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%Vpur index and steric maps: from predictive
catalysis to machine learning

Silvia Escayola, 2 ®° Naeimeh Bahri-Laleh (2 @ and Albert Poater (2 *®

Steric indices are parameters used in chemistry to describe the spatial arrangement of atoms or groups
of atoms in molecules. They are important in determining the reactivity, stability, and physical properties
of chemical compounds. One commonly used steric index is the steric hindrance, which refers to the
obstruction or hindrance of movement in a molecule caused by bulky substituents or functional groups.
Steric hindrance can affect the reactivity of a molecule by altering the accessibility of its reactive sites
and influencing the geometry of its transition states. Notably, the Tolman cone angle and %Vg, are
prominent among these indices. Actually, steric effects can also be described using the concept of steric
bulk, which refers to the space occupied by a molecule or functional group. Steric bulk can affect the
solubility, melting point, boiling point, and viscosity of a substance. Even though electronic indices are
more widely used, they have certain drawbacks that might shift preferences towards others. They
present a higher computational cost, and often, the weight of electronics in correlation with chemical
properties, e.g. binding energies, falls short in comparison to %Vg,. However, it is worth noting that this
may be because the steric index inherently captures part of the electronic content. Overall, steric
indices play an important role in understanding the behaviour of chemical compounds and can be used
to predict their reactivity, stability, and physical properties. Predictive chemistry is an approach to
chemical research that uses computational methods to anticipate the properties and behaviour of these
compounds and reactions, facilitating the design of new compounds and reactivities. Within this domain,
predictive catalysis specifically targets the prediction of the performance and behaviour of catalysts.
Ultimately, the goal is to identify new catalysts with optimal properties, leading to chemical processes
that are both more efficient and sustainable. In this framework, %Vp,, can be a key metric for deepening
our understanding of catalysis, emphasizing predictive catalysis and sustainability. Those latter concepts
are needed to direct our efforts toward identifying the optimal catalyst for any reaction, minimizing
waste, and reducing experimental efforts while maximizing the efficacy of the computational methods.

develop efficient catalysts. In both natural and synthetic
contexts,” successful molecular catalysts are built by designing

In modern times, the field of chemistry has introduced syn-
thetic catalysts with vast potential for numerous applications.
Such catalysts are key in addressing the pressing challenge of
energy demands,? in particular, sustainable sources, as well as
the removal of toxic gases.® However, throughout history,
natural catalysts like enzymes have been employed unknow-
ingly by humans to produce food and beverages. While nature
has had billions of years to evolve highly efficient enzymes for
essential reactions,® chemists have a shorter timeframe to
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functional catalytic pockets,®” specific regions where reactions
occur. These pockets are created by arranging atoms in three-
dimensional space. On the other hand, in synthetic chemistry,
two primary strategies for catalyst development exist: high-
throughput screening of a wide catalyst range,® and informed
design with iterative enhancements.”'® Moreover, the main
challenge in catalyst design involves refining ineffective proto-
types into systems meeting stringent industrial standards. Even
slight changes in a catalyst’s active site can significantly alter its
performance. Achieving selectivity often means favouring one
reaction pathway by only 1-2 kecal mol ™", which is less than a
hydrogen bond."* A small drop in activation energy by the same
measure can greatly boost catalytic activity.

In the complex realm of transition metal complexes, choos-
ing the most effective catalyst presents a formidable challenge,
typically addressed through trial and error or intuition rather
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than methodical reasoning. A conventional approach to tackle
this issue involves employing molecular descriptors that can
systematically rearrange the catalyst space, as illustrated in
Fig. 1a.'* This methodology facilitates the virtual design of
novel catalysts. The purpose of these descriptors is to establish
quantitative connections between characteristics of the cataly-
tic environment (akin to the concept of enzymatic catalysis,
referring to the region surrounding the active metal centre) and
its observed experimental behaviour.

