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1. INTRODUCTION

The actual mechanism for the conversion of dinitrogen to
ammonia by nitrogen fixing organisms is one of the unsolved
problems of biology and chemistry.1 The current phase of
interest in chemical nitrogen fixation started in the early 1960s
with the discovery of the first transition metal dinitrogen com-
plex, [Ru(NH3)5N2]

2+, by Allen and Senoff2 and extraction of
the bacterial nitrogenase in the active form.3 Also, with the
revelation of the basic structure of the active site of the
molybdenum nitrogenase,4 much of the research was devoted
to the synthetic development of transition metal homogeneous
catalysts for dinitrogen reduction.5 One such truly catalytic
system for ammonia synthesis working under ambient condition
is the molybdenum complex of a triamidoamine ligand,
[(RNCH2CH2)3N]

3� where R = hexa-iso-propyl terphenyl
(HIPT), synthesized by the research group of Schrock.6 On
the basis of the isolated and characterized intermediates, they
proposed a probable mechanism which was the subject of various
theoretical investigations.7,8 Tuczek et al.7a have carried out
density functional calculations on the various intermediates that
may appear in the catalytic cycle proposed by Schrock et al.6 and
obtained a free energy profile for the reduction of dinitrogen to
ammonia. On the basis of the energy profile so obtained which
included different possible spin states of the intermediates, they
concluded that the first step in the catalytic cycle is the
protonation of the catalyst rather than its reduction. Reiher
et al.8a also carried out density functional calculations on some of
the key steps of Schrock’s catalytic cycle. Among them are the
protonation of the [Mo]-N2 ([Mo] = [(RNCH2CH2)3N]Mo)

intermediate, dissociation of NH3, and addition of N2. Three
different possibilities were considered for transfer of the first
proton and electron to the coordinated N2 intermediate. This
study showed that protonation of the amido nitrogen followed by
reduction and protonation to generate the neutral [Mo]-NdNH
molecule was thermodynamically more favorable than direct
protonation of the terminal nitrogen followed by reduction.
Thus, all these theoretical studies were conducted mainly on
Schrock’s molybdenum catalyst.

Alternative vanadium nitrogenases are now known9 but
structurally not well characterized. In vanadium nitrogenase,
the vanadium atom is thought to reside in a similar environment
as the molybdenum atom in the cofactor FeMoco of Fe � Mo
nitrogenase.9 Moreover, the catalytic efficiency of V nitrogenase
in the selective formation of ammonia comes next to Mo�Fe
nitrogenase. In 2006, Schrock et al.5k prepared a vanadium
triamidoamine complex, analogous to themolybdenum complex,
and attempted the reduction of dinitrogen with this vanadium
complex. They also proposed a plausible mechanism for the
same. However, no ammonia was formed using this catalyst
under the same condition that was successful with the analogous
molybdenum catalyst. Hence, it could be rewarding to carry out a
thorough theoretical investigation on the mechanism of dinitro-
gen fixation mediated by vanadium and to compare it with the
well established chemistry of molybdenum (Scheme 1).6�8 To
the best of our knowledge, until now, there exists no systematic
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study in the literature about nitrogen fixation catalyzed by
vanadium complexes except the one by us where mechanistic
details for the conversion of hydrazine to ammonia mediated by
vanadium thiolate complex were studied.10 We report here, for
the first time, a systematic theoretical study on the thermody-
namics of dinitrogen fixation mediated by vanadium triamidoa-
mine complex and compared its results with the energetics
obtained for the similar molybdenum complex. The key question
we would like to address in this report is why vanadium
complexes are not active toward NH3 production in comparison
to similar molybdenum complexes.

