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udy of frustration in Al/P and B/P-
based intramolecular frustrated Lewis pairs

Santhosh Guntupalli,† Mohmmad Faizan,† Bhupendra Singh Bisht
and Ravinder Pawar *

Intramolecular frustrated Lewis pairs (IFLPs) have emerged as versatile systems for small molecule

activation, with their reactivity critically influenced by the nature of the bridging unit and the intrinsic

properties of the Lewis acid and base. In this work, we present a comparative computational analysis of

AlP- and BP-based IFLPs featuring a series of structurally analogous linkers. Using H2 activation as

a unified metric, we evaluate the degree of frustration encoded within each system by examining

transition state energetics, adduct stability, and electronic structure features. Our findings reveal that

while AlP-IFLPs often exhibit masked behavior due to partial Al–P interactions, their BP counterparts

remain classical FLPs with greater spatial separation. The geminal-bridged AlPGem system exhibits the

most favorable energetic profile, whereas rigid systems like AlPNap incur substantial strain. This study

underscores the role of both electronic and geometric parameters in dictating FLP behavior and

provides valuable insights for the rational design of future IFLPs with enhanced reactivity and tunability.
Introduction

Since the pioneering work by Stephan and co-workers in 2006
on the metal-free activation of dihydrogen using sterically
encumbered Lewis acid–base pairs, the concept of Frustrated
Lewis Pairs (FLPs) has emerged as a powerful platform for small
molecule activation and catalysis.1 In conventional Lewis acid–
base adducts, the acid and base form a stable dative bond.
However, in FLPs, such bonding is hindered by steric or
geometric constraints, resulting in reactive acid–base pairs that
can activate otherwise inert substrates.2–13 FLPs are generally
classied into three types: intermolecular, intramolecular, and
masked (or hidden) FLPs.14 Intermolecular FLPs involve sepa-
rate Lewis acid and base moieties, typically with bulky substit-
uents to prevent adduct formation. In contrast, intramolecular
FLPs (IFLPs) tether both the acid and base within a single
molecule via a linker, offering improved control over the prox-
imity and orientation of the reactive sites. Masked FLPs appear
as classical Lewis adducts in the solid state but dissociate in
solution or under strain, exhibiting FLP-like reactivity under
specic conditions.14

Since their discovery, FLPs have demonstrated a wide range
of reactivities, particularly in the activation of small molecules
such as H2, CO2, N2O, and olens.2,15,16 Their applications span
metal-free hydrogenation, carbon capture and utilization, C–F
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and C–Hbond activation, and even polymerization catalysis.17–19

Most commonly, boron-based Lewis acids like B(C6F5)3 are
employed due to their well-dened synthesis and tunable Lewis
acidity. The reactivity of FLPs has been signicantly modulated
through variations in substituents, the nature of the bridging
unit, and by electronic tuning—notably via aromatic and anti-
aromatic modications to the acidic or basic sites.20–28 To
expand the chemical space of FLPs and explore new avenues for
reactivity, alternative Lewis acid/base combinations have been
investigated. In this context, replacing boron with aluminum as
the Lewis acidic component presents a particularly appealing
strategy.29 Aluminum, being more acidic than boron, offers the
potential for enhanced reactivity, but also presents synthetic
and stability challenges.30 Recent studies have demonstrated
that Al-based FLPs can successfully activate a wide range of
substrates including H2, CO2, C]O, and C]C bonds.29,31–33 For
example, the intermolecular system Al(C6F5)3 combined with
bulky phosphines such as Mes3P or o-Tol3P was found to
reversibly activate H2 and CO2, and also engage in olen
hydrogenation and C–F bond activation.29,33,34 The Al/P FLPs
have been shown to catalyze the hydrogenation of ethylene and
cyclohexene,32,34 while another study demonstrated the use of Al
FLPs in CO2 reduction to methanol using HBpin as the reduc-
tant.35 Moreover, Uhl and co-workers have reported a geminal
Al–P FLP based on a t-butyl-substituted aluminum and di-
phenylphosphine, capable of activating a range of small mole-
cules such as isocyanates, CO2, and organic azides.36–38

It is worth noting, however, that despite their higher
intrinsic Lewis acidity, Al-based IFLPs have been comparatively
less investigated than BP analogues, largely due to experimental
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra05892a&domain=pdf&date_stamp=2025-09-25
http://orcid.org/0000-0002-2191-1749
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05892a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015042


