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Unique catalytic role of intermolecular electric
fields that emanate from Lewis acids in a ring
closing carbonyl olefin metathesis reactiont
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Electric field (EF) catalysis has evolved as an effective tool for controlling reactivity and selectivity of
reactions. While EF catalysis brings precise control over reactivity, it also challenges the concept's
practical realization due to the difficulties in juxtaposing reactants with directional EF. The present
density functional theory (DFT) studies demonstrate the catalytic role of the inherent intermolecular EFs
that originate from Lewis acids (LA) during a ring-closing carbonyl—olefin metathesis (RCCOM) reaction.
The specificity of LA coordination to reactants generates specifically oriented intermolecular EF compo-
nents along the reaction axis which is defined parallel to the direction of flow of electrons wherein
the influence of the EF would be at maximum. By examining the thermal [2+2] cycloaddition and carbo-
nyl-ene reaction steps in a RCCOM reaction as model systems, the results revealed the pivotal role of
intermolecular EF in mixing some of the dormant ionic structures into normal covalent structures and
facilitating a partial rotation of the nonbonding orbitals at the carbonyl oxygen to enhance an ionic
pseudo-pericyclic pathway. The unique role of intermolecular EF is further verified by modelling the

Received 28th December 2024, pristine reaction, in the absence of LAs, under oriented external EFs. The conspicuous intermolecular EF

Accepted 14th February 2025 component adds to other modes of catalysis, such as conventional Lewis acidity, to result in the gross
catalytic effect. The findings offer insights into the practical realization of EF catalysis by harnessing the

intermolecular EFs and point out the need to include intermolecular EF as an inevitable factor for a
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1. Introduction

Oriented external electric fields (EFs) are future smart reagents
and invisible catalysts for chemical reactions.' The mechanism
of oriented external EFs acting as an invisible catalyst in
chemical reactions has been explained by theory and demon-
strated by experiments.”* Oriented external EF as a stimulus
imparts changes in structure, bonding, electronic states, and
the reaction outcome.” The details on the impact of an oriented
external EF on chemical reactions such as the Diels-Alder
reaction,”® C-H bond activation,’ methyl transfer,'® dispropor-
tionation of methanol into methane and formaldehyde,"
nucleophilic substitution,'? electrophilic aromatic substitution,*
modulating entropy,"* and pH effects'® in water, oxidative
addition,'® and catalyst free hydrogen synthesis'” were reported.
EF can selectively polarize molecules, modify solvation dynamics,
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holistic explanation of any catalytic mechanism.

and stabilize reactive intermediates, improving catalytic efficiency.
EF-induced electro-freezing can also restrict the dynamics of the
hydrogen bond network in water and result in a ferroelectric
amorphous phase."® Recent advancements in utilizing the inher-
ent internal EFs in water microdroplet chemistry have generated a
novel approach to harness EF catalysis in chemical reactions.*>*
The naturally occurring high EFs at the peripheries of water
microdroplets serve as a highly efficient catalyst for a range of
reactions such as proton transfer,” halogen-bond breaking,>
nucleophilic addition,>* alkylation,® photolysis of H,0,,*
methane oxidation® and cross-coupling reactions between C-H
and N-H bonds.*® However, some reports suggest that Diels-Alder
reactions in water microdroplets which are driven by rapid
evaporation and reagent enrichment have minor EF contribution
towards the gross catalysis.>’ Nature utilizes a preorganised
intrinsic EF within enzymes to bring efficient catalysis.® Tailoring
charged functional groups on the porphyrin ring was effective in
catalysing hydrogen atom transfer reactivity of the ferryl [Fe(v)-
oxo] in metalloenzyme analogues due to the generation of an
oriented intrinsic EF.***° As such, catalysis that utilizes the
intrinsic EF is a promising area and it opens up a new avenue
for the practical use of EF catalysis.
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Scheme 1 Mechanistic details of the RCCOM reaction catalysed by the LA.