2. COMPUTATIONAL DETAILS

We have used density functional theory (DFT), a practical and
effective computational tool, especially for transition metal compounds11

for the present study. We have used the PBE1PBE12 functional, since it
performs exceedingly well for the evaluation of energetics of a reaction13a

as well as many other properties.13b The relativistic small-core effective
core potential (ECP) of Stuttgart/Dresden (SDD)14a for the transition
metals with the corresponding valence basis set of D95 V14b for the main
group elements were used. As stated by B€ull et al, the combination of
PBE1PBE and SDD can safely be used for studying transition metal
complexes.13b Frequency calculations were performed at the same level
of theory to characterize the nature of the stationary points. All the
ground state structures were verified as being at an energy minimum by
confirming that their respective Hessian (matrix of analytically deter-
mined second order derivative of energy) led to all real valued
frequencies while the transition states were characterized as stationary
points with one imaginary frequency. In our calculations, the experi-
mentally reported5k hexa-iso-propyl terphenyl (HIPT) substituents at
the amido nitrogen were modeled with hydrogen atoms so as to save
computational time. In spite of this simplification, we observed an
excellent agreement with the available X-ray data5k (see Supporting
Information, Table S1) which justifies this simplification and the level of
theory used. Moreover, replacement of the bulky HIPT group by
hydrogen does not change the nature of the reaction, although quanti-
tative differences are observed (see Supporting Information, Table S2).
Energies corresponding to the reduction and protonation steps were
calculated relative to the process [Cp*2Cr] f [Cp*2Cr]

+ + e� and
LutH+ f Lut + H+ (Lut = 2,6-dimethylpyridine), without making any
simplifications of the molecules involved. Zero-point energy (ZPE),
thermal, as well as solvent (heptane) corrections, was employed in
computing the standard free energies of formation. The bonding nature
of all the compounds was analyzed by natural bond orbital (NBO)
analysis.15 All the computations were performed using the Gaussian 03

program,16 while the charge decomposition analysis (CDA)17 was
performed using the QMForge 2.1 program.18

3. RESULTS AND DISCUSSION

3.1. Mechanistic Details of [V] ([V] = (N3N)V). Dinitrogen
binding to a transition metal center is crucial as it activates the
strongNtNbond. The interaction involves donation of electron
density from the filled orbital of the Lewis base N2 into the empty
metal orbital (dz2) resulting in the formation of a σ-bond. The
filled metal orbital (dxy and dxz) on the other hand back-donates
electron density to the lowest unoccupied orbital of N2 resulting
in the formation of a π back-bond. The extent of back-donation
from the metal center is responsible for the activation of the
NtN bond as electron density from the filled metal orbital
enters into the antibonding orbital of N2 of appropriate symme-
try. The CDA of Frenking et al.18 helps in analyzing such a
situation (Table 1). Since the residue terms (Δ) are nearly zero,
the metal-N2 interaction can be discussed within the framework
of the familiar Dewar�Chatt�Duncanson donor�acceptor
model.19 The values of back-donation (b) from the metal center
to theπ* orbital of N2 and the ratio b/d are found to be higher for
the [Mo] catalyst compared to [V]. Hence, [Mo] is more
efficient in activating the NtN bond compared to [V] (rNtN =
1.200 Å and 1.141 Å in [Mo]-N2 and [V]-N2, respectively).
InfraredN2 stretching frequencies (without scaling) as well as the
occupancies of the two orthogonalπ* orbitals of NtN also show
the same trend, that is, [Mo]-N2 has higher occupancies of the
two π* orbitals of NtN and thus, has lower N2 stretching
frequency. Hence, CDA andNatural BondOrbital (NBO)15 results
show that the degree of dinitrogen activation is higher with [Mo]
compared to [V]. However, several controlled studies have
revealed that the degree of dinitrogen activation and the extent
of reactivity may not always correlate.20