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

8:
55

:5
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
challenges. The strong oxophilicity and moisture sensitivity of
aluminum complicate synthesis and handling, while the prep-
aration of intramolecular Al–P linkages oen requires specic
synthetic routes such as aluminum–tin exchange. These tech-
nical and stability-related difficulties, along with the greater
synthetic accessibility of boron precursors, have collectively
slowed the broader experimental development of AlP IFLPs.
Although various intermolecular Al based FLPs have been
extensively studied, examples of intramolecular Al/P FLPs (Al–P
IFLPs) remain comparatively limited. A few recent reports have
detailed the synthesis and reactivity of Al–P IFLPs with rigid
tethers like ortho-phenylene or biphenylene, which play
a pivotal role in tuning the spatial proximity and interaction of
the acid–base sites.39–41 Such rigid systems can enforce strain
that enhances reactivity by favorably preorganizing the reactive
centers and lowering activation barriers through enthalpic and
entropic contributions. For instance, xanthene- and
biphenylene-linked Al–P systems have shown reactivity toward
CO2 and other polar substrates, demonstrating that carefully
chosen linkers can modulate the degree of frustration and the
resulting chemical behavior.42 Despite these advances,
a systematic comparison of Al–P and B–P IFLPs, particularly
regarding how the bridging unit affects their reactivity and
activation capability, remains lacking. Notably, B–P IFLPs have
been more widely investigated across a variety of linkers and
substitution patterns, whereas their Al-based counterparts are
still in their early stages of exploration. This study aims to ll
this gap by providing a comparative analysis of Al–P and B–P
intramolecular FLPs, focusing on structurally analogous
bridging units that have previously been explored in B–P
systems. By studying these systems side by side, we aim to
identify trends in reactivity and to understand how the intrinsic
Lewis acidity of the central atom (Al vs. B) and the choice of
linker affect the degree of frustration and bond activation
potential.

To this end, a set of representative bridging motifs,
commonly used in B/P-FLPs, have been adapted and systemat-
ically studied in their Al/P analogues (Fig. 1), enabling direct
comparisons and a deeper understanding of structure–activity
(i.e., frustration) relationships. The frustration of these FLPs
Fig. 1 AlP and BP based IFLPs considered in the present work.

© 2025 The Author(s). Published by the Royal Society of Chemistry
has been evaluated by comparing their calculated H2 splitting
energies. Density functional theory (DFT) calculations, along
with detailed orbital analyses, have been carried out to gain
insight into how the bridging unit, electronic structure, and
intrinsic Lewis acidity collectively inuence the behavior of
these FLP systems.
Computational details

The geometries of the considered IFLPs, transition states (TSs)
and adducts (ADs) formed in the reaction of H2 with the
considered IFLPs were fully optimized employing M062X
functional with 6-311++G** basis set.43,44 This level of theory
was chosen because M06-2X has been extensively benchmarked
and shown to provide accurate thermochemistry, kinetics, and
noncovalent interaction energies for main-group systems,
including frustrated Lewis pairs and H2 activation
processes.45–50 The inclusion of diffuse functions in the 6-
311++G** basis set is essential for correctly describing the
anionic character that develops at the phosphide site during H2

activation, representing the elongated and polarized H–H bond
in transition states, and capturing long-range frustrated inter-
actions between the spatially separated acid–base centers.45–50

No symmetrical or geometrical constraints were imposed
during the optimization. The SMD51 implicit solvent model was
applied using toluene (3 = 2.3741) with the default parameters
in Gaussian 16, consistent with previous computational studies
on H2 activation by FLPs.45–50 The harmonic frequency calcula-
tions were carried out on the same level of theory to depict the
nature of the stationary points as local minima and as rst order
saddle point. The transition states were conrmed by the
presence of single imaginary frequency in the direction of bond
alterations. The intrinsic reaction coordinate (IRC) analysis has
been carried conrm the TSs as the structures connecting the
product with the reactants. The fully optimized structures were
then used to study the energetics of the reaction at 1 atm
pressure and 298.15 K. The calculations have been performed
using Gaussian 16 soware.52 The energetic results were
systematically compared. Further to gain insights to the frus-
tration and catalytic behaviour of the IFLPs, NBO have been
carried out.53 The second order perturbation analysis form the
NBO is employed to derive the orbital charge transfer analysis.
The natural bond orbitals were plotted at 0.02 a.u. iso value. To
assess the interaction between the acidic and basic site the
quantum theory of atoms in molecule (QTAIM)54–56 analysis was
carried out using Multiwfn soware.57

To understand the origin of the activation barriers and to
dissect the energetic contributions involved in the H2 activation
by the investigated IFLPs, the Activation Strain Model (ASM),58

also referred to as the Distortion–Interaction Model, was
employed. In this model, the activation energy (DE‡) for the
transition state is decomposed into two principal components:
strain (or distortion) energy (DEstrain) and interaction energy
(DEint). The total activation energy is expressed as:

