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ABSTRACT: Structural features and reactivity of frustrated Lewis pairs (FLPs)
formed by pyramidal group 13 Lewis acids based on 9-bora and 9-alatriptycene
and bulky phosphines PtBu3, PPh3, and PCy3 are considered at the M06-2X/def2-
TZVP level of theory. Classic FLP is formed only in the B(C6Me4)3CH/PtBu3
system, while both FLP and donor−acceptor (DA) complex are observed in the
B(C6F4)3CF/PtBu3 system. Formation of DA complexes was observed in other
systems; the B(C6H4)3CH·PtBu3 complex features an elongated DA bond and can
be considered a “latent” FLP. Transition states and reaction pathways for
molecular hydrogen activation have been obtained. Processes of heterolytic
hydrogen splitting are energetically more favored in solution compared to the gas phase, while activation energies in the gas phase
and in solution are close. The alternative processes of hydrogenation of B−C or Al−C bonds in the source pyramidal Lewis acids in
the absence of a Lewis base are exergonic but have larger activation energies than those for heterolytic hydrogen splitting. The tuning
of Lewis acidity of 9-boratriptycene by changing the substituents allows one to control its reactivity with respect to hydrogen
activation. Interestingly, the most promising system from the practical point of view is the DA complex B(C6H4)3CH·PtBu3, which is
predicted to provide both low activation energy and thermodynamic reversibility of the heterolytic hydrogen splitting process. It
appears that such “not so frustrated” or “latent” FLPs are the best candidates for reversible heterolytic hydrogen splitting.

■ INTRODUCTION
After the discovery of frustrated Lewis pairs (FLPs) by Stephan
et al. in 2006,1 Lewis acid−base group 13−15 compounds
emerged as powerful alternatives to the transition metals in
catalysis.2,3 Catalytic activity toward several processes has been
demonstrated.4−7 The use of 13−15 group element catalysts
completely excludes contamination by traces of hazardous
transition metals. Despite the long history of molecular H2
activation by FLP, this chemistry remains the prospective field of
research, as demonstrated in the recent perspective article by
Stephan.8 Due to the high potential for practical applications,
search for novel catalytic systems for hydrogen activation based
on group 13−15 element compounds with tunable properties
continues.9

Lewis acidity is an important factor for the creation of the
catalytic system since weak Lewis acids will not be catalytically
active. On the other hand, very strong Lewis acids will form very
stable reaction products, which will prevent the creation of the
catalytic cycle. Therefore, development of group 13 Lewis acids
with tunable Lewis acidity is an important task and is a focus of
ongoing research.10−13 In most of the works, the tuning of Lewis
acidity is achieved by varying the substituents on the group 13
center by introduction of perfluorinated moieties, which
strongly increases the Lewis acidity.14

Since upon complex formation, group 13 Lewis acids undergo
structural reorganization from the planar geometry in the free

Lewis acid to the pyramidal in the complex, the energy required
for this reorganization makes the interaction energy less
exothermic. Therefore, another way to increase the Lewis
acidity is to create compounds with an already pyramidalized
group 13 Lewis center.15 The high potential of group 13
pyramidal Lewis acids was pointed out based on the results of
quantum-chemical computations.16−18

Experimental and computational studies of the chemistry of
nonplanar group 13 Lewis acids were reviewed in 2020 by
Berionni et al.19 Early examples of the pyramidal Lewis acids
include borabarrelene and benzaborabarrelene, which were
isolated as pyridine complexes by Piers.20 The classical example
of pyramidal group 13 Lewis acid is boraadamantane,21 which
forms with azaadamantane a very strongly bound molecular
complex, stable in air.22 Systems based on bora- and ala-
adamantane scaffolds connected by rigid aromatic spacers were
designed and computationally studied.23 Results indicate the
principal possibility of hydrogen activation by group 13−15
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adamantane-based FLPs, with donor and acceptor fragments
separated by a rigid spacer.23

Another family of pyramidalized group 13 Lewis acids is based
on 9-boratriptycene (Scheme 1a). Since 9-boratriptycene, 9-
alartriptycene, and their perfluorinated derivatives were
computationally confirmed as strong pyramidal Lewis acids,17

computational studies of their reactivity followed. Gilbert18

predicted that perfluorinated 9-boratriptycene forms a stable
complex with PtBu3, which is predicted to exothermically
activate nitrous oxide. It was computationally demonstrated that
donor−acceptor (DA) cryptands, featuring pyramidal spatially
separated Al and N atoms, are able to exothermically form
complexes with noble gases argon and krypton16 and activate
molecular hydrogen.24 Fluorination of 9-boratriptycene sig-
nificantly increases its Lewis acidity,17 making B(C6F4)3CF a
Lewis superacid.15

The experimental chemistry of 9-boratriptycene derivatives
started in 2019 when Berionni reported a B−P derivative
(Scheme 1b).25 One year later, the parent 9-boratriptycene
B(C6H4)3CH (Scheme 1a) was obtained in a CD2Cl2 solution in
equilibrium with an [R4P]+ [B(C6H4)3CH{NTf2}]− ion pair
and isolated in the form of molecular complexes with Et2O, Py,
PPh3, 9-phosphatriptycene, and PtBuPh2.

26 The B−P bond
distance in B(C6H4)3CH·PPh3 (1.976(4) Å26) is the shortest
among known complexes with phosphines bearing aromatic
substituents. More recently, cationic pyramidal LA based on the
pyrazabole-bridged ansa-ferrocene was reported by Henkel-
mann et al. in 2022.27 Sulfur-containing cationic derivatives of 9-
boratriptycene (Scheme 1c) were experimentally realized by the
Berionni group.28 Formal replacement of the CH group in the
aromatic ring of B(C6H4)3CH by the nitrogen atom results in 1-
aza-9-boratriptycene, which may be considered an intra-
molecular FLP. Its reactivity toward C−H activation was
computationally explored.29

The data on Lewis acidity of 9-boratriptycene vary depending
on the used LA scale. The Gutmann acceptor number30 of 9-
boratriptycene (7626) is slightly smaller than that of B(C6F5)3
(76−8231), indicating that 9-boratriptycene is a weaker LA than
B(C6F5)3 with respect to triethylphosphineoxide. In contrast, IR
spectroscopy data show that the C�N shift in B(C6H4)3CH·
CH3CN and the C�O shift in B(C6H4)3CH·EtOAc adducts
are larger than that in the corresponding complexes of B(C6F5)3.
This indicates that 9-boratriptycene is a stronger LA than
B(C6F5)3.

26 Computed dissociation enthalpies of complexes
with ammonia indicate that 9-boratriptycene is a much stronger
Lewis acid than B(C6F5)3.

