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Synthesis of ammonia from dini-
trogen (N2) is one of the most
important reactions not only in
industry but also in biology.[1,2] In
industry, the Haber–Bosch process
involves a heterogeneous catalytic
reaction in which N2 and H2 react
on a supported Fe or Ru nano-
particle catalyst at high temper-
ature (350–550 8C) and pressure
(150–350 atm). In biology, several
types of nitrogenases catalyze the
conversion of N2 to ammonia at
ambient temperature and pres-
sure.[3] For decades, enormous
efforts have been made to split
the robust N�N bond under mild
conditions. Multimetal cooperation
was found to be the rule for N2
activation with a few exceptions,
such as molybdenum and tungsten
complexes.[4–8] Recently, cleavage
of N2 was achieved at 250 8C and
1 atm by H2 at the silica-surface-
supported mononuclear tantalum
centers [(�SiO)2TaH] and
[(�SiO)2TaH3] to give the tantalum
amido imido product [(�SiO)2Ta(=NH)(NH2)].[9] This dis-
covery is the first example of N2 cleavage at a heterogeneous
monometallic center. Reduction of N2 at a single surface
tantalum center may proceed by a mechanism different from
that of the Schrock process, in which specific proton and
electron sources are required.[7,10] Although some reaction
intermediates have been identified experimentally,[9] insight
into the energetics and molecular mechanism of this process is
still lacking. Therefore, we performed detailed B3LYP

DFT[11] calculations to investigate the possible reaction
pathways for this novel N2 reduction reaction.
Using a relatively large cluster model Si14O20H19Ta

(see Figure S1, Supporting Information) mimicking the
silica-surface-supported tantalum(III) hydride center
[(�SiO)2TaH], we explored the possible pathways for the
reduction of N2 by H2. The schematic structures of all
stationary points are shown in Scheme 1. All calculations
were performed with the Gaussian03 program suite.[12]

Computational details are presented in the Supporting
Information. The detailed geometrical parameters of the
optimized structures are collected in Figure S2 (Supporting
Information), and some of them are also shown in Figure 1.
For each stationary point, the ground state was determined to
be the singlet state (Tables S1 and S2, Supporting Informa-
tion). In the following, we will focus on the Gibbs energy
profile (Figure 2) on the singlet surface, calculated at room
temperature and 1 atm.
The starting reactant was chosen to be [(�SiO)2TaH] (1).

Coordination of N2 to 1 proceeds in a side-on mode to form
[(�SiO)2TaH(N2)] (2). The side-on binding of N2 to 1 is
thermodynamically favorable (exergonic by 15.8 kcalmol�1).
The subsequent hydride-transfer step leads to diazenido

Scheme 1. Schematic structures of all stationary points for the reduction of N2 by H2 at a Ta
III center.
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complex [(�SiO)2Ta(N2H)] (3) via transition state TS2/3. As
shown in Figure 2, TS2/3 is the global maximum of the entire
Gibbs energy profile and lies 27.2 kcalmol�1 above the
reactants N2 and 1. Next, H2 coordinates to 3 to form
molecular hydrogen complex 4 ; this step is endergonic by
5.9 kcalmol�1. Then, oxidative addition of H2 leads to
dihydride species [(�SiO)2TaH2(N2H)] (5) via transition
state TS4/5 with a Gibbs energy barrier of 4.5 kcalmol�1.
Subsequently, one of the two hydride ligands transfers to the
N2H group by different routes to form intermediate
[(�SiO)2TaH(N2H2)] (6) or [(�SiO)2TaH(NNH2)] (7). Then,
another hydride transfer converts 6 or 7 to the same
hydrazido species [(�SiO)2Ta(NHNH2)] (8). The route start-
ing with 7 is energetically favorable compared with that
starting with 6. Finally, the N�N bond of the NHNH2 group in
8 is completely broken via transition state TS8/9 to give the
product [(�SiO)2Ta(=NH)(NH2)] (9). This step is exergonic
by 83.9 kcalmol�1 and has a Gibbs energy barrier of
16.2 kcalmol�1.
The overall reaction is strongly exergonic by 89.1 kcal