DE‡ = DEstrain + DEint
RSC Adv., 2025, 15, 35468–35478 | 35469
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where, Estrain corresponds to the energy required to deform the
individual fragments—namely, the FLP and H2—from their
optimized geometries in the isolated state to the geometries
they adopt in the transition state. The DEint is the stabilizing
energy gained from the electronic interaction between the
deformed fragments at the transition state geometry. The strain
energy for a fragment was calculated as:

DEstrain (FLP) = EPTS-geom
FL − Eopt

FLP

DEstrain ðH2Þ ¼ E
TS-geom
H2

� E
opt
H2

where ETS-geom denotes the single-point energy of the fragment
in the geometry it adopts within the transition state, and Eopt is
the energy of the fully optimized fragment in its equilibrium
structure.

The total strain energy is the sum of the individual strain
energies:

DEtotal
strain = DEstrain (FLP) + DEstrain (H2)

The interaction energy (DEint) was then computed as:

DEint ¼ ETS � E
TS-geom
FLP � E

TS-geom
H2

where ETS is the total electronic energy of the full transition
state complex. This decomposition allows for a quantitative
Fig. 2 Relative free energy of the transition state (TS-XPAbr, X = Al/B and
reaction of H2 with considered IFLPs along with their general structures

35470 | RSC Adv., 2025, 15, 35468–35478
analysis of the balance between geometric distortion and
favourable orbital interaction in determining the activation
barrier.
Results

In the present study, the activation energy for H2 splitting has
been employed as a uniform metric to assess and compare the
degree of frustration across the investigated intramolecular
frustrated Lewis pairs (IFLPs). This approach facilitates
a consistent comparison of the impact of structural immobili-
zation induced by various bridging units. Accordingly, the
relative Gibbs free energies (DG) of the transition states (TS-
XPAbr; X = Al or P, and Abr = Eth, Vic, Gem, Nap, and Bph),
along with the free energies of the corresponding adducts
formed upon H2 activation, are presented in Fig. 2.

From Fig. 2, it is evident that the H2 activation barrier for the
ethyl-bridged AlP system (TS-AlPEth) is 31.4 kcal mol−1. This
value remains essentially unchanged upon replacing the ethyl
bridge with a vinyl group, as seen in TS-AlPVic. The free energy of
the adduct in AlPEth (AD-AlPEth) is calculated to be
24.9 kcal mol−1, whereas the corresponding adduct in AlPVic
(AD-AlPVic) has a slightly higher DG of 25.5 kcal mol−1, sug-
gesting a marginal destabilization induced by the vinyl bridge.

In contrast, the BP analogue BPEth exhibits a higher H2

activation barrier of 34.1 kcal mol−1, while the DG of its adduct
(AD-BPEth) remains comparable to that of AD-AlPEth. Interest-
ingly, upon changing the bridging unit from ethyl to vinyl in the
Abr = Eth, Vic, Gem, Nap, Bph) and the adduct (AD-XPAbr) found in the
.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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BP system, both the transition state (TS-BPVic) and adduct (AD-
BPVic) energies decrease by approximately 4 kcal mol−1 (see
Fig. 2). This trend is notably different from the AlP system,
where a similar structural modication yields negligible
change. These observations underscore that identical modi-
cations exert distinct effects in AlP-versus BP-based IFLPs.
Moreover, incorporation of a naphthyl bridging unit leads to the
highest H2 activation barriers and adduct DG values among all
systems examined. Specically, both AlPNap and BPNap show
transition states and adducts with DG values exceeding
44 kcal mol−1. In contrast, replacing the naphthyl bridge with
a biphenylene unit reduces the activation energy to approxi-
mately 35 kcal mol−1 in both AlPBph and BPBph systems,
reecting a signicant energetic improvement. Among all IFLPs
studied, the geminal-bridged system AlPGem exhibits the most
favorable energetics, with the lowest DG values for both the
transition state (29.6 kcal mol−1) and the adduct
(13.6 kcal mol−1). Conversely, its BP analogue BPGem shows
a much higher transition state energy of 38.4 kcal mol−1 which
is second only to the naphthyl-bridged cases, while the adduct
energy (16.3 kcal mol−1) remains relatively low. Overall, these
Fig. 3 Optimized geometries of (a) AlPEth and (b) AlPVic with electron
optimized geometries of the transition states and the adducts formed i
angstrom, the contours are plotted at 0.001 a.u. iso value and the electr

© 2025 The Author(s). Published by the Royal Society of Chemistry
free energy proles highlight the critical role of structural
immobilization in tuning the degree of frustration in IFLPs.
Moreover, they clearly demonstrate that AlP- and BP-based
IFLPs exhibit distinct energetic trends in response to the
same bridging unit modications. These ndings underscore
the importance of further investigating the structural and
electronic factors governing the reactivity of AlP versus BP-based
systems.

