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Abstract: The reaction mechanism for the transition metal free direct hydrogenation of bulky imines catalyzed
by the Lewis acid B(C6F5)3 is investigated in detail by quantum chemical calculations. A recently introduced
mechanistic model of heterolytic hydrogen splitting that is based on noncovalent association of bulky Lewis
acid-base pairs is shown to account for the reactivity of imine-borane as well as amine-borane systems.
Possible catalytic cycles are examined, and the results provide solid support for the imine reduction pathway
proposed from experimental observations. In addition, the feasibility of an autocatalytic route initiated by
amine-borane hydrogen cleavage is demonstrated. Conceptual issues regarding the notion of frustration
are also discussed. The observed reactivity is interpreted in terms of thermally induced frustration, which
refers to thermal activation of strained dative adducts of bulky Lewis donor-acceptor pairs to populate
their reactive frustrated complex forms.

1. Introduction

Catalytic hydrogenations of unsaturated organic compounds
constitute an important class of chemical transformations and
find broad applications both in chemical industry and laboratory
organic synthesis.1 The majority of hydrogenation reactions
involve the direct use of H2 as the hydrogen source, and they
are catalyzed by transition metals (TMs). The role of metal
centers and surrounding ligands in H2 activation processes has
been extensively studied for several decades, and the details of
homolytic and heterolytic H2 splitting pathways are now well
understood.2,3 However, environmental and product toxicity
concerns connected with TMs have long motivated investiga-
tions directed toward achieving TM-free homogeneous catalytic
hydrogenation. Most of the reactions reported hitherto required
either rather drastic conditions4,5 or the use of surrogates such
as Hantzsch ester or silicon compounds instead of hydrogen.6,7

Even direct reactions of H2 with stable main group compounds
are quite rare.8-11 Known examples include alkali metal alkyl
or aryl compounds,8 the ArGeGeAr “digermyne” species,9

singlet (alkyl)(amino)carbenes,10 and the heavier group 14

element carbene analogue SnAr2.
11 TM-free H2 activation in

biological systems was also considered feasible.12,13 However,
the unique hydrogenase found in methanogenic archaea, which
was assumed to act as a purely organic hydrogenation catalyst,
has been shown to comprise an active iron-containing cofactor
and the mechanism of H2 activation is still not resolved.14

(1) For recent reviews, see: (a) de Vries, J. G., Elsevier, C. J., Eds.
Handbook of Homogeneous Hydrogenation; Wiley-VCH: Weinheim,
Germany, 2007. (b) Acc. Chem. Res. 2007, 40, special issue 12 on
hydrogenation and transfer hydrogenation. (c) AdV. Synth. Catal. 2003,
345, special issue 1-2 on catalytic hydrogenation.

(2) For review papers, see: (a) Kubas, G. J. Chem. ReV. 2007, 107, 4152.
(b) Kubas, G. J. AdV. Inorg. Chem. 2004, 56, 127. (c) Heinekey, D. M.;
Lledos, A.; Lluch, J. M. Chem. Soc. ReV. 2004, 33, 175. (d) McGrady,
G. S.; Guilera, G. Chem. Soc. ReV. 2003, 32, 383. (e) Jessop, P. G.;
Morris, R. H. Coord. Chem. ReV. 1992, 121, 155. (f) Crabtree, R. H.
Acc. Chem. Res. 1990, 23, 95. (g) Kubas, G. J. Acc. Chem. Res. 1988,
21, 120.

(3) For a selection of recent mechanistic studies, see: (a) Yang, X.; Hall,
M. B. J. Am. Chem. Soc. 2008, 130, 14036. (b) Grützmacher, H.
Angew. Chem., Int. Ed. 2008, 47, 1814. (c) Basallote, M. G.; Besora,
M.; Castillo, C. E.; Fernandez-Trujillo, M. J.; Lledos, A.; Maseras,
F.; Manez, M. A. J. Am. Chem. Soc. 2007, 129, 6608. (d) Nagaraja,
C. M.; Parameswaran, P.; Jemmis, E. D.; Jagirdar, B. R. J. Am. Chem.
Soc. 2007, 129, 5587.

(4) For studies on TM-free direct hydrogenation, see: (a) Walling, C.;
Bollyky, L. J. Am. Chem. Soc. 1964, 86, 3750. (b) Berkessel, A.;
Schubert, T. J. S.; Müller, T. N. J. Am. Chem. Soc. 2002, 124, 8693.
(c) Chan, B.; Radom, L. J. Am. Chem. Soc. 2005, 127, 2443. (d) Ramp,
F. L.; DeWitt, E. J.; Trapasso, L. E. J. Org. Chem. 1962, 27, 4368.
(e) Haenel, M. W.; Narangerel, J.; Richter, U.-B.; Rufiñska, A. Angew.
Chem., Int. Ed. 2006, 45, 1061. (f) Siskin, M. J. Am. Chem. Soc. 1974,
96, 3641. (g) Wristers, J. J. Am. Chem. Soc. 1975, 97, 4312. (h) Slaugh,
L. H. Tetrahedron 1966, 22, 1741. (i) Slaugh, L. H. J. Org. Chem.
1967, 32, 108. (j) Yalpani, M.; Köster, R. Chem. Ber. 1990, 123, 719.

