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Abstract

Halogen-bond-based organocatalysis is a promising alternative to the extensively
explored halogen-bond-based catalysis. This paper presents a comprehensive theoreti-
cal investigation of the structural and electronic properties of the o-hole, as well as the
computational design of a series of electronically activated monodentate and bidentate
iodine and benzimidazolium achiral donor systems, inspired by experimental and com-
putational papers published in the last decade. The aforementioned activation modes

are compared, and the mechanistic details of the reaction are discussed.

Introduction

Halogens, being relatively electronegative elements, exhibit exceptional nucleophilic proper-
ties in their anionic state.! However, this nucleophilicity diminishes as they transition into
a diatomic state through the formation of covalent bonds with more electronegative atoms.

Consequently, this leads to the emergence of an electron-deficient or electrophilic region
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known as a o-hole.? 7 Experimental evidence of this phenomenon was reported as early as
18198 by Pelletier and Caventou when they found attractive interactions between dihalogens
and anions. However, it was theoretical studies conducted by Politzer and Murray in the
199051 which provided explicit insights into the origin and electronic properties of the
o-hole, ultimately describing the entity as the result of an anisotropic charge distribution on
the surface of a covalently bound halogen atom. These theoretical findings sparked curiosity
and laid a foundation for further research carried out in the early 2000s, confirming the
findings of Politzer and Murray.'!'? The interest surrounding the o-hole culminated in an
initiative led by the International Union for Pure and Applied Chemistry (IUPAC) aimed at
taking a comprehensive look at intermolecular interactions involving halogens as electrophilic
species. '3 The project concluded in 2013, ultimately defining a halogen-bond (XB) interac-
tion as a net attractive interaction between an electrophilic region associated with a halogen
atom in a molecular entity and a nucleophilic region in another, or the same molecular en-
tity.1>16 While the o-hole model has been widely employed to explain the strength of XB,
recent studies reveal that other components, such as electrostatics, charge transfer (CT), po-
larisation, and dispersion, play crucial roles in providing a complete understanding of these
interactions. " !9 In 2021, the existence of the o-hole was experimentally demonstrated us-
ing Kelvin probe force microscopy,?® providing tangible evidence for a theory that has been
postulated for more than a century. This cutting-edge technique allowed the direct imaging
of the asymmetric electronic charge distribution and the shape of the o-hole in a brominated
molecule, marking a significant milestone in the field of o-hole interactions.

In fact, the XB has emerged as a versatile tool with applications in a wide range of
domains. In particular, it has been used extensively in fields such as crystal engineering,*

! and bio-molecular engineering.?? These applica-

supra-molecular chemistry, drug design?
tions have propelled the XB to the forefront of modern chemistry and materials science,
promising exciting future prospects. In more recent developments, the XB has ventured

into the domain of non-covalent organocatalytic applications, drawing inspiration from the
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undeniable success of hydrogen-bond (HB)-based organocatalysis.?? 3% While both the HB
and XB share advantageous features such as their electrophilic nature,* it is the distinctive

3334 that emphasise their potential as a promising alterna-

properties of XB donor systems
tive to the extensively investigated HB-based catalysis. In comparison to the latter, the XB
offers a higher level of tunability.!5 The strength of the XB interaction can be adjusted
by modifying the electron-withdrawing characteristics of the covalently bound scaffolding to
the halogen atom as well as the polarisability of the XB-donor atom. The size of the o-
hole, which determines the directionality of the XB-donor system (see Figure 1), is directly
proportional to the polarisability of the XB-donor atom.® This directionality arises from
the repulsive forces between the perpendicular lone pairs of electrons, known as the electron
belt, and the o-hole.3%3" Recently, Keuper et al3® leveraged the directional nature of an
XB-donor to devise a novel and highly effective enantioselective organocatalytic strategy,
demonstrated in the Reissert-type anion-binding reaction. Furthermore, the XB donor ex-
hibits distinctly larger van der Waals radii and hydrophobicity compared with the HB donor
counterpart, making it more soluble in non-polar solvents and sensitive to steric hindrance.*

Consequently, the XB donor is less prone to competition with more polar solvents, which

accounts for the applicability of the XB donor in a wide range of organic reactions.

Figure 1: Origin of XB directionality illustrated in different XB-donors of increasing polar-
isability namely chlorine (green), bromine (orange) and iodine (purple).

Although the implication of XB-donor moieties within organocatalysis is in its infancy,
its progression is certainly noteworthy, as there has been a substantial amount of neutral and
cationic XB-donor organocatalysts developed since its initial reporting in 2008 when C. Bolm

et al®® demonstrated the reduction catalysed by haloperfluoroalkane of 2-phenylquinoline by
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the Hantzsch ester. However, it is essential to acknowledge that the majority of XB-based
organocatalytic examples reported in the literature are achiral. A recent literature review
conducted by Peluso et al“’ focused on enantioselective XB-based organocatalysis over the
last decade draws attention to the limited and underdeveloped applications of the XB-bond
donor as the primary contributor to selectivity.

