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Understanding the enhanced reactivity of strained

intramolecular Frustrated Lewis Pairs

Susana Portela™ and Israel Fernandez*®

The poorly understood factors controlling the enhanced
reactivity of strained intramolecular frustrated Lewis pairs (FLPs)
having a rigid biphenylene tether have been quantitatively
explored in detail by means of computational methods. With
the help of the activation strain model of reactivity and the
energy decomposition analysis methods, the challenging allene
activation reaction has been selected and compared to the

Introduction

Since the groundbreaking report by Stephan and co-workers on
the metal-free and reversible activation of H, by
(CgH,Me;),P—(C4F,)—B(C4Fs), ™ the chemistry of frustrated Lewis
Pairs (FLPs) has experienced a tremendous development.’*
These species, typically composed of a pair of sterically
encumbered Lewis acid (LA) and Lewis base (LB) where the
formation of a classical donor-acceptor bond is hampered,
exhibit a rich and unique reactivity as a consequence of the
cooperative action of their FLP antagonists. For instance, FLPs
have been used for not only the activation of dihydrogen but
also other small molecules (such as CO, CO,, N,O, SO,, etc)>?
and also promote other interesting processes spanning from
hydrogenations of unsaturated compounds™ to polymerization
reactions”™ or heterogeneous catalysis.””

Due to the usefulness of FLPs, much progress has been
made to produce more active systems, particularly in recent
years. For instance, intramolecular FLPs” or systems having
transition-metal fragments in their structures® should be
particularly highlighted. In this regard, Limberg and co-workers
very recently prepared the highly active intramolecular P/Al FLP
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analogous process mediated by a related intramolecular FLP
having a more flexible tether, which is significantly less reactive.
In addition, the influence of the nature of the Lewis acid atom
on the reactivity of the strained FLP has been considered as
well showing that the reactivity steadily decreases when going
down in group 13.

1 having a rigid biphenylene tether, which is able to not only
activate CO, at room temperature but also, for the first time in
the chemistry of FLP, a molecule of allene (Scheme 1).”

Although the enhanced reactivity of this FLP was mainly
attributed to the release of the strain in the initial FLP upon
binding to CO, or allene, the ultimate factors controlling the
reactivity of this system are not fully understood so far. For this
reason, herein we decided to explore the reactivity of this
strained FLP toward allene in detail by applying the Activation
Strain Model (ASM)" of reactivity in combination with the
Energy Decomposition Analysis (EDA)"" method. This ASM-EDA
approach was selected because it has greatly contributed to
our current understanding of fundamental transformations in
chemistry,"? and particularly, to the chemistry of FLPs.'*'¥ We
shall first compare the reactivity of 1 with the analogous
intramolecular unstrained system 2 having a much more
flexible tether connecting the LB and LA centers (Scheme 2). In
addition, the influence of the nature of the LA atom on the
reactivity of the system shall be investigated as well.

Computational Details

Geometry optimizations of the molecules were performed without
symmetry constraints using the Gaussian09 (RevD.01) suite of
programs™® at the dispersion-corrected B3LYP!'®-D3""/def2-SvP'®
level including solvent effects (solvent=benzene) with the Polar-
ization Continuum Model (PCM) method."” Reactants and adducts
were characterized by frequency calculations and have positive
definite Hessian matrices. Transition states show only one negative

0
®>0.0 ®>\-je

Ph,P AlC, PhoP-----AICl, Ph,P AlC,
5 min, RT 3d, 70 °C
1

Scheme 1. Reactivity of strained intramolecular FLP 1 reported by
Limberg and co-workers (see ref. [9]).
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Ph2P ----- ECI2 thP ECI2

1, E=group 13 1 -adduct

PhyP----- AlICl, —e— PhyP AICl,
2 2 -adduct

Scheme 2. Reactions involving FLPs 1 and 2 considered in this
study.

eigenvalue in their diagonalized force constant matrices, and their
associated eigenvectors were confirmed to correspond to the
motion along the reaction coordinate under consideration using
the Intrinsic Reaction Coordinate (IRC) method.”® Energy refine-
ments were carried out by means of single-point calculations at the
accurate M06-2X™" level using the much larger triple-C basis set
def2-TZVPP.'® This level is denoted PCM(benzene)-M06-2X/def2-
TZVPP//PCM(benzene)-B3LYP-D3/def2-SVP. In all cases, the default
integration grid was used. Nevertheless, we found that higher
integration grids (ultrafine/superfine) lead to nearly identical
relative energies (see Figure S1 in the Supporting Information).

