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This study thoroughly examines the potential energy sur-
faces (PESs) of two possible mechanisms for reduction of im-
ines by B(C6F5)3 and H2. The key reaction steps of the first
catalytic mechanism, which is the focus of our study, are:
(i) the uptake of H2 by a thermally activated amine–B(C6F5)3

species; (ii) proton transfer from the NH2
+ moiety of

[RNH2CH2R�]+[HB(C6F5)3]– to the imine; (iii) nucleophillic at-
tack of the C-center of the iminium ion by the BH– group.
The potential energy barriers of the latter, as determined by
calculating the evolution of the H-bonded complex of an im-
ine and [RNH2CH2R�]+[HB(C6F5)3]– in toluene, are around
10 kcalmol–1 each. In the second mechanism, only imines
serve as basic partners of B(C6F5)3 in the H2 activation, which
affords an [RN(H)CHR�]+[HB(C6F5)3]– ion pair; direct re-
duction then proceeds via nucleophilic attack of the C-center
by the BH– in [RN(H)CHR�]+[HB(C6F5)3]–. This route be-

Introduction
Since Sabatier’s discovery of nickel-mediated catalytic hy-

drogenation, which dates back to 1897, the addition of mo-
lecular hydrogen to unsaturated organic compounds has be-
come one of the most important methods used worldwide
for the production and synthesis of an extremely large vari-
ety of products and chemicals.[1] Our interest in the re-
duction of imines is justified by the fact that this process,
as well as the reduction of nitriles, is undoubtedly one of
the best synthetic methods for generating primary and sec-
ondary amines, a method that has found a great many uses
in the pharmaceutical and chemical industry.[1a,2]

Typically, transition-metal-catalyzed hydrogenation reac-
tions,[3–5] which use H2 directly, rely on the oxidative ad-
dition of molecular hydrogen, although the heterolytic
cleavage of H2 could also afford a metal hydride in some
cases,[6,7] and reductive elimination of an unsaturated ac-
ceptor at a metal center. It is noteworthy that the addition
of hydrogen can also be accomplished via transition-metal-
catalyzed transfer hydrogenation, where hydrogen gas is re-
placed by, for example, 2-propanol or formic acid;[8] asym-
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comes catalytic when the product amine is released into the
solvent and B(C6F5)3 is re-used for H2 activation. Upon taking
into account the association energy of an amine–B(C6F5)3 ad-
duct [–9.5 kcalmol–1 for tBuN(H)CH2Ph and B(C6F5)3 in tolu-
ene], the potential energy barrier for H2 uptake by an imine
and B(C6F5)3 increases to 14.5 kcalmol–1. We report a some-
what lower potential energy barrier for H2 uptake by ther-
mally activated amine–B(C6F5)3 adducts [12.7 kcalmol–1 for
the B-N adduct of tBuN(H)CH2Ph and B(C6F5)3 in toluene],
although the difference between the two H2 activation
barriers is within the expected error of the computational
method. Two catalytic routes are compared based on B3LYP-
computed PESs in solvent (toluene).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

metric transfer hydrogenations of ketones and imines with
chiral catalysts have been reported to produce enantiomer-
ically enriched products.[9] A few different, metal-free, ap-
proaches to hydrogenation are known, for example stoi-
chiometric reductions by main group hydrides,[10] organoca-
talyzed hydrogenations using the Hantzsch ester as H2

source,[11] the reduction of alkenes by successive hydrobor-
ation/hydrogenolysis reactions,[12] and the catalytic re-
duction of benzophenone[13] using KOtBu/H2.

The development of metal-free catalytic processes that
do not require harsh reaction conditions is motivated by
the desire to replace expensive and potentially toxic pre-
cious-metal catalysts and to address the issue of chemical
waste. Very recently, the Lewis base-Lewis acid cooperation
in “frustrated Lewis pairs” (FLPs)[14,15] has emerged as a
new concept of reactivity and catalysis.[16] The fact that ste-
ric factors can prevent the formation of a donor-acceptor[17]

complex between a sterically hindered Lewis base and
Lewis acid has been known for quite a while.[10,18] However,
the chemical potential of such a system was not realized
until the metal-free activation of H2 by FLPs was demon-
strated by Bertrand’s and Stephan’s groups.[19–21] The
metal-free hydrogenation of imines and nitriles mediated by
bulky Lewis acid-Lewis base systems,[22–27] and the
B(C5F5)-catalyzed hydrosilylation of imines,[28] are just a
few examples of emerging applications of FLPs which are
relevant for our computational study.
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There has been systematic focus on theoretical studies of

the process of H2 activation by the Lewis acid B(C6F5)3 and
a Lewis base,[29–34] and there have also been mechanistic
studies regarding the catalytic reduction of imines by
B(C6F5)3-containing species.[27,35–38]