In this paper, we present a comprehensive theoretical analysis of a diverse range of
electronically activated monodentate and bidentate achiral XB-donor catalysts, inspired by
experimental and computational studies published in the last decade (see Scheme 1). Despite
the considerable research dedicated to XB-based catalysis during this decade, the nature of
the XB-interaction remains a subject of debate. To advance the field towards asymmetric
applications, it is imperative to effectively characterise the XB-interaction upon complexation
with nucleophilic substrates. This study takes into account various critical factors such as
the XB-donor atom, substrate binding mode, and the electronic and steric characteristics of
the catalytic scaffolding. By thorough exploration of these factors, our study aims to shed
light on the intricacies of XB-based catalysis and contribute to the development of more
efficient and selective catalysts.

In 2011, Huber et al*' demonstrated the efficiency of achiral cationic and neutral XB-
based organocatalysts in activating benzhydryl bromide through halide abstraction. Fur-

thermore, in recent years, Gliese et al*?

experimentally evaluated a series of monodentate
and bidentate achiral XB-based organocatalysts in the C-C coupling step of Michael ad-
dition of indole to trans-crotonophenone. This series of achiral XB-based organocatalysts
presented in the aforementioned experimental studies exhibited a wide range of variations
in the catalytic scaffolding, including the XB-donor atom and substituents. The diverse
structural characteristics observed in these experimental studies motivated us to conduct
a comprehensive theoretical investigation of the structural and electronic properties of the

o-hole. Furthermore, we aimed to computationally design new achiral bidentate XB-based

organocatalysts. In 2023, an intriguing study published by Raphaél et al*® theoretically
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compared the widely accepted O-activation mode and the overlooked direct m-type acti-
vation mode of XB-donor organocatalysts in reactions involving «a,f-unsaturated carbonyl
compounds. This study provided insight into alternative mechanisms of XB-based catalysis,
which inspired us to investigate and compare these activation modes in a series of organocat-
alysts based on achiral iodine, including structurally simple yet robust molecular iodine,**
in the context of the Michael addition of indole to trans-crotonophenone. Our study aims
to clarify the importance of considering multiple factors in the design of novel XB-based
organocatalysts. These factors include the electronic properties of substituents, CT, steric
hindrance, catalytic deformation energy, and activation modes. By comprehensively explor-
ing these elements, we aim to provide a deeper understanding of XB-based catalysis and

contribute to the design of efficient and selective XB-based organocatalysts.
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Scheme 1: Organic reactions and XB-based organocatalysts evaluated and discussed in this
work.
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Computational details

Structures of the complexes and monomers under study were optimised using the Gaussian09
package®® at the computational level wb97xd/def2-svp, in addition, pseudopotentials were
incorporated for iodine-based systems. Solvent effects, using dichloromethane (DCM) as the
solvent for the Michael addition reaction and acetonitrile (ACN) for the halide abstraction
reaction, were included in the optimisation by means of the solvation model based on the
density approach (SMD) implemented in Gaussian09.%% Single point energies for lowest en-
ergy small basis set calculations were computed using wb97xd/def2-tzvp. The molecular
electrostatic potentials (MEPs) for all catalytic systems were computed using the Gaus-

45 employing 0.001 a.u. isosurfaces of the electron density.*® The molecular

sian(09 software,
electrostatic potential (MEP) results obtained were further analysed and quantified using
Multiwfn*” and plotted using Jmol. To evaluate the electron density of the different sys-
tems under study, Atoms in Molecules (AIM) methodology“® was used, using the AIMAIl
program.?® The natural bond orbital (NBO) was employed to evaluate atomic charges using
the NBO-7 program.*°

Furthermore, an energy decomposition analysis based on the Localized Molecular Orbital
Energy Decomposition Analysis (LMO-EDA) scheme® was performed. The LMO-EDA ap-
proach allows for a detailed investigation of the energetic contributions of different com-
ponents in the systems studied. The analysis was carried out at the computational level
m06-2x/def2-svp in the gas phase with the inclusion of pseudopotentials. The GAMESS

program (version 2018-R2) was used for the calculations, and the structures used for this

study were re-optimised in the specified computational details.?!
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Results and discussion

Halide abstraction
Energetic analysis

We conducted an in-depth investigation into the characteristics of the halide abstraction
reaction facilitated by XB-based organocatalysts CAT3 and CAT9 (Scheme 1). These cata-

