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ABSTRACT: Two alternative qualitative reactivity models
have recently been proposed to interpret the facile heterolytic
cleavage of H2 by frustrated Lewis pairs (FLPs). Both models
assume that the reaction takes place via reactive intermediates
with preorganized acid/base partners; however, they differ in
the mode of action of the active centers. In the electron
transfer (ET) model, the hydrogen activation is associated with
synergistic electron donation processes with the simultaneous
involvement of active centers and the bridging hydrogen,
showing similarity to transition-metal-based and other H2-activating systems. In contrast, the electric field (EF) model suggests
that the heterolytic bond cleavage occurs as a result of polarization by the strong EF present in the cavity of the reactive
intermediates. To assess the applicability of the two conceptually different mechanistic views, we examined the structural and
electronic rearrangements as well as the EFs along the H2 splitting pathways for a representative set of reactions. The analysis
reveals that electron donations developing already in the initial phase are general characteristics of all studied reactions, and the
related ET model provides qualitative interpretation for the main features of the reaction pathways. On the other hand, several
arguments have emerged that cast doubt on the relevance of EF effects as a conceptual basis in FLP-mediated hydrogen
activation.

■ INTRODUCTION

Molecular hydrogen has significant actual and potential
applications as a clean source of energy and as an atom-
efficient reactant in organic synthesis. However, H2 has low
reactivity due to its fairly strong, apolar covalent bond and low
polarizability. Only a limited range of chemical systems can
activate it directly under mild conditions and thus act as
catalysts in H2-based processes of interest. Understanding the
similarities and differences among such systems may contribute
to the development of more efficient or alternative approaches.
The majority of Nature’s and man-made H2-activating

systems contain transition metal atoms. In metal−ligand
complexes, depending on the particular metal and the ligand
set, several pathways for the reaction with H2 have been
characterized.1−4 One possibility is splitting of H2 via oxidative
addition to yield metal dihydride compounds, often encoun-
tered with Rh- and Ir-based homogeneous hydrogenation
catalysts.1,5 The reaction can be explained by two cooperative
electron transfer (ET) processes: a donation from the σ orbital
of H2 to a suitable empty d orbital on the metal, and a back-
donation from a filled d orbital of appropriate symmetry to
σ*(H2) (Figure 1a). Both interactions lead to weakening of the
H−H bond, and eventually, two M−H bonds can form. No free
radicals are involved in the process, yet the shape of the orbitals
leads to negligible or zero polarization of the H−H bond. This

cleavage is therefore termed as homolytic.6 As an alternative, a
ligand may assist in the cleavage process by removing a proton
from a metal−H2 complex, as typical for Ru catalysts and the
hydrogenase enzymes.1,5,7 This kind of metal-based heterolytic
hydrogen cleavage can also be rationalized as the result of
cooperative ETs, with σ(H2) donating to a metal d orbital and
σ*(H2) accepting from some filled orbital (often the lone pair)
of the Lewis donor (Figure 1b).8

Besides the most prevalent transition metal compounds, an
increasing number of main-group systems have been reported
to promote easily the cleavage of the H−H bond. In 2007,
Schoeller, Bertrand, and co-workers reported facile addition of
H2 to singlet (alkyl)(amino)carbenes at room temperature and
atmospheric pressure.9 Their detailed mechanistic analysis
revealed that the carbene lone pair and the empty carbon p
orbital can act similarly to metal d orbitals (Figure 1c) and
provide simultaneous electron donation from and back-
donation to H2. Interestingly, the back-donation to σ*(H2)
cannot occur symmetrically, and the H2 molecule is polarized
during its conversion to the product containing two identical
C−H bonds. This reactivity is not limited to low-valent carbon
compounds since related (amido)(boryl)silylenes,10 diaryl
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germylenes,11 and diaryl stannylenes12 also undergo similar
reactions with H2. The doubly bound, bent relatives of
acetylene, Ar−GeGe−Ar13 and Ar−SnSn−Ar,14 provide
a further possibility for hydrogen activation. Mechanistic studies
uncovered that, in the initial step, electrons are donated from
H2 to an empty nonbonding orbital, formed from sp2-like
orbitals on the Ge/Sn atoms, while back-donation is also
operative from the π bonding orbital of the double bond
(Figure 1d).15

In the mid-2000s, a new chapter was opened in transition-
metal-free hydrogen activation by the experiments of Stephan’s
research group. The covalently linked, sterically demanding
phosphinoboranes R2P−C6F4−B(C6F5)2 (R = tBu, Mes) were
shown to activate H2 easily, resulting in zwitterionic
phosphonium borates [+HR2P−C6F4−B(C6F5)2H

−].16 Later,
simple combinations of bulky phosphines and boranes (R3P/
B(C6F5)3, R = tBu, Mes) were also demonstrated to exhibit
similar reactivity and yield [R3PH]

+[HB(C6F5)3]
− salts at 25

°C and 1 atm of H2 pressure.
17 In the recent years, there has

been a spectacular development in this field, and a wide variety
of P, N, C, O donors and B, Al, Si acceptors have been reported
to be active toward H2 in intra- or intermolecular combinations
and also to act as hydrogenation catalysts.18−20 These bulky
Lewis pairs have been termed21 “frustrated Lewis pairs” (FLPs)
on the basis of their tendency not to form classical donor−
acceptor dative bonds. Besides H2, they also react with a series
of other small molecules or bonds.18