Activation Strain Model (ASM) of Reactivity and Energy
Decomposition Analysis (EDA) Methods

Within the ASM method,""” also known as the distortion/interaction
model,"* the potential energy surface AE(C) is decomposed along
the reaction coordinate, C, into two contributions, namely the strain
AE.in(C) associated with the deformation (or distortion) required
by the individual reactants during the process and the interaction
AE,(T) between these increasingly deformed reactants:

AE(C) = AEstrain (C) + AEint(t,‘)

Within the EDA method,"" the interaction energy can be further
decomposed into the following chemically meaningful terms:

AEint(@) = AVeIstat(C) + AEPauIi(C) + AEorb(C) + AEdisp(C)

The term AV, corresponds to the classical electrostatic inter-
action between the unperturbed charge distributions of the
deformed reactants and is usually attractive. The Pauli repulsion
AEp,,i comprises the destabilizing interactions between occupied
orbitals and is responsible for any steric repulsion. The orbital
interaction AE,,, accounts for bond pair formation, charge transfer
(interaction between occupied orbitals on one moiety with
unoccupied orbitals on the other, including HOMO-LUMO inter-
actions), and polarization (empty-occupied orbital mixing on one
fragment due to the presence of another fragment). Finally, the
AEy, term accounts for the interactions coming from dispersion
forces. Moreover, the NOCV (Natural Orbital for Chemical
Valence)”? extension of the EDA method has been also used to
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further partition the AE,,, term. The EDA-NOCV approach provides
pairwise energy contributions for each pair of interacting orbitals to
the total bond energy.

The program package ADF** was used for EDA calculations using
the optimized PCM(benzene)-B3LYP-D3/def2-SVP geometries at the
same B3LYP-D3 level in conjunction with a triple-C-quality basis set
using uncontracted Slater-type orbitals (STOs) augmented by two
sets of polarization functions with a frozen-core approximation for
the core electrons.” Auxiliary sets of s, p, d, f, and g STOs were
used to fit the molecular densities and to represent the Coulomb
and exchange potentials accurately in each SCF cycle™ Scalar
relativistic effects were incorporated by applying the zeroth-order
regular approximation (ZORA).”® This level of theory is denoted
ZORA-B3LYP-D3/TZ2P//PCM(benzene)-B3LYP-D3/def2-SVP.

Results and Discussion

We first compared the activation of allene by FLPs 1-Al and 2-Al
to understand the role of the strained nature of the tether
connecting the LA and LB on the reactivity. As depicted in
Figure 1, both processes exhibit rather similar reaction profiles
in the sense that the allene activation takes place in a concerted
manner through an eight-membered ring transition state (TS)
which affords the corresponding zwitterionic adduct in an
exergonic transformation. Despite that, from the data in
Figure 1, it becomes evident that the presence of the rigid
biphenylene linker in the FLP makes compound 1-Al much
more reactive than 2-Al (having a much more flexible tether)
from both kinetic (AAG” =13 kcalmol™') and thermodynamic

TS2-Al

— — Il
+ o
1-Al/ 2-Al
0.0 (0.0)
Ph,P-----AICl,
Ph,P-----AlCl, VY @%@
oo MO e
1-Al 2-Al \ \ 2-adduct
® O N T
PhoP AICIZ\ -17.2(-4.0)

\ _1-adduct_
—257 -12.0)

Figure 1. Computed reaction profiles for the allene activations
promoted by FLPs 1-Al and 2-Al. Relative electronic (AE) and free
(AG, within parentheses) energies and bond distances are given in
kcal/mol and angstroms, respectively. All data have been computed
at the PCM(benzene)-M06-2X/def2-TZVPP//PCM(benzene)-B3LYP-
D3/def2-SVP level.