We became motivated to launch a thorough computa-
tional comparison of amine–borane mediated and autocat-
alytic pathways of the novel reaction in which the electron-
deficient Lewis acid B(C6F5)3 facilitates the catalytic hydro-
genation of bulky imines, such as tBuNC(H)Ph, in the pres-
ence of H2 at moderately elevated temperatures [Equa-
tion (1)]. Although the direct hydrogenation of bulky imines
with B(C6F5)3 and H2, and the temperature-controlled au-
tocatalytic pathway, have already been investigated, only a
qualitative description of the related amine–borane route
has been reported to the best of our knowledge.[38] The key
difference between the two mechanisms in Equation (1) re-
sides in whether the product amine–boranes become di-
rectly involved in H2 activation or not.[35,36] There has, to
date, been no accurate comparison of these two complete
pathways in Equation (1). A thorough understanding of the
reduction process is therefore of significant importance for
the rational development and advancement of main group
“frustrated Lewis pairs”-based catalysis, which is a rapidly
growing area of interest.

(1)

Thus, the objective of our study was to compare the com-
plete energy profiles for the different reaction routes in
Equation (1) with the specific aim of gaining an insight into
the following key processes: (i) initiation of the reaction and
evolution of an iminium-hydridoborate ion pair; (ii) evol-
ution of the amine–boron adducts and the interplay be-
tween imines and amines as Lewis base partners of
B(C6F5)3 in the H2 activation step; (iii) evolution of the H-
bonded complex of an ammonium-hydridoborate ion pair
and an imine.

Results and Discussion

Our computational model consists of the Lewis acid
B(C6F5)3 (1), the imine tBuN=CPh(H) (2), and the corre-
sponding amine 2�. The approach which will allow us to
draw reliable mechanistic conclusions and to investigate the
complete energy profile of each of the pathways in Equa-
tion (1) involves mapping the potential energy surface
(PES) as a function of molecular configuration using den-
sity functional electronic structure calculations. The size of
the complete molecular model precludes the use of direct
wavefunction-based computational methods, although
DFT methods are well suited for studies of large molecular
systems as they give a good compromise between accuracy
and computational costs.[39]
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To summarize the computational methods employed, the
lowest energy conformers of all intermediates and transi-
tion states were identified at the B3LYP level of theory em-
ploying the 6-31+G* basis set (6-31++G** for all N- and
B-bound hydrogen atoms, as well as for H2). While all fig-
ures presented herein show the B3LYP-based structures, all
key reaction steps were validated against the MPW1K and
BHandHLYP data. All reported barriers are consistent ac-
ross the three functionals. The B3LYP functional was also
validated against the MP2 data for enthalpy change for re-
duction of imines at the 6-311++G** basis set level (see
Supporting Information). All reported potential energies
were re-computed with the 6-31++G** basis set in toluene
for the lowest energy conformers of all intermediates (sta-
tionary points of PESs) and transition states. All transition
states were validated by additional QST-guided calcula-
tions. The connectivity between transition states and appro-
priate intermediates was confirmed by intrinsic reaction co-
ordinate (IRC) scans, and solvent effects were accounted
for within the self-consistent polarizable continuum model
(SCRF/PCM). Further details of the computational pro-
cedures can be found in the Computational Details section;
validation studies are reported in the Supporting Infor-
mation.

Direct Autocatalytic Reduction of Imine by B(C6F5)3 and H2

A plausible route, which has been proposed by Stephan’s
group and rationalized theoretically by Papai’s group,[36,38]

describes the reduction of imines by B(C6F5)3 and H2, as
follows: (i) heterolytic H2 splitting by an imine and
B(C6F5)3, and (ii) nucleophilic attack of the iminium car-
bon by the borohydride moiety. As a result, formation of a
B–N-bonded adduct between the product amine and
B(C6F5)3 is anticipated. In order to be able to draw a quan-
titative comparison at the same level of theory with the di-
rect route with the more complex catalytic pathway involv-
ing amine–borane adducts (see below), we performed
straightforward B3LYP-based calculations of the former.