The present study provides a comprehensive analysis of the
role of intermolecular EF emanating from a Lewis acid (LA) in a
[2+2] cycloaddition as well as in the competitive carbonyl-ene
reaction that occurs concurrently in a ring-closing carbonyl-
olefin metathesis (RCCOM) reaction. In the following discus-
sion, we quantified the intermolecular EF generated by two LA
catalysts, [AICI,]'[SbFe]~ and its neutral counterpart [AICl5], in
the reaction and subsequently demonstrated the catalytic role
of the intermolecular EF. The intermolecular EFs showed
unique catalytic activity by enhancing the conventional LA
catalysis as well as stabilising some of the dormant ionic
structures involved in a pseudo-pericyclic pathway.*>°

The LA catalysed RCCOM proceeds via two pathways under
thermal conditions as shown in Scheme 1. The other most used
LAs include GaCls;,*>" FeCl;,** tropylium cations,® Bronsted
acids,*® and various other organic reagents.”® Scheme 1 shows
a [2+2] cycloaddition reaction in the carbonyl-olefin metathesis
with a competing carbonyl-ene reaction pathway. The carbo-
nyl-ene reaction pathway proceeds through a six-membered
cyclic transition state (TS1-LA) where the B-hydrogen shifts
from an olefin to carbonyl oxygen to generate the intermediate
I1-LA. Subsequently, a hydroalkoxylation step yields an oxetane
(I2-LA) as shown in Scheme 1. Alternatively, the thermal [2+2]
cycloaddition, through TS2-LA, can also lead to the formation
of the oxetane (I2-LA). The retro [2+2] cycloaddition of the
oxetane results in the formation of the carbonyl-olefin meta-
thesis product (PD).*® The present study is focused on the
catalysis imparted by the intermolecular EFs on the thermal
[2+2] cycloaddition and carbonyl-ene reaction.

2. Computational details

All calculations were performed with the Gaussian 16 suite
program.’” All geometries were optimized at the B97-D*®*3°
density functional theory (DFT) with the Def2-SVP basis set
(B1).*>*" Geometries were optimized at the SMD implicit solva-
tion model considering 1,2-dichloroethane as the solvent.”
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Frequency calculations were performed at the B1 level of theory
where the transition states (TSs) were characterised by one
imaginary frequency corresponding to the reaction coordinate,
whereas the reactants (RCs) and intermediates (Is) were devoid
of any imaginary frequency. The intrinsic reaction coordinate
(IRC) calculations were used for further verification of the
optimized TSs.**™** Energies were further refined at the B97-
D/Def2-TZVP*° level of theory (B2) in a similar solvation model
as in B1 optimization. The EF calculations were performed by
single point calculations on the B1 optimized geometries at the
B2 level of theory, as well as on geometries optimized at the B2
level of theory in the presence of the EF. The intermolecular EFs
were quantified using the TITAN code.’® Implicit solvation
models in the present study under higher EFs are aimed to
mimic the intermolecular EF generated by the LAs. However,
such solvation models lack solvent specific charge transfers
under high EFs'>'® which are more relevant in a real reaction
in solvents in an external EF experimental setup.

3. Results and discussion

The introduction of an LA into the RCCOM reaction results in
efficient catalysis under mild experimental conditions.?” The
ion-pair ([AICl,]'[SbFe]7) LA is generated from the precursors
AgSbF¢ and AICl; as an active catalyst for the reaction. The
in situ generated LA acts as a strong Lewis acidic super-
electrophile to stimulate relatively unreactive RC in RCCOM
reactions as in Scheme 1.3°

3.1. Quantification of the intermolecular EF and catalysis

The proximity of the LA can impart an extreme (>0.01 a.u.”) EF
on the reactants and the resultant mechanistic changes that
lead to catalysis are of prime importance.*® The quantification
of intermolecular EF as a function of LA proximity and its
catalytic activity is summarised in Fig. 1. The equilibrium
distance, defined as ‘d’, between an aluminium atom in the
LA ([AICL,]'[SbF,] ") and the RC carbonyl oxygen (Og) is 1.79 A in

This journal is © the Owner Societies 2025


https://doi.org/10.1039/d4cp04879b

Published on 15 February 2025. Downloaded on 4/11/2026 10:04:10 PM.

