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Summary: The titanocene-catalyzed dehydrocoupling of the been undertaken to explore the mechanistic aspects and the
adduct MeNH-BH; has been inestigated by density functional  hetero- vs homogeneous mechanism has been well characterized
theory (B3LYP). Unlike the thermal dehydrogenation of am- for such kinds of reaction$:*>For example, a recent repttt
monia—borane, which was prgously found to occuria a demonstrated that a Ti(ll) catalyst, [, which is generated
concerted mechanism, such a catalytic dehydrogenation f Me in sjtu by the combination of [GFiCl,] and 2 equiv of'BuLi
NH-BH; has been found to be a stepwise process. Both intra- jn tolueneS homogeneously catalyzes the reaction shown in
and intermolecular dehydrogenation pathwaysvéabeen  gcheme 1. Although a concerted mechanism was proposed for
computed. The entire intramolecular dehydrogenation process yhe gehydrogenations of ammoniborane and hydrocarben

is exergonic by 7.4 kcal/mol, and the intermolecular dehydro- 5678t still remains unknown whether the transition-metal-

gg?r?;'rc;nféf t?\r;, ﬁ]r;?:ra%cl)gclz%Igrroc(i:eessdLh?:;?gn;rzféeff?gn d catalyzed hydrogen releases from the amine and borane partners,
yarog y such as that in the adduct MH-BH3, are stepwise or

7.9 kcal/mol, respectely, which are lower than those of the .
intermolecular dehydrogenation pathway (24.1 and 9.2 kcal/ c_oncert_ed Processes. Mor_eover, whether the reaptlon_proceeds
via an intermolecular or intramolecular mechanism is often

mol, respectiely). These results suggest that the intramolecular - .
pathway is preferable both kinetically and energetically. The arguable for the catalytic dehydrocoupling of the adduci-Me

resulting monomeric aminoborane species,,NtieBH,, may NH-BH3.1> The computational study reported here suggests
undergo dimerization leading to the cyclic (Me-BH,),, which that the reaction shown in Scheme 1 follows an intramolecular,
was experimentally obsegd. 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.
Introduction

Mechanism is an essential aspect of chemistry in general and Results and Discussion

of catalytic processes in particular. The transition-metal-  The intramolecular dehydrocoupling pathway (path 1) has

catalyzed dehydrocoupling of aminboranes has attracted peen computationally investigated, and the results are shown
considerable attentidrbecause of not only its application in  in Scheme 2, where the schematic representations of optimized
organic synthesis and importance in the development of
hydrogen storage materi#fi2 but also its advantage of mild (4) (a) Braunstein, P.; Morise, XOrganometallics1998 17, 540-550.

temperaturé.In this context, many experimental studies have (b) Jaska, C. A;; Manners, J. Am. Chem. So@004 126, 1334-1335,
2698-2699. (c) Jaska, C. A,; Clark, T. J.; Clendenning, S. B.; Grozea, D.;

Turak, A.; Lu, Z.-H.; Manners, 1J. Am. Chem. SoQ005 127, 5116~
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Scheme 1. Titanocene-Catalyzed Dehydrocoupling of
Me,NH-BH3
[Cp2Til  Me,N—BH,

2Me;NH—BH; —— |
—2H, H,B—NMe,

[KxAd

Scheme 2. Intramolecular Dehydrocoupling Pathway (Path
I) of the Adduct Me ,NH-BH3 Catalyzed by [Cp,Ti]#
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Table 1. Selected Interatomic Distances (in A) in the
Stationary Points Involved in Path |
1 TS[1-2] 2 TS[2-3] 3 4 Figure 2. Dimerization of4. Unlabeled balls denote hydr(_)gen
N-H1 1023 1249 2371 3176 atoms, and t/iie double bonds are not shown here. The distances
B-H2  1.236 1277 1301  1.760 are given in A.

N—B 1.632 1.621 1.539 1.428 1.391

Ti—H1 3304 1820 1658 1688 1677 The conversion ofl to 2 needs to overcome a solvation free

Ti—H2  1.986 1.893 1.862 1.711 1.676 energy barrier of 14.1 kcal/mol. This dehydrogenation (cleavage
Ti—N 3.742 2.490 2.303 3.442 of the N—H1 bond) process is exergonic by 3.8 kcal/mol relative
T-B 3171 2590 2579 3.190 to separate [Cfi] and MeNH-BHs. The intermediate2

stationary points and the relative solvation free energies areProceeds to undergo further dehydrogenation by pasbiig

given. In path I, the dehydrocoupling starts with the coordination [2'3_] with an eiergy barrier of 7.9 kcal/mol,_ giving the
of one MeNH-BH; adduct to the Ti center via a hydrogen atom 2minoborane EB=NMe (4) and the complex %T_'HZ (), as
of the BH; moiety (Lin Scheme Pand then proceeds through ~an be seen from the-EN bond length (1.39 A) int and the

a transition state (TSY),S[1-2], leading to2 with a newly formed Ti—H1 and—H2 bond Iengths (1.68 A) (gee Table_ D3n .
Ti—H1 bond and TN interaction, as suggested by-TH1 The whole dehydrogenation process in path | is exergonic

