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ABSTRACT: DFT(B3PW91) calculations have been carried out to propose
a pathway for the N2 cleavage by H2 in the presence of silica-supported
tantalum hydride complexes [(SiO)2TaHx] that forms [(SiO)2Ta(NH)-
(NH2)] (Science 2007, 317, 1056). The calculations, performed on the cluster
models {μ-O[(HO)2SiO]2}TaH1 and {μ-O[(HO)2SiO]2}TaH3, labelled as
(SiO)2TaHx (x = 1, 3), show that the direct hydride transfers to coordinated
N-based ligands in (SiO)2TaH(η

2-N2) and (SiO)2TaH(η
2-HNNH) have

high energy barrier barriers. These high energy barriers are due in part to a lack
of energetically accessible empty orbitals in the negatively charged N-based
ligands. It is shown that a succession of proton transfers and reduction steps
(hydride transfer or 2 electron reduction by way of dihydride reductive coupling) to the nitrogen-based ligands leads to more
energetically accessible pathways. These proton transfers, which occur by way of heterolytic activation of H2, increase the
electrophilicity of the resulting ligand (diazenido, N2H

−, and hydrazido, NHNH2
−, respectively) that can thus accept a hydride with a

moderate energy barrier. In the case of (SiO)2TaH(η
2-HNNH), the H2 molecule that is adding across the Ta−N bond is released

after the hydride transfer step by heterolytic elimination from (SiO)2TaH(NH2)2, suggesting that dihydrogen has a key role in
assisting the final steps of the reaction without itself being consumed in the process. This partly accounts for the experimental
observation that the addition of H2 is needed to convert an intermediate, identified as a diazenido complex [(SiO)2TaH-
(η2-HNNH)] from its ν(N−H) stretching frequency of 3400 cm−1, to the final product. Throughout the proposed mechanism, the
tantalum remains in its preferred high oxidation state and avoids redox-type reactions, which are more energetically demanding.

■ INTRODUCTION
Dinitrogen cleavage has long been recognized as an obligatory
step for the entry of this abundant yet stable and relatively inert
feedstock into the cycle of man-made and biological nitrogen-
containing chemicals.1,2 While the triple bond between the two
nitrogen atoms renders this molecule very stable, as indicated
by its large bond dissociation energy of 225 kcal mol−1,
thermodynamics show that its transformation into chemicals
such as ammonia is possible (ΔH° = −11.1 kcal mol−1, ΔS° =
−23.7 kcal mol−1 K−1).2 The obstacle to N2 transformation
essentially lies in its inertness, due to multiple factors such as its
apolarity, a large HOMO−LUMO gap of 22.9 eV, a negative
electron affinity, and a high ionization energy of 15.58 eV. That is
why catalysis plays a major role in dinitrogen transformation to
the thermodynamically allowed production of ammonia fromN2.
The transformation of N2 to ammonia is currently achieved at
ambient temperature and atmospheric pressure in biological
systems via the nitrogenase enzymes.3 Alternatively, in non-
biological chemistry, the reduction of N2 to ammonia under
mild conditions is a major challenge. The Haber-Bosch process,
which is used to synthesize 150million tons of ammonia per year,

requires temperatures around 450 °C and pressures of between
200 and 300 atm.4

The literature on N2 reduction to NH3 is abundant in
heterogeneous, homogeneous, and biomimetic catalysis. The
heterogeneous Haber-Bosch system has been intensively studied.
One of the particular aspects of this surface chemistry is the
demonstration of the elementary steps and kinetics of the
reduction of N2 by H2 to give ammonia. In particular the dis-
sociation of dinitrogen is assumed to occur on defect sites of the
metallic surface (typically iron) leading to surface nitrides in
which each nitrogen atom is linked to three surface metal atoms.
The activation of dihydrogen does not constitute a problem since
it can be activated at a much lower temperature and can move
easily on the surface of the metallic particle.5,6 In molecular
and biomimetic chemistry,7 the discovery of the first dinitrogen
complex by Allen and Senoff in 19658 gave clues to the possible
role of the metal in the nitrogenase system. The principles
involed in the reduction of N2 were established by the groups of
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Chatt,9 Hidai,10,11 and Shilov.12 In 2003, Schrock and Yandulov
showed how N2 could be converted catalytically to NH3 in the
presence of Mo[(HIPTN)3N] (HIPTN = {3,5-(2,4,6-i-
Pr3C6H2)2C6H3}NCH2CH2) using consecutive addition of
protons from a lutidinium salt and electrons from hexamethyl-
decachromocene.13 More recently, catalytic conversion of
dinitrogen into ammonia under very mild conditions was
achieved also using a dinuclear molybdenum dinitrogen
precursor, CoCp2 as an electron donor, and lutidinium salt as a
proton donor.14

Noncatalytic conversion of N2 to ammonia has been achieved
using various methods to provide a source of electrons.
Electrochemical15 or photochemical processes16 have been
used as sources of energy to achieve the N2 + H2 to NH3
conversion. Very recently, N2 reduction and hydrogenation to
ammonia by a molecular iron−potassium complex was
achieved.17 Many research groups have focused their attention
on the N2 splitting and/or functionalization. In this way, bare
metals under matrix-isolation conditions have been found to
cleave N2.

18 In addition, a larger palette of experimental
conditions has been used to cleave the dinitrogen bond in either
di- or polymetallic complexes of N2 even though ammonia is not
produced or is not the sole product of reaction.19−21 Molecular
dihydrogen is rarely used as the reducing agent in molecular
complexes.21,22 On the other hand, the functionalization of
dinitrogen has also been achieved in several cases with silane,
borane, and CO usually via the coordination of N2 to a dinuclear
complex.22,23

