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1 Introduction

The central element of Lewis acid–base theory is the formation of
dative bonds between electron pair donors (Lewis bases) and electron
pair acceptors (Lewis acids). This approach covers a wide class of
chemical reactions that are governed by the favorable interaction
between a doubly filled and a vacant orbital. However, the strength of
the dative bond formed between two particular molecules may range
from a strong, irreversible interaction to no bond at all, depending on
the steric and electronic (e.g., hard–soft) properties of the reacting
partners.

Lewis pairs that do not form dative bonds possess chemically
interesting and often useful properties, owing to the simultane-
ous presence of free acidic and basic centers. Linking the donor
and acceptor moieties into one molecule may create an organized
ambiphilic environment, which is often more reactive than its com-
ponents alone. Lewis ambiphilic systems have been utilized, among
others, as versatile ligands for transition metals, for trapping of
various reactive intermediates, and for chemosensing of saccharides.
An increasing number of organic chemical transformations have also
been described using Lewis acid–base cooperative catalysis, allowing
the simultaneous activation of the electrophilic and nucleophilic
fragments.

A new chapter has been opened recently in the applications
of ambiphilic pairs by the discoveries of Douglas W. Stephan and
coworkers. These researchers demonstrated the capability of such
systems to activate small molecules by describing an intramolecu-
larly linked phosphinoborane compound that heterolytically cleaves
molecular hydrogen (Figure 1) [1]. Upon heating, the produced
phosphonium borate zwitterion rapidly loses H2, and re-forms the
starting phosphinoborane. This reactivity is quite unexpected from
a transition-metal-free system, as only very few examples of H2

activation by main-group compounds are known.
Although mechanistic details of the novel hydrogen activation

process by phosphinoboranes were not extensively studied, Stephan
et al. attributed this unique reactivity towards H2 to the presence of
unquenched Lewis donor and acceptor centers. They coined the term
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Figure 1. Reversible H2 activation via a phosphinoborane compound [1]

Figure 2. H2 activation via a nonlinked Lewis pair [3]

“frustrated Lewis pair” to this and similar systems, which present
extraordinary reactivity due to the sterical hindrance of dative bond
formation [2]. In a subsequent study, it was also demonstrated that
the phosphine and borane fragments need not be connected in order
to effect hydrogen cleavage (Figure 2) [3].

These landmark discoveries shed light on the potential of frus-
trated Lewis pairs to broaden the scope of metal-free bond activation,
which has long been of interest due to the environmental and product
toxicity concerns connected with transition metals [4]. The results
brought into focus the application of ambiphilic compounds for small
molecule activation, which may lead to novel strategies in various
branches of synthetic chemistry, and also to developments relevant
to hydrogen economy.

Since the description of the above systems, a series of different
donors and acceptors have been investigated, both as nonlinked
combinations and as part of linked systems. On the donor side,
application of various phosphine derivatives (including ferrocenyl
phosphines), imine, amine, pyridine, and carbene compounds has
been described, albeit on the acceptor side, only borane derivatives
have been reported; tris(pentafluorophenyl)borane B(C6F5)3 has
been used most frequently. The applied linkers include −p-C6F4−,
methylphenyl, ethylene, and ethenylene moieties, but a directly
linked phosphanylborane system has also been described. Experi-
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mental studies of Erker et al. also revealed the possibility of hydrogen
activation in Lewis pairs that form a dative bond in equilibrium; the
reactivity was attributed to the easily reachable unbound form [5].

Early hypotheses about the reaction mechanism were formulated
by the Stephan group [1,3]. In the case of the nonlinked phosphine–
borane pairs, a side-on coordination of H2 to the borane, or an
end-on coordination to the phosphine was suggested to initiate
the reaction, followed by the attack of the other Lewis component
(Figure 3) [3]. However, experimental detection of such adducts with
the active Lewis components in solution was unsuccessful, even at
low temperatures.

Figure 3. Proposed mechanism of H2 activation via nonlinked pairs [3]

A useful practical application of the above systems may be
the direct catalytic hydrogenation of unsaturated compounds, for
which transition-metal-based systems are the only viable alterna-
tives presently. Indeed, Stephan and coworkers showed that their
phosphonium borate compound [+HMes2P−C6F4−B(C6F5)2H

−],
which reversibly releases and binds H2, also acts as a hydrogenation
catalyst for imines, nitriles, and aziridines, and serves as a hydride
source for the stoichiometric reduction of aldehydes [6]. Subse-
quently, numerous other frustrated Lewis pairs were also shown to
exhibit similar reactivity, and the scope of substrates was extended
to enamines and silyl enol ethers.

As a further application of the frustrated Lewis pair concept,
Stephan’s [7] and Klankermayer’s [8] groups have independently
showed that imines and aziridines can themselves act as the basic
component of a frustrated pair, and can therefore be hydrogenated
using solely the Lewis acid B(C6F5)3 as catalyst. Experimental
mechanistic studies by Stephan et al. on this reaction [7] allowed the
formulation of a catalytic cycle (Figure 4). The reaction is thought
to be initiated by the formation of an iminium borate ion pair as the
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Figure 4. Catalytic cycle of Lewis-acid-catalyzed imine hydrogenation,
as suggested by Stephan et al. [7]

result of hydrogen splitting, followed by hydride transfer yielding an
amine–borane dative adduct. Thermal dissociation of this adduct
delivers the amine and regenerates the free borane that can enter
the cycle again.