The categorization of catalyst behaviour using molecular
descriptors,® like steric parameters and maps or any measure
related to electronics, can expedite the design of improved
catalysts. Particularly, concentrating on descriptors capable of
capturing the shape of catalytic pockets, those simple tools can
serve as distinct identifiers for characterizing transition metal
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catalysts and, potentially, metalloproteins, extending their
application to biocatalysis."* In chemistry, steric indices quan-
tify the spatial bulk of molecules or their constituent groups.
They measure alterations in molecular characteristics arising
from repulsive forces, typically van der Waals interactions, but
also others, between different segments of a molecule. These
indices are useful in predicting the reactivity, stability, and
physical properties of chemical compounds. Even though there
are indices also related to energetics, like molecular electro-
static potential’>'® or repulsive energy,"”*° the most common
steric indices used in chemistry are the steric hindrance index
(SHI), the van der Waals volume (VdW), and the Tolman cone
angle (CA).?° First, the SHI is a measure of the degree to which a
functional group or atom in a molecule is blocked or obstructed
by adjacent substituents. It is calculated by comparing the
experimental bond angles of a molecule with the ideal bond
angles for the same molecule with no steric hindrance, easy to
visualize for phosphane ligands.'® Higher SHI values indicate
greater steric hindrance. Second, VAW is a measure of the size
of a molecule or a functional group, and it is calculated based
on the van der Waals radii of its constituent atoms. A higher
VdW value indicates a larger spatial bulk of the molecule.
Third, the CA is a measure of the steric hindrance caused by
a substituent on a metal centre in organometallic chemistry
(Fig. 1b). It is defined as the angle between two lines drawn
from the metal centre to the outermost atoms of the substitu-
ent. A larger CA value indicates greater steric hindrance. Over-
all, steric indices are important tools in chemical research,
especially in the design and synthesis of new molecules with
desired properties. And the aim of this review is to stress the
importance of the concepts of steric index of the buried volume
of Nolan, Cavallo and coworkers,> %V, (Fig. 1c),”* and the
associated steric maps of Cavallo and coworkers (Fig. 1d),'*'*
and how they have been expanded to many applications,”
mainly thanks to the creation of a user friendly web server.
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Fig.1 (a) The challenge to choose the right catalyst from molecular
descriptors. Representation of (b) the Tolman cone angle, (c) the buried
volume descriptor, and (d) how the steric maps are built (plane XY) from
the interaction between the ligand and the substrate. Adapted with
permission.'? Copyright © 2016, American Chemical Society.

The %Vg,, parameter is a steric index that has been found to be
highly correlated with the binding energy of metal catalysts.>***
These index was first introduced by Cavallo and coworkers in a
series of papers in the early 2000s,>*>° and has since then been used
extensively in the rational design of new catalysts and materials.

The %V, parameter is a measure of the volume occupied
by the ligands around a metal centre, taking into account the
valence electrons of the ligands that are buried in the coordina-
tion sphere of the metal. It is calculated using quantum
mechanical methods, such as density functional theory (DFT),
and has been found to be a good indicator of the steric
hindrance experienced by the ligands around the metal centre.
One of the key applications of the %V, parameter has been in
the de novo design of metal catalysts for a range of chemical
reactions. The steric hindrance around the metal centre can
have a significant impact on the selectivity and activity of the
catalyst,”” and so a thorough understanding of these effects is
essential for guided design purposes.

A number of studies have shown a high correlation between
the %Vg,, parameter and the binding energy of ligands to metal
centres, a key factor in determining the reactivity of metal
catalysts.”® In general, those studies found that ligands with
larger %Vy,, values correspond to weaker binding to the metal
centre, while ligands with smaller %Vg,, values result in
stronger binding. This is translated to the reactivity of the
catalysts.>® These findings hold significant implications for
the design of new catalysts. For example, if a ligand is required
to have strong binding to the metal centre, then ligands with
smaller %V, values may be preferred. Conversely, if a ligand is
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required to have weaker binding to the metal centre, then
ligands with larger %Vg,, values may be more suitable. Inter-
estingly, the metal does not influence significantly the %Vg,,
parameter itself, but, merely adjusts it based on the bonded
ligands, and obviously on the radius with the linking atom of
the ligand under study.’® This is one of the strengths of the
%Vpyr parameter, since it remains consistent regardless of the
computational approach used on the metal, facilitating a uni-
form assessment of ligand-metal binding.

The scope of %Vg,, parameter covers the whole range of
reactions, including hydrogenation,*"** oxidation,**" cross-
coupling reactions,*® polymerization,***”*® among others.

To sum up, the %Vg,, parameter developed by Cavallo and
coworkers has proven to be instrumental in the development of
novel catalysts and materials. Its strong correlation with the
binding energy of ligands to metal centres has allowed for the
development of more efficient and selective catalysts, while its
applications in materials science have led to the development
of materials with specific properties. As research in this area
continues to advance, it is likely that the %Vg,, parameter will
gain even greater significance in the formulation of new
catalysts and materials for a range of applications.