View Article Online

PCCP Paper

) ® O
||3( CH, (I,CHJ
y
( Cb'é"\ (XN oF | 8 0® N
e : | 20 +F -F.
( -- \tl /(’ &I B — C, d a—
N |
o v =01
(&} 1

TS1-LA RC-LA TS2-LA
LA = [AICL]* [SbF ]
Or
b) <) AICl,
0.07 30
28
—~ 006 3
= 26
E £
N’
= -0.05 g 24
= £
k= g 22
5 —e— AICI, S ~ e—[2+2] cycloaddition
% [AICL]" [SbFg] m“ —=—Carbonyl-ene reaction
-0.03 Il 18+
£ &
< < 16
= -0.024
14
-0.01 T T T T T T 12 T T T T T
d d+25  d+50  d+T5 d+1 d d+.25 d+50 a+.75 d+l

Distance (A) Distance (A)

Fig. 1 Quantification of the intermolecular EFs and their catalytic activity. (a) Structural details of RC-LA, TS1-LA and TS2-LA. The green arrow denotes
the reaction axis in RC-LA. (b) The intermolecular EFs (in a.u.) along the reaction axes as a function of LA proximity. The x-axis shows the LA distance from
the RC (O4—LA). The blue line shows intermolecular EFs for the [AICL,]*[SbFe]l ™, and the green line shows intermolecular EFs for AlCls. (c) Energy barrier

(AE) as a function of LA ([AICL,]*[SbFe] ) distances. The black line shows AE
represents AE for the [2+2] cycloaddition reaction (AE = (Etsa-1a)

both RC-LA and TS1-LA, while it is 1.74 A in TS2-LA. In the case
of LA (AICl;), the equilibrium distance ‘@’ is found to be 1.82 A
in both RC-LA and TS1-LA, and 1.77 A in TS2-LA. The proximity
effect of the LA to the reactant was analysed by imposing
manual displacement to the equilibrium distance ‘d’ along
the O4-LA direction. Fig. 1b shows the amount of intermole-
cular EF along the reaction axis as a function of the proximity of
the LA to the reactant. The intermolecular electric field (EF) is
computed using the TITAN code, as illustrated in Fig. S1 in the
ESI.f The intermolecular EF due to the LA is mapped onto the
axis that starts from oxygen (O4) and passes through the carbon
(C,) atom as shown in Fig. 1a. In the optimized geometry of the
LA ([AICL,]'[SbFs] )-coordinated RC, the intermolecular EF
along the reaction axis is —0.0507 a.u. and for LA (AICl;), the value
is —0.0658 a.u. As the distance increases to (d + 1) A, the inter-
molecular EF value decreases to —0.0141 a.u. for LA(JAICL,] [SbFe] )
and —0.0213 a.u. for LA(AICL,), respectively. The results also under-
score that the use of an ion-pair ([AICL,]'[SbFe]") may not always
bring enhanced intermolecular EF components along the reaction
axis. The net intermolecular EF component along the reaction axis,
which is a vector, depends on the relative orientation of charges in
space. The intermolecular EF displays non-homogeneity within a
reaction, suggesting a complex spatial dispersion of electrostatic
forces.***® The intermolecular EF value approaches near zero at a
longer distance of LA as shown in Fig. 1b and Table S1 (ESIY).
Both carbonyl-ene and [2+2] cycloaddition reactions are
catalysed by AICl; and the [AICI,]'[SbFe]~ ion-pair. However,
the ion pair catalysed reaction has a lower energy barrier
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for the carbonyl-ene reaction (AE = (Etvsi-1a) — (Erc-1a)), and the red line

— (Erc-1a)). The ‘d’ represents the equilibrium distances in A (0.001 a.u. = 51.4 mV A™Y).

than its neutral counterpart. The energy barriers for the carbonyl-
ene and [2+2] cycloaddition reactions are 14.1 and 14.4 kcal mol "
respectively with the ion-pair LA catalyst and the barriers are
further increased to 15.9 and 17.1 kcal mol " respectively with
the AICl; catalyst as shown in Fig. 1c and Fig. S2 in the ESL¥
The lower energy barriers for the ion-pair catalyst, irrespective
of having a lower magnitude of intermolecular EF along
the reaction axis, are due to the enhanced Lewis acidity
which is successively discussed in the article after detailing
the EF catalysis. Fig. 1c displays the energy barrier of the
[AICIL,]'[SbFe] ™ catalysed reaction as a function of LA proxi-
mity. LA-[AICl;] also showed similar trends between the energy
barrier and LA proximity (Fig. S3 in the ESIf). The separa-
tion between the RC and the LA directly impacts the energy
barrier as shown in Fig. 1c. As the distance extends from the
equilibrium distance ‘@’ to (d + 1) A, the AE increases from
13.27 kecal mol " to 18.02 kcal mol * for the carbonyl-ene
reaction and from 13.73 keal mol " to 29.61 keal mol ™" for the
[2+2] cycloaddition reaction (Table S2 in the ESI{). It should be
noted that the barrier of the reaction shows a continuous
increase as a function of distance between the RC and LA and
it does not show any sudden increase while detaching the
Lewis coordination. All in all, the distance between the RC
and LA affects the catalysis, apart from the conventional
LA coordination, by imparting an intermolecular EF along
the reaction axis. The so-generated intermolecular EF
also enhances, complementarily, the conventional LA catalysis
(vide infra).
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3.2. Origin of catalysis along the reaction axis due to the
intermolecular EF