We are interested, in this article, in the unique example offered
by surface chemistry that achieves stoichiometric reaction of
N2 and H2 with silica-supported tantalum hydride complexes
[(SiO)2TaH] and [(SiO)2TaH3] forming the silica-
supported amido−imido complex [(SiO)2Ta(NH)(NH2)]
as shown by us and co-workers.24 The reaction takes place at
250 °C and low pressures of H2 and N2 without the need for an
additional reagent. The singularity of this process is that tantalum
hydrides act as monometallic species capable of splitting N2 with
molecular dihydrogen as the reducing agent.
In parallel to the experiments, a large number of theoretical

studies have been carried out on the most relevant systems
mentioned above. Several of them have centered their efforts on
understanding the reaction pathways leading to the formation of
NH3. The heterogeneous catalytic cleavage of N2 has been
studied by several authors.6,25 According to their DFT cal-
culations, N2 cleavage is usually the key step, and it most likely
occurs at step sites of the surface. The molybdenum complexes
studied by Schrock and Yandulov have likewise attracted con-
siderable attention. Calculations using small and larger models of
the real systems reproduce reasonably well the experimental
results.26 The processes involving N2 activation and cleavage
by polymetallic species without forming NH3 have also attracted
the attention of theoretical chemists.27 In these cases, unlike the
two previous systems, the activation of the N2 ligand is usually
accomplished when N2 is side-on coordinated and/or bridged
between two metal centers. Likewise, the hydrogenation of
various nitrogen metal complexes such as the nitrido derivative
has been considered.27q Finally, the reactivity of silica-supported
tantalum hydrides withN2 andH2 has been studied throughDFT
calculations.28 The authors proposed a mechanism consisting
of three successive hydride transfers, usually with high energy
barriers, which is compatible with the high temperature used in
the experiments.

In this article, we wish to focus on the mechanistic issues for
the stoichiometric N2 splitting by silica-supported tantalum
hydrides. We have explored pathways that have not been
considered in the previous study.28 This leads us to propose a
route that is different from those previously suggested. The new
pathway is characterized by minimizing the number of steps
where the oxidation state of the tantalum is modified, which can
be energy demanding. This is possible by making use of the
ability of H2 to split in a heterolytic manner and to provide a
proton to be transferred to nitrogen and a hydride as a reducing
agent.29,30 The pathway proposed in this article also fits better
with the nature of intermediates suggested by experiments.24

■ MODELS, COMPUTATIONAL DETAILS, AND
EXPERIMENTAL SECTION

Model. The grafted complex is modeled using a molecular approach
with the cluster shown in Figure 1. The surface oxygen atoms covalently

bonded to the tantalum center have been assumed to be vicinal and the
surface is represented by including the first SiO4 shell. This model is
similar to most of those used previously for representing silica-
supported transition metal hydrides31 and supported Schrock-type
olefin metathesis catalysts.32,33 This model has been shown to correctly
reproduce the spectroscopic properties of [(SiO)2Ta(NH)(NH2)]
and its reactivity with H2 and NH3.

24,34,35 It is noteworthy that this
molecular approach gives results that are similar to those obtained with
calculations using periodic boundaries conditions.24,33,34

Computational Details. Calculations have been carried out with
the B3PW9136,37 density functional and the Gaussian 03 package.38

Silicon and tantalum atoms have been represented with the quasi-
relativistic effective core pseudopotentials (RECP) of the Stuttgart−
Bonn group and the associated basis sets augmented with a polarization
function.39 All other atoms (O, N, and H) have been represented by
the Dunning’s correlation consistent aug-cc-pVDZ basis sets.40 All
optimizations were performed without any geometry constraint and
the nature of the extrema was checked by analytical calculations
of the frequencies. Calculations were also carried out with the M06
functional41 giving results similar to those obtained with the B3PW91.
For consistency with previous published work on silica supported
complexes relevant to either activation of N2 and NH3

24,34,35 or to olefin
metathesis catalysts,32,33 we present the results with B3PW91. This
choice allows also a more relevant comparison with the work of Li and Li
on the same reaction.28 The results with the M06 functional (energies
and coordinates) are presented in the Supporting Information. The
values and the natures of the vectors associated with the imaginary
frequencies are given in the Supporting Information. The Intrinsic
Reaction Coordinate (IRC) was calculated to ensure the nature
of the two minima interconnected through the transition states.

Figure 1. Cluster model for the silica supported tantalum trihydride.
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The reported IR frequencies were calculated within the harmonic
approximation and were not scaled. Three sets of energies are used to
discuss the obtained results: (i) electronic energies E without ZPE
corrections, (ii) Gibbs energies (G523K) computed with Gaussian 03 at
1 atm and 523.15 K (highest experimental temperature used), and
(iii) Gibbs energies (G298K) at 1 atm and 298.15 K. Gibbs energies are
computed assuming an ideal gas, unscaled harmonic vibrational
frequencies, and the rigid rotor approximation. This is an approximate
way of evaluating the entropic contributions, but no simple procedure
applicable to the experimental conditions is available. Great caution
should be exerted when considering the calculated values of the entropic
contribution in a reaction in which gases are put into contact with a solid.
While the absolute entropic contributions are difficult to determine,
comparing reactions, which have similar changes in molecularity,
presents fewer difficulties. Neglecting totally the entropic contributions
by using the energies in place of the Gibbs energies would introduce
larger biases in the results.
The d2 tantalum complexes may have an accessible open shell triplet

state. Calculations with the B3PW91 functional show that the triplet
state is lower than the closed shell singlet for the tantalummonohydride
(1III in the following) and the end-on N2 coordinated adduct (2III in
the following) by 6.8 kcal mol−1 and 3.4 kcal mol−1, respectively. Thus,
the essential of the reaction pathways occurs on the singlet state
potential energy surface. The consideration of the triplet state for 1III
and 2III will not modify the overall description of the pathway. Con-
sequently, the triplet state for these two species will not be considered
further.
Additional Experiments for the Reaction of N2 with

[(SiO)2TaHx]. The following experiments were carried out in con-
tinuation of our previous results.24 Two self-supporting pellets containing
the silica-supported mixture of tantalum hydrides [(SiO)2TaHx]
were prepared as previously described.24 Prior to dinitrogen addition,

the pellets were heated at 150 °C under a dynamic vacuum for 3 h
in order to increase the amount of [(SiO)2TaH] with respect to
of [(SiO)2TaH3].

42 The first pellet was exposed to a dinitrogen
atmosphere (500 Torr) and analyzed by in situ IR as previously.24

The expected dinitrogen adduct, characterized by ν(N2) = 2280 cm−1,
was observed. After treatment under a vacuum, which led to the
disappearance of the ν(N2) band, the solid was analyzed by elemental
analysis (wt %: Ta = 11.4; N = 0.94). The second pellet was exposed
to N2, heated at 250 °C, and analyzed by IR (Figure S1). A lower
concentration of intermediate species characterized by ν(N2Hx) =
3400 cm−1 was observed for this monohydride-enriched sample
than with the regular sample of tantalum hydride mixture.24 Only
traces of the imido amido Ta(V) final product assigned to reacted
tantalum hydrides were observed. No dihydrogen was detected in the
gas phase.

