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Catalytic hydrogenation is one of the most important
reactions in industry.[1] The activation of dihydrogen by
metal centers is a fundamental step in nearly all metal
catalytic hydrogenation reactions.[2] Great efforts have been
made to split the H�H bond at metal centers under mild
conditions.[3–8] Traditional homogeneous hydrogenation cata-
lysts are based on precious metals, on which dihydrogen
splitting often proceeds by hemolytic cleavage to form metal
hydride complexes, which can then transfer hydrogen atoms
to organic or other substrates.[9] A second mechanism,
heterolytic cleavage of dihydrogen into a hydridic and
protic functionality, has also been observed for many
transition-metal complexes.[10]

Transition-metal oxides are vital heterogeneous catalysts
or supports in many processes involving H2. Considerable
theoretical investigations have been focused on H2 adsorption
and heterolytic dissociation on metal oxide surfaces.[2,11] The
reactions of bare transition-metal oxide cations with dihy-
drogen have been studied in the gas phase with mass
spectrometric techniques to provide useful insight into the
elementary steps of catalytic reactions and to characterize
reactive intermediates that have previously not been within
reach of condensed-phase techniques.[12–14] In contrast to
cationic reaction systems, neutral transition-metal oxide
reactions have gained much less attention, in part because
of the experimental challenges faced in detecting neutral
species in the gas phase.[15] Herein we report a joint matrix-
isolation infrared spectroscopic and theoretical study of
dihydrogen activation by neutral tantalum oxide molecules.
We found that, upon annealing, the ground-state TaO4 d0

complex reacts spontaneously with dihydrogen to form
[HTaO(OH)(h2-O2)], which involves both the hydridic (H�)
and the protic (H+) functionalities.

We studied the reactivity of tantalum oxides in different
oxidation states (TaO (II), TaO2 (IV) and TaO4 (V)) by
matrix-isolation infrared absorption spectroscopy, which has
previously been described in detail.[16] The tantalum oxide
reactants were prepared either by pulsed laser evaporation of
bulk Ta2O5 target or by the reactions of laser-evaporated
tantalum atoms with dioxygen in solid argon. As has been
reported previously,[17] pulsed laser evaporation of bulk Ta2O5

target under controlled laser energy followed by condensa-
tion with pure argon formed only the TaO and TaO2

molecules.[18] Figure 1 shows the spectra in a selected region

from co-deposition of laser-evaporated tantalum oxides with
a H2/Ar sample (2.0% H2 molar ratio). The spectra in other
regions are shown in Figure S1 in the Supporting Information.
Besides the TaO and TaO2 absorptions, two groups of new
absorptions were produced (labeled as A and B in Figure 1).
The group A absorptions were produced on annealing at the
expense of the TaO2 absorptions. When the sample was
subjected to broad-band irradiation using the high-pressure
mercury arc lamp with a 400 nm long-wavelength pass filter
(400< l< 580 nm), the group A absorptions were destroyed,
whereas the group B absorptions were produced. The experi-
ment was repeated using the bulk Ta2O5 target and the mixed
H2/O2/Ar sample (2.0% H2 + 0.1% O2) as reagent gas, and
the resulting spectra are shown in Figure 2 and Figure S2 in

Figure 1. Infrared spectra in 1260–650 cm�1 region from co-deposition
of laser-evaporated tantalum oxides with 2.0% H2 in argon: a) 1 h of
sample deposition at 4 K, b) after 25 K annealing, and c) after 20 min
of visible-light irradiation (400<l<580 nm).
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the Supporting Information. In this experiment, the TaO2

molecule interacts readily with dioxygen on annealing to form
the side-on bonded tantalum dioxide–dioxygen complex,
TaO4, which is trapped in solid argon as a TaO4(Ar)
complex.[19] Besides the group A and B absorptions, a third
group of absorptions (labeled as C) appeared on low-temper-
ature annealing, markedly increased upon high-temperature
annealing, and slightly decreased upon irradiation with visible
light. Note that the group C absorptions were not observed in
the experiment without O2 doping (Figure 1). Experiments
were also performed using a tantalum metal target. The
spectra from codeposition of laser-evaporated tantalum
atoms with the mixed H2/O2/Ar sample (0.05 %O2 + 2.0%
H2 molar ratios) show that the ground state tantalum atoms
react with dioxygen to give the inserted tantalum dioxide
molecules, which further react with additional dioxygen to
form TaO4. The group A, B, and C absorptions were also
formed on annealing or photolysis (see Figures S3 and S4 in
the Supporting Information). Isotopic substitutions (HD, D2,
and 18O2) were employed for product identification based on
isotopic shifts and absorption splitting. The spectra are shown
in Figures S5–S9 in the Supporting Information.