(1.66 A) and Ti--N contacts (2.30 A), respectively (Table 1). PY 7.4 kcal/mol. The3 could easily release ipossibly by

It is noteworthy that tha'S[1-2] has a five-membered cyclic ~ 2CCesS Of an incoming MWH-BHs adduct. However, the
structure constructed by Ti, H1, N, B, and H2 atoms, in which Unsaturated specie§ which was previously observed as an

the interaction between the Ti and the N (B) atom is involifed. iqtermediaté‘ﬂ may undgrgq dimerization Igading to c_ych‘:c
via TS[4-5], as shown in Figure 2. There is a solvation free

(9) The coordination via amine partner made the complex less stable by EN€rgy barrier of 28.6 kcal/mol for the conversion4fo 5,
~5 kcal/mol compared tt. From the point of view of the thermodynamics, — during which the formations of two BN bonds are concerted.

we could not further investigate the reaction of such a less stable The dehydrogenations along with path | occur via two individual

coordination complex. Although a complex coordinated inydrfashion . .
via the B atom and two hydrogens of Béseelcin Figure S-3, Supporting 199 Viz. TS[1-2] and TS[2-3], which are separated by the

Information) was computed to be more stable by 3.5 kcal/mol in comparison partially dehydrogenated intermedic2ealong the minimum-
with 1, its dehydrogenated product via cleavage ofiak)—B bond was energy pathway, suggesting a stepwise dehydrogenation process.

not computationally obtained (see Figure S-4, Supporting Information), ; :
probably because it is hard for tixe-H in the *-coordinated complex to To further determine whether the dehydrogenations along path

adopt theu; mode to bond to the Ti atom, when the partially dehydrogenated | are stepwise, the relaxed potential energy surface (PES) against

species HB—NHMe; has no additional binding partner. o the N-H1 distance was scanned at the same level of theory.
(10) Such a cyclic structure and the-:FN and Ti--B interactions in _  The result, which is shown in Figure 1, indicates the regions

TS[1-2] are suggested by the corresponding interatomic distances (see Table . A .

1). These features aFS[1-2] can be also seen from the molecular orbital ~ aroundTS[1-2] (with an N---H1 contact of 1.25 A) an@ (with

isosurface (see Figure S-11, Supporting Information). an N++H1 contact of 2.35 A), respectively, suggesting a stepwise




Notes

Scheme 3. Intermolecular Dehydrocoupling Pathway (Path
I) of the Me ,NH-BH3 Adduct Catalyzed by [Cp,Ti]?
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aThe solvation free energieAAG, in kcal/mol) are relative to
[Cp.Ti] and the substrates.

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 dfto 2 is the rate-determining step in
the hydrogen release process. Hence, the factors stabilizing th
structure ofTS[1-2], such as that strengthening the 1IN or
Ti---B interactions inTS[1-2],1° may accelerate ftelease. The
energy barrier for the dimerization df (28.6 kcal/mol) (see
Figure 2) is significantly higher than that for the conversion of
1to 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 specieswas experimentally observed at the initial
stage and that byproducts appeared during the reaédn.

The finding that a heterogeneous Rh metal catalyst induced
an intermolecular hydrogen release from amiberane adducts

Organometallics, Vol. 26, No. 14, 2008599

to complex7 having a partially dehydrogenated pie-BH3
species, which weakly interacts with the other amiberane
adduct. The intermediatéfurther undergoes dehydrogenation
via TS[7-8] with a barrier of 9.2 kcal/mol, leading to the
complex3 and specie8. It was previously reported th8ttook

2 days to convert t& in the presence of Rh metal catalyst.
We could not further investigate the catalytic conversior8 of
to 5in the current system, since path Il is an unfavorable reaction
pathway (vide infra). However, the observed conversiol of
to 5 stimulated our interest in the JHelease from8. We
computationally investigated the uncatalyzegrélease process
of 8 by using the sphere contracting walk (SCW) and two-point
scaled hypersphere search (SHS) metAédiswas found that
the H release from8 was preferably concerted with the
formation of 2 equiv of4 (a precursor ob) rather than ring
closure directly leading t6. 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 +elimination of HN-
BH3 under thermal condition (3237 kcal/molY-8° (see Figure
S-6 in the Supporting Information for more details). An analysis
of the imaginary mode of S[7-8] shows that the intermolecular
coupling via the formation of a new-BN bond is concerted
with the cleavage of a BH bond (see Figure S-5 in the
Supporting Information). The acyclic speci@¢$as the newly
formed (MeNH)H2,B—NMe,(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 Il is neither energetically
nor kinetically favored in comparison with the conversioriLof
to 2 (energy barrier of 14.1 kcal/mol that is exergonic by 3.8

é<ca|/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 of TS[1-2] (22.9 kcal/mol) (see Scheme 2). These
results suggest that the dehydrocoupling process preferably
follows an intramolecular pathway (pathf.

