded that energy-rich vanadium complexes
(20—25 kcal mol~!) are really formed in this system. The
thermodynamically favorable decomposition of H,O, is
the source of the excess energy. According to the data of
calculation, the formation of singlet dioxygen from the
open form of diperoxo complex 3 requires low energy
expenses: 14.5 kcal mol~!, if it is accompanied by simul-
taneous transformation of the peroxo group into two oxo
groups (complex 9). The standard free energy increases
only by 5.2 kcal mol~!. The energy of the triplet VO(O,)~
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11T 10T

Fig. 5. Structures of the VO;~, VO, and VO,4(N,0)~ complexes.
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peroxo complex 10T is much higher than the energy of
complex 9. In this complex, as can be seen from the spin
density distribution (see Fig. 5), the oxidation state of the
vanadium atom bearing one unpaired electron is +4. The
isomeric structure 11T is still higher in energy, and the
spin density distribution corresponds to the oxidation state
of vanadium +3. However, this structure is characterized
by one imaginary frequency. The alternative dissociation
of the triplet complex 3T to form the singlet dioxygen and
triplet peroxo complex 10T requires high energy expenses
(<90 kcal mol~!), which could be compensated in solu-
tion, to a great extent, by the formation of bonds with the
solvent molecules in coordinately unsaturated com-
plex 10T.

In the isolated VO5~ + N, system, the formation of
N,O is thermodynamically favorable when starting from
the energy-rich peroxo complexes 2T, 3, and 3T. Taking
into account nonspecific effects of CF;COOH solvation
by the Onsager model does not change the situation. The
solvation energies calculated using the effective dielectric
constant of CF;COOH 2 are presented in Table 3. It is
seen that the energy shift is almost the same for all spe-
cies, except for the product of the reaction of complex 8.

System VO;~ + CF;COO~ + N,. Solvent molecules
are capable of specific interacting with the considered
vanadium peroxo complexes, which contain coordina-
tion vacancies. As the first step, we performed calcula-
tions for complexes 2, 3, 8, and 10 and transition state
TS, under the assumption of additional coordination of
the CF;COO~ ligand. The results are presented in Table 4
and in Figs. 6 and 7 and show that the open form of
vanadium diperoxo complex 13 is characterized by a higher
energy of interaction with trifluoroacetate anion, the lat-
ter decreasing the energy relatively to close form 12 by
10.4 kcal mol~!. This is also reflected as the shortening of
the V—O(CF;COO) distance in complex 13 (2.04 A)
compared to that in complex 12 (2.13 A). Despite the

Table 4. Total energies £ and zero-point vibration energies
ZPE of the vanadium complexes, transition states in the
VO;CF;CO02~ + N, system calculated using the B3LYP method
in the LANL2DZ basis set and in the extended basis set (£*),
and relative energies A

Struc- ) ZPE —F* A
—1

ture hartree /kcal mol
12 973.67918  0.03997 973.92818 0.0

13 973.65138  0.03927 973.89787 18.6
TS5 1083.11340  0.04546 1083.39930 43.9

14 898.52929  0.03707 898.75770 11.9

15 823.37039  0.03459 823.58070 30.0¢

4 The relative energies were calculated under the as-
sumption of singlet dioxygen formation in the system
VO;CF;C00?%~ - VO,CF;C00%~ + 0, (1Ag).

43.9

30.0
15 + 0, ('Ag) + N

18.6
13+N,
1.9
14 +N,O
0
12N,

Fig. 6. Energy diagram for the VO5(CF;CO0)2~ + N, system.

coordination vacancy in complex 13, no bidentate
CF;COO~ coordination is observed for thic complex and
final complex 14. This conclusion agrees with the struc-
tural data,3 according to which the monodentate coordi-
nation of the carboxylate groups is retained in the five-
coordinate vanadium peroxo complexes. The transition
state of the oxygen atom transfer to the N, molecule, as
can be seen from the data in Fig. 7, acquires the later
character, which results, most likely, in a small decrease
in the activation barrier (only by 2.9 kcal mol~!) for the
coordination of the CF;COO™ ligand.

System VOs;H + N,. During the coordination of the
H,0, molecules with VY, they dissociate with the escape
of a proton into the solvent bulk,2% although the inverse
process, formation of the protonated forms of the peroxo
complexes, is known for acidic media.25 The formation of
the intermolecular hydrogen bond between the peroxo
ligand and carboxylic acid is also known.3! The vanadium
hydroperoxo complexes are characterized?S by the en-
hanced reactivity in the decomposition of the complexes
and uracil oxidation. The system under study contains a
sufficiently strong acid. Therefore, we studied the effect
of protonation on the structure and reactivity of the vana-
dium diperoxo complexes. According to the results of
calculation, VO5~ is only slightly, by 8.8 kcal mol~!, infe-
rior to the CF;COO™ anion in the proton affinity.