Z. Anorg. Allg. Chem. 2023, 649, e202200384 (2 of 7)

© 2023 The Authors. Zeitschrift fiir anorganische und allgemeine Chemie published by Wiley-VCH GmbH

85U 17 SUOLILLIOD BAIISID d(qedl|dde ay) Aq pauienob ale sapie YO ‘8sn JO S3|NnJ 10 ArIg1T Ul UQ AS[IAN UO (SUOI}IPUOD-PUR-SWLB)W0D AS | 1M Aleld U1 |uo//:Sdny) SuoIpuoD pue swid | 8Lyl 89S *[7202/60/70] Uo Arelqiauluo As|IM ‘pLpe N 8 ssusin|dwo) pepseAIuN Ag ¥8E002202 Ieez/Z00T OT/I0p/wod A8 |IMm Are.g 1 puluo//:sdny woly pepeojumo( ‘.|



Journal of Inorganic and General Chemistry

/AAC

Zeitschrift fir anorganische und allgemeine Chemie

(AAGz=8 kcalmol™) points of view. Moreover, the computed
barrier for the process mediated by 1-Al is compatible with the
reaction conditions used experimentally (70°C),”» which pro-
vides support to the selected computational method.

To quantitatively understand the reasons behind the
enhanced reactivity of the strained FLP 1-Al, the Activation
Strain Model (ASM) of reactivity was applied next. Figure 2
shows the computed activation strain diagrams (ASDs) for the
allene activation reactions promoted by 1-Al and 2-Al from the
initial stages of the transformations to the respective transition
states and projected onto the P--C bond-forming distance.
From the data in Figure 2, the 1-Al-mediated reaction clearly
benefits from a less destabilizing strain energy (measured by
the AE,.. term) along the entire reaction coordinate. Our
calculations indicate that whereas the energy penalty to deform
the allene reactant is rather similar in both activation processes,
the deformation energy of the FLP reactant is substantially
higher for 2-Al than for its strained counterpart 1-Al (see
Figure S2 in the Supporting Information) This indicates that the
initial geometry of 1-Al, imposed by the rigid biphenylene
tether, better fits into the geometry adopted in the correspond-
ing transition state as compared to 2-Al. Interestingly, the
process mediated by 1-Al also benefits from a stronger
interaction between the deformed reactants, again along the
entire reaction coordinate. Therefore, it can be concluded that
the lower barrier computed for the allene activation reaction
promoted by the strained FLP 1-Al finds its origin not only in
the much lower deformation energy required to adopt the
geometry of the corresponding transition state but also in the
stronger interaction between the deformed reactants (meas-
ured by the AE;, term). This finding resembles that in strained
cycloalkynes in Diels-Alder cycloaddition reactions, where pre-
distorsion not only leads to a reduced strain energy but also

O
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Figure 2. Comparative activation strain analyses of the allene
activation reactions mediated by 1-Al (solid lines) and 2-Al (dashes
lines) projected onto the P--C bond-forming distance. All data have
been computed at the PCM(benzene)-B3LYP-D3/def2-TZVPP//
PCM(benzene)-B3LYP-D3/def2-SVP level.
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enhances the interaction energy between the deformed
reactants.”””!

The Energy Decomposition Analysis (EDA) method was
applied next to quantitatively understand the factors leading to
the stronger interaction energy computed for the reaction
involving 1-Al +allene. Figure 3 graphically shows the evolution
of the EDA contributors along the reaction coordinate for both
activation reactions once again from the initial stages of the
transformation to the respective transition states and projected
onto the P--C bond-forming distance. Data in Figure 3 indicate
that at the transition state region (i.e. where the barrier takes
place), the stronger interaction between the deformed reac-
tants computed for the process involving 1-Al derives almost
exclusively from stronger orbital interactions (measured by the
AE,,, term) and, to a much lesser extent, to a less destabilizing
Pauli repulsion (AEp,,). For instance, at the same consistent
P--C bond forming distance of 2.7 A2¥ the difference in the
total interaction energy, AAE;,,=3.9 kcal/mol, roughly matches
that of the orbital interactions, AAE,,=3.5 kcal/mol, while the
difference in the other attractive terms can be considered as
negligible (AAV, . =0.7 kcal/mol and AAEg,=0.1 kcal/mol).