Accordingly, a detailed analysis of the electronic structures
of the studied IFLPs, along with the geometries of their
respective transition states and H2-activation adducts, has been
undertaken to rationalize these observations. The optimized
geometries of AlPEth and AlPVic, along with their corresponding
natural bond orbital (NBO) plots and electron density contour
plots, are presented in Fig. 3a and b, respectively. The fully
labeled optimized geometries of the transition states (TS) and
the respective adducts formed upon reaction with H2 are also
depicted in Fig. 3, along with key geometrical parameters. From
the geometries shown in Fig. 3a and b, the Al–P bond distances
in AlPEth and AlPVic are found to be 2.61 Å and 2.58 Å, respec-
tively. Quantum Theory of Atoms inMolecules (QTAIM) analysis
density contour and natural bond orbital plots along with respective
n the reaction of the IFLPs with H2. (All the distances are given in the
on densities at the bond critical points are in a.u.).

RSC Adv., 2025, 15, 35468–35478 | 35471
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reveals the presence of a bond critical point (BCP) between the
Al and P atoms in both molecules, with electron density (r)
values of 0.0329 a.u. for AlPEth and 0.0284 a.u. for AlPVic. The
presence of a BCP indicates a signicant interaction between
the Al and P centres, which is further corroborated by the
existence of a s-bonding orbital between them, as identied in
the NBO analysis.

The short Al–P distances, presence of a BCP, and the s-type
bonding interaction collectively suggest that both AlPEth and
AlPVic exist in the form of masked FLPs. Accordingly, during the
reaction with H2, the Al–P bond is expected to elongate to
accommodate the incoming dihydrogenmolecule. Additionally,
analysis of the optimized geometries shows that the dihedral
angle :P–C1–C2–Al is −35.9° in AlPEth and 0.0° in AlPVic, sug-
gesting that the C1–C2 bond in AlPEth allows rotational exi-
bility, while such rotation is restricted in AlPVic. This distinction
becomes more apparent in the transition state structures. In TS-
AlPEth, the Al–P distance increases to 3.31 Å, reecting the
elongation required to interact with the H2 molecule. A similar
elongation is observed in TS-AlPVic, as shown in Fig. 3b. The H1–
H2, P–H1, and Al–H2 bond distances in TS-AlPEth are 1.23 Å,
1.57 Å, and 1.73 Å, respectively, and the dihedral angle:H1–P–
Al–H2 is 9.34°, all of which closely match the corresponding
values in TS-AlPVic. However, the dihedral angle :P–C1–C2–Al
changes signicantly in TS-AlPEth it is −56.7°, while in TS-AlPVic
it remains nearly unchanged at 1.0°. This indicates that AlPEth
allows rotational adjustment about the C1–C2 bond during
reaction, thereby relieving strain, whereas such exibility is
absent in AlPVic due to the rigidity of the vinyl bridging unit. The
geometric similarities between the two transition states suggest
comparable energetic proles. To investigate this further, strain
and interaction energies were calculated. The strain energy
developed in AlPVic upon reaching the transition state was
found to be 21.15 kcal mol−1, while in AlPEth it was
18.95 kcal mol−1. The slightly higher strain in AlPVic can be
attributed to its restricted rotational freedom, as indicated by
the minimal change in the:P–C1–C2–Al angle. Conversely, the
strain energy within the H2 molecule at the transition state was
38.39 kcal mol−1 for TS-AlPVic and 44.25 kcal mol−1 for TS-
AlPEth. Consequently, the total strain energy for TS-AlPVic is
59.54 kcal mol−1, slightly lower than 63.20 kcal mol−1 for TS-
AlPEth. The interaction energies between H2 and the FLPs in
their respective transition states were also evaluated. In TS-
AlPVic, the interaction energy was −37.33 kcal mol−1, which is
lower than that of TS-AlPEth (−40.92 kcal mol−1). The reduced
interaction energy in AlPVic may be due to limited access to the
reactive site, resulting from the rigid vinyl bridge. This lower
interaction energy offsets the lower strain energy in TS-AlPVic,
while in TS-AlPEth, the higher strain is compensated by stronger
interaction with H2. Overall, these opposing effects result in
comparable transition state energies for both systems.