■ RESULTS

A detailed exploration of the potential energy surface of the N2
splitting by {μ-O[(HO)2SiO]2}TaHx (shown in Figure 1 for
x = 3), represented as (SiO)2TaHx hereafter, was carried out
using the mono- (x = 1) and trihydride (x = 3) complexes as
reactive species. The energies, E, and Gibbs energies, G, at
298 and 523.15 K of the reaction profiles are presented in
Schemes 1−3. Figures 2−4 show the optimized structures of all
extrema, and Figure 5 summarizes the global energy profiles
using G523K values.

Initial (SiO)2TaHx Hydrides. The results are shown in
Scheme 1 and Figure 2. Hydrogenolysis of the d0 silica-grafted
organometallic tantalum complex (SiO)2Ta{CH(t-Bu})-
{(−CH2(t-Bu)} yields a mixture of hydrides, (SiO)2TaHx,

Scheme 1. Energies and Gibbs Energies at 298 and 523 K (in Parentheses), in kcal mol−1, of Minima and Transition States for the
Set of Reactions between 1III or 1V and N2

a

aThe origin of energies is separated 1V, H2, and N2. A green line between a ligand and tantalum represents a ligand-to-metal donor−acceptor bond.
The energies and Gibbs energies next to the arrows given in italics are those for the transition state relative the reactant at the start of the arrow. The
geometries of all extrema are shown in Figure 2.
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the two major ones being attributed to a monohydride,
(SiO)2Ta

(III)H, and a trishydride, (SiO)2Ta
(V)H3, modeled

in this study by 1III and 1V, respectively.42 The monohydride
(SiO)2TaH, 1III, which has a formal d2 tantalum center, has a
trigonal planar geometry at the metal center with standard Ta−H
and Ta−O bond distances. The (SiO)2TaH3 structure 1V
is related to that of Cp2TaH3 since the three Ta−H bonds are
in the plane that bisects the O−Ta−O angle as they do in the
cyclopentadienylcentroid−Ta−cyclopentadienylcentroid.

43 In this
trihydride, 1V, the average distance between two cis hydrogens
is 1.871Å,which indicates an absence of interaction between them.
The reaction 1III + H2 → 1V (a in Scheme 1) is highly

exothermic (ΔE = −43.6 kcal mol−1), and although the entropic
contribution is unfavorable, 1V has a significantly lower Gibbs
energy than the separated 1III and H2 in the temperature range
used in the experimental setting (ΔG298K = −32.6 kcal mol−1,
ΔG523K = −25.4 kcal mol−1). The energy of 1V and free H2 and
N2 is used in the following as reference.
Format ion of the S ide-on N2 Complexes

(SiO)2TaHx(η
2-N2). The very small coordination energy of

N2 to 1V (c in Scheme 1) of ΔE = −1.6 kcal mol−1 (−5.6 kcal
mol−1 with M06) makes N2 coordination disfavored by the
entropic contribution. Using the standard procedure described
in the Computational Details, the Gibbs energies of
(SiO)2TaH3(η

1-N2), 2V, are 8.5 kcal mol−1 at 298 K and
15.2 kcal mol−1 at 523 K. In 2V, N2 is end-on coordinated with
a long Ta−N bond distance of 2.446 Å, a NN triple bond
of 1.103 Å and a ν(NN) stretching frequency red-shifted by
−16 cm−1 relative to free N2. Thus, N2 is not substantially
activated in 2V. It is noteworthy that H2 is not a better ligand
than N2 for (SiO)2TaH3 since the binding energy of H2 of
1.2 kcal mol−1 is also very small (b in Scheme 1). Thus, even

though 1V is formally a 10-electron complex, it has little affinity
for ligands like N2 and H2.
The change in the N2 coordination from end-on, 2V, to side-

on N2, 3V (c′ in Scheme 1), was calculated to occur via a
transition state that is 34.2 kcal mol−1 above 2V (ΔG298K

‡ =
31.4 kcal mol−1, ΔG523K

‡ = 31.8 kcal mol−1) and is endothermic
by 13.4 kcal mol−1 (ΔG298K = 15.2 kcal mol

−1,ΔG523K = 16.0 kcal
mol−1). The change in the coordination of N2 is concerted with
the reductive coupling of the two hydrides to form a dihydrogen
ligand. In 3V, the side-on N2 ligand has a N−N bond distance
of 1.212 Å, significantly longer than in 2V, and a short average
Ta−Nbond distance of 2.096 Å (Figure 2). Upon going from the
end-on N2 trihydride, 2V, to the side-on N2 dihydrogen
monohydride, 3V, the oxidation state of the metal remains
unchanged, and the two electrons originating from the reductive
coupling of the two hydrides are used to reduce the dinitrogen
ligand to N2

2− as indicated by the significant elongation of the
dinitrogen bond distance (from 1.10 to 1.21 Å). A transition state
TS(1V−3V) for direct side-on coordination to form 3V from
separated 1V and N2 was located with an energy of 21.7 kcal
mol−1 above the separated 1V and N2 (ΔG298K

‡ = 32.8 kcal
mol−1, ΔG523K

‡ = 40.5 kcal mol−1; d in Scheme 1, Figure 2).
Using 1V as an energy reference, this transition state is lower in
energy than TS(2V−3V) in which N2 flips from η1- to η2-
coordination (c′ in Scheme 1). At the transition state TS(1V−
3V), the two N's are at an equal distance from Ta (2.439(av) Å)
with a NN bond distance of 1.141 Å, and the distance between
the two hydrogens forming the H2 ligand is 0.920 Å (Figure 2).
This indicates that the side-on coordination of N2 occurs
simultaneously with the formation of a dihydrogen ligand from
the reductive coupling of two hydrides, which preserves the d0

configuration of Ta(V). There are different orientations of the

Scheme 2. Energies and Gibbs Energies at 298 and 523 K (in Parentheses), in kcal mol−1, of Minima and Transition States for the
Reactions Initiated by 3Va

aThe origin of energies is separated 1V, H2 and N2. A green line between ligand and tantalum represents a ligand-to-metal donor−acceptor bond.
The energies and Gibbs energies next to the arrows given in italic are those for the transition state relative the reactant at the start of the arrow. The
geometries of all extrema are shown in Figure 3.
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N2 molecule in the transition states of the (2V → 3V) and the
(1V + N2 → 3V) steps. In TS(2V−3V), N2 is essentially trans
to a Ta−H bond and almost parallel to the O−Ta−O plane.
InTS(1V−3V), N2 is trans to a Ta−Obond and perpendicular to
the O−Ta−O plane.
The reaction of N2 with the monohydride 1III was also