Furthermore, by means of the Natural Orbitals for Chemical
Valence (NOCV) extension of the EDA method, we can not only
visualize but also quantify the main pairwise orbital interactions
responsible for the stronger AE,, computed for the process
involving the strained FLP 1-Al. This method identifies two
main orbital interactions dominating the total AE,, term,
namely the electronic donation from the Lewis base (lone-pair
of the phosphorous atom) to the w*(C=C) molecular orbital of
the allene (LP(P)—u*(allene), denoted as ;) and the donation
from the occupied m(C=C) of the allene to the Lewis acid
(vacant p, atomic orbital of the aluminum atom), i.e. (C=C)—
p(Al), (denoted as @, see Figure 4). The above results clearly

120 4
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Figure 3. Comparative activation strain analyses of the allene
activation reactions mediated by 1-Al (solid lines) and 2-Al (dashes
lines) projected onto the P--C bond-forming distance. All data have
been computed at the ZORA-B3LYP-D3/TZ2P//PCM(benzene)-
B3LYP-D3/def2-SVP level.
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(a) 1-Al + allene

AE(p,) = -37.2 kcal/mol
LP(P)— n*(C=C)
(b) 2-Al + allene

AE(p,) = -13.0 kcal/mol
n(C=C)— p(Al)

AE(p,) = —15.8 kcal/mol

AE(p,) = —-32.5 kcal/mol
n(C=C)— p(Al)

LP(P)— n*(C=C)

Figure 4. Contour plots of the NOCV deformation densities ¢ and
the associated energies AE(g)for the main orbital interactions
between allene and the intramolecular FLPs 1-Al (a) and 2-Al
(right). The electronic charge flows from red to blue. All data were
computed at the ZORA-B3LYP-D3/TZ2P//PCM(benzene)-B3LYP-D3/
def2-SVP level.

confirm the cooperative action of both Lewis antagonists in the
activation of allene, which resembles that in related activation
reactions of other small molecules.”™ Interestingly, the
energies associated with these orbital interactions (AE(p)),
computed at the same consistent P--C bond-forming distance
of 2.7 A clearly indicate that while the g, interaction is rather
similar in both processes, the interaction involving the Lewis
base (g,) is significantly stronger for the process involving 1-Al
as compared to 2-Al (AAE(p,)=4.7 kcal/mol). This stronger
interaction is therefore mainly responsible for the computed
stronger orbital interactions which result in a stronger total
interaction for the process involving 1-Al. Therefore, our ASM-
EDA(NOCV) approach suggests that the enhanced reactivity of
the strained FLP 1-Al over its counterpart 2-Al, having a more
flexible tether, results from a less destabilizing deformation
energy to adopt the corresponding transition state geometry
together with a stronger LP(P)—mt*(allene) orbital interaction
which significantly increases the interaction between the
deformed reactants along the entire reaction coordinate.

Once the factors governing the enhanced reactivity of the
experimentally described strained FLP 1-Al have been disclosed,
we then explored the influence of the nature of the Lewis acid
atom on the reactivity. To this end, we compared the analogous
activation reactions of allene promoted by the same strained
species having different group 13 elements in their structures.

From the computed reaction profiles in Figure 5, it is
confirmed that in all cases the activation reaction occurs in a
concerted manner through the corresponding eight-membered
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Figure 5. Computed reaction profiles for the allene activations
promoted by FLPs 1-E (E=B to In). Relative electronic (AE) and free
(AG, within parentheses) energies and bond distances are given in
kcal/mol and angstroms, respectively. All data have been computed
at the PCM(benzene)-M06-2X/def2-TZVPP//PCM(benzene)-B3LYP-
D3/def2-SVP level.

transition state. Data in Figure 5 indicate that the reactivity of
the system becomes lower and lower when going down in
group 13 (B> Al >Ga > In) from both kinetic and thermodynam-
ic points of view. Thus, the transformation proceeds with a
higher activation barrier and becomes less exothermic when
the group 13 atom goes from B to In. Interestingly, the key P--C
bond-forming distance in the corresponding transition states
becomes shorter and shorter from TS1-B to TS1-In, which
indicates that the transition states are reached later and later.
We can then conclude that late transition states in these FLP-
mediated activation reactions are associated with higher
activation barriers than earlier transition states, which is fully
consistent with the Hammond-Leffer postulate.”” Indeed, very
good linear correlations were found when plotting either the
AE” or AG” values versus the P--C distances in the transition
states (see Figure S3 in the Supporting Information).