4152 where their catalytic activities

lysts have been subject to previous experimental testing,
were reported to be quite similar under equivalent experimental conditions. However, the
literature lacks explicit details on the binding mode and mechanistic pathways involved.
Our primary objective was to shed light on this chemical transformation and to offer
valuable mechanistic insights by investigating the catalytic role of XB-donor systems. In
doing so, we aimed to gain a comprehensive understanding of the halide abstraction reaction.
The literature presented two possible mechanistic pathways, Pathway 1 and Pathway 2,452
each providing a different perspective on how XB-donors interact with the R-Br leaving
group. As illustrated in Figure 2, Pathway 1 proposed that the XB-donor interacts directly
with the R-Br moiety, thereby facilitating the heterolytic bond cleavage of the R-Br bond.
Alternatively, Pathway 2 suggested that the XB-donor interacts with the bromide anion
generated from the uncatalysed heterolytic bond cleavage of the R-Br bond (Figure 2).
From a mechanistic perspective, the halide abstraction reaction, facilitated by both CAT3
and CAT9 catalysts, clearly manifested an energetic preference towards Pathway 1 (see Fig-
ure 2). This preference is evident as computational assessments for pathway 2 were unattain-
able. This indicates the reaction proceeds via a stepwise mechanism, wherein the XB donor
activates the R-Br bond of the leaving group through XB-bonding (TS1). This activation
process facilitates the heterolytic cleavage of the R-Br bond, leading to the formation of
a carbocation intermediate (INT). Subsequently, in TS2, an acetonitrile molecule attacks

the aforementioned carbocation intermediate, resulting in the formation of the final product

(PROD). Consistent with experimental data found in literature,**? the energetics of Path-
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Figure 2: Mechanisms proposed by literature for the halide abstraction under the catalysed
of XB-based catalysts; pathway 1 (yellow) and pathway 2 (orange).

way 1 under the catalysis of CAT3 and CAT9 were remarkably similar (Figure S1 and Table
S1). Despite both catalytic systems having the potential to bind in a bidentate manner,
CAT9 displayed a preference for the monodentate binding mode (Figure 3). This preference
can be attributed to the tendency of the iodine atoms in CAT9 to orientate in opposite

directions, as a result of geometric constraints (Figure S2 and S5)).

v o BCF"
BCP ? )
Br-°' _BF
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Figure 3: Monodentate (green) and bidentate (blue) binding modes found for CAT9 and
CATS3 respectively.
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Quantification of the NCI

To quantify and validate the presence of non-covalent interactions (NCIs) within Pathway 1
of the halide abstraction reaction catalysed by XB-donors CAT3 and CAT9, computational
methods QTAIM and NBO were employed. The key parameters of interest were the electron
density at the critical bond point (ppcp) and the CT, associated with the substrate-catalyst
stabilisation interaction, as illustrated in Figure 3. Table 1 highlights the pgcp for the
Br---I interaction within the CAT3 and CAT9 catalysed reaction pathway 1, which generally
indicates a consistent noncovalent nature, representative of halogen bonding between the
catalyst and substrate. The characterisation of CT upon complexation from the lone pair
of electrons LP (Br) of the substrate and the non-bonding orbital of the catalyst BD* (C-I)

was in agreement with the aforementioned QTAIM analysis (Table 2).

Table 1: p(BCP) (a.u.) of the Br--I interaction in Pathway 1 of the CAT3 and CAT9
catalysed halide abstraction.

CATALYST p(BCP) (a.u.) TS1 INT TS2 PROD

CATS3 Br---X1 0.020 0.022 0.023  0.022
Br---X2 0.017 0.021 0.022  0.022
CAT9 Br---X1 0.024 0.023 0.023 0.023

Table 2: NBO E(2) (kcal/mol) of the Br---I interaction in pathway 1 of the CAT3 and CAT9
catalysed halide abstraction.

CATALYST NBO E(2) (kcal/mol) TS1 INT TS2 PROD

CATS3 Br---X1 76.94 104.89 9749 94.64
Br---X2 58.74 89.34 98.66 93.51
CAT9 Br---X1 86.48 98.70 99.45 102.97

Based on the similar catalytic activity reported for the halide abstraction reaction under
the catalysis of both CAT3 and CAT9,*%? the data of pgcp and E(2) implies that the mon-
odentate XB substrate stabilisation interaction, as seen for CAT9, is equivalent in efficiency
to the bidentate XB interaction via CAT3. Despite the contrasting binding modes of these

two catalytic systems, their catalytic performance appears to be comparable, indicating that
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depending on the specific catalytic scaffolding, both the monodentate and bidentate binding
modes can effectively facilitate the halide abstraction.

Further evaluation of the secondary interactions by the QTAIM method provided valuable
insights regarding the underlying factors which dictate the binding modes preference of the
XB-catalysed TS1 of the halide abstraction reaction. The presence of non-covalent secondary
interactions acts as anchor points, enhancing the interactions between the substrate and the
catalyst. In the case of the CAT9 catalysed reaction, these interactions were identified
between the phenyl ring of the substrate and the phenyl rings of the catalyst (see Tables
S6-S9 and Figure S5). These specific interactions play a critical role in facilitating and

stabilising the unexpected monodentate binding mode of the CAT9 catalyst.