In the hydrogen activation reaction by the prototypical
tBu3P/B(C6F5)3 pair, no intermediate was observed exper-
imentally.17 We therefore initiated a computational study in
2007 to gain detailed atomistic insight.22 We identified a single,
early transition state (TS) along the reaction pathway from the
reactants to the products, in which the H2 is close to the P and
B centers and interacts with them simultaneously. From our
results, we proposed a general reactivity model corresponding
to the same principle as all reactions discussed above. Namely,
synergistic ETs, in this case from the lone pair of the Lewis base
to σ*(H2) and from σ(H2) to the empty orbital on the Lewis
acid, lead to weakening and, ultimately, to heterolytic cleavage

of the H−H bond (see Figure 2a). The absence or easy
dissociation of the dative adduct between the Lewis

components was pointed out to provide a reactant state
destabilization that lowers the barrier and increases exother-
micity. As a further key ingredient relevant for unlinked FLP
systems, we highlighted that the noncovalent interactions
between the bulky substituents can lead to the formation of
weak, flexible adducts of the Lewis pair where the donor and
acceptor centers are intact and preorganized for the reaction
with the incoming H2 molecule. These adducts were termed as
“frustrated complexes” or “encounter complexes”, and our later
computations23 involving explicit solvent confirmed that they
can be present in small but relevant concentration in solution.
From a detailed study on the electronic structure of the
involved species,24 we furthermore concluded that the barrier
mostly originates from the energetic cost of creating the orbital
overlaps and distorting the individual donor and acceptor
molecules. The distortion of the frustrated complex was found
to provide only a minor contribution to the activation energy.
For intramolecular FLPs with appropriate linkers, the necessary
preorganization of the active centers may be provided by the
covalent backbone at a significantly lower entropic cost.
Later, Grimme and co-workers reinvestigated the tBu3P/

B(C6F5)3 + H2 reaction, and they outlined a conceptually
different mechanistic scenario.25 The new proposal is based on
the statement that the frustrated complex possesses significant
electric field (EF) in its interior (Figure 2b). High-level
computations showed that H2 exposed to sufficiently strong
homogeneous EFs can be cleaved heterolytically in a barrierless
process, and the authors indeed found that H2 forced into a
geometry with linear alignment of the reacting PHHB four-
atom fragment inside the FLP undergoes barrierless cleavage.
According to their interpretation, there is thus no need to
consider specific FLP/H2 orbitals or electron donation
processes to understand the essence of the activation process.
They described the TS of the process as corresponding to the
“entrance” of H2 into the cavity of the FLP, thereby
corresponding to a “preparation” step, which allows H2 to
reach the region with high EF strength. In that region,
heterolytic cleavage without barrier can occur. The similar
chemical behavior of various FLPs was suggested to originate
from the similar EFs they generate. Although the incomplete-
ness of this simple, FLP-free approach was clearly stated,25 and
the model was emphasized to be “appropriate only for the initial
part of the reaction”,26 it was still concluded to correspond to a
new mechanistic scenario, helping to design new FLP
chemistry, and not to an extension of the previous proposal.25

Since its publication, this alternative picture has been widely
regarded2,18a,19e,20l,u,27 as the modern view of FLP-type
reactivity, yet its perhaps most thought-provoking aspect has

Figure 1. Various modes of hydrogen activation: (a) metal-based
homolytic, (b) metal-based heterolytic, (c) singlet carbene, and (d)
Ar−EE−Ar compounds with E = Ge, Sn. Occupied donor orbitals
are shown in blue, unoccupied acceptor orbitals in red.

Figure 2. (a) Electron-transfer-based and (b) electric-field-based
models for hydrogen cleavage by frustrated Lewis pairs.
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seldom been recognized. Namely, it points to a mechanistic
divergence from other nonradical H2 cleaving systems shown in
Figure 1, immediately raising a series of questions. Do the FLPs
thereby occupy a unique position, with a chemistry formally
similar but in its grounds distinct from what was known before?
Or should other heterolytic cleavages be reconsidered as well,
and the EF model has a wider applicability? Can it be applied,
for example, to the “borderline-case” heterolytic cleavage by
carbenes, where the hydrogen atoms end up in equivalent,
relatively apolar bonds? It seems that intriguing answers could
be obtained from detailed comparisons of the two conceptual
models, and the obtained clearer insight could be expedient for
both theoretical and synthetic chemistry.
To our knowledge, only one study has appeared in the

literature with the aim of assessing the relevance of orbital and
EF effects. In this work of Camaioni et al.,28 reactions of simple
Lewis pairs (NH3 + BX3, X = H, F, Cl) with H2 were
investigated, and detailed analysis of the electronic structure
and interaction energies was given. The authors found that
structural reorganization of the precursor complex plays a
significant role in dihydrogen activation, and charge-transfer
interactions are the dominant stabilizing factors in the TS. It
was concluded that the EF created by the NH3/BX3 pair has a
polarizing effect, but its contribution to the overall interaction
energy is small compared to that from orbital overlaps, thus the
EF alone is not sufficient to cleave the H2 molecule. Whether
the EF generated by real FLPs is stronger or more effective in
this respect is an immediately relevant question.
However, though electrostatic polarization and orbital

overlaps are obviously two ingredients of molecular inter-
actions, the original mechanistic studies suggested either the ET
alone22 or the polarization by EF alone25 to provide foundation
for stand-alone reactivity models that can account for the
essence of H2 cleavage and thus serve as a guiding principle in
designing new systems. It would be therefore of even greater
interest to compare the predictive power of the two
incommensurable models in the qualitative interpretation of
the features of the H2 cleavage reaction.
In our present computational contribution, we thus aim to

assess the ability of the two incompatible reactivity models to
explain H2 cleavage by FLPs. Unlike in the previous works,22,25

we treat a wider, representative set consisting of six FLPs, all of

which have been characterized experimentally. For the observed
H2 activation reactions, we locate the corresponding TSs and
characterize their electronic structure and the EF generated by
the FLP. Furthermore, results about structural and electronic
rearrangements and the EFs along the corresponding reaction
pathways are analyzed. The computed characteristic features are
compared with qualitative predictions from the two models,
and the merits and limitations of the two contrasting
mechanistic descriptions are discussed. From the analysis, it
seems clear that the EF-based interpretation of H2 cleavage can
be seriously questioned.