The characteristic feature of the neutral VOsH system
is a great number of structures with close energies (Fig. 8).
Complex 16 formed by the protonation of the oxo ligand
in ozone-containing complex 1 is characterized by the
lowest energy. The alternative protonation of the trioxo
ligand affords complex 21, whose energy is 22 kcal mol~!
higher. On the contrary, protonation at the peroxo group
to form complex 17 is most favorable for diperoxo com-
plex 2. This specific feature has previously been men-
tioned25 for the proton addition to vanadium aqua-
monoperoxo complexes. It is interesting that different
types of protonation of complex 2, resulting in the cis- and
trans-arrangements of the V—O and O—H bonds (struc-
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Fig. 7. Structures of the initial, final, and transition states in the VO5(CF;CO0)2~ + N, system. The arrows designate the displace-

ments of the atoms for the vibration with the imaginary frequency.

tures 17 and 20, respectively), provide a noticeable differ-
ence in the energy of these complexes (8.9 kcal mol™!),
despite small differences in the bond lengths (Fig. 9). The
greatest difference in the energy (25.3 kcal mol~!) is ob-
served for the protonation of the open form of VO5~ to
form the monodentate hydroperoxo ligand in structure 19
and the hydroxo ligand in structure 22. A comparison of

structures 17 and 19 shows that the closed form of the
hydroperoxo complex is the most favorable, although the
difference in these energies is rather small (6.8 kcal mol™!).
The neutral VOsH complexes exhibit the higher affinity
to the N, molecule in comparison with their negatively
charged analogs. The greatest increase in the complex
formation energy is observed for the base form of the
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Fig. 8. Energy diagram for the VOs;H + N, system.
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Fig. 9. Structures of the VOsH complexes. The figures without parentheses (with signs + and —) are the atom charges, and the figures
in parentheses are the spin density values.
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-0.17
[0.52]

25 24T

23 24

Fig. 10. Structures of the VOs;H(N,) complexes. The figures without parentheses (with signs + and —) are the atom charges, and the
figures in parentheses are the spin density values.
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diperoxo complex: from 2.9 to 9.4 kcal mol~! in structure
23 and to 7.8 kcal mol~! in structure 24. The reason for
this phenomenon is not quite clear because the donor
ability of the vanadium complexes decreases, generally
speaking, upon protonation. Perhaps, the n-donor ability
of the metal is enhanced upon the formation of the O—H
bond due to a nonlinear character of the V—O—H group.
As can be seen from the comparison of the data in Figs. 10
and 3, this conclusion is reasonable because protonation
somewhat shortens the V—N and and as a rule elongates
the N—N bonds, despite an increase in the charge on the
N, ligand.

Triplet complex 18T and its negatively charged analog
2T contain one peroxo group with the shortened O—O
distance (1.40 A), the elongated V—O (2.00 A) distance,
and one unpaired electron on the V atom.

When dinitrogen is oxidized to N,O with the neutral
VOsH complexes, the types of transition states are the
same (Fig. 11) as those for the anionic VO5~ complexes.
Depending on the sites of proton addition to the oxo,
peroxo, or trioxo ligands, each of them can exist as
several structures. The transition state TSg, which ap-
pears upon the transfer of the oxygen atom from the
trioxo ligand to the dinitrogen molecule to form the
N,0O molecule coordinated to the O atom, is character-
ized by the lowest energy. However, the energy barrier
(33.6 kcal mol~!) remains high, although it is decreased
by 9 kcal mol~! compared to the negatively charged sys-
tem. The same activation energy for TS;; is obtained
when the trioxo group of complex 21 is used as an oxidiz-
ing species.

The next two groups of the adjacent transition states
TS,, TSg, TSy and TSy, TSyy, TSy, are genetically re-
lated to the transition state TS, and differ only by the type
of its protonation. The states containing the hydroxo
ligand (TSe) or the hydroperoxo ligand involved in the
direct oxygen atom transfer (TS, and TSg) are character-
ized by the lowest energy. The lowest activation barrier
(20 kcal mol~!) corresponds to the transition state TSg,
being 20.7 kcal mol~! lower than the activation barrier
for the transition state TS, in the neutral system. Thus,
the protonation of the vanadium peroxo complexes can
considerably enhance their reactivity. The protonation of
the peroxo group, which is not involved in the reaction,
results in the higher-lying transition states corresponding
to the higher activation barriers (~30 kcal mol~).