Michael addition of indole to trans-crotonophenone
Energetic analysis

To establish a solid basis for investigating a series of XB-based organocatalytic scaffolds,
we conducted a comprehensive analysis of the electronic properties of a diverse range of
monodentate and bidentate XB-donors (I; and CAT1-8, Scheme 1). In accordance with
the o-hole theory!'# the electronic properties of catalysts were investigated through MEP
calculations. First, we compared the relative V,,,, of the MEP in a series of bidentate XB-

donor catalysts, exhibiting different XB-donor atoms, as illustrated in Figure 4 (CAT1-3).

{:N@\N/\b (P:N/@N’S {:NQN:?

/km <:|):N{ i Ni =

0.222 0.225 0.267
CAT1 CAT2 CAT3

Figure 4: MEP on the 0.001 a.u. electron density isosurface and maxima ( V,,,,) values in
a.u. for the catalysts under study (CAT1-3).

As anticipated, the size of the o-hole was in direct correlation with the polarisability of

the XB-donor atom. The iodine atom being the most polarisable of all assessed XB donor
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atoms, possessed the highest V},,, and thus the largest o-hole (see supporting information
Figure S8-S10). Subsequently, an in-depth examination of the effect of the substituent on the
o hole was performed, maintaining a constant XB-donor atom while varying the catalytic
scaffolding. The investigation focused primarily on evaluating factors such as denticity,
substituent placement, and electron-withdrawing capacity of different catalytic scaffolding
(Figure 5). The correlation between elemental composition and the size of the o-hole was
observed for both homoatomic I, and heteroatomic CAT4. Notably, the heteroatomic CAT4
displayed a larger V,,,.. compared to the former, attributed to a more pronounced polarisation
effect within the catalytic scaffolding. The polarisation effect was further investigated in
CAT3, CAT5 and CATG6, where the electron-withdrawing capacity of the scaffolding was
varied. In the case of replacing the imidazolium moiety with the more electron-withdrawing
benzimidazolium group (CAT3 to CAT5) V.. for the o-hole increased slightly from 0.267
a.u. to 0.271 a.u. However, the opposite effect was observed upon the incorporation of a
trifluoromethyl group ortho to the benzimidazolium moieties as seen in CAT6, resulting in a
reduced V., of 0.263 a.u. Consequently, CAT7 and CATS8 were computationally suggested,
in order to explore the impact of the placement of the trifluoromethyl group within the

catalytic scaffolding, resulting in an overall increase in V., (Figure 5 and Figure S11-S16).
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Figure 5: MEP on the 0.001 a.u. electron density isosurface and maxima (V) values in
a.u. for the catalysts under study (I, and CAT3-8).
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Additionally, the activation energy for the C-C coupling step (TS1) in the Michael ad-
dition of indole to trans-crotonophenone was computed and subsequently compared across
the range of previously mentioned XB-based catalysts. First, we investigate the impact of
the effect of the XB donor and substituent within the O activation mode, as suggested in
the literature.*? As illustrated in Figure 6, the O-activation mode involves a stabilisation
interaction between the XB-donor and the carbonyl oxygen of the trans-crotonophenone
substrate. This interaction is further characterised by the pgop, and CT process occurring
from oxygen to the XB-donor atom (X1/X2) within both, the bidentate and monodentate

systems.

cT |
AN NN

Ph Ph
Bidentate Monodentate

Figure 6: The trans-crotonophenone substrate activated by XB-based catalysts through O-
activation.

In general, the trend discussed for the MEP analysis translated into the energy barriers
calculated for TS1 of the Michael addition of indole to trans-crotonophenone (Figure 7).
CAT1-3 demonstrates the XB-donor effect, emphasising that the activation energy of the re-
action is in an inverse relationship with the polarisation of the XB-donor. The energy barriers
calculated for the reaction under the catalysis of CAT1, CAT2, CAT4, CAT6, and I, were
observed to be higher than the un-catalysed reaction, suggesting that the XB-interaction
within the O-activated TS1 of the Michael addition is relatively weak and ineffective, con-
tradictory to experimental findings reported in literature.*? Similar to the unusually low

o-hole observed for CAT6 (as shown in Figure 5), the activation energy for CAT6 followed a
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similar trend, exhibiting the highest activation energy amongst all the iodine-based catalysts

(CAT3-8).
Activation Energy (AG kcal/mol) vs Catalyst
— 40
£ s 338
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5 20
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Figure 7: Activation barriers for the O-activated TS1 of the Michael addition of indole to
trans-crotonophenone under the catalysis of a variety of XB-based organocatalysts.

A recent proposal by Robidas et al*® has introduced a direct m-type activation mode
for stabilising unsaturated carbonyl substrates. In the context of iodine-based XB catalysts
(I, CAT3, CAT4, CAT6, and CAT7, as shown in Figure 8), this m-type activation mode
has been compared to the established O-activation mode. Unlike the O-activation mode
depicted in Figure 6, the m-type activation mode demonstrates varying binding behaviours
in both, bidentate and monodentate systems. In the former, the XB-based catalyst activates
the trans-crotonophenone substrate at two distinct sites simultaneously: carbonyl oxygen
and the a-carbon. In contrast, in monodentate systems, the activation exclusively occurs at
the a-carbon, as emphasised by the pgop and CT direction illustrated in Figure 8.