■ COMPUTATIONAL DETAILS
Throughout this study, density functional theory (DFT) with the
dispersion-corrected, range-separated hybrid ωB97X-D exchange-
correlation functional29 was employed. For geometry optimization,
vibrational frequency determination, electronic structure analysis, and
calculation of EFs, we employed the 6-311G(d,p) polarized triple-ζ
basis set.30 Single-point energies were calculated with the larger, 6-
311++G(3df,3pd) basis.30 We carried out a series of test calculations
on the tBu3P/B(C6F5)3 pair to assess the dependence of the results on
the level of theory. These tests, presented in the Supporting
Information (SI, section S.1), demonstrate that several different
functionals performing well31−34 for dispersion interactions and
reaction barriers, namely ωB97X-D, M06-2X35 and PW6B95-D3,36,37

yield very similar data. Close agreement was furthermore obtained
using the less satisfactory but often applied B3LYP-D337,38 functional,
and the nature of the electronic rearrangements can be correctly
identified even in the TS located without dispersion corrections.
Changing the basis set used in the analysis to 6-31G(d) or
6-311++G(3df,3pd) does not alter significantly the numerical values
either. In short, our conclusions are independent of the specific
method chosen.

For all considered reactions, the located minima and TSs possess
the expected zero and one imaginary vibrational frequency,
respectively. Starting in both directions from the TSs, we determined
the minimum energy pathway in mass-weighted Cartesian coordinates,
i.e., the intrinsic reaction coordinate (IRC) path, using a Hessian-based
predictor-corrector algorithm.39 As we are now interested in the
inherent electronic properties of the reactions rather than in
reproducing experimental reaction rates, we present electronic energy
data without zero-point or solvent corrections. All geometry
optimizations and frequency calculations were done with Gaussian
09,40 except for the PW6B95-D3 and B3LYP-D3 tests, for which
Turbomole 6.341 was employed. Electric field vectors and their

Chart 1. Investigated Frustrated Lewis Pairs
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magnitudes were computed using our own routines carrying out finite-
difference derivation of the molecular electrostatic potential. To this
end, the potential was first calculated by Gaussian’s cubegen on a grid
containing the desired points; then, the calculation was repeated on
three more grids shifted in x,y, and z directions by a step size of 0.005
Å, which was checked to yield results of sufficient accuracy for the
present purposes. Natural Population Analysis and Natural Bond
Orbital analyses42 were carried out with the NBO 3.1 program as
included in Gaussian, and Mayer bond orders43 were determined using
the BO-SPIN program.44 Molecular structures were plotted using
XYZViewer.45

■ RESULTS

Investigated Frustrated Lewis Pair Systems. In order to
explore the performance of the two reactivity models in the
interpretation of a wider range of reactions, we included six
FLPs in our study (Chart 1). The list contains simple donor/
acceptor pairs (1−3) and covalently linked compounds (4−6)
with phosphorus (1, 4, 6), nitrogen (3, 5), and carbon (2)
donor atoms. On the acceptor side, only boron compounds are
treated, which reflects that boron has almost exclusively been
used as the acceptor atom of FLPs. Nevertheless, besides the
most extensively utilized tris(pentafluorophenyl)borane
B(C6F5)3 (1, 2) and bis(pentafluorophenyl)boryl group (4,
5), we also examined boranes with increased steric demands
(3) and notably decreased acidity (6).
Each system has been the subject of both experimental and

computational studies previously. The absence of dative bond
and the facile H2 cleavage with the tBu3P/B(C6F5)3 pair (1)
were observed by Stephan et al.,17 and this system has been
treated as a paradigm case of FLPs by many theoretical

contributions since then.22−25,46−50 Activity of the carbene/
borane pair 2 was independently discovered by Stephan’s51 and
Tamm’s52 groups. While showing no carbene−borane inter-
action at −78 °C, this system slowly loses its activity at room
temperature due to a side reaction. Tamm and co-workers also
provided a computational interpretation of the observed H2
cleavage and self-deactivation reactivities.52 For the quinoline/
borane system 3,20f equilibrium between the datively bound
and free forms was found at room temperature. The primary
product of the H2 cleavage, i.e., [quinH]

+[HB(C6F4H)2Mes]−,
has not been observed directly because the reaction proceeds
further to give partially reduced quinoline derivatives, but its
existence was inferred from detailed experimental and
computational mechanistic investigations. The alkylene-linked
phosphine−borane system 4 was described by Erker et al.,53

who found that a P−B bond is present and suggested the open
form to be responsible for H2 activation. This suggestion was
computationally confirmed in Grimme and co-workers’ study.25

The nitrogen/boron “molecular tweezer” 5, reported and
theoretically analyzed by Repo and Rieger et al.,20v,54 is the only
compound in our series for which H2 loss upon heating the
product was detected, i.e., the H2 activation is reversible. No
N−B dative bond was observed in this case. Finally, the
“preorganized” FLP of Slootweg, Lammertsma et al. (6)20b

represents a rare example of FLPs that are active toward H2 but
contain no fluorine atoms. Lewis donor−acceptor bond is also
absent for this compound.
With one exception, all examined pairs yield the isolable ionic

or zwitterionic H2 cleavage products within minutes or hours at
room temperature and 1 atm of H2 pressure. For the quinoline/

Figure 3. Transition states for H2 cleavage by the six FLPs, optimized at the ωB97X-D/6-311G(d,p) level. Reported geometrical parameters are H−
H distances (Å), donor atom−H−H and H−H−acceptor atom angles (degrees), and the deviation of the sum of the C−B−C angles around the
boron from 360° (denoted by Δ, in degrees). For each TS, relative electronic energy with reference to free H2 plus the frustrated complex (1−3) or
to free H2 plus the datively unbound, prepared conformer (4−6) is given (in kcal/mol). Free H2 has a bond length of 0.74 Å at the applied level of
theory. The deviation Δ would be 0° for a planar and 31.6° for a completely pyramidalized, ideal tetrahedral center.
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borane system 3, more forcing conditions were necessary (105
°C, 4 atm), and during this reaction, only the neutral, 1,2,3,4-
hydrogenated quinoline was observed in the solution besides
the starting materials.20f

