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Summary: The titanocene-catalyzed dehydrocoupling of the
adduct Me2NH‚BH3 has been inVestigated by density functional
theory (B3LYP). Unlike the thermal dehydrogenation of am-
monia-borane, which was preViously found to occurVia a
concerted mechanism, such a catalytic dehydrogenation of Me2-
NH‚BH3 has been found to be a stepwise process. Both intra-
and intermolecular dehydrogenation pathways haVe been
computed. The entire intramolecular dehydrogenation process
is exergonic by 7.4 kcal/mol, and the intermolecular dehydro-
genation is an endergonic process. The solVation free-energy
barriers for the intramolecular dehydrogenations are 14.1 and
7.9 kcal/mol, respectiVely, which are lower than those of the
intermolecular dehydrogenation pathway (24.1 and 9.2 kcal/
mol, respectiVely). These results suggest that the intramolecular
pathway is preferable both kinetically and energetically. The
resulting monomeric aminoborane species, Me2NdBH2, may
undergo dimerization leading to the cyclic (Me2N-BH2)2, which
was experimentally obserVed.

Introduction

Mechanism is an essential aspect of chemistry in general and
of catalytic processes in particular. The transition-metal-
catalyzed dehydrocoupling of amine-boranes has attracted
considerable attention1 because of not only its application in
organic synthesis and importance in the development of
hydrogen storage materials1c,2 but also its advantage of mild
temperature.3 In this context, many experimental studies have

been undertaken to explore the mechanistic aspects and the
hetero- vs homogeneous mechanism has been well characterized
for such kinds of reactions.1c,4,5For example, a recent report4d

demonstrated that a Ti(II) catalyst, [Cp2Ti], which is generated
in situ by the combination of [Cp2TiCl2] and 2 equiv ofnBuLi
in toluene,6 homogeneously catalyzes the reaction shown in
Scheme 1. Although a concerted mechanism was proposed for
the dehydrogenations of ammonia-borane and hydrocarbon-
borane,7,8 it still remains unknown whether the transition-metal-
catalyzed hydrogen releases from the amine and borane partners,
such as that in the adduct Me2NH‚BH3, are stepwise or
concerted processes. Moreover, whether the reaction proceeds
via an intermolecular or intramolecular mechanism is often
arguable for the catalytic dehydrocoupling of the adduct Me2-
NH‚BH3.1c,5 The computational study reported here suggests
that the reaction shown in Scheme 1 follows an intramolecular,
stepwise mechanism. Such a stepwise dehydrogenation for
amine-boranes, which is proposed for the first time, may shed
new light on the mechanism of this process.

Results and Discussion

The intramolecular dehydrocoupling pathway (path I) has
been computationally investigated, and the results are shown
in Scheme 2, where the schematic representations of optimized
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stationary points and the relative solvation free energies are
given. In path I, the dehydrocoupling starts with the coordination
of one Me2NH‚BH3 adduct to the Ti center via a hydrogen atom
of the BH3 moiety (1 in Scheme 2)9 and then proceeds through
a transition state (TS),TS[1-2], leading to2 with a newly formed
Ti-H1 bond and Ti‚‚‚N interaction, as suggested by Ti-H1
(1.66 Å) and Ti‚‚‚N contacts (2.30 Å), respectively (Table 1).
It is noteworthy that theTS[1-2] has a five-membered cyclic
structure constructed by Ti, H1, N, B, and H2 atoms, in which
the interaction between the Ti and the N (B) atom is involved.10

The conversion of1 to 2 needs to overcome a solvation free
energy barrier of 14.1 kcal/mol. This dehydrogenation (cleavage
of the N-H1 bond) process is exergonic by 3.8 kcal/mol relative
to separate [Cp2Ti] and Me2NH‚BH3. The intermediate2
proceeds to undergo further dehydrogenation by passingTS-
[2-3] with an energy barrier of 7.9 kcal/mol, giving the
aminoborane H2BdNMe2 (4) and the complex Cp2TiH2 (3), as
can be seen from the B-N bond length (1.39 Å) in4 and the
Ti-H1 and-H2 bond lengths (1.68 Å) (see Table 1) in3.

The whole dehydrogenation process in path I is exergonic
by 7.4 kcal/mol. The3 could easily release H2, possibly by
access of an incoming Me2NH‚BH3 adduct. However, the
unsaturated species4, which was previously observed as an
intermediate,4d may undergo dimerization leading to cyclic5
via TS[4-5], as shown in Figure 2. There is a solvation free
energy barrier of 28.6 kcal/mol for the conversion of4 to 5,
during which the formations of two B-N bonds are concerted.
The dehydrogenations along with path I occur via two individual
TSs, viz. TS[1-2] and TS[2-3], which are separated by the
partially dehydrogenated intermediate2 along the minimum-
energy pathway, suggesting a stepwise dehydrogenation process.