Further, in the adduct structure AD-AlPEth, the H1–H2
distance was found to be 2.23 Å, which is slightly longer than
the corresponding distance in AD-AlPVic (see Fig. 3). The dihe-
dral angles:P–C1–C2–Al and:H1–P–Al–H2 were calculated to
be −54.4° and 60.5°, respectively, in AD-AlPEth, whereas in AD-
AlPVic these values were 0.3° and 29.7°. This difference in
35472 | RSC Adv., 2025, 15, 35468–35478
dihedral angles further supports the observation that AlPEth
undergoes structural relaxation via rotation around the C1–C2
bond, which facilitates a more open geometry. As a result, the
newly formed P–H1 and Al–H2 bonds in AD-AlPEth are spatially
oriented away from each other, suggesting minimal interaction
between them. In contrast, the restricted rotation in AD-AlPVic
appears to maintain the proximity of these bonds, possibly
allowing intramolecular interaction between the hydrogen
atoms. This inference is supported by the NBO analysis of AD-
AlPVic, which reveals an orbital charge transfer (OCT) from the
bonding orbital s(Al–H2) to the antibonding orbital s*(P–H1)
with an associated stabilization energy of 3.6 kcal mol−1 which
is absent in the case of AD-AlPEth (see Fig. 3). This OCT supports
the geometric observations made in the adduct structures.
Although small, this interaction contributes to weakening of the
P–H1 bond in AD-AlPVic, thereby destabilizing the adduct and
resulting in a slightly higher DG compared to AD-AlPEth.

Unlike the AlP-based IFLPs, the B–P distances in BPEth and
BPVic were found to be signicantly longer, measuring 3.44 Å
and 3.21 Å, respectively (see Fig. S1). Notably, no bond critical
point (BCP) or s-bonding orbital was identied between the B
and P atoms in either system, as shown in Fig. S1 in the SI.
Instead of a direct s(B–P) bond, a lone pair orbital at P (lp(P))
and an empty p orbital at B (p(B)) were observed, along with an
orbital charge transfer (OCT) from lp(P) to p(B). The corre-
sponding OCT energies were calculated to be 1.59 kcal mol−1

for BPEth and 4.55 kcal mol−1 for BPVic. The higher OCT value in
BPVic is likely due to its more rigid structure, which brings the B
and P centres closer together, as evidenced by the small dihe-
dral angle :P–C1–C2–B of 0.6° in BPVic compared to the more
relaxed geometry in BPEth (see Fig. S1). These geometrical and
electronic features indicate that BPEth and BPVic behave as
classical, unmasked FLPs, in contrast to the masked nature of
the AlP IFLPs. This fundamental difference in bonding and
exibility between B–P and Al–P systems may contribute to their
distinct energetic proles, even under structurally analogous
conditions. In the case of the transition state of BPEth (i.e., TS-
BPEth), rather than an increase in B–P distance, as observed for
AlPEth, the distance decreases from 3.44 Å in BPEth to 3.07 Å in
TS-BPEth. Additionally, the dihedral angle :P–C1–C2–B
becomes −51.4°, suggesting a signicant structural distortion
and strain buildup. The calculated strain energy in TS-BPEth was
23.71 kcal mol−1, which is higher than the corresponding value
for TS-AlPEth. Moreover, the interaction energy between H2 and
BPEth in the transition state was calculated to be
−36.69 kcal mol−1, which is less favourable than that in TS-
AlPEth, indicating a higher DG for the reaction pathway in the
BPEth system. In contrast, in going from BPVic to TS-BPVic
involved only minor changes in structural parameters, resulting
in minimal geometric distortion. The overall strain energy in
TS-BPVic was calculated to be 47.70 kcal mol−1, which is lower
than that observed for TS-BPEth and contributes to a lower DG
for TS-BPVic. Furthermore, as observed in the AlP-based
systems, an OCT from s(B–H2) to the antibonding orbital
s*(P–H1) was absent in AD-BPEth, but present in AD-BPVic,
providing an explanation for their relative stabilities (see
Fig. S1).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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As in the cases of AlPEth and AlPVic, the electron density
contour plots of AlPNap and AlPBph, shown in Fig. 4, reveal the
presence of a bond critical point (BCP) between the aluminum
and phosphorus centres. Additionally, natural bond orbital
(NBO) analysis conrms the presence of a s(Al–P) bonding
orbital in both systems (see Fig. S2 in the SI). These ndings
indicate that AlPNap and AlPBph, like the other AlP-based IFLPs
investigated in this study, exhibit the characteristics of masked
FLPs. A closer geometrical comparison (Fig. 4) reveals that in
AlPBph, the P–C1 and Al–C2 bonds are bent inward toward one
another. This geometry arises from intramolecular Al–P inter-
action, resulting in a strained structure, consistent with
previous reports.39,41 During the formation of the transition
state, elongation of the Al–P bond alleviates this strain.
Fig. 4 Electron density contour plots and optimized geometries of (a)
structures and natural bond orbital (NBO) plots, highlighting key orbita
distances are given in the angstrom, the contours are plotted at 0.001 a.
a.u.).