The B3LYP-computed transition state of the heterolytic
splitting of H2 by a model imine [tBuNC(H)Ph] and
B(C6F5)3 is shown in Figure 1. The transition state TS1 rep-
resents the true saddle-point[40] and is similar to previously
reported results of Papai et al.[38,41] As expected,[27,29,38] the
solvent-corrected potential energy barrier of H2 splitting is
remarkably low: B3LYP functional calculations predict that
TS1 is only 5.0 kcalmol–1 higher than the total energy of
reacting species, namely tBuNC(H)Ph, B(C6F5)3, and H2.
The thermochemical correction to the potential energy bar-
rier of H2 uptake is about 11 kcalmol–1.

The splitting of H2 by the imine-borane Lewis pair is
exothermic and affords iminium-hydridoborate ionic com-
plex 3 (Figure 2). The B3LYP-computed proton-hydride hy-
drogen bond,[42,43] a BH–···+HN close contact, and the lin-
ear alignment of the BH– and NH+ moieties in 3 are in
agreement with previously reported theoretical and experi-
mental data for BH–···+HP and BH–···+HN contacts.[27,29,36]
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Figure 1. The transition state for the heterolytic splitting of H2 by
the imine-borane pair. Dashed lines highlight B–H, H–H, and N–
H distances; all H···F close contacts have been omitted for sim-
plicity. All distances given in Å.

Figure 2. The optimized hydridoborate complex with the iminium
ion. Dashed lines highlight H+–H– distances; all H···F close con-
tacts have been omitted for simplicity. All distances are given in Å.

The nucleophilic attack on the carbon atom of the imin-
ium ion in 3 by the BH– unit of the borohydride is described
by the true transition state TS2 (Figure 3), which has
a B3LYP-computed potential energy barrier of
12.4 kcalmol–1. Transition state TS2 represents the true
saddle-point on the direct route from 3 to the amine–
borane couple, which collapses to afford 4 (see Supporting
Information) in a straightforward fashion.

The B3LYP-based relative potential energies for the re-
duction of tBuN=CPh(H) by B(C6F5)3 and H2, and the cor-
responding catalytic mechanism, are summarized in
Scheme 1. The direct reduction pathway is characterized by
relatively low barriers and all steps leading to B–N adduct
4 are exothermic. Overall, our results are in a good agree-
ment with previously published PES calculations.[38]
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Figure 3. TS2: The transition state of the nucleophilic attack of the
iminium carbon; dashed lines highlight B–H and H–N distances;
all H···F close contacts have been omitted for simplicity. All dis-
tances are given in Å.

Scheme 1. Auto-catalyzed reduction of imines by B(C6F5)3 (1) and
H2 occurs as follows: 1 + 2 + H2 � TS1 � 3 � TS2 � 4 � TS3
� 1 + 2�. The relative potential energies, computed at the B3LYP/
6-31++G** level in toluene (PCM model) for tBuN=CPh(H), are
reported in brackets. All energies are given in kcalmol–1.

Ammonium-Hydridoborate Ion Pair and Reduction of
Imines with H2

According to Scheme 1, the reduction of tBuN=CPh(H)
by B(C6F5)3 and H2 proceeds in an autocatalytic fashion if
amine–borane complex 4 dissociates, which implies that the
potential energy barrier of H2 uptake by the re-used
B(C6F5)3 and an imine increases in energy by an amount
approximately equal to the association energy (Eae) in 4.[44]

Thus, after the first turnover of the autocatalytic reduction,
the effective potential energy barrier of H2 activation be-
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comes at least 14.5 kcalmol–1. Thermal activation is there-
fore likely to be necessary to promote dissociation of the
B–N-bonded adduct 4.[36,38]

The association energy of 4 depends strongly on the ste-
ric encumbrance of the amine. Indeed, the B–N-bonded
amine–borane adduct CH3(PhCH2)N(H)·B(C6F5)3 (4�) is
predicted to have quite a large association energy of around
–20 kcalmol–1 and a potential energy barrier of dissociation
of around 23 kcalmol–1 (toluene solvent). The computed
amine–borane association energy seems to be somewhat
smaller for bulky amines [–9.5 and –10.3 kcalmol–1 for
tBu(PhCH2)N(H)·B(C6F5)3, as calculated with the density
functionals B3LYP and MPW1K (toluene solvent)].[45] This
implies that the association energy of the amine–B(C6F5)3

adduct becomes a major contributor to the rate-limiting
step after the first catalytic turnover and that, depending
on the steric hindrance of the amine, B(C6F5)3 might not
become re-usable even at elevated temperatures. If the
amine–boron adducts are too stable to dissociate, re-use of
the Lewis acid B(C6F5)3 is blocked and the reduction ap-
pears to be stoichiometric.