The most crucial steps in the initial stage of the mechanism are
the addition of dinitrogen followed by its successive protonation
and reduction. Figure 1 shows three possible pathways of
dinitrogen addition, protonation, and reduction. According to
the energy profile obtained at the PBE1PBE/SDD level of
theory, path C, which is the addition of dinitrogen to the neutral
[V] catalyst followed by subsequent protonation and reduction
to yield [V]-NdNH, is the most preferred pathway of the three
possibilities shown in Figure 1. The high energetic barrier of path
B, which involves reduction of [V] prior to the addition of
dinitrogen makes it least likely. This is in tune with Tuczek’s
mechanism where protonation of the coordinated dinitrogen
takes place prior to reduction.7a The slightly more endergonic
character of pathA compared toC alsomakes this path less likely.
Further, the proton may attach either to the terminal nitrogen,
Nβ, of the dinitrogen ligand, or it can attach to the amido
nitrogen atom, Neq. Therefore, we have also checked this
possibility as shown in Figure 2. The computed energy profile
shows that protonation at amido nitrogen, Neq, resulting in the
formation of [V�NeqH]-N2

]+, is nearly 60 kcal/mol more

Scheme 1

Table 1. Charge Decomposition (CDA) Analysis of [V]-N2 and [Mo]-N2 Complexes Calculated at the PBE1PBE/SDD Level of
Theory along with NBO Occupancies of the Two Orthogonal π* Orbitals of NtN in Their Respective Complexesa

complex N2 f M donation (d) M f N2 back-donation (b) b/d repulsion (r) residue (Δ) occupancy of π*NtN νNN (cm�1)

[Mo]-N2 0.217 0.339 1.562 �0.325 �0.033 0.169/0.184 1894.8

[V]-N2 0.234 0.264 1.128 �0.164 �0.066 0.136/0.125 2090.4
a νNN (cm�1) is the infrared N2 stretching frequency (without scaling).
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favorable compared to protonation at Nβ. More negative charge
at Neq (�0.97) compared to Nβ (0.05) favors protonation at
Neq. Similar energetics were obtained by Reiher et al.8a for
protonation at amido and terminal nitrogen atoms of the
related [Mo] complex. Using a combination of electron para-
magnetic resonance (EPR) and electron nuclear double reso-
nance (ENDOR) spectroscopy and DFT computations,
Schrock and co-workers have recently shown that the incoming
proton preferentially binds to the amido ligand (i.e., one of the
equatorial nitrogen atoms) prior to its eventual migration to the
Nβ of N2.

21 The protonated molecule [V�NeqH]-N2
]+ then

undergoes reduction to produce [V�NeqH
+]-NtN� which is

exergonic by 30.2 kcal/mol. The resulting complex then under-
goes protonation at the Nβ position to produce [V�NeqH

+]-
NdNH which on further deprotonation, produces [V]-
NdNH. Thus, it is evident from Figure 2 that protonation at
the amido position is much more favorable than at the terminal
one to produce [V]-NdNH and is “proton catalyzed”. This is in
tune with previous theoretical and experimental results for the
analogous [Mo] complexes.6f,8a,8b,21 On the basis of the above
observations, a mechanism has been proposed, and its corre-
sponding standard free energies have been calculated and
plotted in Figure 3 against the reaction coordinate F.
The starting complex 1, [V] ([V] = (N3N)V), is a trigonal

monopyramidal complex which gives rise to S = 0 and S = 1
states. The singlet-triplet energy separation of 1 is 37.8 kcal/mol,
with the triplet state being more stable. Addition of neutral N2

results in an end on bound dinitrogen complex [V]-N2 (2) with
triplet ground state (the singlet state lies 26.2 kcal/mol higher in
energy than the triplet state). This addition is found to be
exergonic by an amount of 7.1 kcal/mol. The next step is a
crucial one which involves protonation of the dinitrogen com-
plex. As evident from Figure 2, protonation of the coordinated
dinitrogen complex is more favorable at the amido position
rather than at Nβ, to form [VIII�NeqH]-N2