17

One of the avenues of the FLP design is to prevent the direct
formation of the complex between components. This can be
achieved using bulky organic substituents on the phosphine.
Thus, tris tert-butyl phosphine PtBu3 is widely used as an FLP

component. The FLP based on B(C6F5)3 and PtBu3 was
extensively studied both experimentally and computation-
ally.32−34 Another practical approach to avoid or hinder the
direct DA bond formation is to carry out the reaction of
molecular hydrogen with mixtures of solid LA and LB.35 In such
a case, the process of hydrogen activation supposedly occurs in
the area of the contact between solid LA and LB particles, but
completing the reaction requires a prolonged (up to 10 days)
time.35

Although the mechanism of hydrogen activation by both
intra- and intermolecular FLP based on B(C6F5)3 is well
described,32−34,36,37 the FLPs based on pyramidal group 13
Lewis acids are much less studied. Herein, we computationally
explore the potential of 9-boratriptycene and 9-alatriptycene and
their derivatives (Scheme 2) to form FLPs with bulky

phosphines and their activity toward molecular hydrogen
activation. In particular, we are interested in the influence of
the central atom (B/Al), the substituents on Lewis acid (H, F,
Me) and Lewis base (tBu, Ph, Cy) on the stability of the DA
complexes, the energetics of FLP formation, and their reactivity
toward molecular hydrogen. The alternative hydrogenation of
B−C and Al−C bonds in the absence of the Lewis base is also
reported.

■ COMPUTATIONAL DETAILS
All computations were performed at the M06-2X/def2-
TZVP38,39 level of theory using the Gaussian 16 program
package.40 Vibrational frequency analysis was performed to
define the transition states (TS) and local minima at the
potential energy surface (PES). The intrinsic reaction

Scheme 1. Experimentally Known 9-Boratriptycene Derivatives, Isolated as Complexes with Lewis Basesa

a(a) B(C6H4)3CH,26 (b) B(C6H4)3P,
25 (c) B(C6H4)S+.

28

Scheme 2. Pyramidal Group 13 Lewis Acids, Considered in
the Present Worka

aE = B, R = H, F, Me; E = Al, R = H, F. R′ = F for R = F, and R′ = H
for R = H, Me.
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coordinate (IRC) method41 followed by full geometry
optimization was used to determine the reaction products
connected by a given TS. The local quadratic approximation
method42 with step size along the reaction path of 0.2 Bohr was
used in the case of systems with a very flat PES. Estimation of the

influence of the solvent was performed by single-point energy
computations at optimized gas-phase geometries of the
compounds and TS using the SMD model.43 Reorganization
energies Er of LA and LB are obtained as the difference of the
total energies of the LA or LB fragment in the geometry of the

Figure 1. Optimized geometries of 9-boratriptycene (a) and its DA complex with PtBu3 (b).

Figure 2. Optimized geometries of B(C6Me4)3CH (a) and its FLP with PtBu3 (b).

Table 1. Selected Structural (E−P Interatomic Distance RDA in Å, Increase in the Pyramidalization Degree of LAΔα in Degrees)
and Energetic Characteristics of Studied Systems: Reorganization Energies Er of Lewis Acid and Lewis Base, Energy of the DA
Bond EDA, and Standard Enthalpies ΔdissH°298 and Gibbs Energies ΔdissG°298 of Dissociation Into Components (All in kJ·mol−1)
and the Energy Difference between the LUMO of Free LA and the HOMO of Free LB, EHL (in eV)

a

compound RDA Δα Er(LA) Er(LB) EDA ΔdissH°298 ΔdissG°298 EHL

B(C6Me4)3CH···PtBu3 4.944 0.4 1.1 0.3 27 19 −27.7 6.57
B(C6H4)3CH·PtBu3 2.176 28.5 86.9 64.1 225 56 −5.6 6.22
B(C6H4)3CH·PCy3 1.988 26.4 68.2 22.6 299 196 128.5 6.16
B(C6H4)3CH·PPh3 1.962 24.2 58.1 13.6 269 188 125.5 6.48
B(C6F4)3CF·PtBu3 2.152 31.7 116.8 156.9 306 41 −27.0 4.64
B(C6F4)3CF···PtBu3 3.807 5.7 5.4 2.9 41 25 −25.2 4.64
B(C6F4)3CF·PCy3 2.014 28.9 86.8 37.0 390 251 182 4.58
B(C6F4)3CF·PPh3 1.983 26.2 73.8 23.9 335 229 154.6 4.90
Al(C6H4)3CH·PtBu3 2.507 21.2 26.9 8.3 219 174 114.8 5.56
Al(C6H4)3CH·PPh3 2.422 16.7 15.0 16.6 192 154 105.1 5.82
Al(C6F4)3CF·PtBu3 2.619 24.4 50.9 12.3 264 189 129.2 3.93
Al(C6F4)3CF·PPh3 2.404 18.6 18.8 17.9 265 222 170.6 4.19

aM06-2X/def2-TZVP level of theory.
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DA complex and in the gas-phase optimized geometry of LA or
LB. The energy of the DA bond, EDA, was computed as EDA =
Ediss + Er(LA) + Er(LB), where Ediss is the energy of dissociation
of the DA complex into components.

■ RESULTS AND DISCUSSION
Structures and Stability of 9-Boratriptycene Deriva-

tives and Their DA Complexes with Phosphines. First, let
us consider the structural features of the individual pyramidal
Lewis acids. The triptycene scaffold enforces pyramidalization of
the group 13 Lewis center. The pyramidalization degree can be
quantitatively characterized by the parameter α, defined as 360°
minus a sum of valence C−E−C angles (E = B, Al). The value of
α = 0 corresponds to the planar arrangement, while α = 31.5
indicates ideal tetrahedral coordination. For the parent
B(C6H4)3CH (Figure 1a), α = 20.6°, which indicates a
significant degree of pyramidalization. Methyl substituents
slightly reduce the pyramidalization (α = 19.7°), while
fluorination makes B(C6F4)3CF (Figure 2a) slightly more
pyramidal (α = 22.4°). Replacement of the central boron
atom by aluminum leads to a noticeable increase in the
pyramidalization degree (α = 37.9 and 46.8° for the hydro-
genated and fluorinated derivatives, respectively), which
significantly exceeds the value of α for the ideal tetrahedral
geometry. This is a result of pure geometry factors: combination
of a rigid triptycene core and longer Al−C distance forces the
aluminum atom to be more pyramidal. Computational studies
indicate that the LUMO is an almost pure (more than 99%) p-
orbital for both B and Al derivatives. Aluminum−nitrogen DA
cryptands constructed on the basis of Al-containing pyrami-
dalized LA based on the triptycene framework are predicted to
be highly reactive toward noble gases16 and molecular hydrogen
activation.24