As shown in Figure 9 most of the iodine-based catalysts, with the exception of CAT4,
exhibit a thermodynamic preference for the m-type activation mode in the context of TS1 of
the Michael addition reaction.

Although the trend of activation energy remains consistent for both the m-type and O-

activation modes, the m-type activation mode shows energetic data that aligns more closely
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Figure 8: The trans-crotonophenone substrate activated by XB-based catalysts through -
type activation.
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Figure 9: Activation barriers for the m-type activated TS1 of the Michael addition of indole
to trans-crotonophenone under the catalysis of a variety of XB-based organocatalysts.

with experimental observations. Notably, when considering the O-activation mode within
the CAT6 and I, catalysed TS1, the calculated activation energy suggests that the catalyst
has a higher activation energy than the un-catalysed system, implying that both catalysts
are not effective (Figure 7). In contrast, the energetic data for the m-type activation mode
indicate much lower activation energy for CAT6 and I catalysed TS1 (Figure 9), suggesting
that both catalysts perform better than the un-catalysed reaction, in total agreement with
the literature.*? Relative to the O-activation mode, the energy barriers linked with the 7-

type activation mode offer theoretical predictions that align more closely with experimental
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observations. This is evident in the depiction of the robust catalytic activity exhibited by
I,, as supported by experimental results.**

In summary of the analysis of the two activation modes, a structural comparison was
conducted. The specific focus was on the energy required for the rotation of the dihedral
angle o within the bidentate catalytic framework (refer to supporting information, Figure
S17 and Table S12). This comparison involved extracting the catalyst’s structure from the
optimised TS1 of the Michael addition reaction and subsequently comparing it structurally
and energetically to the monomeric catalyst structure. The results, as presented in Table 3,
indicates that a positive deformation energy suggests the optimised monomeric catalyst is
more stable relative to the structure of the catalyst within TS1. In particular, our findings
consistently revealed relatively lower deformation energies in the 7-type activated systems,
indicating a less energetically demanding conformational change from the isolated to the
m-type activated substrate-bound state in contrast to the O-activation mode. Interestingly,
CAT6 exhibited the highest deformation energy in both the O-activated and 7w-type acti-
vated systems, therefore explaining the unusually high activation energy displayed by CAT6
relative to other iodine-based organocatalysts, as depicted in Figures 7 and 9.

Table 3: Deformation energy (kcal/mol) for the O- and 7-type activated bidentate catalytic
systems transitioning from the monomeric to substrate-bound TS1 state; obtained by ex-
tracting the energetic difference between the isolated geometry of the optimised monomeric
and substrate-bound catalyst.

Deformation Energy (kcal/mol) CAT3 CAT6 CATS
m-type activated TS1 -0.07 1.91 1.06
O-activated TS1 2.58 8.94 3.69

Mechanistic analysis

The 7-type and O-activated hetero- and homo-atomic catalytic systems were thoroughly
assessed and compared from a mechanistic perspective. The analysis focused on under-
standing the underlying mechanisms of these two activation modes and their respective

impact on the catalytic processes. The O- and 7-type activation modes of the heteroatomic
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catalysts (CAT3, CAT4, CAT6, and CAT8) exhibited different substrate activation modes
but consistently shared the same anticipated®® mechanism for TS1 (Figure 10). Notably, the
m-type activated TS1 was found to be more energetically stable in all the bidentate catalytic
systems, while the monodentate CAT4 showed a preference for the O-activation mode. The
likely reason for this observation lies in the ability of the bidentate catalysts to simultane-
ously activate both sites of the trans-crotonophenone substrate, the carbonyl oxygen and
the a-carbon. In contrast, the monodentate CAT4 lacks this feature and is limited to inter-
actions solely with either the carbonyl oxygen in the O-activation mode or the a-carbon in
the m-type activation mode.
N, g
S ¢
AyJ\Ph Zen
TS1 C-C Coupling Product

Figure 10: Mechanism of the O- and 7-type activated TS1 of the Michael addition of indole
to trans-crotonophenone under the catalysis of a series of heteroatomic XB-based scaffolds.

In contrast, the addition of indole to trans-crotonophenone under the catalysis of the
homoatomic Iy catalyst revealed evidence of different mechanisms (Figure 11), resulting
in distinct free energy profiles. Under the catalytic influence of I, the m-type activated
pathway demonstrated lower energy barriers for both the C-C coupling (TS1) and proton
transfer (TS2) steps compared to the O-activated pathway. The calculated activation energy
for O-activated TS1 was 29.1 kcal/mol, whereas the m-type activated barrier was reduced to
25.9 kecal/mol, resulting in an overall AAG of 3.2 kcal/mol. Similarly, O-activated TS2 had
an energy of 22.8 kcal/mol, while the m-type activated TS2 energy was notably lower at 12.4
kcal /mol, resulting in a significant AAG difference of 10.4 kcal /mol (refer to supplementary

information, Figure S18 and Table S13, for a comprehensive free energy profile).
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Figure 11: Mechanism of the O- (blue) and 7-type (red) activated Michael addition reaction
of indole to trans-crotonophenone under the catalysis of Iy including the corresponding AG
(kcal/mol).