The Nature of Transition States. The starting point of
our computational analysis of the six H2 cleavage reactions is a
comparison of the general features of the TSs, including the
question whether the incoming H2 has undergone any notable
activation. The geometries of all TSs considered here have been
published at various levels of theory;20b,f,v,22,24,25,50,52,54−56 now,
we present a comparison on the basis of ωB97X-D/6-
311G(d,p) results (Figure 3).
Apparently, H2 interacts with both active centers in each case

since the donor−H and H−acceptor distances are notably
smaller than the corresponding sums of the van der Waals
radii.57 The H−H bond is always elongated with respect to the
free H2 molecule, and the extent of this elongation varies along
the series. Namely, TS1, TS2 and TS5 represent rather early TSs
with a H−H distance at most 0.04 Å larger than the equilibrium
bond distance, but in TS3, TS4, and particularly in TS6, the
stretching can reach 0.1−0.2 Å. The deviation of the sum of the
C−B−C angles around the boron from 360° (denoted by Δ in
Figure 3) points to incipient pyramidalization of the borane,
which occurs in correlation with the elongation of the H−H
bond. Accordingly, for TS1, TS2, and TS5, the deviation
amounts only to 1−6°, but for TS3, TS4, TS6, it somewhat
exceeds 10°. Considering that an ideal tetrahedral center has a
Δ value of 31.6°, these structures are ∼30% pyramidalized.
A further notable feature of the TS geometries is the shape of

the four-atom fragment consisting of the cleaved H2 and the
interacting donor and acceptor atoms, hereafter referred to as
the DHHA unit. Although the DHH angle is consistently
∼160−180° (with the exception of TS6, 137.8°), the HHA
angle is always smaller, typically falling into the 90−120° range.
The DHHA fragment thus has a characteristic bent arrange-
ment, with a general tendency for end-on D···H2 and side-on
H2···A interactions, somewhat similarly to a μ-(η1,η2)
coordination. A slight or marked deviation from linearity is
present in all FLP H2 activation TS geometries described in the
literature, but this property has been highlighted only in a
couple of works.20o,25,28,52,58−60 As pointed out by Grimme and
co-workers,25 theoretical methods performing poorly for
dispersion interactions tend to overestimate the D···A distance,
and consequently, underestimate the bending. This inaccuracy
is admittedly present in the B3LYP TS geometry reported in
our earlier work22 as well; nevertheless, the preference for end-
on D···H2 and side-on H2···A arrangement is still recognizable
even at that level of theory.61 Accordingly, a linear or almost

linear TS was not considered as an integral part of the ET
model, nor was it stated that such geometry would arise from
its basic assumptions.
Further information about the extent of activation in the TSs

can be obtained by characterizing the pertinent electronic
rearrangements, for example, using the atomic charges and
bond orders associated with the involved atoms. Although
unambiguous definitions for these quantities do not exist,
important insights can still be obtained from their examina-
tion.62 For the TSs of the present reactions, they are collected
in Table 1. The most striking observation is that the H−H
bond orders are as low as 0.7−0.8 even for the earliest TSs,
pointing to a significantly activated H2. In later TSs, the bond
may be more than half-way to being broken, with bond orders
of 0.4−0.5. The weakening of the H−H bond is accompanied
by the formation of partial acceptor−H and H−donor bonds,
the acceptor−H typically being in a more advanced stage.63

Along with the emerging bond breakage, notable polarization of
H2 is also a general phenomenon, as apparent from the
different atomic charges on the two H atoms. The difference is
on the order of ∼0.2 elementary charge, with no apparent
dependence on the lateness of the TS. Importantly, the
direction of the polarization always corresponds to the eventual
bond cleavage; i.e., the hydrogen close to the donor center
becomes positive. Furthermore, all intermolecular FLPs show a
net ET from the donor to the acceptor molecule. The present
results thus indicate that significant electron reorganizations
taking place already at the TS with the involvement of donor/
acceptor partners and the bridging H2 molecule are common
features of all studied H2 splitting reactions. The computed
electronic properties are in line with those of our early B3LYP
study on 1,22 implying that the nature of the TS and the
underlying chemistry were correctly identified at that time, in
spite of the inaccurate geometry.64

Concerning the energetics of the TS, we found that the
hydrogen activation itself does not have high energy demands
in any of the considered reactions. The computed electronic
barriers are shown in Figure 3. For the intermolecular FLPs,
they were calculated with respect to the energy level of isolated
H2 plus the frustrated complex, while for the intramolecular
FLPs, they are referenced to isolated H2 plus the “prepared”
FLP conformer, i.e., the local minimum structure containing no
dative bond. The highly exothermic carbene−borane system 2
has a barrier of a mere 0.2 kcal/mol, and for the intramolecular
amine−borane system 5, we also calculated a small activation
energy of only 1.3 kcal/mol. The other limit, 16.8 kcal/mol, is
set by FLP 6 with reduced acidity. The remaining FLPs require
5−8 kcal/mol activation energy. Note that these values do not