(5) Considerable progress has lately been made by the discovery of a
calcium-based hydrogenation catalyst that operates under moderate
conditions. See: Spielmann, J.; Buch, F.; Harder, S. Angew. Chem.,
Int. Ed. 2008, 47, 9434.

(6) For selected reviews and contributions, see: (a) Connon, S. J. Org.
Biomol. Chem. 2007, 5, 3407. (b) You, S. Chem. Asian J. 2007, 2,
820. (c) Ouellet, S. G.; Walji, A. M.; MacMillan, D. W. C. Acc. Chem.
Res. 2007, 40, 1327. (d) Malkov, A. V.; Liddon, A. J. P. S.; Ramı́rez-
López, P.; Bendová, L.; Haigh, D.; Kočovský, P. Angew. Chem., Int.
Ed. 2006, 45, 1432.

(7) Blackwell, J. M.; Sonmor, E. R.; Scoccitti, T.; Piers, W. E. Org. Lett.
2000, 2, 3921.

(8) Gilman, H.; Jacoby, A. L.; Ludeman, H. J. Am. Chem. Soc. 1938, 60,
2336.

(9) Spikes, G. H.; Fettinger, J. C.; Power, P. P. J. Am. Chem. Soc. 2005,
127, 12232.

(10) Frey, G. D.; Lavallo, V.; Donnadieu, B.; Schoeller, W. W.; Bertrand,
G. Science 2007, 316, 439.

(11) Peng, Y.; Ellis, B. D.; Wang, X.; Power, P. P. J. Am. Chem. Soc.
2008, 130, 12268.

(12) (a) Thauer, R. K.; Klein, A. R.; Hartmann, G. C. Chem. ReV. 1996,
96, 3031. (b) Buurman, G.; Shima, S.; Thauer, R. K. FEBS Lett. 2000,
485, 200, and references therein.

(13) For selected theoretical studies, see: (a) Scott, A. P.; Golding, B. T.;
Radom, L. New J. Chem. 1998, 1171. (b) Teles, J. H.; Brode, S.;
Berkessel, A. J. Am. Chem. Soc. 1998, 120, 1345.

Published on Web 01/21/2009

10.1021/ja809125r CCC: $40.75  2009 American Chemical Society J. AM. CHEM. SOC. 2009, 131, 2029–2036 9 2029



A major breakthrough toward direct catalytic hydrogenation
by non-TMs has been achieved very recently by Stephan and
co-workers discovering a reversible TM-free H2 addition/
elimination process.15-17 The involved intramolecularly linked
Lewis acid-base species, Mes2P–(p-C6F4)–B(C6F5)2 (Mes de-
notes mesityl (2,4,6-Me3C6H2) group), was shown to react
readily with H2 at very mild conditions, and its reduced form
(Mes2HP–(p-C6F4)–BH(C6F5)2) could liberate H2 at 100 °C.15

This milestone experiment has initiated a series of studies in
this field leading to the development of various linked systems
as well as simple Lewis acid-base pairs that are capable of
heterolytic hydrogen splitting.18-28 Easy transfer of the activated
hydrogen to unsaturated substrates has been demonstrated18-23

allowing successful catalytic applications for direct hydrogena-
tion of imines,18-20 nitriles,18 and aziridines,18 as well as
enamine19,20 and silyl enol ether21 CdC double bonds. The key
to this unprecedented reactivity, as suggested by Stephan and
co-workers, is the presence of free Lewis donor and acceptor
sites.29 This is ensured by steric hindrance of the classical dative
bond formation in these pairs, which have been termed frustrated
Lewis pairs (FLPs).29,30

As a fruitful application of this concept, Stephan’s31 and
Klankermayer’s32 groups have independently showed that the
absence of the dative bond renders the heterolytic H2 cleavage
also in certain imine-borane pairs possible. Hydrogenation of
such imines, which is a valuable transformation from a synthetic
point of view,33 can thus be accomplished using solely the Lewis
acid B(C6F5)3 as catalyst (see Scheme 1).31,32 Experimental
mechanistic studies on this reaction allowed the formulation of

a catalytic cycle (Scheme 2),31 which shares a number of
features with the mechanism of the related B(C6F5)3-catalyzed
hydrosilylation reactions.7,34 Hydrogen splitting by the frustrated
imine-borane system has been proposed to yield an ion pair
consisting of an activated iminium ion and a hydridoborate ion.
An amine-borane dative adduct is then formed in the hydride
transfer step. Thermal dissociation of this adduct delivers the
amine and regenerates the free borane that can enter the cycle
again.