To further determine whether the dehydrogenations along path
I are stepwise, the relaxed potential energy surface (PES) against
the N-H1 distance was scanned at the same level of theory.
The result, which is shown in Figure 1, indicates the regions
aroundTS[1-2] (with an N‚‚‚H1 contact of 1.25 Å) and2 (with
an N‚‚‚H1 contact of 2.35 Å), respectively, suggesting a stepwise

(9) The coordination via amine partner made the complex less stable by
∼5 kcal/mol compared to1. From the point of view of the thermodynamics,
we could not further investigate the reaction of such a less stable
coordination complex. Although a complex coordinated in anη3 fashion
via the B atom and two hydrogens of BH3 (see1c in Figure S-3, Supporting
Information) was computed to be more stable by 3.5 kcal/mol in comparison
with 1, its dehydrogenated product via cleavage of a (µ2-H)-B bond was
not computationally obtained (see Figure S-4, Supporting Information),
probably because it is hard for theµ2-H in the η3-coordinated complex to
adopt theµ1 mode to bond to the Ti atom, when the partially dehydrogenated
species H2B-NHMe2 has no additional binding partner.

(10) Such a cyclic structure and the Ti‚‚‚N and Ti‚‚‚B interactions in
TS[1-2] are suggested by the corresponding interatomic distances (see Table
1). These features ofTS[1-2] can be also seen from the molecular orbital
isosurface (see Figure S-11, Supporting Information).

Scheme 1. Titanocene-Catalyzed Dehydrocoupling of
Me2NH‚BH3

Scheme 2. Intramolecular Dehydrocoupling Pathway (Path
I) of the Adduct Me2NH‚BH3 Catalyzed by [Cp2Ti] a

a The solvation free energies (∆∆Gsol, in kcal/mol) are relative to
[Cp2Ti] and the adduct Me2NH‚BH3.

Table 1. Selected Interatomic Distances (in Å) in the
Stationary Points Involved in Path I

1 TS[1-2] 2 TS[2-3] 3 4

N-H1 1.023 1.249 2.371 3.176
B-H2 1.236 1.277 1.301 1.760
N-B 1.632 1.621 1.539 1.428 1.391
Ti-H1 3.304 1.820 1.658 1.688 1.677
Ti-H2 1.986 1.893 1.862 1.711 1.676
Ti-N 3.742 2.490 2.303 3.442
Ti-B 3.171 2.590 2.579 3.190

Figure 1. Computed PES for the dehydrogenation along path I.
In the structures, the Cp ligands are omitted for clarity and the
unlabeled balls denote hydrogen atoms. The distances are given
in Å.

Figure 2. Dimerization of4. Unlabeled balls denote hydrogen
atoms, and the double bonds are not shown here. The distances
are given in Å.
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dehydrogenation process. Actually, all attempts to find a
concerted dehydrogenation pathway were fruitless.

In view of the energy barriers for the two-step dehydroge-
nations, the conversion of1 to 2 is the rate-determining step in
the hydrogen release process. Hence, the factors stabilizing the
structure ofTS[1-2], such as that strengthening the Ti‚‚‚N or
Ti‚‚‚B interactions inTS[1-2],10 may accelerate H2 release. The
energy barrier for the dimerization of4 (28.6 kcal/mol) (see
Figure 2) is significantly higher than that for the conversion of
1 to 2 (14.1 kcal/mol), suggesting that the formation of dimer
5 is slower than the hydrogen release. This result may explain
the fact that species4 was experimentally observed at the initial
stage and that byproducts appeared during the reaction.4d,11

The finding that a heterogeneous Rh metal catalyst induced
an intermolecular hydrogen release from amine-borane adducts5a

caused us to wonder whether the current catalyst behaves
similarly. For this purpose, we also computed the intermolecular
dehydrogenation pathway (path II), which is shown in Scheme
3. The intermolecular dehydrogenation process starts with the
formation of complex6 with the coordination of two Me2NH‚
BH3 adducts,12 in which one of the two Me2NH‚BH3 adducts
coordinates in aη3 fashion to the Ti center via B and two
hydrogens of the BH3 moiety and the other adduct coordinates
through the amine hydrogen of the HNMe2 partner. Then,6
undergoes cleavage of a N-H bond by passingTS[6-7], leading

to complex7 having a partially dehydrogenated Me2N-BH3

species, which weakly interacts with the other amine-borane
adduct. The intermediate7 further undergoes dehydrogenation
via TS[7-8] with a barrier of 9.2 kcal/mol, leading to the
complex3 and species8. It was previously reported that8 took
2 days to convert to5 in the presence of Rh metal catalyst.5a

We could not further investigate the catalytic conversion of8
to 5 in the current system, since path II is an unfavorable reaction
pathway (vide infra). However, the observed conversion of8
to 5 stimulated our interest in the H2 release from8. We
computationally investigated the uncatalyzed H2 release process
of 8 by using the sphere contracting walk (SCW) and two-point
scaled hypersphere search (SHS) methods.13 It was found that
the H2 release from8 was preferably concerted with the
formation of 2 equiv of4 (a precursor of5) rather than ring
closure directly leading to5. The gas-phase free energy barrier
for such a transformation was computed to be 29.9 kcal/mol,
which is slightly lower than that for the H2 elimination of H3N‚
BH3 under thermal condition (32∼37 kcal/mol)7,8b (see Figure
S-6 in the Supporting Information for more details). An analysis
of the imaginary mode ofTS[7-8] shows that the intermolecular
coupling via the formation of a new B-N bond is concerted
with the cleavage of a B-H bond (see Figure S-5 in the
Supporting Information). The acyclic species8 has the newly
formed (Me2NH)H2B-NMe2(BH3) bond.