considered (e and f in Scheme 1). Reaction of 1III and N2 led
either to the η1-N2 complex 2III or directly to the η2-N2 complex
3′V. The coordination of N2 is exothermic by −21.8 kcal mol−1
(ΔG298K = −9.9 kcal mol−1, ΔG523K = −2.0 kcal mol−1) in the
end-on N2 complex 2III and by −31.3 kcal mol−1 (ΔG298K =
−19.7 kcal mol−1, ΔG523K = −11.9 kcal mol−1) in the side-on N2

complex 3′V, relative to the separated monohydride complex and
N2, showing a preference for the latter geometry. In 2III, the
Ta−N distance is 2.022 Å, the NN bond distance is 1.141 Å, and
the ν(NN) stretching frequency is red-shifted by 405 cm−1

relative to free N2, consistent with a significant back−donation
from a formally d2 Ta(III) center. In 3′V, the N2 ligand and the
hydride are in the bisector plane of the O−Ta−O angle, and the
N−N distance of 1.213 Å together with Ta−N bond lengths of
2.072 and 2.109 Å suggest a Ta(V) metal and a reduced N2

2−

ligand (Figure 2). Side-on N2 coordination to the monohydride
complex could be reached either through an experimentally rare
η1- to η2-coordination flip44,45 via TS(2III-3′V) (e′ in Scheme 1)

or by direct coordination of N2 to 1III via TS(1III-3′V) (f in
Scheme 1). The transition states for both steps have similar Gibbs
energies relative to the separated 1III and N2 (ΔG298K

‡ = 12.5 and
12.6 kcal mol−1 for 1III→ 3′V and 2III→ 3′V, respectively; the
correspond-
ing values are 19.1 and 20 kcal mol−1 at 523 K). Therefore,
calculations suggest that 3′V could be formed by the addition of
N2 to the monohydride directly, with a rather low energy barrier
along step f of Scheme 1 or with a higher energy barrier along the
steps e and e′ of Scheme 1. Adding H2 to 3′V yields 3V. The
transition state for H2 addition to 3′V to form 3V was not searched.
The dihydrogen is weakly bonded in 3V as evidenced by the Ta···H
average distance of 2.096 Å, the H−H bond distance of 0.791 Å in
3V, and the binding energy of 1 kcal mol−1. Therefore, the Gibbs
energies of 3V and 3′V are determined by the entropic contribution.
In summary, the calculations indicate that dinitrogen can be

end-on or side-on bound to the tantalum fragment, which has
either one or three atoms of hydrogen. They also indicate that
side-on coordinated N2 can be reached from either the trihydride
or the monohydride. Overall, adding nitrogen to the trihydride is
slightly endoergic and requires a moderate energy (or Gibbs
energy barrier) when passing through TS(1V−3V) and a
relatively high energy barrier when passing through TS(2V−
3V). In contrast, the reaction of dinitrogen with the

Scheme 3. Energies and Gibbs Energies at 298 and 523 K (in Parentheses), in kcal mol−1, of Minima and Transition States for the
Reactions of 6V and 6′V in the Absence of H2 (Paths a and a′) and in the Presence of H2 (Paths b and b′)a

aThe origin of energies is separated 1V, H2 and N2. A green line between ligand and tantalum represents a ligand-to-metal donor−acceptor bond.
The energies and Gibbs energies next to the arrows given in italic are those for the transition state relative the reactant at the start of the arrow. The
geometries of all extrema are shown in Figure 4.
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monohydride is exoergic (3′V relative to 1III plus N2) and
requires low to modest energy or Gibbs energy barriers (step f or
e′ of Scheme 1). The experimental results have shown that N2
binds to the tantalum center but that there is no insertion of the

dinitrogen into a Ta−H bond when a mixture of 1III and 1V is
exposed to a N2 atmosphere at room temperature.24 The only
change observed by in situ IR spectroscopy upon mixing the
tantalum hydride complexes and N2 at room temperature is
attributed to the formation of a weakN2 complex, as suggested by
a ν(NN) stretching frequency of 2280 cm−1 (red shift of 51 cm−1

relative to free N2). This result is only compatible with a
perturbed but not activated N2 ligand such as 2V (calculated red
shift of 16 cm−1). In the other N2 complexes such as 2III, the
calculated ν(NN) stretching frequency is significantly lower
(calculated red shift of 405 cm−1), eliminating this species to
rationalize the observed IR data. The observed evolution of
0.3 eq/H2 from the tantalum hydride mixture upon the addition
of dinitrogen24 and the lability of the resulting IR ν(N2) band are
consistent with the similar energies of 1′V and 2V and the low
binding energies of the ligands. These results are also consistent
with the well-precedented46 low energy reversible ligand exchange
L = H2 by N2. The trihydride species appears thus to reversibly
coordinate H2 (1′V, b in Scheme 1) or N2 in an atmosphere of H2
and/or N2 (2V, c in Scheme 1), which is in agreement with the
similar energies of 1′V and 2V relative to 1V and free H2 and N2.
IRmonitoring of the reaction of N2 with the tantalum hydrides

does not appear to be the most efficient tool to follow the
reaction of the monohydride with N2 to form 2III or 3′V because
of the expected low extinction coefficient of side-on dinitrogen
adducts45 and of the existence of stretching ν(TaHx) of the
starting hydrides and of silica framework deformation bands in
the region expected for ν(N2) in 2III and in 3′V (calculated red
shift relative to free N2 of 405 and 757 cm−1, respectively).
However, other data suggest that substantial dinitrogen
coordination to tantalum is obtained in the present system. As
described in the Experimental Section, the solid resulting from

Figure 2.Optimized structures (distances in Å) of extrema associated with the pathways of Scheme 1. The vectors of the imaginary frequencies for the
transition states are given in the Supporting Information.