Inspired by these new developments, we have initiated
theoretical studies to uncover the origin of these remarkable
reactions.35 In an effort to understand the facile activation of
dihydrogen, we explored various reaction pathways for the
heterolytic cleavage of H2 by the prototypical frustrated Lewis
pair P(t-Bu)3 + B(C6F5)3.

35 In line with experimental observa-
tions,24 we found no evidence for dative P-B bond formation;
however, we identified a weakly bound noncovalent [(t-
Bu)3P] · · · [B(C6F5)3] complex as a possible reactive intermediate
in the hydrogen activation process. We suggested that this
structurally flexible adduct, also referred to as a “frustrated
complex”, provides preorganized active centers for bifunctional
H-H bond activation and it represents an energetically strained
species that enables the lowering of the activation barrier. This
new mechanistic model has been shown to account for the
reactivity of a carbene-borane frustrated pair toward H2,

26 as
well as for the addition reactions of FLPs with olefins.36-38 The
first member of this family of compounds, the linked phos-
phine-borane system Mes2P–(p-C6F4)–B(C6F5)2, has also been
suggested to follow this hydrogen splitting pathway.39

Although the cleavage of the hydrogen molecule with FLPs
has been investigated in detail, no theoretical works have so
far addressed its subsequent fate in reduction processes. We
now present a detailed computational study on the full mech-
anism of the direct imine hydrogenation mediated by B(C6F5)3.
To the best of our knowledge, this is the first attempt to
completely characterize a catalytic hydrogenation process based
on frustrated Lewis pairs by quantum chemical calculations.
Herein, we examine the elementary steps and intermediates of

(14) (a) Shima, S.; Pilak, O.; Vogt, S.; Schick, M.; Stagni, M. S.; Meyer-
Klaucke, W.; Warkentin, E.; Thauer, R. K.; Ermler, U. Science 2008,
321, 572. (b) Shima, S.; Thauer, R. K. Chem. Rec. 2007, 7, 37.

(15) Welch, G. C.; San Juan, R. R.; Masuda, J. D.; Stephan, D. W. Science
2006, 314, 1124.

(16) Kubas, G. J. Science 2006, 314, 1096.
(17) Kenward, A. L.; Piers, W. E. Angew. Chem., Int. Ed. 2008, 47, 38.
(18) (a) Chase, P. A.; Welch, G. C.; Jurca, T.; Stephan, D. W. Angew.

Chem., Int. Ed. 2007, 46, 8050. (b) Chase, P. A.; Welch, G. C.; Jurca,
T.; Stephan, D. W. Angew. Chem., Int. Ed. 2007, 46, 9136.

(19) Spies, P.; Schwendemann, S.; Lange, S.; Kehr, G.; Fröhlich, R.; Erker,
G. Angew. Chem., Int. Ed. 2008, 47, 7543.

(20) Sumerin, V.; Schulz, F.; Atsumi, M.; Wang, C.; Nieger, M.; Leskelä,
M.; Repo, T.; Pyykkö, P.; Rieger, B. J. Am. Chem. Soc. 2008, 130,
14117.

(21) Wang, H.; Fröhlich, R.; Kehr, G.; Erker, G. Chem. Commun. 2008,
5966.

(22) Spies, P.; Erker, G.; Kehr, G.; Bergander, K.; Fröhlich, R.; Grimme,
S.; Stephan, D. W. Chem. Commun. 2007, 5072.

(23) Sumerin, V.; Schulz, F.; Nieger, M.; Leskelä, M.; Repo, T.; Rieger,
B. Angew. Chem., Int. Ed. 2008, 47, 6001.

(24) Welch, G. C.; Stephan, D. W. J. Am. Chem. Soc. 2007, 129, 1880.
(25) Chase, P. A.; Stephan, D. W. Angew. Chem., Int. Ed. 2008, 47, 7433.
(26) Holschumacher, D.; Bannenberg, T.; Hrib, C. G.; Jones, P. G.; Tamm,

M. Angew. Chem., Int. Ed. 2008, 47, 7428.
(27) Geier, S. J.; Gilbert, T. M.; Stephan, D. W. J. Am. Chem. Soc. 2008,

130, 12632.
(28) Huber, D. P.; Kehr, G.; Bergander, K.; Fröhlich, R.; Erker, G.; Tanino,

S.; Ohki, Y.; Tatsumi, K. Organometallics 2008, 27, 5279.
(29) Stephan, D. W. Org. Biomol. Chem. 2008, 6, 1535.
(30) Welch, G. C.; Cabrera, L.; Chase, P. A.; Hollink, E.; Masuda, J. D.;

Wei, P.; Stephan, D. W. Dalton Trans. 2007, 3407.
(31) Chase, P. A.; Jurca, T.; Stephan, D. W. Chem. Commun. 2008, 1701.
(32) Chen, D.; Klankermayer, J. Chem. Commun. 2008, 2130.
(33) Kobayashi, S.; Ishitani, H. Chem. ReV. 1999, 99, 1069.

