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o-Carborane can be regarded as one of the most versatile bridging
units for intramolecular frustrated Lewis pairs (IFLPs) due to the
coordination dichotomy of the cage. The acidity and basicity of the
active centres can be modulated to control the thermodynamic,
kinetic, and mechanistic pathways of the reaction with CO, simply
by positioning the active centres at different coordination sites on
the carborane unit.

Introduction

Since the first successful application of sterically encumbered
Lewis acid and base pairs for the activation of H, molecules,’
various Lewis pairs (i.e., frustrated Lewis pairs (FLPs)) have
been investigated for the activation of small molecules such as
CO,.**' Along with the development of new FLPs, to control
the kinetics and thermodynamics of their reactions, chemists
have also tried to modulate the frustration (i.e., reactivity) of the
FLPs by functionalizing the acidic and basic centres with
electron-withdrawing and donating groups.** Trujillo and Fer-
nandez introduced an innovative approach to control frustra-
tion of the FLPs by enhancing the acidity and basicity of active
centres through aromaticity.>®** The implications of the aro-
matic modulation on the mechanistic aspects have also been
extensively studied recently by us.>>*® Apart from the modifica-
tions at the active centres, the reactivity of the FLPs can also be
controlled by restraining the acidic and basic sites via appro-
priate bridging units. This may reduce the entropic factors and
immobilize the active centres at an appropriate distance in
suitable angles necessary for the highest reactivity.>”*®* For
bridged FLPs, known as intramolecular frustrated Lewis pairs
(IFLPs), an increase in reactivity toward CO, has been
observed.”’®° Jiang et al. investigated a series of bridged
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phosphorus/boron (P/B) IFLPs for the conversion of CO, into
formic acid.*® They concluded that IFLPs with longer chains
and unsaturated bridging units are more efficient, as these
features may provide the proper spatial restriction to the active
centres crucial for higher turnover frequency, as reported by
Das et al.”’

However, the bridging units that enhance electronic effects
at the active sites of IFLPs, along with their optimal immobiliza-
tion, remain underexplored. Such units could advance IFLP
development for CO, sequestration. In this regard, o-carborane
can emerge as an intriguing bridging unit due to its coordination-
dependent electronic effects (i.e., coordination dichotomy) within
the cage structure (see Scheme 1a).*’”** It has been found that
positioning borane at the carbon atoms of the cage significantly
increases its acidity,”* while adding phosphine at the 9th position
creates a highly electron-rich phosphinoborane.**”® Thus, o-
carborane may offer rigid support to active centres and modulate
IFLP reactivity. In 2019, Welch and coworkers reported the first
Lewis acid- and base-functionalized carborane, 1-Bcat-7-PPh,-
closo-1,7-C,B1oHyo (Where Beat is catecholylboryl),®” which cannot
be considered as an FLP due to the lack of minimum require-
ment for frustration. Later, the Xie group introduced the first
o-carborane-based IFLP (o-IFLP), 1-PPh,-2-BPh,-1,2-C,B;oH;0,
demonstrating its application in tri-insertion and dearomatiza-
tion of terminal arylalkynes.’® Based on these developments, Zhu
and colleagues theoretically investigated the dinitrogen activation
by the o-IFLP.*® Recently, we have also studied the o-IFLP for CO,
activation.’® However, the effects of coordination dichotomy in
carborane cages on IFLP activity remain unexamined. Thus, in
this work, leveraging the electronic effects of o-carborane (see
Scheme 1a),*'* we proposed four unique o-carborane-bridged
P/B IFLPs for CO, activation (see Scheme 1b and Section S1 of the
ESIt). In BP, where both acidic and basic sites are located on the
electron-withdrawing C1 and C2 atoms, the acidity of -B(CHj), is
expected to increase, while the basicity of -P(CH;), may decrease.
In BP3, with active sites on the electron-donating B9 and
B12 atoms, the reverse is anticipated. For BP1, -P(CHz), at the
neutral B5 site likely retains its basicity, with -B(CHj;), at the
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Scheme 1

electron-withdrawing C1 site. In BP2, -B(CHj),’s acidity should
remain unchanged, while the -P(CHj3),’s basicity may increase as
it is positioned on the B9 atom. The expected variations in the
acidity and basicity of the active sites can be correlated with the
hydride ion affinity (HIA) and proton affinity (PA) of -B(CHj;),
and -P(CHj;),, respectively, at various coordination sites given in
Table S4 of the ESL