]+ (3) with triplet
ground state (the singlet state is 29.8 kcal/mol higher in energy
than the triplet state). This protonation process is exergonic by
15.9 kcal/mol. The resulting protonated dinitrogen complex
then undergoes reductive proton migration to Nβ via a “proton
catalyzed” pathway (Figure 2) resulting in the formation of
[V]IV-NdNH (4) with doublet ground state. This process is
endergonic by 9.5 kcal/mol. Interestingly, the reductive proton

migration step for the related molybdenum complex is exergonic
by 22.4 kcal/mol. Since the conversion of 3 to 4 involves a barrier
of 9.5 kcal/mol, we decided to look for any possible intermediate
or transition state for this conversion (Figure 4). We could locate
an intermediate 3I which is formed via 1,2 proton shift from the
amido nitrogen to the vanadium atom during the reduction of 3.
The N2 moiety in 3I is tilted away from the axis defined by the
Nb�V�NR (Nb is the bridgehead nitrogen atom) atoms making
an angle of 155.3� at the vanadium center. The formation of this
intermediate is calculated to be endergonic by 13.5 kcal/mol.
The intermediate 3I then rearranges to 4 via a transition stateTS-
I in which the proton migrates from the vanadium center to the
terminal nitrogen atom. The barrier height for the conversion of
3If 4 is calculated to be +17.8 kcal/mol. Thus, transformation
of 3 to 4 may involve one probable intermediate 3I and a
transition state TS-I.
As in the case of first protonation, complex 4 then undergoes

further protonation at the amido nitrogen atom (for a compar-
ison of amido versus terminal protonation, see Supporting
Information, Table S3) to form [VIV�NeqH]-NdNH]+ (5)
with no change in multiplicity. This process is exergonic by
13.2 kcal/mol. The next step is the reductive proton migration of
the cationic complex 5 to form the neutral complex [V]VdN-
NH2 (6) with singlet ground state (the triplet state is 15.1 kcal/
mol higher in energy than the singlet state) andmay proceed via a
“proton catalyzed” pathway as observed in the case of the 2f 4
conversion (Figure 2). Such proton catalyzed pathways are not
considered for other protonation steps, but instead, only the
protonation at the amido nitrogen and its reductive proton
migration to terminal Nβ position are considered. The conver-
sion of 5 to 6 is exergonic by 26.2 kcal/mol. Protonation of 6 at
the amido nitrogen is favorable by 28.1 kcal/mol compared to
terminal protonation (see Supporting Information, Table S3)

Figure 1. Three possible pathways of dinitrogen addition, protonation,
and reduction of [V] ([V] = (N3N)V] to yield [V]-NdNH. Energies are
in kcal/mol.

Figure 2. Two possibilities for the initial protonation (amido and
terminal) of [V]-N2 (R = H). Energies are in kcal/mol.
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and results in the formation of the cationic complex
[VV�NeqH]-NNH2

]+ (7) with no change in multiplicity and is
exergonic by 18.0 kcal/mol. The reductive proton migration of 7
results in the formation of the neutral complex [V]IV-NNH3 (8)

with a doublet ground state. Since the conversion of 7 to 8 also
involves an energetic barrier of 9.4 kcal/mol as in the conversion
of 3 f 4, we decided to look for any possible intermediate or
transition state that may form during this transformation as well

Figure 3. Catalytic cycle (top right) and free energy profile for the reduction of N2 to ammonia mediated by [V] ([V] = (N3N)V) systems. Energies
correspond to standard free energies of formation (ΔG0) and are in kcal/mol. Energies shown are not to scale.

Figure 4. Possible intermediate and transition state for the conversion of 3 to 4. Energies correspond to standard free energies of formation (ΔG0) and
are in kcal/mol.
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(Figure 5). We could locate an intermediate 7I which is formed
via 1,3 proton shift from the amido nitrogen to the NR atom.
The formation of this intermediate is found to be exergonic by
13.7 kcal/mol. It then rearranges via 1,2 shift to produce 8 via a
transition state TS-II which lies 42.5 kcal/mol higher in energy
than 7I. However, as proton transfer reactions are very fast
because of the high tunneling ability of the proton, these
intermediates as well as the transition state may not be observed
experimentally.
The next step is a key one which involves the generation of the

first equivalent of ammonia. It involves reduction of the neutral
complex 8 to yield the anionic complex [V]VdN� (9) with
subsequent generation of the first equivalent of ammonia. The
N�N bond in 8 is highly activated as is evident from the large
N�N distance of 1.535 Å compared to 1.098 Å in free N2.