Now, we turn our attention to the structural and energetic
characteristics of the interaction products of pyramidal LA
(Scheme 2) with PtBu3, PCy3, and PPh3. Selected characteristics
of the formed DA complexes and FLP are provided in Table 1.
For the complexes of group 13 metal halides with ammonia, a
correlation between the pyramidalization degree and the DA
bond distance was observed.44 Therefore, the increase of the
pyramidalization degree (value ofΔα − the difference of α in the
complex and in the free LA) can be used as an indicator of DA
bond formation.
Among the considered systems, only in the case of the

B(C6Me4)3CH···PtBu3 system (Figure 2b) geometry optimiza-
tion in the gas phase converges to a structure without a direct DA
bond between boron and phosphorus atoms. The methyl
substituents on 9-boratriptycene provide additional steric strain
and decrease the acceptor ability of LA, leading to the B···P

interatomic distance of 4.94 Å, which is significantly larger than
the sum of the van der Waals radii of boron and phosphorus
atoms (3.72 Å).45 Both LA and LB are almost unperturbed
(reorganization energies are only 0.3 and 1.1 kJ mol−1), Δα =
0.4, and the standard dissociation enthalpy of B(C6Me4)3CH···
PtBu3 into components is only 19 kJ mol−1.
An interesting situation was observed in the B(C6F4)3CF−

PtBu3 system. In addition to the DA complex B(C6F4)3CF·PtBu3
(Figure 3c) reported earlier by Gilbert,18 the second, FLP-type
minimum B(C6F4)3CF···PtBu3 was obtained (Figure 3b) with a
B···P interatomic distance of 3.807 Å, which also slightly exceeds
the sum of van der Waals radii of B and P. A relaxed potential
energy scan along the B−P distance showed at 2.8 Å an energy
barrier of ca. 56 kJ·mol−1 relative to the energy of the DA
complex (Figure S1). The FLP-type structure B(C6F4)3CF···
PtBu3 is only 26 kJ mol−1 higher in energy than the DA complex
B(C6F4)3CF·PtBu3 and may be stabilized by interatomic
contacts F···H of 2.18 Å. Similar stabilization via interaction
between H atoms of phenyl and F atoms of C6F5 groups was
recently noted for the B(C6F5)3·EPh3 complexes (E = As, Sb) by
Ketkov et al.46 Dissociation enthalpy of 25 kJ mol−1 and
reorganization energies of the fragments (2.9 and 5.4 kJ mol−1)
for B(C6F4)3CF···PtBu3 are slightly larger compared to those for
B(C6Me4)3CH···PtBu3. The entropy factor dissociation of these
two weakly bound systems into components at 298 K is
exergonic by 25−28 kJ mol−1. Dissociation of the DA complex
B(C6F4)3CF·PtBu3 into components at 298 K is also exergonic
by 27 kJ mol−1 (Table 1). In this complex, the B−P bond
distance of 2.152 Å is elongated compared to complexes of
B(C6F4)3CF with PCy3 and PPh3, which are considered to be
weaker σ-donors than PtBu3.

47,48 This DA bond elongation is a
result of a steric repulsion, which manifests itself in elongation of
P−C bond lengths by 0.098 Å compared to free PtBu3 and a
notably larger degree of pyramidalization of the boron atom Δα
than in the FLP-type B(C6F4)3CF···PtBu3 isomer (Table 1).
In all other studied systems, geometry optimization results in

complexes with the DA bond. Interestingly, the complex of the
parent 9-boratriptycene with a bulky PtBu3 is different from the
other DA complexes. B(C6H4)3CH·PtBu3 (Figure 1b) features a
significantly elongated DA bond distance of 2.176 Å, which is
0.18−0.21 Å larger than in complexes with PCy3 and PPh3. The
P−C bond distance in the PtBu3 fragment in the complex is
elongated by 0.029 Å with respect to 1.910 Å in free PtBu3. This
bond elongation is a result of the large steric repulsion between
components, which manifests itself in large reorganization
energies of B(C6H4)3CH and PtBu3 (87 and 64 kJ mol−1,
respectively). The Lewis acid becomes significantly more
pyramidal (Δα = 28.5). Despite the DA bond energy being
large (225 kJ mol−1), the gas-phase dissociation enthalpy of the

Figure 3. Optimized geometries of B(C6F4)3CF (a), its FLP with PtBu3 (b), and its DA complex with PtBu3 (c).
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B(C6H4)3CH·PtBu3 complex into components is only 56 kJ
mol−1; dissociation of the complex is predicted to be slightly
exergonic already at room temperature. Thus, B(C6H4)3CH·
PtBu3 may be considered a “latent” FLP with potentially high
reactivity.
The σ-donor ability of the considered phosphines decreases in

the order PtBu3 ≥ PCy3 > PPh3.
47,48 This order correlates with

the trends in structural and energetic characteristics of their DA
complexes. Thus, the degree of additional pyramidalization
(Δα) on the boron atom due to the interaction of B(C6H4)3CH
with the Lewis base decreases according to this trend. Similarly,
reorganization energies of both the phosphine and B-
(C6H4)3CH fragments of the DA complex decrease in the
same order. The dissociation energies, as well as the energies of
the DA bond, are larger for complexes with PCy3 compared to
that with PPh3 for both B(C6H4)3CH and B(C6F4)3CF. The
computed B−P distance in B(C6H4)3CH·PPh3 of 1.962 Å is
slightly shorter compared to the experimental value of 1.976(4)
Å in the solid state.26 This compound features one of the
shortest B−P bonds reported to date for R3BPR3 complexes (R
− aryl group).26 For minimizing steric repulsions, the aryl rings
of 9-boratriptycene and the phenyl groups of the phosphine
adopt a staggered conformation with CPBC torsion angles of
about 44 in both the experimental solid state26 and optimized
gas phase structures. Within the framework of an NBO analysis,
the B−P bond in B(C6H4)3CH·PPh3 is a single covalent bond
defined as a 0.64 B{s(22.1%)p3.52(77.7%)} + 0.77P{s(31.9%)-
p2.13(68.0%)} combination of natural atomic orbitals.