However, at the primary dehydrogenation step, the conversion
of 6 to 7 (solvation free energy barrier of 24.1 kcal/mol and
endergonic by 28.0 kcal/mol) in path II is neither energetically
nor kinetically favored in comparison with the conversion of1
to 2 (energy barrier of 14.1 kcal/mol that is exergonic by 3.8
kcal/mol) in path I. Moreover, the relative solvation free energy
of TS[6-7] (35.8 kcal/mol) (see Scheme 3) is significantly larger
than that ofTS[1-2] (22.9 kcal/mol) (see Scheme 2). These
results suggest that the dehydrocoupling process preferably
follows an intramolecular pathway (path I).14

In summary, the titanocene-catalyzed dehydrocoupling of the
adduct Me2NH‚BH3 has been computationally found to proceed
through intramolecular, stepwise dehydrogenation followed by
dimerization of the resulting monomeric aminoborane species.

Computational Details

The geometry optimizations and energy estimations were carried
out by the method of hybrid B3LYP density functional theory.15

The 6-31G* basis set was considered for the C and H atoms of Cp
ligands and the Me groups of Me2NH-BH3. The B, N, and
remaining hydrogen atoms, which are related to the formation/
dissociation of chemical bonds, were treated by the 6-31++G**
basis set. The LanL2DZ effective core potentials and the associated
basis set16 were used for the Ti atom. The toluene solvation and
gas-phase optimizations (with and without an augmentation of
f-polarization function17 for Ti) of the [Cp2Ti] structure show very
little variations in geometry (Figure S-1 in the Supporting Informa-
tion), suggesting that f-function and toluene solvation effect do not(11) During the reaction, the signal of a byproduct appeared and was

tentatively assigned to the cyclic trimer [Me2N-BH2]3.4d As suggested in
the same work, the cyclic trimer possibly resulted from the trimerization
of 4, which should be less favorable than dimerization. We have also
computationally found that the dissociation of this cyclic trimer leading to
5 and4 is exergonic by 12.6 kcal/mol in solution, suggesting that the trimer
can easily convert to the dimer5. A small signal was also observed in the
NMR spectrum during the reaction, which was assigned to the byproduct
Me2N-BH-NMe2.4d Since the transformation shown in Scheme 1 is fully
achieved, the reaction route leading to the Me2N-BH-NMe2 species is
not preferred over path I (Scheme 2) and hence was not investigated in
this study.
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Scheme 3. Intermolecular Dehydrocoupling Pathway (Path
II) of the Me 2NH‚BH3 Adduct Catalyzed by [Cp2Ti] a

a The solvation free energies (∆∆Gsol, in kcal/mol) are relative to
[Cp2Ti] and the substrates.
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change significantly the geometry of the complex. Hence, the
f-polarization function was not augmented during the computations
and toluene solvation energy calculations were carried out on the
basis of the gas-phase optimized geometries. The solvation energy
calculations were carried out by using the CPCM model,18 which
has been widely used for investigation of the solvation effect in
various metal complex systems.19 To consider the entropy effect,
the Gibbs free energy contributions from the gas-phase calculations
were added to give the final solvation free energies,∆Gsol (298 K,
1 atm).20 The computed gas-phase electronic energy, enthalpy, and
free energy are provided in the Supporting Information. The
difference between enthalpy and free energy reflects the contribution
of entropy. To see whether the obtained results depend on the
selected density functional, the MPW1K density functional,21 which
was developed by Truhlar’s group, was also used in some
calculations. It was found that the relative energies computed by
MPW1K are very similar to those computed by B3LYP (variation
of less than 1.7 kcal/mol; see Table S-1 in the Supporting
Information), which suggests that the B3LYP method is reliable
for computing the energies of the current system. Normal-coordinate
analyses were performed to verify the geometrically optimized
stationary points and to obtain thermodynamic data. For transition
structures, intrinsic reaction coordinate (IRC) routes in both

directions to the corresponding minima were calculated, and further
geometrical releases to the minima along with both sides were
performed for some TSs. The stabilities of wavefunctions were
tested. A C1-symmetry point group was used throughout all
calculations, and no higher molecular symmetry restriction was
imposed. All calculations were performed utilizing the Gaussian
03 program.22
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