In RCCOM, the innate covalent structure of RC-LA needs to be
changed to a more ionic structure to facilitate the reaction. The
covalent electronic structure along with its ionic resonance
structure is shown in Scheme 2. Even though the ionic reso-
nance structure is not normally attainable, a properly oriented
component of an intermolecular EF or an oriented external EF
analogue can stabilise such dormant polar configurations and
mix them into the covalent structure. Enhanced stabilisation of
the ionic structure brings catalysis in carbonyl-ene reactions
and facilitates a pseudo-pericyclic pathway for the thermal [2+2]
cycloaddition reaction as detailed in the following discussion.

The LA coordination stabilises the negatively charged oxygen
in the carbonyl-ene reaction, which abstracts the B-hydrogen
atom present in the olefin group. The feasibility of both
reactions in Scheme 2 is attributed to the stabilisation of the
negative charge present in the O4 atom and the positive charge
in C,. The carbonyl-ene reaction proceeds through a concerted
six-membered TS as shown in Scheme 2.°" The n-orbital of the
alkene, C,—Cy, overlaps with the m*-orbital of the carbonyl
C~—0q to form the C,-C. bond as shown in Fig. 2b. The
molecular orbitals (MO) from a minimalistic model between
formaldehyde and isobutene are displayed in Fig. 2b-d as the
MOs of the LA coordinated RCCOM reaction are cumbersome.
The presence of intermolecular EFs stabilises ionic structures
and consequently changes C, to become more cationic and Oq4
more anionic. During Cp,-C. bond formation, the reactant also
undergoes a geometrical change to smoothen the abstraction
of the allylic proton by the anionic O4. The ©* orbital of the
carbonyl group (C.—04) aligns with the o* orbital of the C—H
bond for a better overlap during the O4-H bond formation in
the concerted carbonyl-ene reaction. Orbital interactions in the
carbonyl-ene reaction are shown in Fig. 2b. The geometrical
changes are depicted in Fig. 2 where the dihedral angle, w4,
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undergoes a significant transition from 67.24° in RC-LA to
55.57° in TS1-LA, to form the Cp-C. bond. Similarly, the
changes in dihedral angles w, and w; by 7.93° and 3.14°,
respectively, facilitate the overlap between the donor m*-orbital
at the C.~Oq4 and the acceptor C—H o* orbital.

A pericyclic pathway for the concerted [2+2] cycloaddition is
thermally forbidden.”® Instead, the reaction proceeds via an
ionic pseudo-pericyclic pathway as given in Scheme 2. The [2+2]
cycloaddition proceeds with the formation of two new bonds
between C;, and C. and between C, and Oq4 as shown in Fig. 2c
and d. Along with the C,—C. bond formation, the nonbonding
orbitals at the O4 atom, which is perpendicular to the C.—0q4
n-orbital, rotate and form a bond with the cationic C,. The
overlap of the nonbonding orbital at the O4 and the vacant
p-orbital at the C, atom leads to the bond formation and it does
not require either C,=—Cy, or C.—04 bonds to rotate 180°. The
partial rotation of the nonbonding orbital at the O4 atom and
the vacant p-orbital at the C, atom plays a crucial role in
facilitating the C,~O4 bond formation and the corresponding
transition state (TS2-LA) is depicted in Fig. 2d. The angle w,
undergoes a significant transition from 67.24° in the initial RC-
LA to 36.59° in the subsequent TS2-LA indicating the rotation of
the nonbonding orbital towards the vacant p-orbitals at the C,
atom. Similarly, angles w, and w; experience shifts of 29.30°
and 19.65°, respectively, where the rotations facilitate overlap of
the donor nonbonding orbital at the O4 and the acceptor vacant
p-orbital at the C, atom.