The proposed IFLPs were fully optimized at the M062X/
Def2TZVP level of theory.*""*> To validate the anticipated elec-
tronic effects on the IFLPs at different coordination sites of
the cage, their electronic structures were compared with
unsubstituted o-carborane using natural bonding orbitals
(NBOs) and electron occupancies. The molecular electrostatic
potential surface (MESP) of the o-carborane, shown in Fig. S1b
of the ESI{ reveals the anisotropy of electron density,
hence, the coordination dichotomy in terms of maxima
(Vimax = 39.6 keal mol ™) and minima (Vi = —14.48 keal mol ™)
at the cage. NBO analysis shows that an electron withdrawing
effect at C atoms results from electron deficit due to the hyper
coordinated state of C atoms via orbital charge transfer
to the bridging B (i.e.,, B3 and B6) atoms of the cage (see
Section S2 of the ESIf). The electron donating ability of the B
atoms of the cage arises from the electron excess via three
centre two electron bonding. The bonding behaviour of the
IFLP carborane cage is consistent with that of o-carborane (see
Section S1 and Tables S1, S2, ESI{), confirming the expected
electronic effects at specific sites. Furthermore, quantum the-
ory of atoms in molecules (QTAIM) was employed to analyse
electron density around -P(CH3;), and -B(CHj;), in the IFLPs to
assess the impact of coordinating sites on their basicity and
acidity.

Electron density plots (Fig. 1) reveal a significant increase in
electron density (p) at the bond critical point (BCP) X between P
and B atoms as the positions of -B(CH;), and —-P(CHj), shift
from C1 and C2 to B5, B9, and B12 in the IFLPs. In BP p at X was
0.0726 which is the lowest among those of all the IFLPs, while
in BP3 p was found to be the highest. For BP1 and BP2, p was
0.0950 and 0.0890, respectively. This indicates that the basicity
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(a) General structure of o-carborane with labels and (b) investigated IFLPs in the present work.

of -P(CH3), increases due to the electron donating effect of
boron atoms of the cage. Furthermore, the fractional percen-
tage changes in BX and PX distances relative to the BP distance
in IFLPs indicate the degree of electron density polarization
between B and P. In BP, the BX fraction was 34.4% which
decreases to 32.6% in BP1 signifying increased electron density
transfer from P to B in BP1. Thus, positioning -P(CHz3), at the
B5 position enhances basicity while maintaining electron defi-
ciency of -B(CH3), at the C1 position. In BP2 and BP3, the BX
fraction was found to be ~33.2%, which was slightly higher
than that in BP1. This increase is due to the reduced electron
deficiency of -B(CHj),, resulting from coordination with the
electron-donating B5 or B9 atoms of the cage. Electron density
analysis confirms the influence of coordinating sites on the
IFLPs’ active centres. Although these variations may appear
minor, they significantly impact the reaction energetics. Initi-
ally the CO, molecule interacts with the IFLPs to form reactant
complexes (RCs) via an interaction between the lone pair orbital
of P (Ip(P)) and ©*(C—0) of CO,, and the lone pair orbital of O
(Ip(0)) and empty p,(B). The orbital charge transfer (OCT) from
the lone pair orbital of P (i.e., Ip(P)) in the IFLPs and the O atom
of CO, (i.e., Ip(0)) to the n* (C—O0) orbital of CO, and empty p,
of the B atom of the IFLPs, respectively, is given in Table S3
(ESIt). The Ip(P) —» 7*(C=O0) and Ip(O) — p,(B) OCTs range
from ~3 to ~7 kcal mol '. Furthermore, the interaction of
CO, with IFLPs releases the strain imposed by the B-P inter-
action on the catalysts. The energy released due to this strain
removal is also tabulated in Table S3 (ESIt). In BP3 an energy of
4.8 kecal mol ™! is released on interaction with CO, which is the
highest amongst all RCs. The trend in strain release dictates the
trend of AE in the RCs (see Fig. S3, ESIt) indicating the CO,
complexation with IFLPs as a strain driven process. Also, due to
the complexation, the entropy of the system decreases which
leads to the increase in their relative free energy (AG) as shown
in Fig. S3 (ESIT). The positive (AG) signifies that the complexa-
tion of CO, with IFLPs is an endergonic process which appears
in the attainment of the transition state of the reactions.
Considering the entropic effects, the energetics of the reactions
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Fig. 1 Electron density plots along with bond critical point (BCP) and inter basin paths between the acidic (B) and basic (P) sites of BP, BP1, BP2 and BP3
along with respective optimized geometries. (The solid circles in black are the BCPs, the red lines are the inter basin paths, purple lines are the paths
connecting critical points, X indicates the BCP between B and P, the BP, BX, and XP distances in A are indicated with magenta arrows with the fractional

percentage of distances, and the electron density at X is represented by p.)