© 2025 The Author(s). Published by the Royal Society of Chemistry
In contrast, the initial structure of AlPNap is less strained;
however, it exhibits the shortest Al–P bond distance i.e., 2.49 Å,
among all the AlP IFLPs studied. As a result, when H2

approaches AlPNap to form the transition state (TS-AlPNap),
signicant distortion occurs in the molecule. In the optimized
structure of TS-AlPNap, the Al–P bond length increases to 3.29 Å,
and the dihedral angle :P–C1–C2–Al changes from 0.0° in the
parent molecule to−29.4°. By comparison, in TS-AlPBph, the Al–
P bond length increases to 3.75 Å, and:P–C1–C2–Al changes to
only −13.5°, suggesting a comparatively lesser degree of
distortion. The calculated strain energy in TS-AlPNap was found
to be 80.87 kcal mol−1, which is not only higher than that in TS-
AlPBph (i.e., 75.12 kcal mol−1) but also the highest among all the
AlP-based IFLPs studied. This corresponds to the highest Gibbs
AlPNap and (b) AlPBph, along with their corresponding transition state
l charge transfer (OCT) interactions observed in the adducts. (All the
u. iso value and the electron densities at the bond critical points are in

RSC Adv., 2025, 15, 35468–35478 | 35473
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free energy (DG) for H2 activation in this series, underscoring
the energetic cost of the pronounced distortion in AlPNap.
Further structural insights can be drawn from the optimized
geometries of the adducts AD-AlPNap and AD-AlPBph, shown in
Fig. S2. AD-AlPNap appears to be more distorted than AD-AlPBph.
The NBO analysis reveals strong orbital charge transfer (OCT)
from the s(Al–H2) bonding orbital to the s*(P–H1) antibonding
orbital, with stabilization energies of 57.4 kcal mol−1 for AlPNap
and 51.4 kcal mol−1 for AlPBph. These strong OCT interactions
indicate signicant electronic perturbation and rationalize the
observed instability of both adducts. Similar, observation can
also be made for the BPNap and BBph form the Fig. S3 and S4 in
the SI.

Among all the IFLPs investigated in this study, the geminally
bridged IFLPs represent a particularly interesting case. The
optimized structure of AlPGem, along with the key natural bond
orbitals (NBOs), is shown in Fig. 5a. The corresponding tran-
sition state (TS-AlPGem) and adduct (AD-AlPGem) geometries,
including relevant bond lengths and angles, are provided in
Fig. 5b and c, respectively. Additionally, the optimized geome-
tries and NBO plots for the boron analogue (BPGem), including
TS-BPGem and AD-BPGem, are presented in Fig. S5 of the SI. As
illustrated in Fig. 5a, the optimized geometry of AlPGem shows
an Al–P distance of 3.28 Å, with the Al and P centres oriented
away from each other, in contrast to the close proximity
observed in other AlP-based IFLPs. NBO analysis reveals the
Fig. 5 (a) Optimized geometry of the AlPGem and NBO plots indicating
important orbitals and OCTs, optimized geometry of (b) of TS-AlPGem
and (c) AD-AlPGem along with important geometrical parameters. (All
the distances are in Å).

35474 | RSC Adv., 2025, 15, 35468–35478
presence of a lone pair orbital on phosphorus (lp(P)) and an
empty p orbital on aluminum (p(Al)), both aligned parallel to
one another but perpendicular to the molecular plane. Notably,
no orbital charge transfer (OCT) from lp(P) to p(Al) is observed.
Instead, two distinct charge transfer interactions are present:
p(C1]C2) / p(Al) and lp(P) / p*(C1]C2), with stabilization
energies of 7.81 kcal mol−1 and 6.10 kcal mol−1, respectively
(see Fig. 5a). These interactions are likely responsible for the
unique structural arrangement of AlPGem. The parallel orienta-
tion of the electron-rich lp(P) and electron-decient p(Al)
orbitals provides spatially separated reactive sites, allowing for
synergistic activation of the H2 molecule. This structural feature
plays a critical role in the reactivity of AlPGem.