3.2.1. Results with an oriented external EF. To ascertain
the sole role of EF in the reaction, we considered the pristine
reaction without the coordinated LA. The oriented external EF
is applied along the reaction axis in RC and TSs akin to the
intermolecular EF’s magnitude and directions. As depicted in
Fig. 3, the energy barrier decreases while the oriented external
EF intensity increases along the axis that starts from oxygen
(Oq) and passes through the carbon (C,) atom. The barriers for
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Scheme 2 Thermal [2+2] cycloaddition and carbonyl-ene reaction that proceeds through a dormant ionic structure.
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Fig. 2 Geometrical and electronic structural details of the carbonyl-ene and [2+2] cycloaddition pathways. (a) The structural changes of TS1-LA and
TS2-LA from the RC-LA. (b) The MO interaction at the TS1-LA for C,—C. and O4—H bond formation along with the model system. (c) The MO interaction
at the TS2-LA for the C,—C. bond formation. (d) The MO interaction at the TS2-LA for the O4—C, bond formation. Distances are given in A and
the torsional changes are given in degrees. Nonsignificant H-atoms are removed for clarity. All iso values are maintained at 0.06.

the pristine carbonyl-ene and [2+2] cycloaddition reaction
in the absence of LA were found to be prohibitively high at
30.0 keal mol™" and 48.9 kcal mol ™" respectively as shown in
Fig. 3b. As seen from the relative energy values in Fig. 3c, the
RC is stabilised under both +F, and —F, as compared to the
zero-field. Relative energies of the TSs also decreased along the
—F, direction. However, both TS1 and TS2 destabilised along
the +F, direction up to 0.004 a.u. and 0.009 a.u. respectively
before the resurgence of stabilisation as shown in Fig. 3c and
Table S3 in the ESI.{ The existence of the highest destabilisa-
tion point for the TS is due to the two-way electron transfer
mechanism as shown in Scheme 2 which is similar to
the earlier reports on electrostatic resistance point (ERP).'”

This journal is © the Owner Societies 2025

The ERP is characterised by the zero-dipole moment compo-
nent along the z-axis (i) of the TSs and RC as shown in Fig. 3d
and Table S4 in the ESL

A comparison of the changes in relative energies of RC and
TSs explains the observed catalysis along the —F, direction and
inhibition along the +F, direction. (Fig. 3b and c) Under
—0.02 a.u. oriented external EF, AE decreases to 20.3 kcal mol *
for the carbonyl-ene reaction and up to 17.7 kcal mol ™" for the
[2+2] cycloaddition reactions. Conversely, with a +0.02 a.u.
oriented external EF along the reaction axis, AE increases
to 35.4 kcal mol™" for the carbonyl-ene reaction and up to
72.1 keal mol ™" for the [2+2] cycloaddition reaction (Table S5 in
the ESIT). The relative stabilisation of TSs along —F, is higher as
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Fig. 3 The effect of an oriented external EF on catalysis for the RCCOM reaction. (a) Schematic representation for application of the oriented external EF
in the RCCOM reaction. (b) Plot between the reaction barrier energy and oriented external EF. The black line represents the barrier energy (AE = Eysy —
ERrc) for the carbonyl-ene reaction, while the red line depicts the barrier energy (AE = Evsp — Erc) for the [242] cycloaddition as a function of the oriented
external EFs. (c) Plot between the relative energy changes of TS1 (black), TS2 (red), and RC (blue) to the applied oriented external EF. ATS/RCeggf =
E(TS/RC,ppiicaeer) — E(TS/RC eroeep). (d) The dipole moment component along the reaction axis (u,) is plotted against the oriented external EF values

(0.001 a.u. = 51.4 mV A%,

compared to the RC and vice versa along the +F, direction
effectively resulting in catalysis along the —F, direction and
inhibition along the +F, direction.