Figure 3. Optimized structures (distances in Å) of extrema associated
with the pathways shown in Scheme 2. The vectors of the imaginary
frequencies for the transition states are given in the Supporting
Information.
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exposing a sample of silica-supported tantalum hydrides to a
nitrogen atmosphere, enriched in monohydride complexes, has
a sizable nitrogen content by combustion analysis (N/Ta ratio =
0.9). This suggests that the N2 complexes (2III and/or 3′V) are
formed from the monohydride, although not observed by IR
spectroscopy. These results are in good agreement with the
calculations, which indicate that the pathways 1III→ 2III→ 3′V
are energetically accessible.
Formation of (SiO)2TaH2(N2H). The results are shown in

Scheme 1 and Figure 2. Li and Li suggested that complex 3′V
could evolve to (SiO)2Ta(N2H), 4III, by H transfer to the
η2-coordinated N2, but this step is endoergic and requires a high
activation barrier (>40 kcal mol−1).28 Experimentally, we have
observed that a monohydride [SiO)2TaH]-enriched sample,
when heated at 250 °C under dinitrogen in the absence of H2,
does not give as much intermediate species characterized by
ν(NH) = 3400 cm−1 as the original mixture of tantalum hydrides
under similar conditions. This experimental result (Figure S1)
tends to agree with the high energy barrier calculated for the
direct N2 insertion in the Ta−H bond of (SiO)2TaH(η

2-N2).
The level of calculations used in this article gives results which
are similar to those by Li and Li:28 The 3′V → 4III transforma-
tion is endothermic by 17.6 kcal mol−1 and the transition state
TS(3′V−4III) is 41.9 kcal mol−1 above 3′V (g in Scheme 1).
There are two ways to qualitatively rationalize this high energy
barrier: (i) A transfer of a hydride to a highly negatively charged
N2

2− ligand is disfavored by the high energy of the empty ligand
orbitals (more later in the discussion) and also because of
unfavorable electrostatic interactions. (ii) The transfer can be
viewed as a reductive H transfer in which a proton is added to

N2
2−, and thus, the metal is reduced from Ta(V) to Ta(III), a

relatively unfavorable oxidation state for the metal. Therefore,
although the reaction takes place at 250 °C and is compatible
with high-energy barrier elementary steps, we have searched for
alternative energetically more accessible pathways.
In 3V, there are two different types of hydrogen. While the

hydrogen directly bonded to Ta is a hydride, the dihydrogen
ligand coordinated to a metal has acidic character.30 Therefore,
considering that N2 is negatively charged in 3V, it is more likely
to react with the electron-poor hydrogen of coordinated H2. The
transition state for the heterolytic cleavage of H2 with the proton
being transferred to the coordinated dinitrogen is shown in
Figure 2. The TS(3V−4V) transition state is calculated to be
15.3 kcal mol−1 above 3V (ΔG298K

‡ = 13.9 kcal mol−1,ΔG523K
‡ =

14.2 kcal mol−1), and it yields 4V, which is essentially isoergic
with 3V (h in Scheme 1). At the transition state TS(3V−4V),
the N···H···H angle is 150°, and the tantalum center, the two
nitrogen, and the two hydrogen atoms are coplanar. This geom-
etry is characteristic of a proton transfer from the acidic dihydro-
gen ligand to one of the N lone pairs of the N2

2− ligand. The
product, 4V, has the two hydrides separated by a distance of
more than 3 Å and an η2-N2H ligand. This ligand has a N−N−H
angle of 120.3° and a N−N bond distance of 1.232 Å; it is thus
well described as a [NNH]− ligand. In the 3V → 4V trans-
formation, the oxidation state of tantalum does not change, and
the dinitrogen ligand goes from N2

2− to N2H
− upon the transfer

of the proton.
Formation of (SiO)2TaH(N2H2). The results are shown in

Scheme 2 and Figure 3. After the formation of 4V, a second H
transfer to the N2H ligand is necessary. The energetics of all
possible H transfers to 4V are shown in Scheme 2. Since the N2H
ligand formally carries a single negative charge, it could still prefer
to react with a positively charged species. However, a reaction
with a negatively charged hydride should not be as unfavorable as
for the 3′V → 4III transformation (g in Scheme 1). We have
explored all possibilities (paths b + c or b + c′ and paths d or d′ in
Scheme 2). To induce the first path, which involves a proton
transfer, there is a need for a dihydrogen in the coordination
sphere. Since 4V is hexacoordinated, the addition of H2 is not
possible; the formation of the dihydrogen complex 5V can occur
by reductive coupling of the hydrides present in 4V. The
dihydrogen adduct 5V is 8.2 kcal mol−1 above 4V and is reached
with an energy barrier of 9.3 kcal mol−1 (ΔG523K = 8.1 kcal mol

−1,
ΔG523K

‡=9.0 kcalmol−1; b in Scheme 2). From 4V toTS(4V−5V)
to 5V, the N−N bond distance in the N2H ligand lengthens from
1.232 to 1.285 and to 1.335 Å, and the H···H distance shortens
from 3.039 Å to 1.115 and to 0.870 Å (Figure 3). The long
NN bond distance in 5V is thus intermediate between that
of a single and that of a double NN bond, which is indicative of
either a significant back-donation from a Ta(III) to [N2H]

− ligand
or a significant donation of electron density from a fully reduced
[N2H]

3− ligand to a Ta(V) center.47 In parallel, some additional
electron density is also present on the coordinated H2 ligand of
5V, as indicated by the H−H bond distance of 0.870 Å. The two
ways to consider the electronic structure of 5V indicate that the
reductive coupling of the two hydrides has accumulated con-
siderable density on the HN−N ligand, while some still remains
in the coordinated H2.
From 5V, the heterolytic cleavage of H2 can occur across one

of the twoTa−Nbonds of theN2H ligand (c and c′ in Scheme 2).
The two steps have similar and relatively low energy barriers
(ΔE‡ = 8.2 and 9.8 kcal mol−1 for c and c′, respectively), and
they are both highly exothermic (ΔE around −30 kcal mol−1).