To understand the reasons behind this reactivity trend, the
ASM-EDA(NOCV) approach was then applied. From the ASDs in
Figure 6, once again showing the allene activation reactions
mediated by 1-E (E=B to In) from the initial stages of the
transformation to the respective transition states and projected
onto the P--C bond-forming distance, it becomes clear that the
higher barriers computed for the heavier systems 1-Ga and 1-In
in comparison to 1-Al result from a much weaker interaction
energy between the deformed reactants along the entire
reaction coordinate despite these processes benefit from a less
destabilizing strain energy. The situation in the most reactive
FLP 1-B is rather particular as this species leads to a much
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Figure 6. Comparative activation strain analyses of the allene
activation reactions mediated by 1-E (E=B to In) projected onto
the P--C bond-forming distance. All data have been computed at
the PCM(benzene)-B3LYP-D3/def2-TZVPP//PCM(benzene)-B3LYP-
D3/def2-SVP level.

earlier transition state (P--C distance of 3.0 A) than their heavier
counterparts (P--C distance of ca. 2.6 A). As a consequence, the
corresponding ASD suggests that the lower barrier of the
process involving 1-B (in comparison with 1-Al) derives mainly
from a less destabilizing strain energy as the energy penalty to
deform the reactants is comparatively much lower.

We finally applied the EDA(NOCV) method to understand
the factors leading to the weaker interaction in the processes
mediated by the heavier systems 1-Ga and 1-In in comparison
to that promoted by 1-Al. As graphically shown in Figure 7,
despite the process mediated by 1-Ga benefits from slightly
stronger electrostatic interactions and that promoted by 1-In
from a less destabilizing Pauli repulsion, the trend in AE,,
(Al>Ga >1In) is mainly due to the key orbital interactions, which
follows the same trend. For instance, as the same consistent
P--C bond-forming distance of 2.7 A, AE,,=—62.4 kcal/mol
(1-Al) > —57.9 kcal/mol (1-Ga) > —43.7 kcal/mol (1-In). Not sur-
prisingly, this originates, according to the NOCV extension of
the EDA method, from the key LP(P)—m*(allene) orbital
interaction which becomes weaker and weaker when going
from 1-Al  (AE(o,)=-373 kcal/mol) to 1-Ga (AE(o,)=
—34.4 kcal/mol) and to 1-In (AE(g,) = —22.2 kcal/mol).

Conclusions

From the present computational study, it can be concluded
that the enhanced reactivity of the strained intramolecular FLP
1-Al, featuring a rigid biphenylene linker connecting the LA and
LB centers, finds its origin in the much lower deformation
energy required to adopt the geometry of the corresponding
transition state and also in the stronger interaction between the
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Figure 7. Comparative activation strain analyses of the allene
activation reactions mediated by 1-E (E=Al to In) projected onto
the P--C bond-forming distance. All data have been computed at
the ZORA-B3LYP-D3/TZ2P//PCM(benzene)-B3LYP-D3/def2-SVP level.

deformed reactants along the entire reaction coordinate. In
comparison with an analogous system having a more flexible
tether, the lower deformation energy directly results from the
already strained geometry of the initial FLP which better fits the
geometry of the corresponding transition state. On the other
hand, the stronger interaction between the deformed reactants
originates almost exclusively from a stronger LP(P)—m*(allene)
orbital interaction. Moreover, our calculations indicate that the
nature of the Lewis acid strongly influences the reactivity of
these strained FLPs. It is found that the reactivity of these
species steadily decreases when going down in group 13 (B>
Al>Ga>In) from both kinetic and thermodynamic points of
view and, interestingly, the processes proceed through later
and later transition states.
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