3.2.2. How do oriented EFs modulate molecular orbitals
for carbonyl-ene and [2+2] cycloaddition reactions under
thermal conditions? The oriented external EF also facilitates
the ionic pathways in both carbonyl-ene and [2+2] cyclo-
addition reactions as shown in Fig. 3 which is similar to the
LA catalysed mechanism as detailed in Fig. 2. The extent of
asynchronicity in the [2+2] cycloaddition and carbonyl-ene
reaction depends on the direction and amount of oriented
external EF. The anionic character of the carbonyl oxygen (O4)
atom is enhanced when exposed to oriented external EFs in the
—F, direction. At the same time, it diminishes when the EF
is applied in the +F, direction. This variation is reflected in the
NBO charges at the O4 atom, which shift from —0.78 to —0.57
in transition state TS1 and from —0.89 to —0.61 in TS2 under
external EFs of —0.02 a.u. and +0.02 a.u., respectively, as
illustrated in Fig. S4 and Table S6 in the ESI.f Moreover, the
oriented external EF influences the concerned reaction coordi-
nates as evidenced by the bond distances at the TSs. For
example, in TS1, the application of a —F, field decreases
the distance between the C, and C. atoms while increasing

5826 | Phys. Chem. Chem. Phys., 2025, 27, 5821-5831

the O4-H bond distance and vice versa occurs under the +F,
field. Within a range of oriented external EF from +0.01 a.u. to
—0.01 a.u., the C,-C, bond distance contracts from 2.47 A to
1.71 A, while the O4-H bond distance expands from 1.12 A to
1.45 A as displayed in Fig. S5 in the ESL

Oriented external EF, analogous to LA, possesses the cap-
ability to bring asynchronous TSs and partially rotate the
orbitals to proceed with reactions more effectively as shown
in Fig. 4. In TS1, the angular displacement of w, experiences a
notable variation from 57.90° to 57.44° in response to changes
in oriented external EF strength, ranging from 0.01 (+F,) to
—0.01 (—F,). Additionally, angles ws and w¢ undergo shifts of
—4.71° and 0.69°, respectively. The changes in ws facilitate the
rotation of the C¢H; group that enables the interaction between
the n*-orbital of the C.-O4 atom and the c* orbital of C—H and
reduces the energy barrier for TS1.

The angle w, as defined in Fig. 4 undergoes a significant
transition from 21.35° to 39.93° in TS2 as the amount of
oriented external EF varies from 0.01(+F,) to —0.01(—F,) for
the [2+2] cycloaddition reaction. Additionally, the angles ws
and we in TS2 also change by 12.18° and —8.08° respectively.
The changes in we, an improper dihedral angle, indicate that
the —F, tends to promote a more planar cationic structure for

This journal is © the Owner Societies 2025
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Torsion
0.01a.u. | -0.01a.u. | Difference | 0.01a.u. -0.01a.u. | Difference
w, | C,-C,-C-O, | 57.90° 57.44° 0.46° 21.35° 39.93° -18.58°
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o | C,-C.-C,-C; -6.27° -6.96° 0.69° -15.59°¢ -7.51° -8.08°

Fig. 4 The effect of oriented external EF in the carbonyl-ene and [2+2] cycloaddition reactions. (a) The optimized geometries of TS1 and TS2 at the B1
level of theory under zero field. (b) The torsional angle changes for the carbonyl—ene (TS1) and [2+2] cycloaddition (TS2) reactions under an oriented

external EF (0.001 a.u. = 51.4 mV A7),

the C, atom. As in Fig. 2 the changes due to the —F, EF in w,
and ws facilitate a better overlap of the O4 nonbonding orbital
to the vacant p-orbital at the C,. As such, the EF along —F, sets
the foundation for a better rotation of the donor O4 non-
bonding orbital and the acceptor vacant p-orbital, leading to
the O4-C, bond formation and effectively bringing down the
barrier in TS2. Geometric comparison between TS1 and TS2
shows that TS1 requires less substantial structural changes and
directly correlates with its lower energy. Thus, in the progression
of the reaction, the change in the dihedral angle plays a pivotal
role in facilitating molecular transformations. It orchestrates the
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rotation of both the nonbonding donor orbital and the vacant
acceptor p-orbital for a smooth pseudo-pericyclic pathway.

An oriented external EF applied along the reaction axis has a
direct impact on the energy difference between the lowest
unoccupied molecular orbital (LUMO(c—0)) and the highest
occupied molecular orbital (HOMOc—c)).>* The HOMO(c—q,
overlaps with the LUMO—¢) during the C,-C. bond for-
mation. To detail the orbital energy changes, the RC was
divided into two segments: the ene part and the carbonyl part.
To preserve valency, hydrogen atoms were added to both
the carbonyl and ene groups as given in Fig. 5a. The impact

e
)
I

0.16 4 -

0.14

0.02

T T T T T
-0.02 -0.01 0.00 0.01 0.02
Oriented external EF(a.u.)