An alternative to the autocatalytic reduction of an imine
by B(C6F5)3 and H2 is a process which is initiated by the
reaction of an amine–borane couple with H2. The resulting
ammonium ion-hyridoborate complex 3� has been iden-
tified by NMR spectroscopy and X-ray crystallography;[36]

H2 activation by an amine–B(C6F5)3 adduct has been ra-
tionalized previously[38] and is briefly addressed herein.

First, similarly to the ionic complex 3, the optimized ge-
ometry of the hydridoborate adduct with the ammonium
ion (3�; Figure 4) reveals H+···H– bonding. The B3LYP-
computed H–H distance of 1.588 Å is somewhat longer in
3� than the crystallographic value of 1.87(3) Å. However,
the computed H–H distance and its deviation from the crys-
tallographic data (approx. 0.3 Å) are both in agreement
with computational results obtained for a similar FLP com-
pound.[27] Our results are also in good agreement with fully
optimized structures at the M05-2X DFT level.[38] The con-
sistent discrepancy between the computed and crystallo-
graphic H–H distances for known FLP complexes could be
explained, as pointed out previously,[27] by the tendency of
the X-ray technique to yield too short X–H bonds.[46]

Secondly, the splitting of H2 by the amine–boron couple
is predicted to be more exothermic than in the direct
pathway � ∆E is –23.4 kcalmol–1 relative to 1 + 2� + H2

(–13.9 kcalmol–1 with respect to 4 + H2), whereas the corre-
sponding potential energy barrier is predicted to be only
3.2 kcalmol–1 (B3LYP), which is somewhat smaller than
that for H2 uptake by an imine and B(C6F5)3. The differ-
ence between the two is nevertheless within the error of the
computational method.

Transition states TS1� and TS1 have similar key geomet-
rical features, namely a significant elongation of the H–H
bond and an elongation of the N–C bond of the proton
acceptor with respect to the isolated imine/amine, respec-
tively.[47] The basicity of the N atom is important for the
splitting of H2: an amine is a better base and this is why,
we believe, the splitting of H2 by the amine–borane couple
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Figure 4. TS1�: The transition states for the heterolytic splitting of
H2 by the amine–borane couple. Dashed lines highlight B–H, H–
H, and N–H distances. 3�: The hydridoborate adduct with the am-
monium ion. The dashed lines highlight H+–H– distances. All H···F
close contacts have been omitted for simplicity. All distances are
given in Å.

is more exothermic (see Scheme 1). The potential energy
barrier for 1 + 2� + H2 � 3� is lower than TS1. However,
as illustrated in Figure 5, the association energy of 4 in-
creases the potential energy barrier for H2 splitting by the
B–N-bonded amine–borane adduct (4 + H2 � 3�), in agree-
ment with recent experimental and computational
data.[36,38]

While the iminium-hydridoborate pair 3 seems to have
only one evolutionary pathway available, namely nucleo-
philic attack by the BH– group, the presence of the ammo-
nium ion in 3� suggests a new reaction route in the presence
of imines. Indeed, H-bonding between the N atom of the
imine and one of the NH2 protons is most likely to afford
complex 5 (Figure 6). The evolution of such a complex is
the key to understanding the complete catalytic mechanism
of the reaction in Equation (1). Proton exchange between
an ammonium ion and an imine has been observed experi-
mentally for a number of related species.[8a] Furthermore,
the catalytic reduction of an unsaturated C=X bond, where
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Figure 5. Qualitative relationship between the potential energy bar-
rier for splitting of H2 (4 + H2 � 3�) and the association energy
of the amine–borane adduct 4 in toluene. All data were computed
at the B3LYP/6-31++G** level in toluene (PCM model) with re-
spect to the dissociation limit (free reacting species). 4� is the strong
amine–borane adduct CH3(PhCH2)N(H)·B(C6F5)3. MPW1K, BH,
and HLYP potential energy barriers deviate from the B3LYP data
by less than 1.5 kcalmol–1. All energies are given in kcalmol–1.