The group A absorptions are assigned to different vibra-
tional modes of the TaO2(h2-H2)2 complex (Table S2 in the
Supporting Information). The 882.6 and 941.4 cm�1 absorp-
tions are due to the antisymmetric and symmetric OTaO
stretching modes, which are about 24.4 and 23.9 cm�1 red-
shifted from the corresponding absorptions of TaO2 in solid
argon. Quantum chemical calculations were performed to
validate the experimental assignment.[20] The [TaO2(h2-H2)2]
complex was predicted to have an 2A1 ground state with C2v

symmetry (Figure 3), which can be viewed as being formed by
the interaction of ground-state TaO2 (2A1) and 2H2. Similar to
the previously characterized metal dihydrogen com-
plexes,[2, 21, 22] the H2 subunits are side-on bonded to the

tantalum metal center and lie in the same plane, that is
perpendicular to the OTaO plane. The 2A1 ground-state TaO2

molecule has an electron configuration of (core) (a1)
1(b1)

0.
The highest singly occupied (SOMO) a1 orbital is primarily a
hybrid of the Ta 6s and 5d orbitals that is polarized away from
the O atoms. As a result of s repulsion, the H2 molecule in
[TaO2(h2-H2)] binds very weakly to the TaO2 moiety with very
long Ta�H bonds and a binding energy of nearly zero. No
absorption bands due to the TaO2(h2-H2) complex were
observed in the experiments. Molecular orbital and natural
bond orbital (NBO) analysis showed that the SOMO of
[TaO2(h2-H2)2] is a bonding orbital between the sH�H* orbitals
of the two H2 units, and the 5d orbital of Ta and the two sH�H*
orbitals have significant overlap with each other (see Fig-
ure S10 in the Supporting Information). The overlap between
the two sH�H* orbitals enhances the interaction between the
H2 units and the TaO2 moiety in [TaO2(h2-H2)2].

Absorber B was produced under irradiation with visible
light (400< l 580 nm) at the expense of the group A
absorptions, suggesting that the absorber of group B absorp-
tions is due to a structural isomer or photoproduct of species
A. The spectral features indicate that the 3715.0, 1780.5,
972.1, and 701.1 cm�1 absorptions are due to O-H, Ta-H, Ta=

O, and Ta-OH stretching vibrations (Table S3 in the Support-
ing Information). Therefore, species B should be due to
[HTaO(OH)] or [HTaO(OH)(h2-H2)]. Since no obvious H�H
stretching absorption was observed, the group B absorptions
are attributed to the [HTaO(OH)] molecule, which was
predicted to have a doublet ground state without symmetry
(Figure 3).

Ten absorption bands were observed for absorber C
(Table 1). The 981.8 cm�1 absorption is due to a terminal Ta=

O stretching vibration. The spectral features indicate that the
much weaker 1113.8 cm�1 absorption is due to an O�O
stretching vibration with two slightly inequivalent O atoms.
The same mode of TaO4(Ar) is observed at 1095.7 cm�1 in
solid argon.[18, 19] The 1838.7 cm�1 absorption is due to a Ta�H
stretching vibration. The band position and isotopic fre-
quency shifts imply that the 3699.3 cm�1 absorption originates
from an O�H stretching vibration. The 739.0 cm�1 absorption
is the corresponding Ta�OH stretching vibration. The above
discussions led us to propose the assignment of the group C
absorptions to different vibrational modes of the
[HTaO(OH)(h2-O2)] complex (Table 1).

As shown in Figure 3, the [HTaO(OH)(h2-O2)] molecule
was calculated to have a doublet ground state without

Figure 2. Infrared spectra in 1260–680 cm�1 region from co-deposition
of laser-evaporated tantalum oxides with 0.1%O2 + 2.0% H2 in
argon: a) 1 h of sample deposition at 4 K, b) after 22 K annealing,
c) after 25 K annealing, and d) after 20 min of visible light irradiation
(400<l<580 nm).