Fig. 5 The LUMOc—0—-HOMO—c) energy gap as a function of the oriented external EF. (a) The fragmentation scheme into carbonyl and ene units.
(b) The change in the LUMO-HOMO energy gap with the oriented external EF. The x-axis denotes the oriented external EF (a.u.) and the y-axis represents

the LUMOc—o)~HOMOc—c, energy of RC (0.001 a.u. = 51.4 mV A™Y).
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TN 0® x
C.=Q CH; |+F,-F. AE ([2+2]cycloaddition) 17.1 14.4
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Ak “LA "™ e Intermolecular EF -0.065 -0.050
I =
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Fig. 6 A comparison between two LAs, AlCls and [AICLIT[SbFel~, showcasing their energy barriers in kcal mol™ (AE = Ers.ia — Erc-La), intermolecular EF

in a.u., and the LUMO—-HOMO energy gap in eV (0.001 a.u. = 51.4 mV A%,

of an oriented external EF on the MOs of carbonyl and ene
groups was measured by considering one group at a time and
keeping similar relative orientation of external EF to that
in Fig. 5. The ene group is replaced with a dummy atom (see
Fig. S6 in the ESIt) to study the EF’s effect on the MOs of
the carbonyl group and vice versa for the ene group.>® EF
analysis between the ene and carbonyl fragments showed that
application of external EF along the +F, direction increased
the LUMO-HOMO energy gap, whereas applying it along the
—F, direction decreased the energy gap as visible in Fig. 5b and
Table S7 in the ESI.{

3.3. How does the catalytic component of intermolecular EF
add to Lewis acidity?

A comparative analysis of the LAs, AlCl; and [AICI,]'[SbFe] ™,
revealed that [AICI,]'[SbF]”™ consistently shows a lower AE
value in both carbonyl-ene and [2+2] cycloaddition reactions,
as depicted in Fig. 6. Surprisingly, the component of inter-
molecular EF along the axis that connects Oq4 to C, is higher

for AICI; (—0.06 a.u.) than that for [AICL,]'[SbFe]~ (—0.05 a.u.).
This result underscores that merely creating ionic fragments
may not lead to enhanced EF catalysis, as the strength
of intermolecular EF components along a specific bond
or reaction axis depends not only on the magnitude of the
charges but also on the relative orientations of the charged
groups. Comparison of the LUMO-HOMO energy gaps of the
LAs revealed a notable distinction between AICl; and
[AICI,]'[SbFs]~ where the former has a higher 0.217 eV energy
gap against 0.081 eV of the latter. The LUMO-HOMO energy
gap is an indicator of Lewis acidity, suggesting that a lower
value, as seen in ion pairs, represents a more acidic nature
than AICl;.>*%” The reduced intermolecular EF catalysis along
the reaction axis is compensated by the enhanced Lewis acid
catalysis.

A complete picture of the catalytic cycle and the effect of the
oriented external EF on the reaction is shown in Fig. 7. The
oriented external EF is applied along the reaction axis, parallel
to the electron flow in the reaction mechanism. The oriented
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Fig. 7 The catalytic contribution of the oriented external EF in the RCCOM reaction. (a) The catalytic cycle of the RCCOM reaction. (b) Energy profile of
the ion-pair catalysed RCCOM reaction. (c) Energy profile of the pristine RCCOM reaction. (d) Energy profile of the pristine RCCOM reaction in the

presence of an oriented external EF of F, = —0.02 a.u. The energy values in kcal mol™ are provided at the B2 level of theories. The direction of the z-axis
is redefined from 12 onwards as given in the figure inset (0.001 a.u. = 51.4 mV A™Y).

5828 | Phys. Chem. Chem. Phys., 2025, 27, 5821-5831

This journal is © the Owner Societies 2025


https://doi.org/10.1039/d4cp04879b

Published on 15 February 2025. Downloaded on 4/11/2026 10:04:10 PM.