Nature of the 7m-type activated Michael addition via I,

The use of I, as a catalyst to enhance a broad range of organic reactions has been firmly
established and acknowledged in the literature.?*% Despite its structural simplicity, iodine
offers several notable advantages, including cost efficiency and environmental sustainability.
However, the precise mechanism underlying its highly robust catalytic activity has remained
a subject of debate, leading to active discussions and various explanations proposed over
the past decades.?® Considering this, the unexpectedly efficient mechanism discovered for
the m-type activated Michael addition catalysed by I, has been meticulously characterised
and elaborated. This analysis aimed to gain mechanistic insights into the complex nature of
the interaction between I; and the a-carbon of the m-type activated trans-crotonophenone
substrate. The investigation encompasses an extensive exploration of various structural at-
tributes, including bond lengths, hybridisation angles, and characterisation of the interaction
using QTAIM methods and descriptors, including pgcp, Laplacian (VZp(r)), and H value.
To ensure a comparative analysis, geometrically optimised control compounds were used, as

demonstrated in Figure 12.
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Figure 12: Electronic features and bond length measured at the ppop (red) as well as
the angle of hybridisation « (blue) of the m-type activated trans-crotonophenone under the
catalysis of 5.

The investigation revealed an intriguing transitional nature in the interaction of the I, cat-
alyst with the m-type activated trans-crotonophenone substrate. This interaction displayed
a dynamic interplay between non-covalent and weakly covalent interactions throughout the
entire mechanistic pathway of the Michael addition reaction relative to the control molecules.
The most prominent change in the nature of the substrate-bound I, catalyst was observed
within Intl, as evidenced by variations in the bond length, pgcp, and the H value (Table
4). These findings indicate a change from covalent to non-covalent characteristics in the I
catalyst while activating the trans-crotonophenone substrate. Furthermore, in addition to
the aforementioned data that elucidate the nature of the I, catalyst, the same investigation
was conducted to examine the nature of the interaction between I, and the a-carbon of
the trans-crotonophenone substrate, comparing it to the geometrically optimised C-I bond
in the isopropyl iodide control molecule. Similar to the I, catalyst, the most notable and
significant transition in nature was observed within Intl of the reaction pathway (Table 5).
The transition was noted to shift from a non-covalent interaction to a weakly covalent bond,
supported by various characteristics, including the short bond length, negative V?p(r) and H
value, as well as the angle of hybridisation, which closely resembled that of a sp® hybridised
carbon.

The phenomenon of I, forming covalent bonds with unsaturated hydrocarbon compounds
is a well-established concept and has been extensively observed in the electrophilic iodination

57,58

of organic compounds using I, in appropriate solvents. In the context of iodofluorination

of a-f-unsaturated esters, it has been reported that the iodonium cation forms a covalent
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Table 4: Structural and electronic features of the Iy catalyst bound to the trans-
crotonophenone substrate in the full mechanistic pathway of the Michael addition reaction,
compared to the control isolated I catalyst.

I-1 TS1 Intl TS2 Int2 Control
Bond length (A) 3.032 3.69 3.51 2.74 2.69
pecp (a.u.) 0.038 0.011 0.016 0.066 0.072
VZppep (a..) 0.048 0.027 0.035 0.014  0.0033
H value -0.0066 0.00080 -0.00029 -0.016 -

9 in a similar fashion to the observations reported herein for

bond at the a-carbon position,®
the m-type activated TS1 of the I, catalysed Michael addition reaction. Compared to other
diatomic atoms in the halogen series, I, exhibits the lowest thermodynamic barrier for tran-
sitioning from I, to I~, in line with its relatively low reduction potential.®® Therefore, the
observed conversion of I to I~ throughout the m-type activated Michael addition of indole to
trans-crotonophenone, as documented in this study, can be considered within the expected
behaviour of Iy upon interaction with the a-S-unsaturated hydrocarbon molecules. The tran-
sitional nature of the interaction between Iy and the a-carbon of the trans-crotonophenone

serves as a driving force for the m-type activated Michael addition reaction, playing a crucial

role in facilitating the transformation.

Table 5: Structural and QTAIM analysis of the Iy catalyst bound to the trans-
crotonophenone substrate in the full mechanistic pathway of the Michael addition reaction,
compared to the control isopropyl iodide molecule.