Apart from the hydrogen activation, frustrated Lewis pairs par-
ticipate in a number of intriguing reactions. They can cleave ether
C−O, and amine N−H bonds, undergo addition reactions to the
�-bonds of olefins, acetylenes, carbon dioxide and nitrous oxide.

2 Aims of the Present Work

Systematic development approaches require detailed knowledge of
the mechanism of these reactions, which was not available in the
literature. By now, computational chemistry has become a valuable
tool in mechanistic studies; it can complement experiments and
provide additional insight at the molecular level. We thus initiated
theoretical studies of frustrated Lewis pairs, with the following aims:

∙ interpretation of the bond splitting reactivity, with particular
emphasis on understanding why the seemingly termolecular
reactions of nonlinked pairs are as fast as observed;

∙ elucidation of the role and chemical significance of frustration;
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∙ comparison of the hydrogen activation mode with other sys-
tems, including transition metals;

∙ analysis of the factors that render certain systems to be reactive
towards hydrogen, and preclude others;

∙ identification of key intermediates and reaction pathways that
form the basis of the catalytic hydrogenation processes.

3 Computational Methods

In order to identify relevant reaction pathways, we located the
corresponding minima and the connecting transition states on the
ground-state Born–Oppenheimer potential energy surface of the
systems. Density functional methods (B3LYP, M05-2X [9]) were
used to optimize the geometries of the molecules. Electronic en-
ergies were computed either at the M05-2X/6-311++G** or the
SCS-MP2/cc-pVTZ [10] levels. Zero-point energies and thermody-
namic corrections were calculated in the ideal gas – rigid rotor –
harmonic oscillator approximation. Solvation free energies were
determined from a polarizable continuum model (IEF-PCM).

The electronic structure and its reorganizations were analyzed
by inspecting the highest occupied and lowest unoccupied molecular
orbitals, by calculating Mayer bond orders, natural populations, and
by determining the natural localized molecular orbitals.

4 Results

The main conclusions drawn from our computational work can be
summarized as follows.

1. No theoretical evidence supports the previously suggested
stepwise mechanisms for the heterolytic cleavage of H2 by
the tBu3P + B(C6F5)3 Lewis pair. However, computational
studies point to the existence of a tBu3P⋅⋅⋅B(C6F5)3 complex,
bound by noncovalent forces acting between the bulky sub-
stituents. A novel mechanistic proposal, involving the reaction
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of this loosely bound and highly reactive, preorganized am-
biphilic complex (the “frustrated complex”) with H2, accounts
for all experimental observations for this reaction [11].

2. In the proposed mechanism, the key to break the strong H−H
bond is the simultaneous interaction of H2 with the corre-
sponding filled and vacant orbitals of the donor and acceptor
molecules, leading to the polarization, weakening, and ulti-
mately, to the cleavage of the bond. This feature is quite
analogous to other H2 splitting processes, while the way of
achieving the required preorganization differs markedly [11,12].

3. The model proposed for the tBu3P + B(C6F5)3 + H2 system
also accounts for the hydrogen splitting reactivity of imine–
borane and amine–borane pairs [13].

4. The role of frustration is twofold. First, it ensures the exis-
tence of an active, ambiphilic form (the frustrated complex) of
the donor–acceptor system. Second, it reduces the energetic
costs of the reaction by reactant-state destabilization owing to
the absence or weakness of the dative bond [11]. The possible
temperature-dependent equilibria between the dative struc-
ture, the frustrated complex, and the dissociated components
might serve as an opportunity for fine-tuning or switching the
chemical behavior of frustrated pairs [13].

5. Reactivity and selectivity of frustrated Lewis pairs in addition
reactions with olefins can be interpreted computationally in
terms of the same model. In this case, the olefin molecule may
also participate in the preorganization [14].

6. In a diverse set of Lewis pairs, the presence or absence of reac-
tivity towards H2 was found to originate from the favorable or
unfavorable thermodynamics of the hydrogen splitting process.
The overall reaction energy is the result of five terms, de-
scribing the acidity and basicity of the active centers, product
stabilization (either as ion pair binding energy or as intramolec-
ular cooperativity), energetic costs of H−H bond splitting, and
in particular cases, the cleavage of the donor–acceptor bond.
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Four of these terms can, in general, be tuned by varying the
molecular structure [15].

7. Nonlinked Lewis pairs that do not form dative bonds in equi-
librium show good correlation between cumulative acid–base
strength and the overall reaction free energy due to the similar
structure of the products. In contrast, the remarkable varia-
tion of the intramolecular cooperativity in linked systems may
easily become a decisive factor in reactivity [15].

8. Lewis-acid-catalyzed imine hydrogenation can readily proceed
via the catalytic route involving imine–borane hydrogen split-
ting, as proposed by Stephan et al. However, the product
amine can also participate in the hydrogen activation process,
and therefore opens up an alternative, autoinductive pathway.
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 [13].
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