With respect to complexes with triphenylphosphine, the
fluorination of LA leads to a significant increase in the
dissociation energy of the DA complex and a sharp decrease
in the energy difference between the LUMO of the acceptor and
the HOMO of the donor, which facilitates covalent bonding.
Note that the B−P bond in B(C6F4)3CF·PPh3 is longer by 0.021
Å than in B(C6H4)3CH·PPh3, and in B(C6F4)3CF·PCy3, it is
longer by 0.026 Å than in B(C6H4)3CH·PCy3, despite the larger
acidity of perfluorinated LA, which may be attributed to steric
repulsion by introducing F substituents.
In contrast to 9-boratriptycene, its heavy homologue 9-

alatriptycene forms strong DA complexes with all studied
phosphines. In practice, Al-containing Lewis acids are stronger
than their B-containing analogues.14,49 This is due to the much
larger reorganization energy from planar to pyramidal
conformation upon complex formation of the boron atom
compared to Al.17 In the case of 9-boratriptycene, the boron
atom is already pyramidalized. Therefore, the replacement of the
boron atom by aluminum leads to a decrease of the dissociation
enthalpy of DA complexes of 9-alatriptycene and its fluorinated
derivatives with PPh3 (Table 1). This can be explained by the
larger integral overlap for the smaller B atom compared to Al
despite the fact that the LUMO of the Al-containing LA is lower
by 0.66−0.71 eV than for the B-containing LA.
Thermodynamics of Heterolytic Hydrogen Splitting.

Heterolytic H2 splitting is a proton transfer to LB and hydride
transfer to LA, resulting in ion pairs (Figure 4). A long
dihydrogen bond is present in [HPtBu3]+···[HB(C6H4)3CH]−

(Figure 4a). In [HPPh3]+···[HB(C6H4)3CH]−, the fragments

Figure 4. Optimized geometries of [HPtBu3]+···[HB(C6H4)3CH]− (a) and [HPPh3]+···[HB(C6H4)3CH]− (b).

Table 2. Thermodynamic Characteristics of Heterolytic Hydrogen Splittinga

process (1) process (2)

LA, LB Δ(1)E Δ(1)H°298 Δ(1)G°298 Δ(1)S°298 Δ(2)E Δ(2)H°298 Δ(2)G°298 Δ(2)S°298
B(C6Me4)3CH, PtBu3 −53.8 −29.8 55.3 −285.4 −28.5 −10.4 27.6 −127.6
B(C6H4)3CH, PtBu3 −106.5 −84.3 −4.6 −267.3 −32.4 −28.1 −10.2 −59.9
B(C6H4)3CH, PCy3 −159.5 −135.8 −48.7 −292.1 48.4 60.0 79.8 −66.2
B(C6H4)3CH, PPh3 −108.9 −86.9 8.9 −321.3 88.4 101.2 131.4 −101.3
B(C6F4)3CF, PtBu3 −243.0 −218.4 −139.4 −264.8 −184.5 −177.8 −167.2 −38.4
B(C6F4)3CF, PCy3 −286.4 −259.0 −163.1 −321.9 −20.4 −7.8 18.7 −88.8
B(C6F4)3CF, PPh3 −223.0 −199.3 −103.6 −321.1 14.7 29.5 51.0 −72.2
Al(C6H4)3CH, PtBu3 −106.0 −89.4 −9.1 −269.2 77.5 84.2 105.7 −72.0
Al(C6H4)3CH, PPh3 −81.7 −66.1 26.1 −309.0 78.9 87.9 131.2 −145.1
Al(C6F4)3CF, PtBu3 −203.6 −185.4 −103.1 −276.3 −3.2 3.5 26.1 −75.8
Al(C6F4)3CF, PPh3 −165.0 −148.2 −61.5 −290.8 63.3 73.3 109.1 −119.9

aReaction energies ΔE, standard reaction enthalpies ΔH°298, Gibbs energies ΔG°298 (all in kJ·mol−1), and standard reaction entropies ΔS°298 in J·
mol−1K−1 for processes (1) and (2) in the gas phase. M06-2X/def2-TZVP level of theory.
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are arranged in a specific way to achieve favorable π-interaction
between phenyl groups of the Lewis base and C6H4 rings of the
Lewis acid (Figure 4b).
Thermodynamic characteristics of heterolytic H2 splitting are

summarized in Table 2.
Two processes were considered: formation of the contact ion

pairs from the isolated LA, LB, and H2 (process 1) and from the
DA complex or FLP and H2 (process 2).

LA LB H HLB HLA2+ + = [ ] ···[ ]+ (1)

LA LB H HLB HLA2· + = [ ] ···[ ]+ (2)

Reaction energies for process (1) are exothermic for all studied
systems; in the case of fluorinated LA, the process is more
exothermic by 112−134 kJ mol−1 compared to hydrogen-
substituted derivatives. Process (1) is the most exothermic for
PCy3 and more exothermic for PtBu3 than for PPh3 for all
studied Lewis acids except for B(C6H4)3CH, where the reaction
enthalpies are close for its complexes with PtBu3 and PPh3. The
entropy factor disfavors heterolytic hydrogen splitting, so
reactions of the formation of ion pairs [HPtBu3]+···[HB-
(C6Me4)3CH]−, [HPPh3]+···[HB(C6H4)3CH]−, [HPPh3]+···
[HAl(C6H4)3CH]− from the components are endergonic.
Process (2) considers the reaction of molecular H2 with the

initially formed DA complexes. In this case, the reaction energy
is exothermic only for the true FLP with PtBu3 and the “latent”
FLP B(C6H4)3CH·PtBu3. Reactions (2) in the cases of the
complexes of B(C6R4)3CR' with PtBu3 are exothermic by 28,
178, and 10 kJ·mol−1 for the parent, fluorinated, and methyl-
substituted LA, respectively. In the case of the Al(C6F4)3CF·
PtBu3 complex, the process of hydrogen splitting is almost
athermal (3.5 kJ mol−1). The standard Gibbs energy of process
(2) is negative only for the reactions of molecular hydrogen with
B(C6H4)3CH·PtBu3 and B(C6F4)3CF·PtBu3, which are thermo-
dynamically favorable systems for heterolytic hydrogen splitting.
For the creation of catalytic systems, the reversible process, in

which ΔG°298 is close to zero, is optimal.50 Highly exergonic
processes result in very stable reaction products, which will not
participate in subsequent catalytic reactions. Therefore, based
on the computed ΔG°298 values, the systems B(C6Me4)3CH···
PtBu3, B(C6H4)3CH·PtBu3, and Al(C6F4)3CF·PtBu3 for which
process (2) is either slightly exergonic (−5 kJ mol−1) or slightly
endergonic (55, 26 kJ mol−1) appear to be potential candidates
for the creation of catalytic systems. However, the energy
barriers for hydrogen splitting are also very important factors.
Therefore, in the next section, the reaction pathways will be
presented and discussed.
Reaction Pathways for Molecular Hydrogen Activa-

tion. Reaction pathways for the boron-containing LA are
presented in Figure 5. Heterolytic hydrogen splitting is a two-
step process for the majority of B(C6R4)3CR'/LB pairs, similar
to the case of hydrogen activation by B(C6F5)3/PtBu3.