Figure 4. Optimized structures (distances in Å) of extrema associated
with the pathways shown in Scheme 3. The vectors of the imaginary
frequencies for the transition states are given in the Supporting
Information.
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The transition states for 5V to 6V and 5V to 6′V have distances
between the two hydrogens slightly longer than 1 Å and
H···H···N angles of 130° and 151°, respectively, compatible with
a proton transfer between ligands with geometrical constraints
in their bonds to tantalum. In 6V and 6′V, the N−N bond
distances are similar and longer than 1.43 Å, indicative of a N−N
single bond. As a consequence, in both 6V and 6′V, the nitrogen-
based ligand is best described as [N2H2]

2−, stabilized by a Ta(V)

center.
The alternative pathways to form 6V and 6′V from 4V are

by the direct hydride transfer to the [HNN]− (d and d′ in
Scheme 2). In contrast with what was obtained for the H2
heterolytic cleavage routes, 5V → 6V (b + c in Scheme 2) and
5V → 6′V (b + c′ in Scheme 2), for which protonation of the
two ends of the N2H ligand have similar energy barriers,
the hydride transfers in 4V to form 6V and 6′V (d and d′ in
Scheme 2) have different energy barriers. The hydride transfer
to form the symmetrical HNNH ligand has an energy barrier
of 8.6 kcal mol−1 above 4V, while the corresponding value to
form 6′V is 33.4 kcal mol−1 (ΔG523K

‡ = 9.1 and 34.2 kcal mol−1,
respectively). This difference in the energy barriers between
these two paths is not easy to understand, but similar results were
reported by Li and Li.28

Overall, the formation of 6V could be obtained either via direct
hydride transfer (d in Scheme 2) or by proton transfer after
intramolecular formation of a dihydrogen complex (b + c in
Scheme 2). Unlike the 3′V→ 4III step described in the previous
section, the direct hydride transfer to the [N2H]

− ligand to form
[N2H2]

2− (4V → 6V) does not have a high-energy barrier. In
TS(4V−6V), the hydride adds to the π system of coordinated
N2H that is perpendicular to the Ta−N−Nplane (N−Ndistance =
1.295 Å, N···hydride distance = 1.541 Å, H−N−N···hydride

dihedral angle = 100°; Figure 3). The π* orbital of the HNN
ligand is well suited for interacting with a hydride, and the
formally single negatively charged [HNN]− ligand is more
electrophilic than the doubly negatively charged N2

2− in 3′V.
The pathways 4V→ 6V or 6′V via initial dihydrogen formation

(5V) followed by proton transfer to the N2H ligand of 5V (b + c
or b + c′ in Scheme 2) are energetically equivalent to the direct
hydride transfer, 4V to 6V. Thus, one could expect that 6V is
formed via either hydride transfer or by dihydrogen forma-
tion followed by proton transfers (d or b + c in Scheme 2,
respectively) but that 6′V is formed via dihydrogen formation
followed by proton transfer (b + c′ in Scheme 2).

Reaction of (SiO)2TaH(N2H2) in the Absence and in
the Presence of Additional H2. The results are given in
Scheme 3 and Figure 4. The transfer of the hydride to the
[N2H2]

2− ligand in 6V or to the [NNH2]
2− ligand in 6′V could

lead to the final amido imido Ta(V) complex if the hydride
transfer were concerted with N−N bond cleavage. Neither Li
and Li28 nor have we observed such a direct mechanism. Li and Li
have suggested that the transformation of 6V or 6′V to the final
amido−imido Ta(V) complex, 10V, occurs by hydride transfer
followed by the cleavage of the remaining bond between the two
nitrogen atoms, in two sequential steps. The hydride transfer step
has an especially high energy barrier and is endoergic.28 We have
obtained essentially the same results (a and a′ in Scheme 3). The
6V → 8III and 6′V → 8III transformation are endothermic by
19.6 and 16.4 kcal mol−1, respectively, and the associated energy
barriers are 46.3 kcal mol−1 (ΔG523K

‡ = 44.7 kcal mol−1) from 6V
and 36.8 kcal mol−1 (ΔG523K

‡ = 36.3 kcal mol−1) from 6′V.
Since the hydride transfer to go from 6V to 8III has a high-

energy barrier, we have explored alternative pathways, which
could involve a proton transfer. This requires the participation of

Figure 5. Gibbs energy profiles (in kcal mol−1) at 523 K for the reaction of N2 and H2 in the presence of silica supported tantalum hydrides (
SiO)2TaHx (x = 1, 1III and x = 3, 1V) to form the amido imido Ta(V) (SiO)2Ta(NH)(NH2) complex 10V. The pathways implying isomer 6′V are
not reported for clarity (the overall energy is similar to the route implying 6V). Likewise, the alternative 4V→ 6V step going through 5V is not reported.
See Schemes 1−3 for details on each step and label assignments, and see Figures 2−4 for geometries of all extrema. A green line between ligand and
tantalum represents a ligand-to-metal donor−acceptor bond. [Ta] represents the silica supported tantalum species.
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an additional molecule of H2. This dihydrogen adds across the
Ta−N bond of 6V to form (SiO)2TaH2(N2H3), 8V, with an
energy barrier of 16.1 kcal mol−1 (b in Scheme 3). This heterolytic
addition of H2, which takes place without prior coordination of
dihydrogen to the metal, is exothermic byΔE =−14.4 kcal mol−1
relative to 6V. In the reaction of H2 with 6′V (b′ in Scheme 3),
a H2 adduct, 7′V, was located prior to the addition across the
un-hydrogenated TaN bond. The transition states for 7′V +
H2→ 8V and for 6V + H2→ 8V have similar energies and Gibbs
energies. These transition states have a structure that indicates
that a proton is transferred to the nitrogen atom (in TS(6V−
8V), the N···H and H···H distances are 1.337 and 0.970 Å,
respectively) while a Ta−H bond is formed (Ta···H distance of
2.034 Å; Figure 4). They resemble the transition state for the
3V→ 4V transformation, which is shown in Figure 2. In 8V, the
two hydrides are far from each other (3.170 Å), and the NN bond
distance in the NHNH2

− ligand is 1.418 Å. The addition of a
proton to the [N2H2]

2− ligand in 6V or 6′V is thus energetically
easier than the intramolecular hydride transfer, but it requires the
participation of an additional dihydrogen molecule. These results
suggest that the reaction should stop at the formation of 6V and
6′V in the absence of available H2. This result rationalizes an
important experimental observation. IR spectroscopy monitor-
ing after heating a sample of the (SiO)2TaHx mixture exposed
only to N2 shows a substantial decrease of the ν(Ta−Hx) stretch-
ing bands, suggesting that a reaction has occurred between N2
and the silica supported tantalum hydride complexes, but very
little final product is observed.24 Nevertheless, significant amounts
of the final product are observed when H2 is added to the reactive
media and the system is heated.24

Formation of (SiO)2Ta(NH)(NH2). The results are shown
in Scheme 3 and Figure 4. Reductive elimination of H2 from 8V
yields the Ta(III) complex 8III (c in Scheme 3). This
transformation, which is strongly endoergic and requires a
high-energy barrier, is unlikely to occur. The hydride transfer to
the NH2NH