Figure 3. Optimized structures (bond lengths in angstroms, bond
angles in degrees) of the species involved in the TaO2 + H2 and TaO4

+ H2 reactions.
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symmetry. The O2 subunit was predicted to be side-on bonded
to the tantalum metal center with two slightly inequivalent
Ta�O bonds. The observed O�O stretching vibrational
frequency as well as the predicted O�O bond length
(1.326 �) indicate that [HTaO(OH)(h2-O2)] is a superoxide
complex.[23, 24] Thus, the complex can be formally described as
[{HTaO(OH)}+{O2}

�] with tantalum in its highest + V
oxidation state. The calculated vibrational frequencies and
intensities for [HTaO(OH)(h2-O2)] as well as isotopically
substituted [DTaO(OD)(h2-O2)] and [HTa18O(18OH)(h2-
18O2)] are also listed in Table 1, which provide strong support
for the proposed identification of this complex. The observed
Ta�H, Ta=O, and Ta-OH stretching vibrational frequencies of
[HTaO(OH)(h2-O2)] are higher than the corresponding
modes of [HTaO(OH)]. These observations suggest that the
Ta=O, Ta-OH, and Ta�H bonds in [HTaO(OH)(h2-O2)] with
tantalum in + V oxidation state are stronger than those in
[HTaO(OH)] with tantalum in + IV oxidation state because
of increased electrostatic interactions.

The present experiments clearly indicate that the [TaO2-
(h2-H2)2] complex was formed by the reaction of ground state
TaO2 and dihydrogen [Eq. (1)]. The [TaO2(h2-H2)2] complex
can further be transferred to the [HTaO(OH)] molecule by
photoisomerization in combination with H2 elimination under
visible-light iradiation. In the experiments with the H2/O2/Ar
mixtures, the [HTaO(OH)(h2-O2)] complex was also pro-
duced on annealing after TaO4, implying that [HTaO(OH)(h2-
O2)] was formed through the reaction between TaO4 and H2

[Eq. (2)].

TaO2 ð2A1Þ þ 2 H2 ð1Sg
þÞ !½TaO2ðh2-H2Þ2� ð2A1Þ

DE ¼ �3:6 kcal mol�1
ð1Þ

TaO4 ð2A00Þ þH2 ð1Sg
þÞ !½HTaOðOHÞðh2-O2Þ� ð2AÞ

DE ¼ �46:7 kcal mol�1
ð2Þ

The potential energy profile for Equation (2) calculated at
the B3LYP level of theory is shown in Figure 4. The reaction
proceeds with the initial formation of a [TaO4(H2)] complex
without any barrier. Unlike most of previously characterized
metal dihydrogen complexes,[2, 21, 22] in which H2 binds side-on
to the metal primarily through both donation of the bonding

s electrons to vacant metal d orbital
and back-donation of metal d elec-
trons to the antibonding orbital of
H2, the bonding interaction
between TaO4 and H2 only involves
s donation as TaO4 is a d0 complex.
From the [TaO4(H2)] complex, one
H atom transfers from Ta to one
oxygen atom of tantalum dioxide
subunit to form [HTaO(OH)(h2-
O2)] via a transition state. The
energy barrier from [TaO4(H2)] to
[HTaO(OH)(h2-O2)] was predicted
to be only 6.5 kcal mol�1. The tran-
sition state has a four-center struc-

ture. Similar transition-state structures with low energy
barriers have been reported in many metathesis reac-
tions.[25, 26] The overall TaO4 + H2![HTaO(OH)(h2-O2)]
reaction was predicted to be exothermic by 46.7 kcalmol�1

and proceeds via a transition state that lies 3.7 kcalmol�1

lower in energy than the TaO4 + H2 reactants. The
exothermicity of the overall reaction and the negative
energy barrier height as compared to the reactants imply
that the formation of [HTaO(OH)(h2-O2)] from TaO4 + H2 is
both thermodynamically and kinetically favorable, which is
consistent with the experimental observations.