mol�1. The two rate-determining steps on the whole pathway

are transfer of the first hydride from 2 to 3, and transfer of the
third hydride from 7 to 8. Although the Gibbs energy barriers
from 2 to TS2/3 (43.0 kcalmol�1) and from 7 to TS7/8
(35.7 kcalmol�1) are relatively high, these two steps may
take place under experimental conditions, possibly by a
hydrogen tunneling process.[13] A recent report showed the
rearrangement of HCOH to formaldehyde (with an activation
barrier of about 30 kcalmol�1) could occur at�260 8C by pure
hydrogen tunneling.[14] The results presented herein can give a
reasonable explanation on the experimental facts that at
250 8C and 1 atm reduction of N2 reaches greater than 95%
conversion in three days. In addition, the lowest triplet states
of all stationary points are higher in energy than the
corresponding singlet states (Tables S1 and S2, Supporting
Information), so the reaction is most likely to occur only on
the singlet surface. Nevertheless, the singlet–triplet gaps of
some species are quite small, and hence their optimized
structures in the lowest triplet state are collected in Figure S3
(Supporting Information). For instance, reactant 1 has the
smallest singlet–triplet gap (1.0 kcalmol�1). Nevertheless, this
value may be underestimated by the B3LYP method, due to
the noticeable spin contamination in the singlet state of 1
(hS2i= 0.52).
Now we compare the structural and vibrational informa-

tion obtained from our calculations with those from experi-
ments. An extended X-ray absorption fine structure
(EXAFS) study showed that in product 9 the Ta�O distance
is 1.93 B, and the Ta�N distances are 1.81 and 2.04 B.[9] The
calculated values of 1.928, 1.764, and 1.967 B, respectively,
are in good agreement with the experimental values. The
computed IR frequencies of 9, scaled by a recommended
factor of 0.9611[15] , are 3535 cm�1 (nNH), 3518 and 3414 cm

�1

(nNH2), which can be reasonably assigned to the corresponding
experimental results (3500 cm�1 for nNH, 3461 and 3375 cm

�1

for nNH2).
[9] Two intermediates were also observed in the

experiments: one has the nNN band at 2280 cm
�1, and the other

a band at 3407 cm�1, which may correspond to n(NxHy).
Intermediates 2 and 6may possibly be detectable due to their
relative thermal stability (Figure 1). The N�H stretching
frequencies in 6 are computed to be 3374 and 3346 cm�1

(scaled), close to 3407 cm�1, but the N�N stretching mode

Figure 1. Optimized geometries of some stationary points on the
pathway of N2 reduction at a Ta

III center. Bond lengths [C] and
vibrational frequencies (unscaled) are given. The superscript (1)
represents the spin multiplicity (singlet).

Figure 2. Gibbs energy profile for the reduction of N2 by H2 at a single
surface TaIII center.
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in 2 is calculated to be at 1686 cm�1 (not scaled), far from the
observed value of 2280 cm�1, which should correspond to a
weakly activated N�N bond.
It is of interest whether the side-on coordination of the

dinitrogen ligand to TaIII in 2 is more favorable than an end-on
coordination. In fact, N2 can also bind to Ta

III in an end-on
mode to form a corresponding complex (Figure S5, Support-
ing Information), but the Gibbs energy of this complex is
2.3 kcalmol�1 higher than that of 2. In the end-on complex,
the N�N bond is significantly shorter than in 2 (1.166 vs
1.216 B). To better understand the side-on binding mode, we

consider the HOMO of 2 (Figure 3),
which is mainly the in-phase combi-
nation of one p* orbital of N2 and a
d orbital of Ta, that is, d!p* back-
donation is strong. This strong back-
donation significantly activates the
N�N bond and leads to a relatively
long bond (1.216 B). Side-on coor-
dination of N2 was also observed in
[Os(NH3)5(N2)]