Table 1. Electronic Structure Parameters of the Transition Statesa

Mayer bond orders atomic chargesb

FLP H−H distance (Å) donor−H H−H H−acceptor HD HA donor acceptor

1 0.78 0.09 0.77 0.20 0.15 −0.07 0.11 −0.19
2 0.78 0.18 0.80 0.16 0.14 −0.12 0.09 −0.11
3 0.84 0.20 0.51 0.43 0.35 −0.02 0.12 −0.45
4 0.85 0.21 0.52 0.40 0.23 0.03 −0.26
5 0.77 0.13 0.75 0.21 0.16 −0.01 −0.15
6 0.99 0.45 0.39 0.53 0.16 −0.07 −0.09

aAll calculations at the ωB97X-D/6-311G(d,p) level of theory. The H−H distance is provided as a measure of the early nature of the TS (cf. the 0.74
Å equilibrium distance). The Mayer bond order of free H2 is 1.00 as expected. bFrom Natural Population Analysis. HA/HD = the hydrogen atom
closer to the acceptor/donor center; “acceptor”/“donor” = atomic charges summed for all atoms of the acceptor/donor molecule, or for the whole
linked FLP.
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correlate directly with the observed reactivities as we
intentionally do not take into account here solvent effects,
the energy required to break the dative bond in 4, and the
different activation entropies of the linked and intermolecular
systems.
Interpreting Transition State Properties. The character-

istics of computationally located TSs, particularly of those that
are rate- or turnover-determining, bear utmost importance in
the understanding of chemical reactions. The geometric and
electronic structure of the calculated TSs usually reflect the
most important interactions governing the actual chemical
behavior, and one can hardly advance toward the rational
design of more efficient systems without exploring these
interactions. For this reason, we now examine how the
calculated TS properties can be rationalized by the EF-based
and ET-based reactivity models.
The reduced H−H bond order, the polarization, the charge

redistribution and for some FLPs, the appreciable lengthening
of the H−H distance and the pyramidalization of the borane all
support a view that describing the TS in the EF model as
corresponding to an “entrance” step is quite misleading. This
term would suggest the passage of an essentially intact H2
molecule into the interior of the FLP, hindered only by steric
repulsion and the unfavorable deformation of the frustrated
complex, which is obviously not the case. Such a process is also
inconsistent with the fact that the TSs share qualitative features
with respect to the mutual alignment of the approaching H2
and the donor/acceptor centers. Nevertheless, within the
framework of the EF model, we may still investigate whether
the EFs generated by the FLPs provide an adequate
interpretation of the TS. To do so, we first recall Grimme
and co-workers’ results about the effect of a homogeneous field

on the H2 molecule.
25 They found that a field strength of 0.09−

0.10 au is necessary to lower the H−H splitting barrier into a
reasonable range (20 kcal/mol or lower).65 Notably, the
activation energy for H2 cleavage increases very quickly for
smaller field strengths; at 0.08 and 0.06 au, it is ∼40 and ∼80
kcal/mol, and the H−H distance at the barrier is ∼1.8 and ∼2.4
Å, respectively. Concerning the actual field strength in the
FLPs, very limited amount of information is available in the
literature. Only a concise textual description of the field of 1
and 4,25 as well as an analysis about a nonfrustrated model
system,28 has been presented. In Figure 4, we therefore show
two-dimensional plots of the strength of the EF generated by
the frustrated pairs 1−6 in the TS geometry.
The most obvious property, apparent from these plots, is that

the fields are extremely inhomogeneous. In contrast to the
suggestion of the EF model, no region can be clearly identified
as the “cavity” of the frustrated pair having a field strength
appropriate for sufficiently reducing the H−H activation
barrier, i.e., ∼0.09 au or larger. In TSs with relatively large
D···A distances (TS1 and TS2), the field strength in between
the active centers (i.e., in the “interior” of the FLPs) is much
weaker (0.02−0.04 au), whereas in more compact TSs (TS3−
TS6), this region cannot be accessed by the H2 molecule for
steric reasons. Large EF strengths do appear in spherical
domains in the vicinity of the P/N/C/B atoms, but one has to
keep in mind that the H nuclei do not get closer to them than
the equilibrium X−H distances in the products (1.0−1.4 Å). In
TSs where H2 approaches these spherical regions, the
magnitude of the field experienced by the two H atoms may
still be significant, up to ∼0.14 au (e.g., in TS3 or TS4), while in
other TSs, values of ∼0.04−0.06 au are typical (e.g., in TS2 or
TS5). Importantly, the direction of the EF vector does not

Figure 4. Magnitude of the electric field generated by FLPs 1−6 in their TS geometry. The atoms of the cleaved H2 were not included in the
calculation; only their positions are recorded and shown as yellow/black crosses. The field strength is computed in the points of a 6 × 6 Å2 plane,
defined by the two H atoms and the midpoint of the donor−acceptor axis. As the donor and acceptor atoms lie very close to this plane, their
projected position is also marked with the corresponding atomic symbols. Distances along the plane edges are given in Å, EF strength in atomic
units. Areas where the field strength exceeds 0.14 au (e.g., close to the donor and acceptor or other nuclei) are left white.
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coincide with the H−H bond, particularly not in the spherical
regions where it usually points radially outward from the P/C/
N/B atoms.66 Hence, it is more instructive to look at the field
component parallel to the H−H axis as only this is relevant to
the heterolytic bond cleavage. These parallel projections along
the H−H axes in the TSs are compared in Figure 5.

Although the sign of the parallel component is appropriate to
polarize H2 in the observed direction and facilitate the H2
cleavage for all FLPs, the magnitude of the parallel component
remains below, often well below, ∼0.08 au, implying that up to
the TS along the reaction pathway, the H2 molecule does not
reach a field strength that would explain its cleavage in terms of
barrier height or H−H distance. The bond order of an H2
molecule does decrease in EF, but the change is notably smaller
than the values computed in the presence of FLP
components.67 It thus seems that the EF generated by an
FLP is alone insufficient to interpret H2 cleavage, similarly to
the case of simple NH3 + BX3 pairs.