(34) (a) Rendler, S.; Oestreich, M. Angew. Chem., Int. Ed. 2008, 47, 5997.
(b) Parks, D. J.; Blackwell, J. M.; Piers, W. E. J. Org. Chem. 2000,
65, 3090.

(35) Rokob, T. A.; Hamza, A.; Stirling, A.; Soós, T.; Pápai, I. Angew.
Chem., Int. Ed. 2008, 47, 2435.

(36) McCahill, J. S. J.; Welch, G. C.; Stephan, D. W. Angew. Chem., Int.
Ed. 2007, 46, 4968.

(37) Stirling, A.; Hamza, A.; Rokob, T. A.; Pápai, I. Chem. Commun. 2008,
3148.

(38) Guo, Y.; Li, S. Eur. J. Inorg. Chem. 2008, 2501.
(39) Guo, Y.; Li, S. Inorg. Chem. 2008, 47, 6212.

Scheme 1. Direct Hydrogenation of Imines Catalyzed by B(C6F5)3 Scheme 2. Catalytic Cycle for Imine Hydrogenation As Formulated
by Stephan and Co-workers31
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the catalytic cycle suggested by Stephan and co-workers,31 but
an additional, autocatalytic pathway,32 which has emerged from
our calculations, will also be described. Application of our recent
mechanistic model35 to imine-borane and amine-borane
frustrated pairs sheds light on conceptual novelties that broaden
our understanding of frustration.

2. Computational Details

In the present work, geometries of all stationary points were fully
optimized at the M05-2X/6-31G(d) level of density functional
theory.40,41 We used an ultrafine integration grid in all DFT
calculations to reduce numerical uncertainty in flat regions of the
potential energy surface (PES). The located stationary points were
characterized as minima or first-order saddle points according to
the calculated harmonic vibrational frequencies. Transition states
were checked to connect the respective minima by optimizations
following initial intrinsic reaction coordinate calculations.42

For each optimized structure, we carried out single-point spin-
component scaled (SCS) MP2/cc-pVTZ calculations43,44 using the
resolution-of-identity (RI) integral approximation45 with core
orbitals kept frozen, and without correction for the basis set
superposition error (BSSE). We chose this approach as it has been
found that the BSSE is well compensated by the effect of the one-
electron basis set deficiencies in the case of weakly bound
complexes yielding accurate interaction energies.46 The energy data
presented in the paper refer to gas-phase SCS-MP2 electronic
energies, unless indicated otherwise in the text.

Zero-point and thermal corrections to the energies as well as
entropic contributions to the gas phase free energy were estimated
using the ideal gas-rigid rotor-harmonic oscillator model at the
M05-2X/6-31G(d) level. Calculated Gibbs free energy data refer
to T ) 353 K and 1 mol/L concentration. Solvation free energies

were determined by single-point IEFPCM/M05-2X/6-31G(d)47

calculations with the UA0 radii and toluene as solvent for the gas-
phase optimized geometries. Explicit spheres onto unbound hy-
drogen atoms were added where needed, whereas all remaining
parameters were left at their default values.

The density functional calculations were carried out with the
Gaussian 03 software, while for the RI-SCS-MP2 calculations, the
Turbomole package was employed.48 Molecular graphics were
drawn using Molekel.49

3. Results and Discussion

Stoichiometric Reactions. Although our main goal in the
present work was to provide a sound theoretical basis for the
mechanism of the catalytic hydrogenation processes described
by Stephan and Klankermayer,31,32 we first examine the
stoichiometric reactions of imines with B(C6F5)3 and H2 (see
Scheme 3). These processes have been investigated experimen-
tally by the Stephan group,31 and this has provided important
mechanistic information for the catalytic procedures. We shall,
therefore, start our discussion with analyzing the potential energy
surface (PES) related to these reactions.