X is a heteroatom, is typically initiated by the protonation
step.[8a] A simplified model in which an imine is H-bonded
to an ammonium ion, [tBuNCPh(H)·tBuN(H)2CH2Ph]+

(6), can be used to estimate the energy change and the po-
tential energy barrier for proton transfer from the NH2

moiety to the imine. The proton transfer in 6 is endothermic
by 2.8 kcalmol–1, while the potential energy barrier for the
proton transfer in 6 is only 7.4 kcalmol–1 in toluene. It is
therefore quite plausible that proton transfer to the imine
affords the hydridoborate complex with the iminium ion
and the H-bonded amine (complex 5� in Figure 6).

Validation of the two-step mechanism involving proton
and hydride transfers proposed herein is based on thorough
PES scans (see below). Although the transformation 5 �
5� is endothermic by 3.2 kcalmol–1 in toluene, the corre-
sponding potential energy barrier is only 10.4 kcalmol–1.
This agrees well with the results obtained in a much simpler
model (6). The transition state of the proton transfer in 5
(TS3 in Figure 7) is the true saddle-point that connects true
stationary intermediates 5 and 5�. It is noteworthy that the
proton donor and the proton acceptor are positioned closer
to the hydridoborate in the transition state structure than
in intermediates 5 and 5�, and that the HB–C distance in
intermediate 5� is shorter than that in 5.

We were also able to locate the true transition state of
the nucleophilic attack of the iminium carbon (TS2� in Fig-
ure 8), which is similar toTS2 as regards its key geometrical
features, although the B–C distance is around 0.2 Å longer
in the former. The amine stays further away from the boron
atom in TS2� than in intermediates 5 and 5�. With respect
to intermediate 5, the potential energy barrier is
12.8 kcalmol–1 for TS2� in toluene. An intrinsic reaction
coordinate scan revealed that the crossing of TS2� leads to
collapse of the amine–borane complex towards the final B–
N-bonded adduct with the outer-sphere bound amine.

The potential energy profile for reduction of the model
imine tBuN=CPh(H) by the B–N-bonded adduct between
tBuNHCPh(H)2, B(C6F5)3, and H2 by is summarized in
Figure 9 according to the proposed catalytic mechanism in
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Figure 6. 5: The hydridoborate adduct with the ammonium ion and
the H-bonded imine. 5�: The hydridoborate complex with the imin-
ium ion and the amine. Hydrogen atoms of tBu groups and all
H···F close contacts have been omitted for simplicity. Red dashed
lines highlight the B–N distances, the black dashed lines highlight
the HB–C and N–H distances. All distances are given in Å.

Figure 7. The transition state for proton transfer from the ammo-
nium ion to the imine in the presence of the hydridoborate. Hydro-
gen atoms of tBu groups and all H···F close contacts have been
omitted for simplicity. Red dashed lines highlight the B–N dis-
tances, the black dashed lines highlight the HB–C and N–H dis-
tances. All distances are given in Å.



T. PrivalovFULL PAPER

Figure 8. The transition state for the nucleophilic attack of the C-
centre in 5�. Hydrogen atoms of tBu groups and all H···F close
contacts have been omitted for simplicity. B–N distances are 3.660
and 5.587 Å for the N(imine) and N(amine), respectively. Black
dashed lines highlight the N–H, B–H and C–H distances. All dis-
tances are given in Å.

Scheme 2. It is noteworthy that the transition state for the
activation of molecular hydrogen by 4 should increase by
around 11 kcalmol–1 due to the thermochemical correc-
tions (the –ST term in the Gibbs free energy definition is
the major contributor), while TS3 and TS2� should be af-
fected to a much lesser degree. The binding of an imine (3�
+ 2 � 5) is slightly endothermic (by 3.2 kcalmol–1) in the
gas phase and slightly exothermic (by –1.3 kcalmol–1) in
toluene. In the gas phase, the stabilizing effect of the H-
bonding between the proton acceptor and the proton donor
does not outweigh the increase of the potential energy due
to the increased separation between the hydridoborate and
the NH2

+ moiety. This explains the gas phase result, while
solvent effects in toluene tend to stabilize the hydridobor-
ate-NH2

+ complex 5 more than complex 3�.