C-1 TS1 Intl TS2 Int2 Control
Bond length (A) 2.42 2.20 2.22 3.022 2.20
pecp (a.u.) 0.07 0.11 0.10 0.02 0.11
Vppcp (a.u.) 0.044 -0.026 -0.0088  0.045 -0.063
H value -0.014 -0.0460 -0.037 -0.0002 -
a (°) 115.16 110.68 112.27 118.48 110.54

Furthermore, the physical origin of m-type activated T'S1 in the Michael addition reaction
was examined using LMO-EDA. The main objective was to gain clarity and justification for
the evident preference for the m-type activation mode in the I, catalysed reaction. First, the

energetic components that contribute to the overall interaction energy between the indole
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and Iy activated trans-crotonophenone were compared in the O- and 7-type activation modes
(Figure 13).

The interaction was more stable in the w-type activation TS1, as indicated by the to-
tal interaction energy, primarily driven by the decrease in Pauli repulsion forces between
the indole and trans-crotonophenone (Figure 13). Following, the energetic components
accounting for the overall stabilisation interaction between the O- and 7w-type activated
trans-crotonophenone and I, catalyst were evaluated. Despite the m-type activated interac-
tion displaying a significantly larger repulsive energy component, the interaction exhibited
higher stability than the O-activation mode. The remaining energetic components, particu-
larly the electrostatic, exchange and polarisation components, were found to be more stable
within the m-type activated interaction, contributing to the overall stability of the stabilisa-
tion interaction. Additionally, the relatively large repulsive energy component in the m-type
activated interaction can be attributed to the slightly covalent nature of the interaction be-
tween the m-type activated trans-crotonophenone and Iy catalyst. In contrast to the other
monodentate catalyst under investigation, CAT4, the LMO-EDA analysis of the stabilisa-
tion interaction between CAT4 and the trans-crotonophenone substrate demonstrated that
its preference for the O-activation mode is solely governed by the electrostatic and repulsive

energy components (Figure 13).

Characterisation of the NCIs

The NCIs between the XB donor atom (X) and the oxygen atom (O) of trans-crotonophenone
substrate were characterised to obtain a detailed examination of the nature and relative
strength of the interactions involved in the O-activated (see Figure 6) TS1 of the Michael
addition reaction under the catalysis of various XB-based scaffolds.

The XB interaction between X and O, as presented in Tables 6 and 7, was in agreement
with both the QTAIM and NBO methods and provided further validation for the previously

discussed concepts related to the XB-donor and substituent effects. In relation to CAT6, it
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Figure 13: LMO-EDA energy partition terms for the interaction between indole and the
O- and 7-type activated trans-crotonophenone under the I, catalysed TS1 of the Michael
addition reaction (A). LMO-EDA energy partition terms for the stabilisation interaction
between indole and the O- and w-type activated trans-crotonophenone under the I, and
CAT4 catalysed T'S1 of the Michael addition reaction (B and C).
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Table 6: ppop (a.u.) for the O--X interaction within the O-activated TS1 of the Michael
addition of indole to trans-crotonophenone under the catalysis of a series of XB-based cata-

lysts
ppcp (a.u.) CAT1 CAT2 CAT3 CAT4 CAT5 CAT6 CAT7 CATS
0--X1 0.018 0.021  0.024 0.038 0.026  0.027  0.027  0.030
0---X2 0.016  0.022  0.022 - 0.022  0.026  0.025  0.028
Total 0.034 0.043 0.047 0.038 0.048 0.052 0.052 0.057

should be noted that the pgcp values obtained and E(2) outcome do not correspond with
the relatively high calculated activation energy barrier observed in the CAT6-catalysed TS1
of the Michael addition reaction (as depicted in Figures 7 and 9). Nevertheless, the trend
derived for the XB-interactions, quantified using methods namely QTAIM and NBO, aligns
with experimental findings,*? where CAT1 < CAT2 < CAT3 < CAT5 < CATS6.

Table 7: NBO E(2) (kcal/mol) for the O---X interaction within the O-activated TS1 of the
Michael addition of indole to trans-crotonophenone under the catalysis of a series of XB-
based catalysts

0O--X (1kcal/mol) CAT1 CAT2 CAT3 CAT5 CAT6 CAT7 CATS

LP 1 (O) ->BD¥(C-X1) 152 361 696 694 713 809 821
LP 1 (0) ->BD*(C-X2) 057 168 779 803 851 671  9.23
LP 2 (O) ->BD*(C-X1) 039  1.17 097 258 349 141  2.95
LP 2 (O) ->BD*(C-X2) 069  1.16 209 192 132 509  3.75
LP 3 (O) ->BD*(C-X1) 179  0.060 445 542 475 343  7.54
LP 3 (O) ->BD*(C-X2) - 346 446 29 413 365 216
Total 4.96 11.14 26.72 27.79 29.33 28.38 33.84