Results of NMR measurements indicate that imine t-BuNd
CHPh (hereafter referred to as im) does not form a dative bond
with B(C6F5)3 (B);7 consequently this Lewis acid-base pair can
be classified as an FLP. When their solution is exposed to 4
atm of H2 at room temperature, the imine is reduced to the
corresponding amine t-BuNH–CH2Ph (am), which then com-
bines with the Lewis acid to an amine-borane dative adduct
am – B (see Scheme 3, eq 1).31 Interestingly, subsequent heating
to 80 °C induces the cleavage of another H2 molecule yielding
the ammonium hydridoborate salt [amH]+[HB]-. A quite
different behavior was experienced for the more crowded
ketimine DippNdC(t-Bu)Me (im′), which afforded the iminium
hydridoborate compound [im′H]+[HB]- in the stoichiometric
reaction (Scheme 3, eq 2). In this case, steric bulk has been
suggested to preclude the hydride transfer to the carbon atom,
thereby allowing the isolation of an important intermediate.31

In order to identify the elementary steps and to characterize
the PES of the stoichiometric reaction, we located possible
reaction intermediates and connecting transition states along the

(40) For the M05-2X functional, see: (a) Zhao, Y.; Schultz, N. E.; Truhlar,
D. G. J. Chem. Theory Comput. 2006, 2, 364. (b) Zhao, Y.; Truhlar,
D. G. Acc. Chem. Res. 2008, 41, 157.

(41) For the 6-31G(d) basis set, see: (a) Ditchfield, R.; Hehre, W. J.; Pople,
J. A. J. Chem. Phys. 1971, 54, 724. (b) Hehre, W. J.; Ditchfield, R.;
Pople, J. A. J. Chem. Phys. 1972, 56, 2257. (c) Hariharan, P. C.; Pople,
J. A. Theor. Chim. Acta 1973, 28, 213. (d) Dill, J. D.; Pople, J. A.
J. Chem. Phys. 1975, 62, 2921. (e) Francl, M. M.; Pietro, W. J.; Hehre,
W. J.; Binkley, J. S.; Gordon, M. S.; DeFrees, D. J.; Pople, J. A.
J. Chem. Phys. 1982, 77, 3654.

(42) Fukui, K. Acc. Chem. Res. 1981, 14, 363.
(43) For the MP2 and SCS-MP2 methods, see: (a) Møller, C.; Plesset, M. S.

Phys. ReV. 1934, 46, 618. (b) Grimme, S. J. Chem. Phys. 2003, 118,
9095.

(44) For the cc-pVTZ basis set, see: Dunning, T. H. J. Chem. Phys. 1989,
90, 1007.

(45) (a) Feyereisen, M.; Fitzgerald, G.; Komornicki, A. Chem. Phys. Lett.
1993, 208, 359. (b) Weigend, F.; Häser, M. Theor. Chem. Acc. 1997,
97, 331. (c) Weigend, F.; Kohn, A.; Hattig, C. J. Chem. Phys. 2002,
116, 3175.

(46) Antony, J.; Grimme, S. J. Phys. Chem. A 2007, 111, 4862.

(47) Tomasi, J.; Mennucci, B.; Cancès, E. THEOCHEM 1999, 464, 211.
(48) (a) Frisch, M. J.; et al. Gaussian 03, revision E.01; Gaussian, Inc.;

Wallingford, CT, 2004. (b) Ahlrichs, R.; et al. TURBOMOLE, version
5.9.1; Universität Karlsruhe; Karlsruhe, Germany, 2007. Full references
are given in the Supporting Information.

(49) Flükiger, P.; Lüthi, H. P.; Portmann, S.; Weber J. MOLEKEL 4.3;
Swiss National Supercomputing Centre CSCS: Manno, Switzerland,
2000.

Scheme 3. Stoichiometric Reactions of Imines and Borane B(C6F5)3 (B) with H2
31
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reaction pathway from im + B + 2H2 toward the [amH]+[HB]-

ion pair (Scheme 3, eq 1). Our results are summarized in Figure
1 in the form of an energy diagram obtained for the explored
reaction route. The structures of the identified stationary points
are depicted in Figures 2-5.

The process is thought to commence with the activation of
dihydrogen by the imine-borane FLP. The absence of the
imine-borane dative bond and the facile hydrogen splitting
reaction observed experimentally is quite analogous to the (t-
Bu)3P + B system investigated earlier.24,35 We therefore
assumed similar noncovalent association of the imine-borane
frustrated Lewis pair, and we indeed identified computationally
the frustrated complex im · · ·B (see Figure 2a). The structure
of this complex reveals that π-π stacking, C-H · · ·π, and
C-H · · ·F interactions are responsible for the association and
give rise to an appreciable binding energy of -12.0 kcal/mol.

Although formed in an entropically unfavored process, this
intermediate reacts rapidly with H2 via the transition state TSim

(Figure 2b), which represents only a small energy barrier for
this elementary step, lying 8.3 kcal/mol above im · · ·B + H2.
The heterolytic cleavage of the H-H bond is an exothermic
process and yields the iminium hydridoborate ion pair
[imH]+[HB]- (Figure 2c).50

All these features bear close resemblance to those obtained
for the (t-Bu)3P + B + H2 reaction35 indicating that the H-H
splitting processes occur via similar mechanisms. In both
reactions, the hydrogen activation is initiated by simultaneous

(50) On the reactant side of the TSs associated with H2 splitting, shallow
minima can be identified corresponding to very weak ternary
complexes; however, the reactions are suggested to be essentially
bimolecular occurring upon the encounter of the frustrated complex
and H2.