− ligand transforms 8V into a bisamido Ta(V)

complex 9V when H is added to the NH end (d in Scheme 3),
and it leads to an ammonia imido Ta(V) complex 9′V (not shown
in Scheme 3 and Figure 4) if the hydride adds to the NH2 end.
Nevertheless, attempts to locate the transition state for the latter
case were not successful. Note that 9′V is 5.3 kcal mol−1 higher in
energy than 9 V.34 The TS(8V−9V) transition state is 37.1 kcal
mol−1 above 8V (ΔG523K

‡ = 33.0 kcal mol−1), but the reaction
is strongly exothermic since 9V is 54.1 kcal mol−1 below 8V
(ΔG523K = −56.0 kcal mol−1). The energy barrier for the 8V →
9V step is slightly lower than that for 8V → 8III. The two
transition states have similar energies, but there is a large
thermodynamic preference for cleaving the NN bond via hydride
addition to the ligand over eliminating H2 without cleaving the
NN bond. At the transition state TS(8V−9V), the hydrogen is
1.589 Å from the NH nitrogen; the N−N···H angle is 139°; and
the two nitrogen, the tantalum, and the hydrogen atoms are
coplanar (Figure 4). The NN bond distance is 1.864 Å, which is
thus significantly longer than in 8V (1.418 Å). These geometrical
features show that the hydrogen is interacting with the empty
σ*NN orbital. Therefore, the reaction is best viewed as a hydride
addition to the NH end of the NH2NH

− ligand. The bisamido
hydride Ta(V) complex 9V has been previously described.34 It is
noteworthy that this is the first species among all minima located
for N2 hydrogenation that has a Gibbs energy at 523.15 K lower
than that of the reactants because the loss of the strong NN bond
is compensated by the formation of two strong Ta−amido bonds.

The 9V intermediate can evolve to the final product 10V
through a heterolytic loss of H2. This elementary step has
been found to be part of the pathway for the experimentally
observed H exchange in the reaction of 10V with H2.

33 This
transformation is the reverse reaction of the heterolytic addi-
tion of H2 to the Ta−N bond described in the 6V → 8V
transformation. Therefore, the final product 10V is formed after
elimination of a H2molecule, while H2 had been added to 6V two
elementary steps earlier to favor the hydrogenation of HNNH2−

or NH2N
−. The heterolytic elimination is slightly endothermic

by 9.5 kcal mol−1, and involves an energy barrier of 27.1 kcal
mol−1. However, the loss of H2 is entropically favorable, and this
leads to 10V and free H2 having a lower Gibbs energy than 9V,
both at room temperature and at 250 °C by 2.6 and 8.8 kcal
mol−1, respectively.

■ DISCUSSION
Figure 5 shows the complete Gibbs energy profile at 523 K
associated with the sequence of elementary steps that yield the
formation of the amido−imido Ta(V) complex from the initial
silica-grafted tantalum trihydride mixture, N2 and H2. The
corresponding potential energy profile using E is shown in the
Supporting Information (Figure S3). The overall shapes are
similar, but the lack of the entropic contribution in the latter
prevents proper representation of the association and dissocia-
tion processes. Even though the calculations of the entropy
contributions are not accurate with the method used (see
Computational Details), it is preferable to consider the Gibbs
energy profile to have a qualitative description of the global
process.
Li and Li have calculated a full mechanism with the B3LYP36,48

functional.28 The extrema found by them have been also
calculated with our method of calculation (B3PW91), and they
are shown in the red curve in Figure 5. Since the two methodo-
logies give essentially the same results, we can compare the
pathway proposed by Li and Li (red curve) using our energy
values to the alternative pathway (black curve).
The preferred pathway that emerges from our calculations is

described as follows. The tantalum trihydride (1V) and the sepa-
rated monohydride (1III) can bindN2. The end-on coordination
is kinetically easy but leads to an unactivated dinitrogen ligand.
For the monohydride, the side-on coordination has a lower
energy barrier but leads to the (SiO)2TaH(η

2-N2) complex,
3′V, inert toward N2 insertion in the Ta−H bond. Its further
reactivity is possible by the addition of H2 to give TaH(N2)(H2),
3V, an intermediate of the trihydride N2 reduction route
(vide inf ra). The trihydride reduction route becomes thus the
most relevant. The preferred pathway to reach a side-on η2-N2
coordination directly from the trihydride is to associate the
addition of N2 with the reductive coupling of two hydrides,
TS(1V−3V), in a concerted manner. This yields the mono-
hydride dihydrogen dinitrogen Ta(V) complex mentioned above
(3V) in which the N2 has been strongly activated by becom-
ing N2

2−. In this way, one of the two π-bonds of N2 is broken.
The next step is a proton transfer from the coordinated H2 to
the activated nucleophilic N2

2− ligand via TS(3V−4V), which is
followed by a hydride transfer via TS(4V−6V) to the other
nitrogen. The hydride transfer cleaves the second π-bond and
forms [HNNH]2− (the formation of [NNH2]

2− is also possible
and represents an alternative pathway). Once [HNNH]2− is
formed, there is only one hydride left on the tantalum complex.
The addition of this remaining hydride to the σ*NN orbital of
[HNNH]2− via TS(6V−8III) requires a high-energy barrier.
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An alternative path with a significantly lower activation barrier
exists: it entails the heterolytic addition of molecular dihydrogen
across the Ta−N bond via TS(6V−8V). This protonation is
followed by a hydride transfer that cleaves the σ N−N bond
of [H2NNH]

− via TS(8V−9V). The final step proceeds via
TS(9V−10V) and consists of the heterolytic elimination of
dihydrogen that forms the final amido−imido Ta(V) complex.
These elementary steps show that the transformation from the
[HNNH]2− complex to the final product is assisted by H2, which
is fully recovered at the end of this transformation, and that
the cleavage of the σ bond of the [HNNH]2− ligand by way of
hydride transfer is significantly more difficult.
The transition states of the pathway proposed in this study