Figure 9. Summary of the PES for the reduction of tBuN=CPh(H)
by 4 and H2 in toluene for the two-step pathway starting from the
reacting species. H2 activation appears to be the rate-limiting step.
All energies are given in kcalmol–1.

According to our calculations, the [RNH2CH2R�]+[HB-
(C6F5)3]– ion pair appears to be an efficient and flexible
source of the proton and the hydride for the reduction of
moieties containing unsaturated N=C bonds. A comparison

www.eurjic.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2009, 2229–22372234

Scheme 2. Catalytic reduction of imines by 1 and H2 via: (i) H2

activation by an amine–borane complex (4 + H2 � 3�), (ii) hydro-
gen bonding of an imine and 3� (3� + 2 � 5), and (iii) subsequent
two-step reduction of an amine in 5.

of the potential energies of the direct autocatalytic path-
ways (Scheme 1) with the PES in Figure 9 reveals that the
potential energy barriers of the nucleophilic attack, com-
puted at the same level of theory, are similar in both path-
ways. Proton transfer from the NH2

+ group to an imine is
also allowed due to a relatively low barrier. The activation
of molecular hydrogen by the amine–borane adduct 4 is the
rate-limiting step for a bulky imine [tBuN=CPh(H) in our
mode], and this becomes clearer for a less bulky one, as
illustrated in Figure 5 for MeN=CPh(H). Furthermore, the
difference between the barriers of H2 activation in both
catalytic pathways is within the error of the computational
methods, which means that both mechanisms (Schemes 1
and 2) could operate with similar efficiency (see the com-
bined mechanistic proposal given in the Supporting Infor-
mation).

A straightforward potential energy scan of the H– trans-
fer to the C-center without prior protonation of the N cen-
ter of the imine convinced us that such a process is unlikely
and that protonation of the imine is the key step.[38] This
agrees with experimental results from Stephan’s studies.
Since complex 5 has the characteristic features of the bi-
functional Shvo catalyst, for which a concerted pathway for
imine reduction has been proposed,[48] we investigated the
likelihood of such a pathway. We attempted to locate the
concerted transition state which should correspond hypo-
thetically to the synchronized protonation of the imine and
the nucleophilic attack of the C center of the imine in com-
plex 5. No such transition was found, which is not surpris-
ing considering that the C–HB and N–H distances are quite
large in the starting geometry (4.47 and 2.14 Å, respec-
tively). It is therefore somewhat doubtful that a concerted
transition state is likely to occur in our case. What we have
learned from our attempts to find a concerted transition
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state for the imine reduction in 5, however, is that TS3,
intermediate 5�, and TS2� reside on the optimal (lowest po-
tential energy) reaction pathway, which connects the start-
ing complex 5 and the final amine–borane adduct {4, 2} in
a continuous fashion.

Conclusions

The present study has independently identified complete
potential energy surfaces (PESs) for two possible routes for
the reduction of imines by B(C6F5)3 and H2; all calculations
have been performed at the DFT level within an implicit
solvent model (PCM) for the model imine tBuNCHPh in
toluene The key difference between the two mechanisms is
the Lewis basic partner of the Lewis acid B(C6F5)3 for the
heterolytic splitting of molecular hydrogen: the so-called
autocatalytic mechanism involves imines as Lewis bases,
while an alternative mechanism operates via amine–
B(C6F5)3 adducts. The common feature of both mecha-
nisms is that they require elevated temperatures for sustain-
able operation. Our results are in agreement with the re-
cently published computational study by Papai’s group,
which is primarily concerned with the autocatalytic path-
way.

Since initially only imines are present in solution, the re-
action is initiated by proton and hydride transfer to form
an amine via an elegant two-step pathway: (i) H2 activation
by an imine-borane “frustrated Lewis pair” (FLP) affords
an iminium–hydridoborate ion pair with a direct potential
energy barrier of only 5 kcalmol–1; (ii) nucleophilic attack
of the C-center by the BH– group transforms the [RN(H)-
CHR�]+[HB(C6F5)3]– ion pair into an amine–B(C6F5)3 ad-
duct with a potential energy barrier of 12 kcalmol–1. The
association energy of the amine–B(C6F5)3 adduct appears
to be an obstacle for re-use of the Lewis acid. Judging by
the potential energy profile, elevated temperatures are likely
to be required for the liberation of B(C6F5)3, which could
than be re-used in a catalytic fashion. Thus, in light of the
association energy of the amine–borane adduct [approx.
–10 kcalmol–1 for tBuN(H)CH2Ph and B(C6F5)3 in tolu-
ene], the potential energy barrier for H2 uptake by the
model imine and the re-used B(C6F5)3 increases to around
15 kcalmol–1. Our data indicate that sterically unhindered
imines might not be able to sustain the autocatalytic re-
duction due to the prohibitively large association energy of
the corresponding amine–B(C6F5)3 adducts.