In the transition state (TS-AlPGem), the Al–P distance
shortens to 3.09 Å, and the key geometrical parameters associ-
ated with H2 activation—namely the H1–H2, P–H1, and Al–H2
bond lengths are 1.15 Å, 1.60 Å, and 1.77 Å, respectively. The
dihedral angle :H1–P–Al–H2 is calculated to be −3.9°. The
total strain energy in TS-AlPGem is 54.49 kcal mol−1, the lowest
among all the transition states investigated in this study. This
relatively low strain correlates with the lower relative energy of
TS-AlPGem. In the resulting adduct (AD-AlPGem), the structural
parameters of the TS-AlPGem changes to 2.70 Å (H1–H2), 1.39 Å
(P–H1), 1.64 Å (Al–H1), and −31.6°(:H1–P–Al–H2). The
increased H1–H2 bond length and the substantial change in
dihedral angle suggest that the Al–H2 and P–H1 bonds are
spatially oriented away from each other, thereby minimizing
intramolecular interaction. This spatial separation likely
contributes to the enhanced stability of the adduct, as reected
in both its optimized geometry and electronic structure. A
similar behaviour is observed in BPGem, which also features
parallel lp(P) and p(B) orbitals. These arise from p(C1]C2) /
p(B) and lp(P) / p*(C1]C2) orbital charge transfers, with
associated stabilization energies of 21.11 kcal mol−1 and
4.85 kcal mol−1, respectively (see Fig. S5). The greater stabili-
zation from p(C1]C2) / p(B) charge transfer effectively
occupies the p(B) orbital, reducing its availability for interaction
with H2. As a result, BPGem exhibits a higher H2 activation
barrier, as evident from Fig. 2. This reduced reactivity is also
reected in the interaction energy between H2 and BPGem in the
transition state. The calculated interaction energy in TS-BPGem
is −28.74 kcal mol−1, which is less favourable compared to
−33.03 kcal mol−1 in TS-AlPGem. Consequently, BPGem displays
a higher DG for the transition state than AlPGem. Further, the
geometrical parameters obtained from the optimized structure
of AD-BPGem (Fig. S6) support the observed order of Gibbs free
energies (DG) of the adducts, consistent with the trends seen in
AD-AlPGem. The structural features of AD-BPGem reect reduced
stabilization compared to AD-AlPGem, thereby explaining its
relatively higher DG and lower thermodynamic stability.

Having examined each linker system individually, it is
instructive to consolidate these ndings and establish the
underlying reasons for the divergent behavior of Al–P and B–P
IFLPs.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Discussion

A broader perspective can be drawn by integrating the obser-
vations across all linker types and directly contrasting the AlP
and BP systems. The unifying conclusion from the structure
analysis is that AlP IFLPs frequently exhibit masked behavior
due to partial AlP bonding, while BP analogues consistently
retain classical frustrated Lewis pair character. In AlP systems
such as AlPEth, AlPVic, AlPNap, and AlPBph, the presence of a BCP
and a s(Al–P) orbital, as revealed by QTAIM and NBO analysis,
conrms a tangible AlP bonding interaction. This interaction
stabilizes the parent structures but reduces the extent of open
frustration, necessitating AlP bond elongation during H2 acti-
vation. In contrast, for BP analogues, BPEth and BPVic, no B–P
bond was identied; instead, a donor–acceptor interaction
between lp(P) and p(B) has been observed. This fundamental
difference underscores the susceptibility of AlP systems towards
strain and bond reorganization, while BP IFLPs remain dictated
by the accessibility of the empty boron orbital and the geometric
proximity enforced by the linker. The ethyl- and vinyl-bridged
cases clearly illustrate this point. AlPEth and AlPVic exhibit
similar activation barriers, despite differences in exibility,
because both must elongate a pre-existing Al–P bond during
reaction. Their masked nature is reected in comparable elec-
tronic structures and strain–interaction balances. On the other
hand, BPEth and BPVic behave differently, BPEth has a higher
barrier, while BPVic shows an approximately 4 kcal mol−1

reduction, attributable to improved orbital overlap between
lp(P) and p(B) in the more rigid framework. This divergent
response to the same modication highlights the contrasting
mechanistic origins of frustration. For AlP, masking by bond
formation dominates and is only weakly inuenced by ethyl
versus vinyl exibility, whereas for BP, the absence of bond
masking makes the system more responsive to linker imposed
preorganization.

The rigid aromatic linkers provide another interesting
comparison. In AlPNap, the shortest Al–P bond distance (2.49 Å)
among all AlP systems intensies the masked character,
resulting in the largest strain energy of 80.87 kcal mol−1 at the
transition state. This strain penalty translates directly into the
highest energy barrier for H2 activation. Conversely, AlPBph,
though also strained, begins from amore bent geometry with an
Al–P bond of 2.75 Å and requires less distortion, leading to
a lower barrier. The BP analogues follow the same trend of
BPNap being less favorable than BPBph, but the origin differs. For
BPNap and BPBph, the key factor is not the breaking of a B–P
bond, since none exists, but rather the geometric rigidity
imposed by the aromatic backbone and its effect on aligning
lp(P) and p(B). Thus, while both Al–P and B–P systems show
reduced reactivity in naphthyl-linked cases, AlP systems are
penalized by bond elongation and excessive distortion, whereas
BP systems are destabilized by restricted exibility and elec-
tronic delocalization.