32−34

Optimized structures of selected TS and intermediates are
provided in Figure 6. The first step is the capture of a hydrogen
molecule by a Lewis acid with the formation of an intermediate
(Figure 6b,f,i); the second step is heterolytic H2 splitting with
proton transfer to the Lewis base via TS2 (Figure 6c,g,j).
The transition state TS1 for the first step (Figure 6e) was

located only for B(C6H4)3CH/PtBu3 and B(C6H4)3CH/PCy3
pairs, and it is the highest point on PES (Figure 5) for these
systems. It is a three-molecule (LA···LB···H2) transition state
(Figure 6e), and the PES around this TS1 is extremely flat. The
respective imaginary frequencies have values of only 23i and 21i

cm−1. However, it should be noted that all three molecules
(LA···LB···H2) are simultaneously involved in these low-
frequency oscillations. The geometry optimization of the
structures obtained by stepping forward and backward along
the direction of the oscillation unambiguously resulted, on the
one hand, in the formation of an LA·H2 + LB intermediate
(Figure 6f) and, on the other hand, in the formation of an LA·LB
donor−acceptor complex (Figure 6d). Moreover, the IRC scan
from the TS1 state for the B(C6H4)3CH/PtBu3 system was
obtained; subsequent optimization of the geometry of the
resulting structures in the forward and backward directions
resulted in a smooth descent to the DA complex and to the
B(C6H4)3CH·H2 + PtBu3 intermediate structure.
For the strongly bound DA complex B(C6H4)3CH·PCy3, the

first step of H2 activation includes DA bond breaking and
therefore the activation energy is high (155 kJ·mol−1). In the
case of the B(C6H4)3CH·PtBu3 complex, the dissociation energy
is not large due to the pronounced steric repulsion between the
components. Thus, the activation energy for the first step is only
45 kJ·mol−1, which is similar to the one found for the B(C6F5)3/
PtBu3 pair (46 kJ mol−1).34

Thus, for the strongly bound DA complexes, the rate-limited
step is the DA bond rupture (Figure 5). The energy barrier for
the B(C6F4)3CF·PtBu3 to B(C6F4)3CF···PtBu3 transformation is
ca. 56 kJ mol−1, but the Gibbs energies of these structures at 298
K are almost equal. Starting from B(C6F4)3CF···PtBu3, the H2
activation by this system is practically barrier-free (Figure 5)
since both the B(C6F4)3CF·H2 + PtBu3 intermediate and
especially the resulting [HPtBu3]+ [HB(C6F4)3CF]− ion pair are
lower in energy with respect to the FLP. The transition state for
the first step was not located; the activation barrier for the
second step is only 9 kJ mol−1 (Figure 5).
The methyl-substituted derivative, which does not form a DA

bond with PtBu3, has a different energy profile. The first TS was
not located, and the energetic stabilization of the H2 molecule in

Figure 5. Reaction pathways for the hydrogenation of the B−C bond
without LB (left side) and heterolytic H2 splitting (right side) for the
boron-containing LA. Color code: B(C6H4)3CH (red), B(C6Me4)3CH
(blue), and B(C6F4)3CF (green); for the right side: Lewis bases: PtBu3
(lines), PPh3 (dashed lines), and PCy3 (dash-dot lines). The standard
Gibbs energy values are given relative to the sum of the standard Gibbs
energies of free components, LA + LB + H2. M06-2X/def2-TZVP level
of theory.
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the first intermediate is the smallest among considered systems
(only 11 kJmol−1). The second, hydrogen splitting TS2, features
almost a linear orientation of theH2molecule with respect to the
B−P line (Figure 6c), resulting in the most pronounced
polarization of the H2 molecule. The importance of dihydrogen
bonds for hydrogen splitting was noted by Repo et al.51 The

difference in NPA charges between two H atoms in TS2 is 0.35e
(NPA charges for H− and H+ are −0.16 and +0.19e). A linear
H−H−P orientation was observed for the intermediates and TS
formed by DA cryptands based on boraadamantane23 and
indicates electron donation of the Lewis base to the antibonding
σ* orbital of the hydrogen molecule. The large difference in the

Figure 6.Optimized geometries for local minima and TS for molecular hydrogen activation. Hydrogen atoms bonded to carbon atoms are omitted for
clarity. Top row: B(C6Me4)3CH/PtBu3 system: (a) FLP, (b) B(C6Me4)3CH·H2 + PtBu3, (c) TS2; middle row: B(C6H4)3CH/PtBu3 system, (d) DA
complex, (e) TS1, (f) B(C6H4)3CH·H2 + PtBu3, (g) TS2; and bottom row: B(C6F4)3CF/PtBu3 system, (h) FLP, (i) B(C6F4)3CF·H2 + PtBu3, (j) TS2.
M06-2X/def2-TZVP level of theory.

Table 3. Gas-Phase Relative Energies ΔE and Relative Standard Gibbs Energies ΔG°298 (kJ·mol−1) of the Intermediates and
Transition States with Respect to the Sum of the Energies of Isolated Components LA + LB + H2

a

system ΔE ΔE ΔG°298 ΔG°298
LA/LB H2LA···LB TS H2LA···LB TS r(B−H) r(H−H) β r(H−P)

B(C6Me4)3CH/PtBu3 −36.4 12.7 62.8 114.7 1.412 0.961 180 1.903
B(C6H4)3CH/PtBu3 −65.8 −46.4 32.2 48.3 1.330 0.929 110.8 1.916
B(C6H4)3CH/PCy3 −88.8 −64.8 10.5 32.4 1.324 0.936 99.8 1.925
B(C6H4)3CH/PPh3 −79.2 −53.6 25.9 49.0 1.311 0.992 96.1 1.813
B(C6F4)3CF/PtBu3 −102.4 −98.3 −9.7 −0.2 1.342 0.829 97.2 2.336
B(C6F4)3CF/PCy3 −103.0 −5.2 1.400 0.797 73.4 2.891
B(C6F4)3CF/PPh3 −130.6 −123.6 −19.5 −10.5 1.328 0.900 89.9 2.045
Al(C6H4)3CH/PtBu3 −180.1 −44.8 −86.1 44.1 1.744 0.963 107.4 1.829
Al(C6H4)3CH/PPh3 −165.3 −39.9 −89.4 54.2 1.721 1.045 99.5 1.718
Al(C6F4)3CF/PtBu3 −91.4 −91.4 −1.3 0.8 1.876 0.792 89.0 2.551
Al(C6F4)3CF/PPh3 −110.5 −7.0 1.733 0.920 98.0 1.914

aSelected interatomic distances (in Å) and B−H−H angle β (deg) in TS2. The M06-2X/def2-TZVP level of theory.
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geometry of the first B(C6Me4)3CH-H2 + PtBu3 intermediate
(Figure 6b) and TS2 (Figure 6c) contributes to the sizable (49
kJ·mol−1) activation barrier between this intermediate and the
final [HPtBu3]+[HB(C6Me4)3CH]− product. It should be noted
that only for this system all intermediates and TS have Gibbs
energies larger than the isolated LA, LB, and H2.
Due to the larger Lewis acidity of H- and F-derivatives, the

geometry of TS2 for all other studied systems (Figure 6g,j) is
different from the one found for methyl-substituted 9-
boratriptycene (Figure 6c). In these systems, the hydrogen
molecule acts as a σ-donor of the electron density from the σ-
bonding orbital to the LA, and therefore, it is rotated relative to
the B−P line so that it forms an angle B−H−H (denoted later β)
with a maximal value of 111° (Figure 6g and Table 3). The
structures of these TSs (Figure 6g,j) are similar to the one
reported for the intramolecular trimethylene bridged FLP
featuring PMes2 and B(C6F5)2 groups