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

Computational Details

caused us to wonder whether the current catalyst behaves

similarly. For this purpose, we also computed the intermolecular
dehydrogenation pathway (path 1), which is shown in Scheme
3. The intermolecular dehydrogenation process starts with the
formation of complex6 with the coordination of two MgNH-

BH3 adducts? in which one of the two MgNH-BH3 adducts
coordinates in ay® fashion to the Ti center via B and two
hydrogens of the BEimoiety and the other adduct coordinates
through the amine hydrogen of the HNpMpartner. Theng
undergoes cleavage of a bond by passing S[6-7], leading

(11) During the reaction, the signal of a byproduct appeared and was
tentatively assigned to the cyclic trimer [Mé—BH,]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 dimér A small signal was also observed in the
NMR spectrum during the reaction, which was assigned to the byproduct
MeaN—BH—NMe,.4d Since the transformation shown in Scheme 1 is fully
achieved, the reaction route leading to the,MeBH—NMe, species is
not preferred over path | (Scheme 2) and hence was not investigated in
this study.

(12) For complex6, attempts to computationally model a possible
dehydrogenation product with the breakage ofuaH)—B bond were
unsuccessful, leading to compléxnstead. This situation is similar to the
case oflc®

The geometry optimizations and energy estimations were carried
out by the method of hybrid B3LYP density functional theéty.
The 6-31G* basis set was considered for the C and H atoms of Cp
ligands and the Me groups of WdH—BH;. The B, N, and
remaining hydrogen atoms, which are related to the formation/
dissociation of chemical bonds, were treated by the 6-8G**
basis set. The LanL2DZ effective core potentials and the associated
basis séf were used for the Ti atom. The toluene solvation and
gas-phase optimizations (with and without an augmentation of
f-polarization functio®’ for Ti) of the [Cp:Ti] 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

(13) Maeda, S.; Ohno, KJ. Chem. Phys2006 124, 174306;Chem.
Phys. Lett 2005 404, 95-99.

(14) The preference of the conversionbfo 2 over that of6 to 7 is
also suggested by the IRC following curvesT®[1-2] and TS[6-7] (see
Figure S-7 and Figure S-9, Supporting Information).

(15) (a) Beck, A. D.J. Chem. Phys1993 98, 5648-5652. (b) Lee, C.
T.; Yang, W. T.; Parr, R. GPhys. Re. B 1988 37, 785-789.

(16) (a) Hay, P. J.; Wadt, W. R. Chem. Physl1985 82, 270-283. (b)
Wadt, W. R.; Hay, P. 1. Chem. Physl1985 82, 284-298. (c) Hay, P. J,;
Wadt, W. R.J. Chem. Phys1985 82, 299-310.

(17) Ehlers, A. W.; Bbme, M.; Dapprich, S.; Gobbi, A.; Hievarth,
A.; Jonas, V.; Kaler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, G.
Chem. Phys. Lettl993 208 111-114.



3600 Organometallics, Vol. 26, No. 14, 2007 Notes
change significantly the geometry of the complex. Hence, the directions to the corresponding minima were calculated, and further
f-polarization function was not augmented during the computations geometrical releases to the minima along with both sides were
and toluene solvation energy calculations were carried out on the performed for some TSs. The stabilities of wavefunctions were
basis of the gas-phase optimized geometries. The solvation energytested. A C;-symmetry point group was used throughout all
calculations were carried out by using the CPCM md8lelhich calculations, and no higher molecular symmetry restriction was
has been widely used for investigation of the solvation effect in imposed. All calculations were performed utilizing the Gaussian
various metal complex systertsTo consider the entropy effect, 03 progran??

the Gibbs free energy contributions from the gas-phase calculations . .
were added to give the final solvation free energieGs° (298 K, Acknowledgment. We thank Dr. Satoshi Maeda for his

1 atm)2° The computed gas-phase electronic energy, enthalpy, andt€chnical assistance. Y.L. acknowledges the Japan Society for
free energy are provided in the Supporting Information. The the Promotion of Science (JSPS) for support of this research.

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 functicdhathich

was developed by Truhlar's group, was also used in some
calculations. It was found that the relative energies computed by

Supporting Information Available: Figures and tables giving
the optimized 3D structures, Cartesian coordinates, total electronic
energies, enthalpies, and free energies (gas phase) of all stationary
points involved in paths | and Il, IRC following results and the
imaginary frequencies of TSs, and others. This material is available

MPW1K are very similar to those computed by B3LYP (variation free of charge via the Internet at http:/pubs.acs.org.

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 OM7003892

analyses were performed to verify the geometrically optimized
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