Although elevated temperatures allow the autocatalytic
reduction of sterically hindered imines to operate, we have
found that a lower energy pathway of H2 uptake becomes
available as soon as the concentration of the product
amines reaches a certain level. Thus, we have obtained a
lower potential energy barrier for H2 uptake by the ther-
mally activated amine–B(C6F5)3 adduct itself [approx.
13 kcalmol–1 for an adduct of tBuN(H)CH2Ph and
B(C6F5)3 in toluene]. Although the energy difference be-
tween the two H2 uptake pathways is not very large, analy-
sis of the computed potential energy profiles unambigu-
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ously indicates that the ammonium-hydridoborate ion pair
[RNH2CH2R�]+[HB(C6F5)3]– should play a key role in the
transfer of the proton and hydride to the imine, in agree-
ment with available experimental data.

We have also computed the evolution of the H-bonded
complex of an imine and [RNH2CH2R�]+[HB(C6F5)3]–. De-
spite apparent similarity with Shvo’s catalyst, the concerted
proton and hydride transfer is blocked by significant steric
congestion of the hydride and proton donor moieties, as
well as the proton acceptor. A direct transition state search
and exploration of the potential energy surfaces has iden-
tified the true transition states responsible for the two-step
reduction of an imine by [RNH2CH2R�]+[HB(C6F5)3]–. The
computed potential energy barriers for the proton and hy-
dride transfer are quite low, thereby indicating that H2 up-
take by amine–B(C6F5)3 is the slow reaction step. Consider-
ing that the association energy of amine–B(C6F5)3 depends
on the steric hindrance of the amine, it is expected that
dissociation of the B–N bond itself could become the rate-
limiting step instead.

Computational Details

All calculations were performed with the Jaguar6.0[49] quantum
chemistry package. Our approach is somewhat similar to a pro-
cedure described previously.[33] Thus, we initially performed a con-
formational search using potential energy scans with the B3LYP
functional using the split-valence double-zeta basis set, 6-
31+G*,[50,51] augmented with diffuse and polarization functions,
and the molecular model system formally in the gas phase. The
geometries of up to ten low-energy conformers were then re-opti-
mized using the B3LYP and MPW1K/BHandHLYP function-
als[52,53] with the 6-31+G* basis set (6-31++G** for active hydro-
gens); all degrees of freedom were optimized. All transition states
were found with B3LYP/6-31+G* (6-31++G** for active hydro-
gens) using the quadratic synchronous transit (QST) method, as
implemented in Jaguar 6.0, and were characterized by one single
imaginary vibrational frequency along the proper reaction coordi-
nate. Intrinsic reaction coordinate scans were performed to verify
that all reported transition states did indeed “connect” the appro-
priate intermediates along the reaction coordinate, which is defined
by the Hessian at the corresponding transition state structure.

In order to increase the computational accuracy of the relative en-
ergies for all intermediates and transition states, the larger basis set
6-31++G** was used to obtain the final electronic energies of all
complexes, employing geometries obtained with the 6-31+G* base
set.

Solvent effects were accounted for as follows. Gas-phase optimized
structures [B3LYP with the 6-31+G* basis set (6-31++G** for
active hydrogens bound to N, B, and in H2)] were used as starting
structures in order to obtain energies of all intermediates and tran-
sition states in solvent within the self-consistent reaction field
model[54] with toluene as solvent (ρ = 0.8669 g/mL, MW =
92.14 gmol–1, dielectric constant = 2.4) at the large basis set level
(6-31++G**). These data were used to construct potential energy
profiles and for the discussion of relative energies in the text. To
check the stability of solvated complexes, all geometries were re-
laxed and optimized within the self-consistent implicit solvent
model (PCM).
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Supporting Information (see also the footnote on the first page of
this article): Coordinates and structural parameters of all opti-
mized complexes are provided.
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