The geminally bridged systems further emphasize the
contrast. AlPGem emerges as the most reactive AlP system, with
the lowest transition state energy (29.6 kcal mol−1) and themost
© 2025 The Author(s). Published by the Royal Society of Chemistry
stable adduct (13.6 kcal mol−1). This favorable prole arises
because the geminal bridge prevents effective overlap between
lp(P) and p(Al), thereby suppressing masking and preserving
true frustration. NBO analysis conrms the absence of lp(P) /
p(Al) charge transfer, with stabilization instead arising from
p(C]C) / p(Al) and lp(P) / p*(C]C) interactions. This
arrangement aligns the reactive orbitals in parallel, providing
spatially separated acid and base sites that synergistically acti-
vate H2. In contrast, the BP analogue BPGem exhibits a much
higher barrier (38.4 kcal mol−1). The p(B) orbital is signicantly
stabilized by p(C]C) / p(B) charge transfer, reducing its
availability to accept electron density during H2 activation. As
a result, BPGem shows weaker interaction energies with H2 and
a less stable adduct. The geminal case thus demonstrates how
identical bridging units can optimize AlP systems by unmask-
ing reactivity but hinder B–P systems by saturating the boron
acceptor orbital.

Together, these comparisons establish that the same struc-
tural motif can exert fundamentally different effects depending
on the nature of the Lewis acidic center. In AlP IFLPs, the
masked character requires careful management of AlP interac-
tions that is exible linkers like ethyl or geminal arrangements
reduce masking and yield lower barriers, while overly rigid
linkers like naphthyl exacerbate distortion and raise barriers. In
BP systems, the absence of masking means that linker effects
are transmitted directly to orbital alignment and charge trans-
fer, making rigid frameworks such as vinyl or biphenylene
benecial while naphthyl introduces excessive destabilization.
Thus, linker exibility stabilizes AlP systems but has limited
impact on BP, whereas rigid preorganization is advantageous
for BP but energetically costly for AlP. These ndings comple-
ment prior literature that studied either AlP or BP systems in
isolation.

From a design perspective, these results imply that AlP
systems benet from strategies that minimize AlP overlap, such
as geminal bridges or exible tethers, while BP systems are
more effectively tuned through rigid linkers that promote
orbital alignment without excessive strain. This distinction
provides a rational basis for tailoring intramolecular FLPs
toward specic applications. By identifying the contrasting
roles of strain and orbital interactions in AlP versus BP systems,
the present comparative framework extends beyond H2 activa-
tion and can guide the design of element-specic FLPs for
activation of other small molecules such as CO2, olens, and
C–H or C–F bonds.

Conclusion

In this study, the activation of dihydrogen was employed as
a diagnostic tool to assess and compare the degree of frustra-
tion in a series of structurally analogous AlP- and BP-based
intramolecular frustrated Lewis pairs (IFLPs). Through
detailed DFT investigations, the impact of various bridging
units ranging from exible (ethyl, vinyl) to rigid (naphthyl, bi-
phenylene, geminal), on the geometric distortion, orbital
interactions, and energetic proles was systematically analyzed.
The calculated Gibbs free energies for transition states and
RSC Adv., 2025, 15, 35468–35478 | 35475
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adducts served as key metrics for quantifying the degree of
frustration within each system. A fundamental difference in the
electronic nature of Al–P and B–P pairs emerged. AlP-IFLPs
generally exhibit masked character due to partial Al–P
bonding, while BP-IFLPs behave as classical, unmasked FLPs
with spatially separated acid–base centres. Despite structural
similarities, these intrinsic differences led to distinct responses
upon modication of the bridging unit. For example, the
geminal-bridged AlPGem displayed the lowest transition-state
energy, highlighting its optimal balance between structural
preorganization and electronic separation. Conversely, systems
like AlPNap, though preorganized, exhibited high strain penal-
ties upon activation, leading to reduced reactivity. This
comparative approach establishes H2 activation not as an end
goal, but as a measure of structural and electronic frustration in
FLPs. The insights derived here provide a foundational frame-
work for rational FLP design, emphasizing the importance of
tuning not only the acid–base strength but also the spatial and
electronic interplay enforced by the linker. Future work may
extend this methodology to predict and tailor reactivity toward
more challenging small molecules.
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