22 This
activation of the N�N bond in 8 facilitates its exergonic cleavage
which is calculated to be 4.3 kcal/mol. In principle, such activated
N�Nbond should have resulted in a highly exergonic cleavage of
the N�N bond and facile release of NH3. The fact that release of
NH3 is not so facile (exergonic by only 4.3 kcal/mol), further
lends support to the observation that the degree of nitrogen
activation and the extent of reactivity may not always correlate.20

The next two steps are the protonation of 9 to produce the
neutral complex [V]VdNH (10) with subsequent protonation of
10 to produce the cationic complex [VV�NeqH]dNH]+ (11)
with no change in multiplicity. For simple electrostatic reason,
protonation of 9 is more favorable at the terminal nitrogen atom
rather than the amido one (see Supporting Information, Table
S3). However, protonation of 10 is more favorable at the amido
nitrogen atom. These two protonation steps are found to be
exergonic (Figure 3) with the first one, that is, 9 f 10 being
highly exergonic by 83.1 kcal/mol. Reduction of 11 yields the
neutral complex [V]IV-NH2 (12) with a doublet ground state.

This reduction process was calculated to be exergonic by
33.3 kcal/mol. The next step is the protonation of the neutral
complex 12 to yield [V]IV-NH3

]+ (13) with no change in
multiplicity. The protonation of 12 at the terminal and amido
nitrogen atoms proceeds with almost equal probability (see
Supporting Information, Table S3) and hence, the terminal
protonated molecule 13 is retained in the mechanism. This
protonation is found to be exergonic by 12.6 kcal/mol. The next
step is the reduction of the cationic complex 13 to the neutral
[V]III-NH3 complex (14) with triplet ground state (the singlet
state is 40.1 kcal/mol higher in energy than the triplet state), and
is calculated to be exergonic by 26.7 kcal/mol. The last step is an
important one where regeneration of the catalyst and production
of second equivalent of ammonia takes place. This process is
found to be endergonic by an amount of 15.2 kcal/mol.
It can be seen from Figure 3 that whenever there is a possibility

for more than one spin state, the high spin geometry lies lower in
energy than the low spin one except in case of [V]dN-NH2 (6)
where the high spin (triplet) state lies 15.1 kcal/mol higher in
energy than the low spin (singlet) state. Also, in agreement with
experimental findings by the group of Schrock,5k we find that the
conversion of [V]dNH (10) to [V]-NH3 (14) via [V]-NH2

(12) is quite facile.
3.2. Comparison between [V] and [Mo]Catalyst. Since no

ammonia was generated using the [V] catalyst under the same
condition that was successful for the analogous [Mo]
catalyst,5k we therefore decided to investigate the factors
which might be responsible for the lower activity of the [V]
catalyst. It is clear from Figure 3 that the key steps for the
generation of ammonia are (i) N�N bond cleavage along with
the generation of the first equivalent of NH3 (process 8f 9)
and (ii) release of the second molecule of NH3 and regenera-
tion of the catalyst (process 14 f 1).

Figure 5. Possible intermediate and transition state for the conversion of 7 to 8. Energies correspond to standard free energies of formation (ΔG0) and
are in kcal/mol.
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The N�Nbond cleavage step is found to be exergonic by only
4.3 kcal/mol. However, the N�N bond cleavage step with [Mo]
is found to be exergonic by 75.9 kcal/mol at the same level of
theory (see Supporting Information). To understand the origin
of such a large difference in energetics, one has to look at the
energies of the σ antibonding orbital of the NR-Nβ bond of the
isoelectronic d1 species [V]-NNH3 and [Mo]-NNH3

]+ respec-
tively as NH3 will be released from these molecules upon
reduction. It is found that the σ*NR-Nβ orbital of [V]-NNH3 lies
2.4 eV higher in energy than that for [Mo]-NNH3