PCCP

external EF is applied along Oq4 to C, in TS1, TS2, and TS3,
whereas in TS4, the direction of F, is changed from Oq4 to C. to
make it parallel to the reaction axis of the retro [2+2] cyclo-
addition step. Fig. 7a illustrates all the individual steps in the
catalytic cycle while Fig. 7b represents the corresponding
potential energy profile. The preferred pathway in Fig. 7b,
where the ion pair is coordinated to RC, proceeds through
TS2-LA, 12-LA, and TS4-LA to the metathesis product. Due to the
lower barrier of the carbonyl-ene pathway (TS1-LA), I1-LA
remains in equilibrium with RC-LA. However, the following
hydroalkoxylation step towards I2-LA is not operative due to
the higher barrier. Fig. 7c and Table S8 in the ESI{ depict the
energy profile of the pristine reaction without any oriented
external EF or LA where barriers are found to be prohibitively
high. The profile in Fig. 7d is recreated by aligning an oriented
external EF along the reaction axis at each individual step to
mimic the intermolecular EF component along the reaction
axes. Applying an oriented external EF along the reaction axis,
specifically along the O4-C, direction, catalyses the carbonyl-ene
reaction, hydroalkoxylation, and [2+2] cycloaddition. Similarly, in
the retro [2+2] cycloaddition reaction, where the electron flow is
along the O4-C, direction, the reaction is catalysed by an oriented
external EF aligned in that direction. The component of inter-
molecular EF along the O4-C. bond in 12 is found to be —0.08 a.u.
As such, the application of an EF along the reaction axis
profoundly influences the catalytic efficiency in the carbonyl-
ene reaction, hydroalkoxylation, [2+2] cycloaddition, and retro
[2+2] cycloaddition. It also conveys that the intermolecular EF
component along the reaction axis, which originates from the
LAs, has a unique catalytic effect.

The intermolecular EF generated at the reaction site is non-
uniform and its effect and magnitude diminish significantly
for groups and atoms located farther from the LA catalyst.
In contrast, the externally applied EF is uniform which exerts
the same magnitude of influence on all groups and atoms
along its applied direction. Due to this difference between
uniform external and nonuniform intermolecular EFs, a lower
magnitude of external EF is enough to reproduce similar
catalytic characteristics by an intermolecular EF. For example,
an external EF of 0.022 a.u. is enough to lower the pristine
reaction barrier to match that of the LA-catalysed [2+2] cyclo-
addition reaction where the latter has an intermolecular EF of
0.050 a.u. All in all, along with the conventional LA catalysis
characterised by the LUMO-HOMO energies, the intermole-
cular EF originating from LAs has a distinct and unique contri-
bution towards gross catalysis.

4. Conclusion

Exploring the thermal [2+2] cycloaddition and carbonyl-ene
reactions in a ring-closing carbonyl-olefin metathesis (RCCOM)
sheds light on the pivotal roles of intermolecular EFs
in catalysis. The specific orientations of coordinated LAs
with reactants lead to the generation of specifically oriented
intermolecular EF components along the reaction axis.
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Intermolecular EF components along the reaction axis, which
is parallel to the electron flow in each reaction step, are found
to catalyse the reaction with a unique mechanism. The pre-
ferred pathway for the reaction is a [2+2] cycloaddition followed
by a retro [2+2] cycloaddition step. A carbonyl-ene reaction step
is also operative which makes the starting reactant form an
equilibrium with the following intermediate. In the thermal
[2+2] cycloaddition, the intermolecular EF promotes the charge
transfer from the alkene (C—C n-orbital) donor to the carbonyl
(C=0 n*-orbital) acceptor to enhance the C-C bond formation.
Stabilisation of the resultant charge transferred ionic inter-
mediates further enhances the subsequent C-O bond for-
mation via a partial rotation of nonbonding electrons on
oxygen which is necessary to circumvent the thermal forbid-
dances of [2+2] cycloaddition.

The carbonyl-ene reaction also follows the initial step of
C-C bond formation as in [2+2] cycloaddition and accumulates
anionic charge on the carbonyl oxygen. Subsequent O4—H bond
formation proceeds via electron transfer to the o* orbital of the
CqH bond. The mechanistic importance of intermolecular EF
is delineated by modelling reactions under similarly oriented
external EFs. Quantification of the intermolecular EF along
the reaction axis has revealed that, contrary to common
assumption, the neutral LA([AICL]) imparts a higher inter-
molecular EF than its ion pair ([AICI,]'[SbFs]”) counterpart.
The findings exemplify that judicious utilisation of intermole-
cular EFs can effectively maximize catalytic benefits and a
catalytic mechanism is incomplete without delineating the role
of intermolecular EFs.
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