have been discussed in terms of relative free energies. The
relative free energy profile for the reaction of CO, with IFLPs is
given in Fig. 2 along with labelled optimized structures of the
transition states and the formed adducts observed in the
reactions.

Fig. 2 illustrates that CO, activation in BP requires an
activation energy (E,) of 17.9 keal mol ", the highest among those
of all the investigated IFLPs. Relocating the -P(CHj), group
from the C atom to the B5 position in BP1 reduces the E, by
6 kcal mol . Further repositioning the -B(CH;), and -P(CHj),
groups to the B5 and B9 positions, respectively, in BP2 lowers the
E, to 8.7 kecal mol . This progressive reduction in E, with the
positional changes of the B and P sites highlights the role of
increased basicity in facilitating CO, activation. As the basicity of
the P site increases upon moving from C to B5 and B9, the

This journal is © the Owner Societies 2025

interaction between the P atom and the C atom of CO, becomes
stronger. This is reflected in the enhanced Ip(P) — n*(C=O0)
orbital charge transfer (OCT) values, as shown in Table 1. Con-
versely, the acidity of the B site decreases, leading to a weaker
interaction between the B atom and the O atom of CO,, evidenced
by the reduction in Ip(0) — p,(B) OCT from 59.4 kcal mol ' in
TSBP to 19.9 kecal mol ™" in BP2 (see Table 1). These variations in
the electronic interactions are further corroborated by changes
in the geometrical parameters of the transition state (TS)
structures, providing additional insights into the impact of
site-specific modifications on CO, activation.

For instance, in TSgp the OCO bond angle was 153.7°, which
decreases to 151.7°, 150.3° and 148.3° in TSgp; and TSgpy,
respectively, which is accompanied by decreasing PC distances.
Also, in TSgp the BO distance was 1.84 A which subsequently
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Fig. 2 Relative free energy profile for the reaction of CO, with the proposed IFLPs. The optimized geometries of the TSs and ADs obtained in the
reactions are given along with appropriate labels and important geometrical parameters (bond distances are in A and the angles are in degrees, and

relative energies are in kcal mol™).

Table 1 Important orbital charge transfers (OTCs) in the TSs obtained in
the reaction of CO, with proposed IFLPs (all the values are in kcal mol™)

Ip(P) > n*(C=0)  Ip(0) — p,(B)

TSgp 124.6 59.4
TSpp1 163.8 28.9
TSgps 195.4 19.9
TSkps 257.4 14.7

increased in TSgp;, TSgp, and TSgps. The increasing BO distances
indicate the diminishing B-O interaction in TSs. The changes in
P-C and B-O interactions align with the variation in the acidity
and basicity of -B(CHj3), and -P(CHj3), due to the coordination
dichotomy of the carborane cage discussed earlier. From these
results it can be concluded that the increment in the basicity of
the P site on relocation controls the CO, activation capacity of the
IFLPs where the acidity of the B site is lower. However, when the
acidity of the B site is highly enhanced and basicity is signifi-
cantly reduced (i.e., in BP), the transition state becomes the least
stable. Thus, through systematic coordination of active centres
on the carborane cage, the reaction kinetics can be effectively
controlled. The CO, activation energies obtained in all cases are
significantly lower than those reported for various bridged
IFLPs studied by Jiang and coworkers.*® In their study, the
activation energy for CO, ranged from 18 to 36 kcal mol ?,
whereas the highest barrier among the IFLPs presented in this
work does not exceed 18 kcal mol . Additionally, these activa-
tion energies are lower than those of aromatically modified P/B
IFLPs.>* Thus, the o-carborane bridging unit not only provides