Figure 1. Electronic energy profile for the stoichiometric reaction of im + B + 2H2. For certain species, the r prefix refers to a less stable (rearranged)
isomeric structure.

Figure 2. Optimized structures of the stationary points for the imine-borane hydrogen splitting reaction step: (a) imine-borane frustrated complex, (b)
transition state of hydrogen splitting, (c) iminium hydridoborate product ion pair. Selected atomic distances are given in Å.
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donor f σ*(H2) and σ(H2) f acceptor electron donations
leading to the polarization and the final cleavage of H2. Our
results indicate that this low-barrier, exothermic reaction can
take place easily at room temperature, which is in line with
experimental observations.

Activated hydrogen being available in [imH]+[HB]-, subse-
quent reduction of the iminium by the hydridoborate can easily
occur. An internal rearrangement of the [imH]+[HB]- ion pair
gives an isomer (r-[imH]+[HB]-) wherein the B-H bond points
toward the unsaturated carbon atom of iminium (Figure 3a).
The hydride transfer in r-[imH]+[HB]- occurs via TSht (Figure
3b) with a rather low overall activation energy (7.2 kcal/mol).51

This step is exothermic as well and yields the neutral amine–bo-
rane adduct r-am · · ·B (Figure 3c) bound by secondary interac-
tions. The formation of a dative bond between am and B leads
to a significantly more stable classical adduct (am – B, see
Figure 4), which is the observed product of the reaction at room
temperature.

As shown by experiments, elevated temperature is sufficient
to dissociate the N-B dative bond and an additional H2 splitting
process takes place. In analogy with the imine-borane pair, a
preorganized amine-borane frustrated complex can be identified
on the PES (am · · ·B, see Figure 5a). This species has a binding
energy of -12.7 kcal/mol with respect to am + B, and it is
slightly more stable than the r-am · · ·B form. As expected,

am · · ·B features similar reactivity with H2 as the im · · ·B
complex in that the H-H cleavage proceeds in a low-barrier
exothermic reaction step.50 Our calculations show that the
located transition state TSam (Figure 5b) lies only 7.1 kcal/mol
above the am · · ·B + H2 level. However, given that the
amine-borane system has a notably deeper energy minimum
at its datively bound am – B form, higher activation energy is
needed to reach the transition state. These results are in full
agreement with the experimental finding that the formation of
the [amH]+[HB]- ion pair product occurs only at 80 °C. It is
also reassuring to see that the optimized geometry of
[amH]+[HB]- is in good accordance with the structure deter-
mined from X-ray diffraction measurements.31,52

Catalytic Process. Our computational results described up to
this point provided us with a firmly established picture of the
key steps of the imine hydrogenation reaction. We shall now
discuss how these elementary steps are combined in a catalytic
process. Experimentally, hydrogenation of im readily proceeds
at 80 °C and 1 atm of H2 pressure in the presence of 5 mol%
B, although somewhat more forcing conditions were employed
for other imines.31,32 To monitor the kinetic and thermodynamic
feasibility of the reaction steps involved in the catalytic reduction
of im,31 we present solvent phase Gibbs free energy data
(calculated for T ) 80 °C) in this section.

The main steps and the free energy profile of the catalytic
cycle suggested by Stephan and co-workers31 (hereafter referred
to as cycle 1) are depicted in Figure 6. It is apparent that the
hydrogen splitting represents the rate-limiting step in this cycle
with an estimated activation free energy of 16.5 kcal/mol.
The im · · ·B species is predicted to lie 2.0 kcal/mol above the
reactants indicating that this reactive intermediate is present only
in rather low concentrations in the solution. The [imH]+[HB]-

ion pair forms in an exergonic step and gives the weakly bound
r-am · · ·B species in a low-barrier hydride transfer process. In
the last step, this complex releases the amine product and the
borane catalyst via dissociation. It should be pointed out that
as the reaction proceeds and am develops in considerable
amount, the free B catalyst is quenched in the stable
amine-borane dative adduct.53 This implies that the free energy
required to dissociate the am – B dative bond (7.0 kcal/mol)
must be included in the barrier of the rate-determining step.
Thus, the overall barrier of the H2 splitting is estimated to be
23.5 kcal/mol.

(51) The barrier of hydride transfer for the sterically more crowded im′
(see Scheme 3, eq 2) is predicted to be significantly higher (24.7 kcal/
mol), which is in agreement with experiments showing that the
hydrogenation reaction stops at the [im′H]+[HB]- species.