28

Turning our attention to qualitative features and predictions
within the EF model, it is apparent that the examined systems
display very diverse fields, both in terms of strength and
variation along the H−H axis. This contradicts sharply with one

of the propositions of the EF model, namely that the similar
chemical behavior of FLPs originates from similar field
characteristics. The incipient donor−H and H−acceptor
bonds and the net ET from the donor to the acceptor are far
from being negligible already at this stage of the reaction, but
they are admittedly not part of the EF model at all. Finally, the
EF alone provides no explanation for the observed bent
geometry. The polarizability of H2 is the largest along its axis,
and thus orientation of the H−H direction parallel to the EF
vector would be expected. However, the angles between the
H−H axis and the EF vector are computed to be ∼45° on
average in the TSs,68 which contradicts the above principle.
Grimme and co-workers noted25 that the geometry can be
influenced by the polarity and the interfragment distance of the
FLP, but no details were given as to what specific arrangement
these effects would induce.69,70

In contrast to the above, the ET-based model provides a
consistent interpretation of the TS features. First, we found that
in the investigated six FLPs at the TS geometry, the anticipated
occupied donor lone pair and empty acceptor orbitals are
always present and appropriate for an interaction with H2.
These orbitals typically correspond to the highest occupied
molecular orbital and lowest unoccupied molecular orbital of
the FLP, respectively.71 This result is in line with the
expectations based on chemical intuition as well as with earlier
calculations on various FLPs.20b,24,50,59,72−78 Natural Bond
Orbital analysis confirms that the donor/acceptor orbitals are in
significant interaction with σ*(H2)/σ(H2).

79 The population of
the σ*(H2) and depletion of the σ(H2) orbitals explain the
H−H bond order decrease. At the same time, the overlaps
between the donor orbital and σ*(H2) as well as between the
acceptor orbital and σ(H2) account for the forming D−H and
H−A bonds and for the appearance of charges on the
components of intermolecular donor/acceptor systems (see
Figure 6). These overlaps are enhanced by a mixing of the
σ(H2) and σ*(H2) orbitals, which leads to the polar-
ization24,80,81 of H2 and also contributes further to bond
order decrease. The proposed synergistic nature of the electron
donation processes is nicely reflected by the cooperative effects
found by Grimme et al. for 1 in a linear DHHA arrangement,82

and identified by us for 1−3 in the TS geometries.83 By
continuously strengthening these key interactions, one can
describe the whole spectrum of electronic structures from the
intact reactants to the fully formed products. As expected, the
TS appears at a midpoint on this spectrum, showing notable
activation with respect to the reactants but not yet
corresponding to the products.
Regarding the specific end-on D···H2 and side-on H2···A

arrangement of the reacting partners, the ET model provides a
very simple explanation. As illustrated in Figure 7, an idealized

Figure 5. Electric field component parallel to the H−H direction,
computed in the points along the axis of the H2 molecule in the TS
geometries of FLPs 1−6. The atoms of the cleaved H2 were not
included in the calculation. The midpoint of H2 is always at the zero of
the distance scale, and the positions of the H atoms are shown by the
filled circles near the x axis. The H atom closer to the acceptor has
positive distance. Positive EF component values correspond to a field
pointing from the acceptor toward the donor, i.e., in the direction
facilitating the eventual cleavage.

Figure 6. Electron-transfer-based interpretation of polarization and cleavage of H2 and the formation of new D−H and H−A bonds.
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end-on−side-on geometry allows an optimal overlap of the
frontier orbitals, namely the overlap between the donor sp2/
sp3-type lone-pair orbital and σ*(H2), and simultaneously the
overlap between the empty p-type orbital of the acceptor with
σ(H2).

84,85 The actually observed geometry somewhat deviates
from this idealized situation due to the polarization of σ/σ*
leading to optimum σ(H2)→A overlap at somewhat larger
HHA angles (Figure 7, right). Steric constraints arising from
the bulky substituents or from the linker also contribute to the
deviation from the ideal μ-(η1,η2) arrangement. Notably, not
only is this approach valid for FLPs, but the geometry of all TSs
of hydrogen activation by other systems shown in Figure 1 can
also be interpreted by seeking the optimum donor−acceptor
overlaps.
Along the H2 Splitting Pathway. Transition states bear

special importance in determining reactivity; nevertheless,
further insight can be obtained from monitoring the full
pathway on the potential energy surface that connects the
reactants and products. Such a study could be beneficial for the
H2 cleavage reaction in particular because the TSs are often
quite early, and one of the discussed conceptual models
contains explicit references to processes taking place af ter the
TS. We therefore analyzed various properties along the IRC,86

i.e., the minimum energy pathway in mass-weighted internal
coordinates, of the H2 splitting by FLPs. The most relevant
results are presented in Figure 8.
Starting from the reactant side, the computed energy profiles

(upper graphs in Figure 8) generally begin with a long and flat
section with slowly increasing energy, which culminates in the
TS, just slightly above the reactants. In this section, H2
approaches the active centers, and the FLP components get
somewhat closer to each other.87 This part of the energy profile
obtained for the reaction with FLP 6 is more “standard” (i.e.,
the initial section is steeper, leading to a more symmetrical
overall profile). The reactant state asymptote of the H−H bond
order profiles (middle graphs) is usually 1.0, except for FLPs 3
and 4. In these cases, the TS is connected to a very shallow
local minimum corresponding to an FLP−H2 complex. These
complexes are close both in energy and in geometry to the
corresponding TSs, i.e., H2 still interacts with both the donor
and acceptor centers in a μ-(η1,η2) fashion with remarkably low
D···H and H···A distances.88 Regardless of the presence of such
complexes, the H−H bond orders decrease gradually when
approaching the TS region, and as noted before, they reflect a
notable degree of H−H bond weakening in the initial phase of
the reaction. Somewhat after the TS, an IRC range with a
significant and quick decrease of energy (the “drop range”) can

be observed. This energy change correlates with the sudden
decrease of the H−H bond order indicating that this section of
the reaction pathway corresponds to the actual bond
reorganization process.89 Along the final, less steep part of
the energy profiles, the structural relaxation of the product can
be identified, where the H−H bond order eventually decreases
to approximately zero.
Concerning the EF, we found that the inhomogeneity