4590 | Phys. Chem. Chem. Phys., 2025, 27, 4587-4592

effective immobilization of the active site but also introduces
significant electronic effects, making it a superior approach for
enhancing the reactivity of IFLPs compared to previously inves-
tigated methods. Furthermore, as in TSs, the effect of coordi-
nating sites of the carborane can be observed in the relative
stabilities of the ADs. In the case of BP1, the acidity of -B(CHs),
has been greatly enhanced without any change in the basicity of
-P(CHj3;), giving the most stable adduct ADgp; with a relative
energy of -2.6 kcal mol ™. As the acidity decreases, on changing
the position of -B(CH3), in BP2 and BP3, the adducts become
less stable despite the increment in the basicity of -P(CHj),. It is
also important to observe that the variation in the stability of
the ADs can also be seen from the variation in PC, BO distances
and OCO bond angles. Furthermore, in BP where the acidity is
significantly increased, the formed adduct (ADgp) was found to
be the least stable because of the markedly reduced basicity of
-P(CH3;),. Thus, the stability of the adduct is controlled by the
acidity of -B(CHj;), with an appropriately basic -P(CHj3), group.
This indicates that the reaction thermodynamics can also be
manipulated by coordinating active centers at different sites of
the carborane cage. To better understand the influence of the
coordinating sites of the carborane cage on the mechanistic
aspects of the IFLPs toward CO,, the variation of the principal
interacting orbital (PIO) based index (PBI)**** along the intrin-
sic reaction coordinate (IRC) paths was investigated (see
Section S1 for details, ESIt).

Ip(P)/n*(C=0) and Ip(O)/p,(B) were considered as the 1st
and 2nd PIO pairs and the PBI vs. IRC plots are divided into
different regions based on the inflection in the curves (see
Fig. 3). The curve slopes in these regions were analysed to
assess the rate of P-C and B-O interactions. It can be observed

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp00020c

Open Access Article. Published on 10 February 2025. Downloaded on 12/14/2025 6:14:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

BP

1.2 4 | noom v
S > <D=
1 1 1

1.0
0.8

0.6

PBI

0.4

0.2

0.0

BP2

PBI

0 5 10 15 20
IRC
@ 1st P|O Pair

View Article Online

Communication

BP1

PBI

BP3
1.2 - I I 1] v

1 0.014 1
1

1.0

0.8

PBI

0.6

0.4

0.2

0.0 T
0 5 10 15 20

IRC
@ 214 P|O Pair

Fig. 3 Variation of the principal interaction orbital (PIO) based index (PBI) along IRC paths for the reaction of CO, with the proposed IFLPs (the slopes of
the corresponding curves in different regions are given in respective colours; the solid yellow circles represent the point of inflexion in the curves).

from region I of all the IFLPs shown in Fig. 3 that the reaction
initiates with P-C interactions, however, as the CO, molecule
comes into the close vicinity of the reactive site, the reaction
mechanism is controlled by the reactivity of the active sites. For
instance, in region II of BP the 2nd PIO pair shows a steeper
slope than the slope for the 1st PIO pair, while opposite has
been observed in the cases of BP1, BP2 and BP3 (see Fig. 3).
This suggests that in IFLPs with enhanced basicity, basic sites
play a major role in the attainment of the TS. Likewise, in
region III of BP the slope of the 2nd PIO pair becomes smaller
than the slope of the 1st PIO pair whereas in BP1, BP2 and BP3
the trend is vice versa. This shows that in BP the adduct
formation is controlled by the basic site while the acidic site
controls the adduct formation in other IFLPs. Thus, PIO
analysis along the reaction path shows that the reaction
mechanism can be controlled by modulating the acidity and
basicity through appropriate substitution on the carborane
cage which is in accordance with previous understanding of
FLPs.>**

This journal is © the Owner Societies 2025

In summary, this work introduces o-carborane as a novel
and versatile bridging unit for IFLPs, enabling control over
reaction kinetics and thermodynamics through the coordina-
tion dichotomy of the cage structure. DFT calculations show
that the acidity and basicity of the active sites can be modulated
by adjusting their respective coordination on the carborane
cage. IFLPs with an acidic site on the carbon atom of the cage
and a basic site on the adjacent B atom form the most stable
adduct with moderate activation energy. The use of o-carborane
as a bridging unit for IFLPs paves the way for the development
of a new range of FLPs. We believe that this work will inspire
the rational design and development of o-carborane-bridged
IFLPs for CO, sequestration and utilization.

Data availability

All the data supporting the findings of this article are provided
in the ESL¥
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