52 and perfluoroboraada-
mantane-based cryptands.23

Interestingly, there is an inverse relationship between H−P
and H−H interatomic distances in TS2 (Figure 7) but not with

B−H or Al−H distances (values in Å): r(H−H) = (−0.97 ±
0.26) + (2.73 ± 0.24)/r(P−H) with R2 = 0.997 if all TS2 are
included in the fitting except for the one for the B(C6F4)3CF/
PCy3 system. The latter TS is different from the others and is
characterized by a short H−H bond, like in a hydrogen
molecule, and a large interatomic distance between the nearest
hydrogen and a phosphorus atom.
The noticeable polarization of the H2 molecule in TS2 occurs

when it is located between B(C6H4)3CH and PtBu3 (NPA
charges for H− and H+ are −0.034 and +0.23e). In all other
considered pairs with B-containing Lewis acids, the NPA
charges are positive for both hydrogen atoms of H2, reflecting
the fact that charge is transferred from the hydrogen molecule to
the Lewis acid. Structurally, the TS2 leading to H2 activation by
complexes with B(C6F4)3CF is close to the B(C6F4)3CF·H2
intermediate. Relative to this intermediate state, the activation
barriers are only 4 and 7 kJ·mol−1 for PtBu3 and PPh3,
respectively.
The B(C6F4)3CF/PCy3 is the only boron-containing system

for which the LA·H2 + LB intermediate was not located. The
only TS located for this system features a rather short H−H
bond (0.797 Å) and corresponds to the twisting of the H2
molecule in the vicinity of the boron atom. No polarization of
the H2 molecule is observed in this TS, and both hydrogen
atoms have similar NPA charges (+0.269 and +0.272). Any
deviation from the TS geometry leads to hydrogen splitting
forming the [HPCy3]+ [HB(C6F4)3CF]− ion pair, which is the
most exergonic with respect to starting LA, LB, andH2 among all
considered systems (Table 2 and Figure 5).
The orbital interaction in the TS can be estimated via the

difference of HOMO in the LB and LUMO of the LA·H2
fragment. For complexes with B(C6F5)3 derivatives, it was noted
that the stronger LB has a lower HOMO[LB]−LUMO[LA·H2]
gap.36 Indeed, for the 9-boratriptycene complexes, the smallest
gap of 5.32 eV is observed for PtBu3 (see Table S1). However,
for fluorinated LA, this gap is larger for PPh3 than for PtBu3 due
to the notable destabilizing of the LUMO energy level in [LA·
H2] of the fluorinated LA compared with 9-boratriptycene.
Among the considered B-containing TS structures, the HOMO-
[LB]−LUMO[LA·H2] difference is minimal for B-
(C6Me4)3CH/PtBu3 (4.41 eV) and maximal for the B-
(C6F4)3CF/PCy3 (5.87 eV) pairs.
We also considered the alternative reaction of the hydro-

genation in the isolated LA with B−C bond cleavage (Figure 5,

Figure 7.H−P vs H−H interatomic distances in optimized geometries
of transition states LA···H···H···LB for all considered systems. Squares,
B-containing systems; triangles, Al-containing systems. M06-2X/def2-
TZVP level of theory.

Figure 8. Optimized geometries for the H2·LA complex (a), TS (b), and reaction product I (c) for the hydrogenation of the C−B bond in
B(C6H4)3CH without LB.
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left side). Molecular hydrogen activation with B−C bond
breaking was computationally studied for other compounds
such as boroles53,54 and the borinium cation [Mes2B]+.

55

Optimized structures of the complex H2·B(C6H4)3CH, the
transition state, and the reaction product I are presented in
Figure 8. The overall process of B−C bond hydrogenation is
highly exothermic and exergonic for all considered LA (Table
4).
It should be noted that the H2·LA complexes (Figure 8a) are

less energetically stable in the absence of LB. However, in terms
of Gibbs energy, formation of H2·B(C6F4)3CF is more exergonic
(−21.2 kJ mol−1) than H2·B(C6F4)3CF···PtBu3 (−9.7 kJ mol−1)
(Figure 6i) or H2·B(C6F4)3CF···PPh3 (−19.5 kJ mol−1). The
transition states for B−C hydrogenation are notably higher in
energy than the energies of the TS, leading to heterolytic H2
splitting. However, Gibbs energy of TSLA for B(C6Me4)3CH
(89.5 kJ mol−1) is lower than TS2 in B(C6Me4)3CH/PtBu3
(114.7 kJ mol−1). In the case of B(C6H4)3CH, the TSLA is higher
in energy than TS2 in the B(C6H4)3CH/PtBu3 system (64.7 kJ
mol−1 vs 48.3 kJ mol−1). Thus, we conclude that the
hydrogenation of B−C bonds is kinetically less favorable for
B(C6H4)3CH and B(C6F4)3CF than heterolytic hydrogen
splitting.
In the case of Al-containing Lewis acids, due to the formation

of the strong DA complexes, the heterolytic hydrogen splitting is
thermodynamically unfavorable and requires overcoming large
energy barriers (109−139 kJ mol−1), associated with splitting of
the DA bond (Figure 9). Since for the methylated boron
compound B(C6Me4)3CH/PtBu3 the hydrogen splitting was
predicted to be endergonic and taking into account that on
going from boron to aluminum the process will be even more
endergonic,23 we did not consider methylated aluminum
derivatives.
The intermediate state in which a hydrogen molecule is

captured by an aluminum atom was found only for the
Al(C6F4)3CF/PtBu3 pair, but the geometry and the energy of
this intermediate are close to the transition state TS2 for
heterolytic hydrogen splitting. For other systems, the aluminum
atom of LA is unable to “capture” the hydrogenmolecule and the
hydrogen splitting process is a one-step reaction leading from
the DA complexes to the [HLB]+[HLA]‑ ion pairs. The
activation energies are 139, 121, 109, and 118 kJ·mol−1 for
Al(C6H4)3CH/PtBu3, Al(C6H4)3CH/PPh3, Al(C6F4)3CF/
PtBu3, and Al(C6F4)3CF/PPh3 pairs, respectively.
TSLA leading to hydrogenation of the Al−C bond without an