]+ (energies of
σ*NR-Nβ for [V]-NNH3 and [Mo]-NNH3

]+ are 4.1 and 1.7 eV
respectively, Supporting Information, Figure S1). Thus, the
molybdenum complex more readily undergoes reduction than
the vanadium one, and hence, N�N bond cleavage and subse-
quent release of NH3 is highly exergonic in this case. However,
because of the much higher energy of the σ*NR-Nβ orbital of the
vanadium complex, it is quite difficult to reduce the NR-Nβ

bond. It is this difficulty in reducing the NR-Nβ bond which is
responsible for the significantly less exergonic cleavage of theNR-
Nβ bond, and this account for the inefficient release of NH3 from
the vanadium complex compared with that in the related
molybdenum complex. Also, the natural charge at the vanadium
atom of [V]-N-NH3

]+ is 0.90e while that of molybdenum in
[Mo]-N-NH3

]+ is 1.31e, further probing lower electrophilicity of
the vanadium complex. This lower exergonic cleavage of the
N�N bond with [V] may account for one of the major draw-
backs of the [V] catalyst toward NH3 production.
Three possibilities (Figure 6) exist for the generation of the

second equivalent of ammonia and regeneration of the catalyst
(the start over of a new cycle). Both experimental6c and
theoretical8a reports suggest that different routes for the catalytic
cycle are possible. Hence, we have checked three possible path-
ways of ligand exchange at the end of the cycle, that is,
dissociation of NH3 and addition of N2. Similar mechanistic
possibilities were studied previously by Reiher et al8a for the
[Mo] catalyst with the full HIPT ligand. They concluded that
dissociation of the NH3 ligand may proceed via the neutral
pathway or via the anionic one, the latter being the most
favorable. As evident from Figure 6, dissociation of NH3 is
favorable via neutral and anionic pathways; the cationic pathway
is least likely, while addition of N2 is most favorable via the

anionic pathway. It is evident from Figure 6 that the reduction of
[V]-NH3

]+ to the neutral complex [V]-NH3 is quite exergonic
(�26.7 kcal/mol) with Cp2Cr* as the reductant, while the
subsequent reduction of the neutral complex [V]-NH3 to the
anionic one [V]-NH3

]� is very unlikely owing to the high
endergonic (+74.3 kcal/mol) character of the reaction. Figure 6
reveals that the reduction of [V]-N2 to [V]-N2

]� is thermo-
dynamically difficult (the reaction is endergonic by 53.0 kcal/mol).
Thus, the reverse of the above reaction, that is, the oxidation of
[V]-N2

]� is thermodynamically favorable. This theoretical find-
ing corroborates experimental finding that {[V]-N2}K readily
undergoes oxidation.5k Further, conversion of [V]-NH3 to [V]-
N2

]� is thermodynamically unfavorable owing to the high
endergonicity associated with the reduction of [V]-NH3 to
[V]-NH3

]�. This may be the cause for the failure in converting
[V]-NH3 into [V]-N2

]� by the group of Schrock.5k

A closer look at Figure 6 also reveals that the relative ease of
dissociation of ammonia, and addition of dinitrogen to the
cationic, neutral, and anionic systems follow the order

NH3 dissociation : ½V�-NH3
�þ < ½V�-NH3

�� < ½V�-NH3

N2 addition : ½V�-NH3
�þ < ½V�-NH3 < ½V�-NH3

��

Thus, the only possible pathway of ligand exchange with [V]
catalyst is the neutral one since generation of [V]-NH3

]� from
[V]-NH3 is thermodynamically quite unfavorable, while both
neutral and anionic pathways are viable for [Mo].8a This restric-
tion may also account for the difficult regeneration of the catalyst
or start over of a new cycle.
Reiher et al reported that the NH3/N2 exchange may also

involve associative (addition�elimination) mechanism via the
formation of a stable six-coordinate complex [Mo](NH3)(N2).