(52) See the Supporting Information for details.
(53) Sterically more crowded amines might not be able to quench the

catalyst effectively.

Figure 3. Optimized structures of the stationary points for the hydride transfer step: (a) rearranged iminium hydridoborate ion pair, (b) transition state of
hydride transfer, (c) weakly bound amine-borane product complex.

Figure 4. Optimized structure of the amine-borane dative adduct.
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The results for the stoichiometric reaction have pointed out
that the amine-borane pair am + B is able to cleave dihydrogen
at elevated temperatures. We envisioned that this process may
also play a role in the catalytic hydrogenation of im. In Figure
7, we present the calculated free energy profile for a catalytic

pathway that can be associated with the amine-borane H2

cleavage (cycle 2).

The first stable intermediate in this cycle is the ammonium
hydridoborate compound [amH]+[HB]-, which is formed via
TSam. The activation free energy of this step is almost identical

Figure 5. Optimized structures of the stationary points for the amine-borane hydrogen splitting reaction step: (a) amine-borane frustrated complex, (b)
transition state of hydrogen splitting, (c) ammonium hydridoborate product ion pair.

Figure 6. Solvent-phase Gibbs free energy profile at T ) 80 °C for catalytic cycle 1.

Figure 7. Solvent-phase Gibbs free energy profile at T ) 80 °C for catalytic cycle 2. The barrier for the proton exchange step (shown in blue) was estimated
from a PES scan calculation.52
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to that predicted for the imine-borane pair pointing to
competing reaction channels in H2 activation. We then
considered proton exchange between the ammonium ion and
the imine molecule, as experimental observations for a
number of related systems18,54,55 indicate that catalytic imine
reduction is usually initiated by imine protonation. Our
calculations confirm that the present protonation reaction,
producing the free amine and the iminium hydridoborate ion
pair [imH]+[HB]-, is feasible.56 The amine-imine proton
transfer can take place in a ternary im · · · [amH]+[HB]-

complex, and the barrier estimated from a PES scan calcula-
tion shows that the reaction is kinetically allowed.52 Although
the proton activation of imine in terms of the [amH]+[HB]-

+ im f [imH]+[HB]- + am reaction is slightly endergonic,
the subsequent hydride transfer (via TSht) and the dissociation
of the r-am · · ·B species (already described for cycle 1)
provide significant stabilization along the reaction pathway
and render the overall reduction process thermodynamically
feasible as well.

These considerations suggest that cycle 1 proposed by
Stephan et al.31 can be extended by cycle 2 involving the
cleavage of hydrogen via the amine-borane pair, which is
followed by its transfer to the imine. The two catalytic routes
form interconnecting cycles as illustrated in Scheme 4. The
catalytic process starts necessarily with cycle 1, which is based
on imine-mediated heterolytic H2 splitting, but as soon as the
amine product appears in notable amount in the reaction mixture,
cycle 2 represents a competing reaction pathway.57 This second
cycle is in fact an autocatalytic route, the possibility of which
has been mentioned by Klankermayer et al., but no details have
been reported in their paper.32 Cycle 2 can also be regarded as
a transfer hydrogenation pathway, wherein the [amH]+[HB]-

species serves as the hydrogen donor and reduces im to am. A
similar transfer mechanism (without autocatalysis) has also been
suggested by Stephan and co-workers18 to operate in reactions
where the substrate to be reduced does not readily participate
in hydrogen cleavage requiring the presence of both bulky Lewis
base and acid components.18,31

Conceptual Issues. We think it is worth pointing out that the
amine-borane pair am + B represents an intermediate case
between the classical (sterically unhindered) and frustrated

Lewis pairs. While the previously investigated P(t-Bu)3 + B
pair35 can be regarded as an inherently frustrated system in the
sense that its energy minimum corresponds to the frustrated
complex, the present am + B pair exhibits a datively bound
global minimum lying well below its frustrated complex form
(see Figure 8). However, the optimized structure of am – B
suggests a notable degree of strain in this adduct, which is also
borne out by its relatively small binding energy of -26.8 kcal/
mol. For a comparison, the binding energy of the essentially
strain-free (CH3)2NH – B adduct is predicted to be -39.3 kcal/
mol. Nevertheless, the active sites in am – B are still quenched,
and thermal activation is required to reach the reactive frustrated
state. This pair thus shows thermally induced frustration.