LB is significantly higher in energy than the TS2 for both
Al(C6H4)3CH and Al(C6F4)3CF (Figure 9), making the
heterolytic hydrogen splitting kinetically favorable.
Solvent Effect. It should be taken into account that the

reaction of H2 activation by FLP is strongly affected by the
environment.34 Solvent influence for FLP chemistry was

theoretically investigated by explicit56 as well as implicit57,58

solvation methods. A highly polar ion pair is stabilized in
solution depending on the polarity of the solvent. The solvent
contributions to the Gibbs energy of the reaction of H2
activation by different intermolecular boron-phosphorus FLPs
are from −4 to −32 kJ·mol−1 in toluene58 and ca. −42 kJ·mol−1

in dichloromethane.57

To estimate the solvent effect on thermodynamic character-
istics for the B(C6H4)3CH/PtBu3 system, single-point energy
computations on gas-phase optimized geometries were carried
out. SMD computations in the solvents for stationary states on
the PES along the reaction path result in solvation free energy
−39.8 kJ·mol−1 for the ion pair [HPtBu3]+ [HB(C6H4)3CH]− in
dichloromethane. Of these, −30.7 kJ·mol−1 accounts for
electrostatic interactions with the solvent and −9.1 kJ·mol−1

for all nonelectrostatic interactions. The energies of stationary
points (minima and TS) in solvents relative to free components
are given in Table 5. Structural changes due to geometry
optimization in the solvent are very minor. For example, in the
B(C6H4)3CH·PtBu3 complexes, the B−P bond length decreases
from 2.176 in the gas phase to 2.173 Å in toluene. The most
notable change is the increase of the intermolecular distances in

Table 4. Gas-Phase Relative Energies ΔE and Relative Standard Gibbs Energies ΔG°298 (kJ·mol−1) of the Local Minima and
Transition States for the Pathway of Hydrogenation of the C−B(Al) Bond without LBa

ΔE ΔG°298 ΔE ΔG°298 ΔE ΔG°298
LA H2·LA H2·LA TSLA TSLA I I

B(C6Me4)3CH −0.2 40.7 41.5 89.5 −141.5 −77.4
B(C6H4)3CH −28.8 11.9 19.4 64.7 −181.8 −136.9
B(C6F4)3CF −64.6 −21.2 7.5 53.8 −195.8 −146.6
Al(C6H4)3CH −20.9 11.3 64.4 102.5 −138.5 −99.6
Al(C6F4)3CF −42.8 −7.7 72.8 109.9 −148.1 −103.6

aThe energies are given with respect to the sum of the energies of isolated components LA + H2.

Figure 9. Reaction pathways for the hydrogenation of the Al−C bond
without LB (left side) and heterolytic H2 splitting (right side) for the
aluminum-containing LA. Color code: Al(C6H4)3CH (red) and
Al(C6F4)3CF (green); Lewis bases PtBu3 (lines) and PPh3 (dashed
lines). The standard Gibbs energy values are given relative to the sum of
the standard Gibbs energies of free components, LA + LB + H2. M06-
2X/def2-TZVP level of theory.
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the [HPtBu3]+[HB(C6H4)3CH]− ionic pair. The H···H distance
changes from 1.944 to 2.142 Å. However, even in this case, the
overall energy difference is less than 3 kJ·mol−1 (Table 5).
Data obtained indicate that the solvent mainly stabilizes the

final ion pair. It makes the overall reaction for the heterolytic
hydrogen splitting more exothermic by 67.2 kJ·mol−1 in
dichloromethane and by 36.7 kJ·mol−1 in toluene than in the
gas phase. At the same time, the solvent has a small effect on the
relative energies of the intermediates and transition states. Thus,
the activation energies for the reaction in the gas phase
satisfactory reproduce values in the solvents. Significant
additional energetic stabilization of the final ionic pair
[HPtBu3]+[HB(C6H4)3CH]− in solution is similar to the values
for other hydrogen splitting products reported in the
literature.57,58

Comparison of the Studied Systems. Table 6 summa-
rizes the most important characteristics of the studied systems

with respect to potential catalytic activity: the activation barriers
and the reaction energies of heterolytic hydrogen splitting. The
B(C6Me4)3CH/PtBu3 FLP system has a relatively large Gibbs
activation energy of 87 kJ mol−1, and the H2 splitting is
endergonic in the gas phase but the products are expected to be
stabilized in solution. In contrast, the B(C6F4)3CF/PtBu3 FLP
system exhibits barrierless highly exergonic splitting. In systems
based on PCy3 and PPh3 Lewis bases, stable DA complexes are
formed, which are ineffective for H2 splitting.
Replacing a boron atom in 9-boratriptycene with an

aluminum atom leads to an increase in LA pyramidalization
and, consequently, to a decrease of steric repulsion. Strong DA
bonds are formed with all phosphines, including PtBu3. These
complexes are predicted to split H2 endergonically with large
barriers and therefore are not suitable for practical applications.

Note however that artificially constrained donor−acceptor
cryptands, featuring spatially separated Al and N centers
preventing DA bond formation, are predicted to be highly
active toward molecular hydrogen.23,24

Among the considered compounds, the most promising
system for the creation of the catalytic cycle is the DA complex
B(C6H4)3CH·PtBu3, which can be described as “latent” FLP.
Despite the high B−P bond energy of 225 kJ mol−1, the
dissociation is facilitated by steric repulsion, and the enthalpy of
dissociation of the complex is only 56 kJ mol−1, which is below
the “tipping point” of 60−100 kJ mol−1 for the dissociation
equilibrium.59 The overall process of heterolytic molecular
hydrogen splitting is exergonic by 10 kJ mol−1 in the gas phase.
The activation energy is only 45−56 kJ mol−1, weakly depending
on the medium.
The involvement of DA complexes in FLP reactivity was

reported before. However, DA complexes were mostly
considered handy examples for expanding the scope of FLP
reactivity and not as primary synthetic targets. B(C6F5)3 forms
with lutidine a classical DA complex at low (−10 °C)
temperatures, with a slightly elongated (by 0.033(4) Å) B−N
distance compared to the complex with less basic pyridine. At
room temperature, the complex undergoes equilibrium
dissociation and heterolytically splits molecular hydrogen.60