(black curve, Figure 5) are lower in Gibbs energy than those
proposed by Li and Li (red curve). The difference in Gibbs
energy between the two highest transition structures is around
9 kcal mol−1. Even though the temperature used in the
experiment is high (250 °C), this difference in energy between
the two highest transition states is significant. The two pathways
differ in that the one presented in this work avoids the hydride
transfer to a formally doubly charged ligand. Even if counting the
number of electrons assigned to ligands is somewhat arbitrary
and only done here in a qualitative manner, it is well supported by
the structural features and in particular by the NN bond distance
which parallels the number of NN π bonds.47 A hydride transfer
to a strongly negatively charged ligand is made unfavorable by
the electrostatic repulsion between the two groups and by the
high-energy level of its empty orbitals. A way to circumvent
the difficulty is to react the ligand with a proton. This reduces the
formal charge by one and lowers the energy of the empty orbitals
of the ligand, which makes the later addition of a hydride more
probable. This process is somewhat related to the proton
induced electron transfer with the difference that the electrons
are associated with the hydrogen nucleus.49 This succession of
proton and hydride transfers occurs twice in the whole reaction.
In the two occurrences, the proton originates from H2, either
coordinated on the metal center, which renders the H2 ligand
acidic, or by the heterolytic addition of H2 to a polar Ta−Nbond.
The protonation of the metal-coordinated N2 moiety by a
similarly metal-coordinated dihydrogen has several precedents
implying bimetallic systems.10,20 In the system studied here, the
proton transfer occurs on a single metal atom. In the second case,
H2 is heterolytically added before being eliminated also in a
heterolytic manner. By leading to lower energy barriers and by
being fully recovered, H2 appears as assisting the final steps of the
reaction. Therefore, molecular hydrogen has been used as the
source of protons and electrons due to the ability of the metal and
ligands in this system to promote its heterolytic cleavage provided
that an empty coordination site at themetal is available to host the
hydride. It is probably this low coordinated state of the tantalum
on the silica surface which makes all these steps possible.
Experimental work shows that exposing the tantalum sites to

a hydrogen-free N2 atmosphere at room temperature leads
some of the tantalum sites to coordinate dinitrogen reversibly
with concomitant dihydrogen elimination. A measured ν(N2)
stretching band of 2280 cm−1 in the IR spectrum at room
temperature is suggestive of a dinitrogen weakly influenced by
coordination (red shift of 51 cm−1 from free N2).

7,50 Calculations
show that coordination to the trihydride leads to a red shift of
16 cm−1. The calculations show that end-on coordination of N2
to the monohydride species gives a red shift of 405 cm−1, which
excludes this species as being the one observed. All side-on N2
coordination gives much larger red shifts (Δν <−750 cm−1) and

should in principle be silent to IR spectroscopy. Thus, all of these
data suggest that the trihydride can weakly coordinate N2 even if
it is unclear how the weak binding energy can overcome the
entropy cost of the coordination.
Heating the mixture at 250 °C leads to the disappearance of

the Ta−H stretching frequencies and the appearance of
stretching frequencies in the N−H region but not to the full
conversion to the final product. Calculations suggest that the
experimentally observed intermediates could be 6V or 6′V, which
contain [HNNH]2− and [NNH2]

2− ligands, respectively. The
calculated unscaled ν(NH) frequencies in 6V and 6′V are
between 3566 and 3468 cm−1, which are reasonably close to
the band observed around 3400 cm−1. It is noteworthy that, while
theGibbs energies of 6V and 6′V are higher than that of the starting
reactants at 250 °C, they become isoergic at room temperature,
giving a potential explanation on why they are observed. All
other intermediates still having some NN bond are predicted to
be significantly higher in Gibbs energy at room temperature.
Moreover, the experimental data suggest that these observed
intermediates cannot evolve to products in the absence of
additional H2. This is rationalized by the calculations which
show that the preferred path is via TS(6V−8V) rather than via
TS(6V−8III).
The strong preference of tantalum for a high oxidation state

tends to localize the electron density on the ligands if they have
available empty orbitals. In the pathway that is proposed in this
paper, the tantalum remains in its preferred Ta(V) high oxidation
state. Additional electron density is provided by using the
hydrides when needed. For instance, reductive coupling of the
hydrides does not reduce the metal but the dinitrogen ligand.
This ligand-to-ligand electron transfer is only possible with a very
electropositive metal that strongly favors a high oxidation state.
Another requirement for the reaction to proceed is the presence
of more than one empty coordination site to allow the
coordination of N2 and H2. In the present case, the tantalum
center, immobilized on the surface and coordinated to poor
electron donor ligands like the siloxy groups is able to fulfill the
required specification, but this does not seem to be specific to Ta.
Thus, other early 4d and 5d metals with the appropriate ligands
may be able to achieve related transformations. We are exploring
these possibilities further.

■ CONCLUSIONS

A reaction pathway for the reaction of N2 and H2 with silica-
supported tantalum hydrides complexes to form an amido−
imido tantalum complex has been proposed. By invoking the
possibility of transfer of protons from dihydrogen to the various
nitrogen-based ligands formed during the reaction to increase their
electrophilicity, it is shown that N2 can be reduced by hydride
transfers or two-electron reduction all the way to the amido−imido
ligands. The dihydrogen is thus the source of protons and electrons,
possibly, by way of hydride transfers. This behavior of dihydrogen is
made possible by the electropositive tantalum, which makes a
coordinated H2 molecule a reasonable proton donor and the pre-
sence of strongly polar Ta−Nbonds that favor the heterolytic cleav-
age of H2. In this reaction, the tantalum remains in its preferred
high oxidation state and avoids redox-type reactions, which could
be energetically demanding. An important requirement for the
reaction to proceed is that the metal is unsaturated to allow the
coordination of N2 and H2. This is the case in this study where the
tantalum center is immobilized on a surface and coordinated to
poor electron donor ligands like the siloxy groups.
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(b) Schlögl, R.Handbook of Heterogeneous Catalysis; Ertl, G., Knözinger,
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Chem. 2006, 30, 842−850.
(34) Avenier, P.; Solans-Monfort, X.; Veyre, L.; Renili, F.; Basset, J. M.;
Eisenstein, O.; Taoufik, M.; Quadrelli, E. A. Top. Catal. 2009, 52, 1482−
1491.
(35) Goure,́ E.; Avenier, P.; Solans-Monfort, X.; Veyre, L.; Baudouin,
A.; Kaya, Y.; Taoufik, M.; Basset, J. M.; Eisenstein, O.; Quadrelli, E. A.
New J. Chem. 2011, 35, 1011−1019.
(36) Becke, A. D. J. Chem. Phys. 1993, 98, 5648−5652.
(37) Perdew, J. P.; Wang, Y. Phys. Rev. B 1992, 45, 13244−13249.
(38) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Kudin, K. N.; Burant,
J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.;
Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada,
M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.;
Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox,
J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.; Gomperts,
R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.;
Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain,
M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.;
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.;
Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian 03, Rev.
B.04; Gaussian Inc.: Pittsburgh, PA, 2003.
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