illustrated in Figure 5 prevails along the whole reaction
pathway. To simplify the presentation, we only show the value
of the parallel EF component at the positions of the two H
nuclei (lower graphs in Figure 8). As apparent from the graphs,
the EF at the H atom closer to the acceptor center (HA) always
increases along the reaction pathway. At least at this nucleus,
the field eventually reaches the values necessary for barrierless
cleavage (∼0.10 au25) at some point of the pathway (with the
exception of FLP 6), but our results show that no H2 molecule
exists any more in this phase of the reaction.90 As indicated in
Figure 8, at the point where the field strength at HA increases to
0.1 au, the H−H bond order is typically well below 0.5, and the
drop range with the corresponding rapid energy and geometry
changes is already in progress for most of the systems.91 Hence,
the bond breakage of H2 cannot be considered as the result of
merely a strong EF. Moreover, if we consider the EF at the
other H atom (HD), we find that its rise becomes gradually less
steep than that for HA, ultimately turning into decrease and
leading even to sign change of the parallel field component
along the pathway. Apparently, the whole process cannot be
qualitatively described as an H2 molecule entering a “cavity”
with strong, appropriately oriented EFs.
The elements of the ET model, however, are consistent with

the observations along the whole IRC pathway. As discussed
above, the polarization of H2 via the mixing of the σ and σ*
orbitals, enhancing interactions with both the donor and
acceptor already in the TS, can be taken to the limit, when it
results in two separate hydrogen s orbitals, which combine with
the donor and acceptor orbitals to form the D−H and H−A σ
bonds of the product (see Figure 6 above).24 This model can
thus describe a seamless connection between the reactant and
product sides, with continuously decreasing H−H bond order
and geometry rearrangements occurring when the D−H and
H−A interactions become stronger than the H−H one.

Computations and Chemistry in Strong Electric
Fields. The key element of the EF model is that the presence
of a strong field facilitates the heterolytic cleavage of H2. In
order to support this statement, Grimme and co-workers
presented full CI/aug-cc-pVQZ calculations for a H2 molecule
in homogeneous EF and concluded that the splitting barrier
essentially disappears at an EF strength of ∼0.10 au.25 They
later showed that several DFT functionals with the same basis
set also provide comparable results.26 Nevertheless, these
calculations do not take into account one aspect with rather far-
reaching consequences. Namely, in an arbitrarily small, but
nonzero, homogeneous EF, the bound electronic states of any
neutral molecule are metastable with respect to ionization.93

For weak fields, one can safely neglect this in calculations, but
in stronger fields, standard variational quantum chemical
calculations like self-consistent field (SCF) and configuration
interaction (CI) with large, diffuse basis sets provide a ground-
state wave function that describes a partially unbound
electronic state.94,95 Therefore, the resulting electronic energy
will be lower than that of the actual bound ground state of the
molecule; the more so with increasing basis set size. Full CI

Figure 7. Optimum orientations of interacting orbitals, explaining the
bent geometry of the hydrogen splitting TS by FLPs.
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calculations, while almost exact for H2 without field with the
aug-cc-pVQZ basis, show an extremely large, unphysical basis
set dependence for the potential energy surface at a field
strength of 0.06−0.10 au.96

Fortunately, as metastable electronic states are encountered
in various contexts, specialized computational methods
providing reasonable results do exist.97 In his works,95,98

Saenz has treated the H2 molecule in strong EFs using the

complex scaling method97 and showed that the barrier for H2

cleavage still exceeds 20 kcal/mol at 0.10 au, and it is nonzero
even at 0.12 au. Hence, our conclusions about the H2 molecule
being cleaved before reaching regions with sufficient EFs for
barrierless fission remain valid by an even wider margin. More
importantly, the ionization that cannot be treated adequately
with common SCF or CI calculations is an actual, physical
process, the rate of which can be determined. According to

Figure 8. Energies relative to the transition state (ΔE),92 H−H Mayer bond orders (BO), and the electric field component parallel to the H−H axis
(F∥) measured at the positions of the two H nuclei (denoted by HD and HA; HA is closer to the acceptor center), along the intrinsic reaction
coordinate pathway for the hydrogen splitting reaction with FLPs 1−6. All data are computed at the ωB97X-D/6-311G(d,p) level. The H atoms of
the cleaved H2 were omitted in the EF calculations. The IRC value is negative in the reactant (FLP + H2) region and positive in the product (salt/
zwitterion) region. Vertical lines indicate the position of the TS (IRC = 0; solid line) and the position where F∥ on the H atom on the acceptor side
equals 0.10 au (dashed line). Positive values of F∥ correspond to the direction of the parallel component that facilitates the cleavage.
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Saenz’s computations for H2 at equilibrium H−H distance at a
field strength of 0.08 au, the ionization rate exceeds 1013 s−1.95

In an EF where H2 would split in a (nearly) barrierless process,
ionization is thus many orders of magnitude faster than the
observed rate of H2 cleavage with FLPs (∼10−5−10−1 s−1), and
it is expected to occur long before the molecule can reach large
H−H distances.98 Qualitatively, H2 in a strong field would thus
undergo ionization, not cleavage. We therefore see no
possibility to reconcile in a conceptual model the typical
effects of an EF on H2 with the chemistry occurring in or after
the TS of the FLP-mediated H2 cleavage.

■ CONCLUSIONS
The electric-field-based reactivity model,25 consisting of an
entrance step providing the barrier and a barrierless cleavage
due to a strong electric field, is often considered as the state-of-
the-art conceptual description of the frustrated Lewis pair-
mediated hydrogen cleavage, superseding the previously
published framework suggesting synergistic donor→σ*(H2)
and σ(H2)→acceptor electron donations as key elements.22 Via
a computational treatment of six FLPs presented in this work,
we contrasted the predictions from both models to see which
one is better suited for understanding the essence of the
hydrogen activation chemistry. From our analysis, the following
conclusions emerged:

1. In the transition state, the H2 molecule is notably
activated according to several criteria, like H−H distance,
borane pyramidalization, bond order, or atomic charges.
Terming the TS as an “entrance” step in the EF model is
misleading, in our opinion, because this concept might
imply the involvement of an essentially unactivated H2.