However, the process of hydrogen activation is not entirely
reversible, since the resulting product [2,6-Me2C5H3NH][HB-
(C6F5)3] completely loses H2 only after addition of LB pyridine
and heating to 100 °C for 8 h.61 Irreversible H2 activation was
observed by covalently bonded monomeric phosphinoboranes
R2PB(C6F5)3 (R = Cy, tBu).62 Formation of the “invisible”
intramolecular FLP between camphor-bases enamine and
HB(C6F5)2 was deducted from the analysis of the hydrogen
splitting products.61

Data obtained in the present work are in contrast to the
statement that for reversible hydrogenation “the distance
between LA and LB should be larger than 3 Å at least”.50 The
latent FLP B(C6H4)3CH·PtBu3 has a much shorter B−P
distance of 2.176 Å, but nevertheless it is a promising system
for H2 activation. Thus, it corroborates the statement of
Fontaine and Stephan that “FLPs are defined by their reactivity
rather than by their structural features”.63 Based on the
experimental observation that the stable (undissociated) DA
complex B(C6F5)3·P(MeNCH2CH2)3N forms FLP-type addi-
tion reactions with PhNCO, PhCH2N3, PhNSO, and CO2,
Stephan et al. point out the importance of exploring the
reactivity of seemingly stable DA complexes.64

■ CONCLUSIONS
Geometries of the initial complexes between B(C6R4)3CR (R =
H, F, CH3) and Al(C6R4)3CR (R = H, F) with PtBu3, PPh3, and
PCy3, as well as reaction intermediates, transition states, and
reaction products for heterolytic hydrogen splitting were

Table 5. Relative Electronic Energies ΔE (with Respect to the Isolated LA, LB, and H2, kJ·mol−1) of Stationary Points along the
Reaction Pathway for the Heterolytic H2 Splitting by the B(C6H4)3CH/PtBu3 Lewis Pair in the Gas Phase and in the Solvents

a

stationary point gas phase (opt) toluene (opt) toluene (SP) dichloromethane (SP)

B(C6H4)3CH·PtBu3 −74.1 −69.3 −69.4 −73.6
(TS1) B(C6H4)3CH···PtBu3···H2 −29.1 −24.9 −20.8 −17.6
H2·B(C6H4)3CH + PtBu3 −65.8 −63.9 −62.6 −65.0
(TS2) B(C6H4)3CH···H···H···PtBu3 −46.4 −50.5 −50.3 −56.8
[HPtBu3]+[HB(C6H4)3CH]− −106.4 −145.7 −143.1 −173.6

aM06-2X/def2-TZVP level of theory.

Table 6. Highest Activation Energy and Activation Gibbs
Energy and Reaction Energies and Gibbs Energies for
Heterolytic Hydrogen Splitting (in kJ mol−1, Gas-Phase
Values with Respect to the LA·LB Complex and H2)

a

system ΔE# ΔG°298# Δ(2)E Δ(2)G°298
B(C6Me4)3CH/PtBu3 38.1 87.0 −28.5 27.6
B(C6H4)3CH/PtBu3 45.0 50.2 −32.4 −10.2
B(C6H4)3CH/PCy3 154.5 164.4 48.4 79.8
B(C6H4)3CH/PPh3 143.7 171.5 88.4 131.4
B(C6F4)3CF/PtBu3 −39.8 −28.1 −184.5 −167.2
B(C6F4)3CF/PPh3 114.1 144.0 14.7 51.0
B(C6F4)3CF/PCy3 162.9 176.5 −20.4 18.7
Al(C6H4)3CH/PtBu3 138.7 158.9 77.5 105.7
Al(C6H4)3CH/PPh3 120.6 159.3 78.9 131.2
Al(C6F4)3CF/PtBu3 109.1 130.0 −3.2 26.1
Al(C6F4)3CF/PPh3 117.8 163.7 63.3 109.1

aM06-2X/def2-TZVP level of theory.
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optimized at the M06-2X/def2-TZVP level of theory. Obtained
results indicate that a combination of electronic and steric
factors plays an important role in the DA complex or FLP
formation in the reaction between 9-boratriptycene and its
analogues with bulky phosphines. 9-Boratriptcene and its
derivatives predominantly formDA complexes with phosphines.
Only in the cases of B(C6Me4)3CH/PtBu3 and B(C6F4)3CF/
PtBu3 systems frustrated Lewis pairs were observed (in the latter
case, the DA complex is also formed). However, due to the
different Lewis acidities, these FLPs exhibit quite different
reactivities in hydrogen activation. The methyl-substituted
derivative is predicted to split hydrogen endergonically (Gibbs
energy change 28 kJ mol−1) with the activation Gibbs energy of
87 kJ mol−1. In contrast, for the F-substituted derivative,
heterolytic hydrogen splitting is highly exergonic (by 167 kJ
mol−1) and is barrier-free. Resulting ion pairs are significantly
stabilized in solution with respect to the gas phase, while the
influence of the solvent on the energies of reaction intermediates
and transition states is small.
The reaction of the H2 molecule with considered pyramidal

Lewis acids without a Lewis base results in hydrogenation with
the splitting of B−C and Al−C bonds. This process is
exothermic and exergonic for all studied LAs but is less
kinetically favorable since it has larger activation energies than
the process of heterolytic hydrogen splitting in the presence of
LB.
Thus, we demonstrate that by varying the substituents on 9-

boratriptycene and the bulkiness of the phosphine, a wide range
of systems can be formed: from the strongly bound DA
complexes, which are inactive in hydrogen splitting, to the FLP,
which a highly exergonically split molecular hydrogen without a
barrier. This opens the perspective of fine-tuning the Lewis
acidity of 9-boratriptycene for the creation of FLP with the
desired catalytic activity by changing the substituents.
It appears that there is an “optimal” degree of frustration

required for reversibility in FLP chemistry. Too strong DA
interactions favor the formation of strong DA bonds, which
results in high activation barriers and thermodynamic
unfavorability of hydrogen splitting. On the other hand,
sterically overprotected FLPs have donor and acceptor centers
located too far from each other. This decreases the internal
electric field, which, together with orbital interactions,65 is very
important for heterolytic H2 splitting66 and increases the
activation barriers. For very strong LA, the process of H2
splitting is often too exergonic, which prevents reversibility.
Although the number of considered systems studied in the

present work is rather small to make a definitive conclusion, it
appears that “not so frustrated” or “latent” FLPs, which have a
trade-off between the strong DA interaction energy and a steric
repulsion, which still allows the components to form a complex
with an elongated DA bond, are the best candidates for the
construction of the equilibrium hydrogen splitting systems. We
propose that by varying the substituents on 9-boratriptycene, it
will be possible to construct systems that reversibly heterolyti-
cally split hydrogen with small energy barriers. We hope that our
findings will stimulate future experimental and computational
studies in this exciting area of chemistry, which is expected to be
fruitful.
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