8c

They could also optimize the six-coordinate complex at the
BP86/TZVP-SVP level of theory, and proposed that the course
of the reaction could be followed by vibrational frequency
analysis (provided that the six-coordinated complex has sufficient
lifetime). Hence, we also tried to optimize the six coordinate
[V](NH3)(N2) complex that should form during the associative
mechanism. We tried to attach N2 from both the top and side
entrance, and fully optimized both complexes. However, the opti-
mized geometries obtained from both approaches are the same.
We also characterized them to be minima in the potential energy
surface by calculating the vibrational frequencies which were
found to be all real valued. However, during optimization, we
observed that the N2 ligand moved away from the [V]-NH3

complex and ultimately attained a distance of 3.551 Å from the
vanadium center (see Supporting Information, Figure S2).
Interestingly, this distance is larger than the sum of the van der
Waals’ radii of vanadium and nitrogen (3.34 Å). However, the
analogous six-coordinate molybdenum complex has a distance of
only 2.285 Å between molybdenum and N2 which is well within
their sum of van der Waals’ radii (3.64 Å). It suggests that the
formation of the six coordinate intermediate [V](NH3)(N2)
may not be possible while it is possible for the analogous
molybdenum complex as reported by Reiher et al.8c Moreover,
the standard free energy of addition of N2 to [V]-NH3 is
endergonic by 7.8 kcal/mol which is 14.9 kcal/mol higher than
the addition of N2 to the naked “[V]” complex. Thus, the
formation of the six coordinate [V](NH3)(N2) complex via
the addition of N2 to [V]-NH3 is thermodynamically unfavor-
able. Thus, while the associative mechanism may be operative in

Figure 6. Different possibilities of initial NH3/N2 exchange. Energies
are in kcal/mol.
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case of the molybdenum complex,8c it is less likely to occur with
the vanadium catalyst. This might also be a possible reason of the
inferiority of the vanadium complex in comparison with the
molybdenum complex.

4. CONCLUSIONS

The energy profile for the conversion of N2 to NH3 mediated
by vanadium triamidoamine has been obtained. This theoretical
study corroborates most of the experimental5k findings and is in
harmony with previous theoretical studies.7,8 The most impor-
tant steps for the catalytic conversion of N2 to NH3 are examined
with all the mechanistic possibilities including the possible
presence of an activation barrier in the reductive proton migra-
tion steps. Our calculation shows that for most of the cases,
protonation is more favorable at the amido nitrogen atom than at
the terminal one except for the protonation of [V]dN� and [V]-
NH2 where terminal protonation is more favorable for the
former and equally favorable for the latter. This is in agreement
with previous theoretical and experimental studies.8a,21 Some of
the key steps of the mechanism were further compared with the
well established chemistry of molybdenum.6�8 These key steps
include initial reductive proton migration for the process 2 f
3f 4, N�Nbond breaking step, and the ligand exchange step at
the end of the cycle. The initial reductive proton migration step
with [V] is endergonic by 9.5 kcal/mol while the same process
with [Mo] is exergonic by 22.4 kcal/mol. The N�N bond
breaking step with [V] is much less exergonic (�4.3 kcal/mol)
compared to [Mo] which is highly exergonic (�75.9 kcal/mol).
This can be traced to the higher lying σ*NR-Nβ orbital and the
lower positive charge at the vanadium center compared with
molybdenum of the respective complexes prior to reduction.
This lower exergonic character of the N�N bond cleavage step
with [V]may account for the lower efficiency of [V] toward NH3

production.5k The other important step, that is, the ligand
exchange step at the end of the cycle reveals that reduction of
[V]-NH3 to [V]-NH3

]� is very unlikely which corroborates
experimental findings.5k Further, the only possible pathway of
ligand exchange with [V] is the neutral one, while both anionic
and neutral pathways are possible with [Mo]. This restriction
provides another clue to the possible limitations of the [V]
catalyst. Moreover, the NH3/N2 exchange with vanadium is less
likely to occur via an associative (addition�elimination) me-
chanism compared with the analogous molybdenum complex,
which might be another possible reason of the inferiority of the
vanadium complex in comparison with the molybdenum com-
plex. Thus, we feel that these theoretical findings may help in
understanding the possible reasons for the poor performance of
vanadium triamidoamine complex toward NH3 production.
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