Thermally induced frustration, presumably a consequence of
“intermediate” steric bulk, is not uncommon among the recently
investigated systems. However, temperatures required to induce
FLP-type reactivity may vary significantly depending on the
amount of strain involved in the dative adduct (∆Ed) and in the
frustrated complex (∆Ef, see Figure 8). For example, our
calculations indicate that the imine-borane pair im + B may
also form a weak dative bond,52 but it is almost as strained as
the frustrated complex as indicated by the computed binding
energy (-12.9 kcal/mol). A notably smaller strain has been
calculated by Tamm and co-workers for a frustrated carbene-
borane pair.26 These authors also derived a potential energy
curve displaying the two minima associated with the datively
and weakly bound structures, which nicely fits into the qualita-
tive picture presented in Figure 8. Nevertheless, experiments
still showed no evidence for the presence of the carbene-borane
dative adduct in significant amounts in equilibrium,25 and the
H2 activation was found to occur at room temperature26 and
even at -78 °C.25 The present amine-borane pair am + B is
closer to the classical extreme possessing an isolable dative
adduct and requiring high temperatures to reach the frustrated
state.

The concept of thermal induction may also cover situations
where the FLP-type reactivity is quenched reversibly but in a
different way than simple covalent adduct formation. An
example has been provided by Repo, Rieger and co-workers,
who studied the diisopropyl amine + B system.23 This pair
forms an equimolar mixture of an ammonium hydridoborate
salt and a carbon-boron datively bound compound at room
temperature, but the reaction can be reversed at 110 °C to
regenerate the free Lewis acid and base, which readily cleave
H2 (see Scheme 5).23

(54) Samec, J. S. M.; Bäckvall, J.-E.; Andersson, P. G.; Brandt, P. Chem.
Soc. ReV. 2006, 35, 237, and references therein.

(55) Rueping, M.; Sugiono, E.; Azap, C.; Theissmann, T.; Bolte, M. Org.
Lett. 2005, 7, 3781.

(56) We have also considered the possibility of hydride attack to the
unactivated imine and found this process to be thermodynamically
unfavored. For instance, hydride transfer from [HB]- to im is
calculated to be endergonic by 73.8 kcal mol-1.

(57) Due to the flexibility of the noncovalent complexes, r-am · · ·B is
supposed to easily isomerize to am · · ·B without dissociation, thereby
providing a shortcut from cycle 1 to cycle 2.

Scheme 4. Interconnected Catalytic Cycles for Imine
Hydrogenation

Figure 8. Systems showing inherent and thermally induced frustration.
Strain energies related to the dative adduct and to the frustrated complex
are denoted by ∆Ed and ∆Ef, respectively. ∆Ef was termed earlier35 as the
frustration energy.
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Thermally induced frustration can also be observed for
intramolecularly linked FLPs, e.g., in the ethylene-brigded
phosphine-borane species Mes2P-CH2CH2-B(C6F5)2. This
compound has been found experimentally to exist as a four-
membered heterocycle (an intramolecular dative adduct), but
room temperature is sufficient to induce hydrogen splitting
reactivity.22 The strength of the dative bond in similar ambiphilic
molecules has been studied in recent works,58-62 and in some
cases, evidence has been presented for an equilibrium between
the bonded and nonbonded forms.58,59 As pointed out by these
contributions, consideration of such equilibria may be expedient
in the design of reactions based on cooperativity of Lewis acidic
and basic moieties.63

4. Summary and Conclusions

In the present work, we investigated the direct hydrogenation
of bulky imines catalyzed by the Lewis acid B(C6F5)3.

31,32 We

carried out accurate quantum chemical calculations and provided
detailed energetics for the elementary steps involved in the
underlying mechanism. The main conclusions drawn from our
computational results can be summarized as follows.

(a) The mechanism of heterolytic H2 splitting described for
the P(t-Bu)3 + B(C6F5)3 pair,35 and applied for the Mes2P-
C6F4-B(C6F5)2 system39 as well as an N-heterocyclic carbene
+ B(C6F5)3 pair,26 also accounts for the observed reactivity of
frustrated imine-borane and amine-borane pairs.

(b) In the borane-catalyzed imine hydrogenation, the reduced
product amine can participate in the hydrogen activation process
and, therefore, opens up an autocatalytic pathway.32 This
pathway is suggested to be competitive to the imine-borane
hydrogen activation route. Generally speaking, such alternatives
may be important in all cases where more than a single frustrated
pair is present in the reaction mixture.

(c) The model of FLP-type reactivity can be refined to involve
intermediate case Lewis pairs that do not exhibit inherent but
only thermally induced frustration. The temperature-dependent
equilibria between the dative structure, the frustrated complex,
and the dissociated components might serve as an additional
possibility of fine-tuning or switching their chemical behavior.

The present findings provide additional insight into FLP-type
reactivity and may assist the development of new, advanced
transition metal free catalytic systems. Further theoretical studies
aimed at characterizing the chemistry of frustrated pairs is
underway in our laboratory.
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Scheme 5. Reversible Reaction of Diisopropyl Amine and B
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