2. FLPs with similar reactivity show remarkably different
field characteristics, in contrast to the suggestion of the
EF model. Strong EFs are not present in “cavities” of the
FLPs, but only in spherical regions around the donor/
acceptor atoms. Accordingly, variation of the EF at the
hydrogen nuclei along the reaction pathway does not
correspond to the qualitative picture of an H2 molecule
entering a high-field-strength cavity.

3. The EF generated by FLPs in the region of the H nuclei,
although capable of accounting for some reduction of the
H2 cleavage barrier, is too small to provide a qualitative
interpretation for the electronic structure change and the
observed barrier in the TS, or the barrierless cleavage
after the TS.

4. Even if the picture of molecular H2 entering a region with
strong fields were correct for the FLPs, the dominant
process it would undergo in such a situation is ionization,
not cleavage.

5. Donor/acceptor interactions of the FLP with H2 are
present in the TSs for all investigated systems, and they
can describe the connection between the reactant and
product states and thereby also explain the activated
nature of H2 in the TS. The polarization of H2 can be
interpreted as the result of orbital mixing.

6. The characteristic bent DHHA arrangement in the TS,
reminiscent of a μ-(η1,η2) coordination, can be
rationalized by considering the optimum orbital overlaps
for the ET. In contrast, the electric-field-based model
provides no explanation for this geometry. The H−H
axis is not oriented parallel to the EF direction, and it
does not seem obvious, nor has it been described in the

literature, what other effects could be taken into
consideration within the framework of this model.

7. Computational methods with less satisfactory perform-
ance, like B3LYP without dispersion correction, provide
somewhat inaccurate TS geometries, but still they
describe the correct electronic events occurring upon
FLP H2 activation.

It therefore seems that the originally suggested, electron-
donation-based picture of hydrogen splitting by FLPs need not
be abandoned, and this class of reactions can be explained
analogously to processes occurring at transition metals or
various metal−ligand and nonmetal systems. While the effects
of the EF are nonnegligible in the quantitative terms of an
energy decomposition,99 and all nuclei and electrons ultimately
interact via electrostatic forces, the quantum nature of these
particles has a profound influence on the qualitative behavior.
For this reason, a simple electric-field-based model provides
predictions in stark contrast to the actual computed features
even for the initial stages of the reaction. Electron transfer via
orbital overlaps has long been a very useful and efficient
conceptual tool to interpret the transformations of electronic
structure, and it can serve as the basis for the understanding,
and thereby the improvement or design, of FLP systems as well.
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Rozgonyi for fruitful discussions. Financial support for this
work was provided by the Hungarian Scientific Research Fund
(OTKA, grants K-81927 and K-101115). T.A.R. was supported
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(59) (a) Nyhleń, J.; Privalov, T. Eur. J. Inorg. Chem. 2009, 2759.
(b) Privalov, T. Chem.Eur. J. 2009, 15, 1825.
(60) This feature of H2 activation/elimination transition states was
known before the advent of FLP chemistry. For examples involving
main-group compounds, see: (a) Filippov, O. A.; Filin, A. M.;
Tsupreva, V. N.; Belkova, N. V.; Lledoś, A.; Ujaque, G.; Epstein, L. M.;
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(c) Pyykkö, P.; Wang, C. Phys. Chem. Chem. Phys. 2010, 12, 149.
(d) Wu, D.; Jia, D.; Liu, L.; Zhang, L.; Guo, J. J. Phys. Chem. A 2010,
114, 11738.
(89) The variation of the H−H bond distance correlates well with the
energy change in the drop range; i.e., this section corresponds to bond
reorganization also in terms of geometry. See Figure S8 in section S.8
of the SI.
(90) For some of the FLPs and for some values of the reaction
coordinate, the maximum value of the parallel component of the
electric field over the H−H line segment is higher than the field at
either HA or HD (see Figure S8 in section S.8 of the SI). However, our
conclusion remains valid even if these maximum values are considered.
(91) For NH3 + BX3, the NBO analysis indicates disappearance of
the H−H bond already at 0.09 au. See ref 28.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja312387q | J. Am. Chem. Soc. 2013, 135, 4425−44374436

http://www.physto.se/<sven


(92) The difference between the reactant side energy and the TS
energy as this Figure shows does not exactly match the previously
discussed barriers for three reasons: (1) Energies along the IRC were
calculated with the 6-311G(d,p) basis, while barriers, with the
6-311++G(3df,3pd) basis. (2) The IRC calculations usually fail to
converge to the minimum with very high accuracy, while barriers were
computed using fully optimized structures. (3) On the reactant side
minimum from the IRC, H2 is still bound to the FLP, either specifically
to the donor and acceptor centers (FLPs 3 and 4; see text) or in a
nonspecific way by dispersion. In contrast, barriers were calculated
with reference to the isolated H2 + fully relaxed frustrated complex.
(93) See, e.g.: Drake, G. W. F., Ed. Springer Handbook of Atomic,
Molecular, and Optical Physics; Springer: New York, 2006.
(94) Luppi, E.; Head-Gordon, M. Mol. Phys. 2012, 110, 909.
(95) Saenz, A. Phys. Rev. A 2002, 66, 063407.
(96) For example, the barrier of ∼20 kcal/mol at 0.09 au with aug-cc-
pVQZ basis completely disappears with aug-cc-pV6Z basis. See section
S.10 of the SI for a detailed demonstration.
(97) For a general overview of metastable states and their treatment,
see: Klaiman, S.; Gilary, I. Adv. Quantum Chem. 2012, 63, 1.
(98) Saenz, A. Phys. Rev. A 2000, 61, 051402.
(99) For NH3 + BX3, this was analyzed in ref 28.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja312387q | J. Am. Chem. Soc. 2013, 135, 4425−44374437