The activation barriers change slightly compared to
that of the starting nonprotonated system for the transfer
of the oxygen atom to the N, molecule from the open
VO;sH form (22) through the intramolecular (TS;4) and
intermolecular (TS;5) transition states. The only substan-
tial difference is that TS5 is the fourth order saddle point,
and all structures with one imaginary frequency are
transformed into TS;; upon optimization. It should be
noted that the energy of the transition state similar to

Table 5. Total energies £ and zero-point vibration energies ZPE
of the vanadium complexes, transition states in the VOsH + N,
system calculated using the B3LYP method in the LANL2DZ
basis set and in the extended E* basis set, and relative energies A

Struc- —-F ZPE —F* A
ture hartree /kcal mol~!
16 47.99704 0.02520 48.09635 —13.1
17 47.97078 0.02658 48.08009 2.1
18 47.96863 0.02438 48.07460 0
18T 47.96423 0.02334 48.06721 4.0
19 47.96182 0.02506 48.06786 4.7
20 47.95762 0.02599 48.06534 6.8
21 47.96393 0.02526 48.06102 9.1
22 47.92579 0.02444 48.02693 30.0
23 57.47689 0.03438 57.63845 —11.5
24 57.46927 0.03184 57.63000 -7.8
24T 57.45228 0.03074 57.61735 0.4
25 57.47129 0.03317 57.63007 -7.0
26 57.43691 0.03218 57.59062 17.2
TS¢ 57.43926 0.03099 57.58402 20.5
TS, 57.42937 0.03182 57.57710 25.4
TSg 57.42600 0.03143 57.57454 26.8
TSy 57.42724 0.03083 57.57301 27.4
TS;o 57.41862 0.03236 57.56313 34.5
TSy, 57.41616 0.03226 57.56099 35.8
TSy, 57.41255 0.03147 57.55526 38.9
TS5 57.41042 0.03206 57.54976 42.7
TS4 57.38973 0.03197 57.53674 50.8
TS5 57.37670 0.02844 57.53113 58.6
27 57.47883 0.03409 57.64103 —13.3
28 57.47697 0.03356 57.63894 —12.3
29 72.84279 0.02197 72.92804 2.8
30 57.45957 0.03506 57.62005 0.5
31 72.82039 0.02322 72.90453 12.7
32 72.80856 0.02256 72.89131 20.6

TS5 for the negatively charged system with the linear
O—O—N-—N group, which is also characterized by four
imaginary frequencies, is only 0.5 kcal mol~! higher than
the energy of TS,.

The oxidation of dinitrogen in the neutral VOsH + N,
system becomes more thermodynamically favorable, and
the higher bond energy of the reaction product in the
vanadium monoperoxo complex is observed. This corre-
lates with the shortening of the V—O bond in complexes
28 and 30 (Fig. 12). However, in complex 27, where N,O
is coordinated through the terminal N atom, on the con-
trary, the bond length is slightly (by 0.014 A) elongated
compared to that in complex 6. A comparison of the
energies of complexes 29, 31, and 32 shows the following:
first, the protonation of the oxo group is more favorable in
the case of the monoperoxo complexes than for the
diperoxo complex and, second, the monodentate and
bidentate coordinations of the hydroperoxo group differ
slightly in the energy.
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Fig. 11. Structures of the transition states in the VOsH + N, system. The arrows designate the displacements of the atoms for vibrations with the imaginary frequency.
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179.5°  175.2°

27
Fig. 12. Structure of the VO4H and VO4H(N,O) complexes.



Theoretical study of molecular nitrogen oxidation

Russ.Chem.Bull., Int.Ed., Vol. 52, No. 7, July, 2003 1471

Thus, the study of possible routes of dinitrogen oxida-
tion with vanadium diperoxo complexes showed that the
coordination of the solvent and the protonation of the
complexes increase their reactivity toward the nitrogen
molecule. This result explains qualitatively a possibility of
easy N, oxidation in the V¥—H,0,—CF;COOH system.
It would be of interest to study the combined effect of
these factors. However, preliminary calculations showed
that this is a very labor-consuming task because both the
number of possible structures is greater and their localiza-
tion is difficult for the formation of stable hydrogen bonds
with several positions of equilibrium. In addition, a ne-
cessity to use the idealized gas-phase models for study-
ing the reaction in solutions somewhat restricts their com-
plication. Therefore, it seems most reasonable to perform
experiments providing an information on the qualitative
composition of the active species.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 01-03-
33076).
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