2+.[16] Side-on bind-
ing of N2 in 2 is critical for the
subsequent hydride-transfer steps.
In the pathways described

above, the TaIII hydride center
[(�SiO)2TaH] was chosen as reac-
tant. Now we consider the TaV

species [(�SiO)2TaH3] as reactant.
Our calculations show that coordi-

nation of N2 to [(�SiO)2TaH3] only leads to an end-on
complex with an N�N bond length of 1.105 B and a Ta�N
bond length of 2.456 B (Figure S6, Supporting Information).
Since the bond length in free N2 is also 1.105 B, N2 is very
weakly coordinated to the metal center. Binding of N2 to
[(�SiO)2TaH3] is endergonic by 6.1 kcalmol�1. The reason for
the weak binding is the absence of valence d electrons on the
TaV center for d!p* backdonation.
We also considered the possibility of hydride transfer

from the metal to the dinitrogen ligand in the transient
[(�SiO)2TaH3(N2)] species. Our geometry optimizations show
that the hypothetical intermediate for hydride transfer does
not exist (it spontaneously returns to [(�SiO)2TaH3(N2)]).
From the computed IR frequencies of [(�SiO)2TaH3] (1900,
1857, and 1846 cm�1, unscaled), we infer that this trihydride
species corresponds to the intermediate observed experimen-
tally to have three IR frequencies of 1880, 1820, and
1760 cm�1.[9] In fact, when H2 adds to Ta

III hydride species
[(�SiO)2TaH] it will spontaneously form [(�SiO)2TaH3]. The
process is exergonic by 28.1 kcalmol�1 (at room temperature
and 1 atm) without involving any barrier. To shift the above
reaction toward the reactants [(�SiO)2TaH] and H2, which is
the active species for N2 activation, relatively high temper-
atures and relatively low dihydrogen partial pressures are
required. This result can explain the experimental condi-
tions[9] to some extent. On the other hand, [(�SiO)2TaH3] may
also transform into [(�SiO)2TaHx] and [�SiH] by hydrogen
transfer from the Ta atom to an adjacent siloxy bridge.[17]

Since side-on coordination of N2 to the Ta
III center is

novel, we wondered whether other transition metals have this

property, especially the other group 5 metals Nb and V. Our
calculations show that N2 can also bind side-on to Nb

III and
VIII centers (Figure 4). From the N�N bond lengths in the
corresponding optimized structures, the ability of the group 5
metals to activate the N�N bond decreases in the order TaIII>

NbIII>VIII. The electronic energy of N2 binding to the metal
center is calculated to be 24.5 kcalmol�1 for TaIII, 16.5 kcal
mol�1 for NbIII, and �7.3 kcalmol�1 for VIII. The negative
energy for VIII indicates that N2 may be difficult to bind to the
species [(�SiO)2VH]. For the species [(�SiO)2NbH(N2)], we
also calculated the hydride-transfer transition state (Fig-
ure S7, Supporting Information). The activation barrier is
38.9 kcalmol�1 (Table S8, Supporting Information), while the
corresponding barrier for [(�SiO)2TaH(N2)] is 43.0 kcal
mol�1. Thus, the NbIII center can be expected to have similar
reactivity for activating N2 to the Ta

III center.
In summary, the molecular mechanism for the cleavage of

N2 at a mononuclear surface tantalum center has been
elucidated by B3LYP calculations. The active species for N2
reduction is [(�SiO)2TaH] rather than [(�SiO)2TaH3]. The
rare side-on coordination of N2 to the Ta

III center is critical for
the subsequent hydride-transfer steps. Along this pathway,
the overall reaction is strongly exergonic, and the two rate-
limiting steps are the first and third hydride transfers from the
metal to the dinitrogen ligand. The results obtained give
reasonable explanations for some experimental findings.
Furthermore, our calculations reveal that cleavage of N2
may also be achieved on a similar mononuclear surface
NbIII center.
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