Furthermore, the interaction between X and O atoms in the activated O- and w-type
activated systems was quantified and compared. The results revealed that in the bidentate
catalytic systems CAT3, CAT6, and CAT7, the E(2) and ppcp between the O and the X
was enhanced in the 7-type activation mode (Figure 14 and Figure 15). For a complete and
detailed version of Figure 14, please refer to the supplementary information, Table S14. In
contrast, for Iy, E (2) and ppcp exhibited an overall increase in the m-type activated system,
resembling a slight covalent nature, while the opposite was observed for CAT4, which had
an increase in CT and ppep within the O-activated mode (Figure 14 and Figure 15). The

bidentate XB-based organocatalysts exhibit a clear preference for the m-type activation mode
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A. X1---0 (kcal/mol) within the bidentate catalysed TS1

CATS

CAT6

CAT3

B. X1---0O/C (kcal/mol) within the monodentate catalysed TS1

141.78
4.64

22.54
31.18

CAT4

Figure 14: NBO E(2) (kcal/mol) for the O--X interaction within the bidentate catalytic
systems (A). and the O/C--X interactions within bidentate catalytic systems (B). in the
O- (blue) and m-type (red) activated TS1 of the Michael addition of indole to trans-
crotonophenone

due to their ability to simultaneously activate both active sites of the trans-crotonophenone
substrate, i.e., the carbonyl oxygen and the a-carbon. On the other hand, the preference
trends observed for the monodentate catalysts can be attributed primarily to the nature of
the binding interaction. Monodentate I and CAT4 can only interact with the substrate
through carbonyl oxygen or the a-carbon. The stronger non-covalent interaction between
CAT4 and the carbonyl oxygen (as reflected in Figure 14 and Figure 15) relative to the
interaction with the a-carbon results in the energetic preference for the O-activation mode.
Conversely, the I, catalyst shows a preference for the w-type activation mode because of the
relatively stronger dual non-covalent to slightly covalent nature of the interaction with the
a-carbon, relative to the primarily non-covalent interaction with the O atom, as seen in the

O-activation mode (see supporting information Table S14 and S15).
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A. X1---0 (a.u.) within the bidentate catalysed TS1
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Figure 15: ppcp (a.u.) for the O---X interaction within the bidentate catalytic systems (A).
and the O/C---X interactions within bidentate catalytic systems (B). in the O- (blue) and
m-type (red) activated TS1 of the Michael addition of indole to trans-crotonophenone

Conclusion

Up to the present date, DF'T methodology was employed to explore the explicit pathway
and substrate-catalyst binding mode of the Ritter-type solvolysis reaction catalysed by XB-
based CAT3 and CATY9. The investigation revealed that both catalytic systems strongly
favour Pathway 1, suggesting that the XB-donor engages in NCIs with the R-X leaving
group, initiating a heterolytic bond cleavage process, followed by an acetonitrile N-terminal
attack. Notably, CAT3 and CAT9 exhibit distinct substrate binding modes: CAT3 adopts
a bidentate binding mode, whereas CAT9 demonstrates a clear energetic preference for the
monodentate mode, facilitated by secondary NCIs between the catalyst and the substrate.
Despite these different binding modes, a direct comparison of the catalytic efficiency of
CAT3 and CAT9 in the halide abstraction reaction reveals remarkably similar activities, a

41,52

conclusion supported by both experimental sources and theoretical data.

The exploration of the Michael addition of indole to trans-crotonophenone, catalysed
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by a diverse range of XB-based catalysts, has provided profound insights into the catalyst-
substrate interaction. Electronic properties of the XB-donor and the catalytic scaffold in-
fluence the size of the hole o, while steric effects between the XB-donor atom and catalytic
scaffolding also play a critical role. CAT6, CAT7, and CATS highlighted the importance of
XB-donor atom positioning within the catalytic scaffolding, specifically in terms of how it
affects o-hole size and catalytic deformation energy. The recently proposed w-type activa-
tion mode*® was compared with the more discussed O-activation mode. Remarkably, the
theoretical results of the m-type activation mode align more closely with the experimental
data and are thermodynamically preferred by the bidentate scaffolds and I;. This mode
has unveiled an alternative mechanistic pathway characterised by a dual non-covalent and
slightly covalent nature for I, catalysed Michael addition of indole to trans-crotonophenone,
providing insights into the reaction mechanism of this robust catalyst. Heteroatomic biden-
tate scaffolds preferred the m-type activation mode due to the ability of the scaffolds to
simultaneously bind to both active sites of trans-crotonophenone; the carbonyl oxygen and
a-carbon. For the homoatomic Iy, its w-type activation preference arose from its unique
and relatively strong dual non-covalent and slightly covalent interaction with the substrate’s
a-carbon. Understanding these activation modes and their interactions is crucial for the de-
sign of efficient XB-based organocatalysts for a broad spectrum of chemical transformations.
This research provides insight into the intricate interplay of electronic and steric factors
in XB-based catalysis, thereby enhancing our understanding of catalyst-substrate interac-
tions. Such insights hold the potential to advance the application of XB-based catalysts in

asymmetric organocatalysis.
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