In contrast to TaO4, which is able to cleave dihydrogen
heterolytically and spontaneously at cryogenic temperatures,
the cleavage of dihydrogen by TaO2 requires activation
energy. As mentioned above, the formation of [HTaO(OH)]
from [TaO2(h2-H2)2] proceeds only under excitation with
visible light. No products due to TaO + H2 reaction were
observed, indicating that the ground-state TaO molecule is
unreactive toward H2. These results indicate that the reac-
tivity of tantalum oxides toward dihydrogen increases with
the oxidation state, which follows the trend TaVO4>TaIVO2>

TaIIO. In the heterolytic cleavage of H2 on TaOx (x = 1, 2, 4),
the reaction is concerted with a four-center cyclic transition
state (Figure 4 and Figure S11 in the Supporting Informa-

Table 1: Observed argon matrix and calculated (B3LYP/6-311+ + G**/SDD) vibrational frequencies
(cm�1) for [HTaO(OH)(h2-O2)] (C).

Mode [HTaO(OH)(h2-O2)] [DTaO(OD)(h2-O2)] [HTa18O(18OH)(h2-18O2)]
obs calcd[a] obs calcd Obs calcd

O�H stretch 3699.3 3910.4(250) 2729.5 2849.6(162) 3687.5 3897.3(242)
Ta�H stretch 1838.7 1925.8(135) 1318.7 1366.9(69) 1838.5 1925.8(135)
O�O stretch 1113.8 1190.0(25) 1114.5 1189.6(24) 1051.7 1121.9(23)
Ta=O stretch 981.8 976.4(139) 982.0 975.4(136) 930.8 925.6(128)
Ta�OH stretch 739.0 734.7(94) 707.6 692.0(132) 716.7 721.9(57)
Ta�H bend 689.2 699.9(29) 521.9 517.9(25) 677.2 686.7(44)
Ta�H bend 623.9 647.0(10) – 476.1(7) 619.4 637.9(10)
Ta�OH bend 501.9 496.4(162) – 379.8(68) 477.1 488.1(173)
Ta�OH bend 451.0 486.2(131) – 366.3(75) 443.7 478.9(138)
Ta�O2 stretch 440.5 468.2(38) – 212.5(21) 439.8 447.8(20)

[a] The intensities are listed in parentheses in kmmol�1. Only the vibrations above 400 cm�1 are listed.

Figure 4. Potential-energy profile (ZPE corrected, in kcalmol�1) for the
TaO4 + H2 ! [HTaO(OH)(h2-O2)] reaction calculated at the B3LYP/6-
311+ + G**/SDD level of theory.

Angewandte
Chemie

7759Angew. Chem. Int. Ed. 2010, 49, 7757 –7761 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


tion). The activation barriers depend strongly on the strength
of the Ta=O bond,[27] and follows the trend TaO>TaO2>

TaO4,
[28] whereas the exothermicity of the reaction increases

in the reverse order.
The present experiments clearly show that the neutral

TaO4 d0 complex is able to cleave dihydrogen heterolytically
and spontaneously at cryogenic temperatures in forming the
[HTaO(OH)(h2-O2)] complex, which involves both the hydri-
dic (H�) and the protic (H+) functionalities. Thus, the
[HTaO(OH)(h2-O2)] complex may serve as a precursor to
transfer hydrogen atoms to organic or other substrates.
Theoretical calculations on prototype hydrogenation reaction
of formaldehyde mediated by [HTaO(OH)(h2-O2)] were
performed, and the results are summarized in Figure S12
and Tables S4 and S7 in the Supporting Information. The
calculated pathway of hydrogen transfer displays a double-
well energetic profile involving two complex intermediates,
which are linked via a transition state with a six-membered
ring structure. A similar transition state has been reported for
metal–ligand bifunctional catalyst mediated hydrogenation
reactions.[29] The complete catalytic cycle TaO4 + H2 +

H2CO!TaO4 + CH3OH is predicted to be exothermic by
18.3 kcal mol�1 and proceeds via two transition states lying 3.7
and 23.9 kcal mol�1 lower in energy than the ground-state
reactants: TaO4 + H2 + H2CO. Therefore, the TaO4 d0

complex can serve as a model catalyst for hydrogenation
reactions. The results presented herein may help in under-
standing the dihydrogen activation processes and catalytic
mechanisms of hydrogenation reactions at metal centers.
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