Despite the broad scope of the %Vg,, parameter and asso-
ciated steric maps, as evidenced by over 2000 papers on these
topics, this review focuses on their specific applications.
To provide context, an overview of these applications is presented.
Importantly, from the moment %Vy,,, was initially developed, the
aim was for it to serve not only as a descriptive tool but also as a
predictive one. This predictive potential aligns with machine
learning (ML) approaches, and ultimately with predictive
catalysis.”® The number of catalysts available is huge, creating a
nearly infinite set to consider, and thus unaffordable for human
analysis, Z.e. how they could be used is not easy to order. Thus,
integrating concepts like steric indices, ML, and predictive cata-
lysis is essential to enhance past efforts and experience.*’

2. From catalysis to machine learning
via predictive catalysis

After the pioneering work and ideas about computing machin-
ery and intelligence of Alan Turing,"" the term machine
learning was coined in 1959 by Arthur Samuel,*” from the
American company IBM. In addition to artificial intelligence
(AI), curiously he was also a pioneer in the field of computer
games. Then during the 60s and 70s research was done on ML
for pattern classification,”® especially through the efforts of
Duda and Hart.** In the 80s the horizons expanded towards
neural networks. And currently, modern ML consists of the
classification of data based on models which have been devel-
oped, and from which to make predictions for future outcomes.

In detail, ML is based on the study of computer algorithms
that automatically improve (artificial intelligence) by using data
and checking how previous decisions evolve.*> Machine learn-
ing algorithms have the ability to build a model based on
sample data, in order to make predictions or decisions without
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having explicitly programmed them.*® It can turn out to be
more effective to help the machine develop its own algorithm,
rather than having human programmers specify all the needed
steps.”” These ML algorithms are used in a wide variety of
situations, for example in medicine, for email filtering, or
computer vision. Ultimately, they apply for many purposes
and are especially useful where the development of conven-
tional algorithms fall short or it is even unfeasible.

Machine learning has a lengthy history of applications in
computational chemistry.*®*® For example, it is used for the
prediction of various chemical and biological properties.
Currently, within this discipline, ML is in a state of transition,
marked by its integration with big data science tools, holding
the potential to substantially transform the field.*® The mini-
mization of the error relative to reference data allows ML
algorithms to deliver predictive models mapping a set of
descriptors into one or more properties of interest. These
models can handle robustly sets of data that can be very large
and complex and, once compiled, they allow to make accurate
predictions on any computer in a fraction of a second.>® The
fast execution of ML predictions allows the exploration of
the large chemical space with different approaches,®” including
the multi-objective optimization,”® and inverse design.>**’

2.1. What we can do with predictive catalysis

Predictive catalysis, understood as the prediction of the result
of a catalytic reaction using efficient computational models,
has the potential to revolutionize the optimization procedure of
catalysed reactions in the coming years and constitutes a first
step towards the use of artificial intelligence, or more specifi-
cally machine learning to synthetic chemistry.>®

Predictive catalysis proposes disruptively changing the flow
chart of operations aimed at optimizing a synthetic procedure.
Rather than conducting an exhaustive experimental screening
of reaction conditions followed by mechanistic calculations to
understand the best experimental results, this approach pro-
poses to reverse the order. Thus, the calculations are performed
in a first stage and allow predicting a limited set of key
experimental parameters for the optimization of the process
that in a second stage will be evaluated in the synthetic
laboratory.”” This change would enable calculations to function
akin to surgical precision, directing experiments efforts exclu-
sively toward the most promising candidates identified through
computational analysis. Molecular descriptors here constitute a
foundational element in predictive catalyst design, quantifying
catalyst properties and facilitating the linkage between experi-
mental behaviour and structure.>®

2.2. Towards big data for machine learning

The long-term goal would be to feed ML systems with reliable
data. The global revolution of ML is highly beneficial for
computational chemistry, and in particular catalysis, since its
application will allow for uncovering hidden aspects of cata-
lysts. Minimizing the errors of current algorithms relative to the
reference data allows to deliver predictive models that map
a set of descriptors to one or more properties of interest.
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Thus, the data obtained in the different predictive catalysis
subprojects would feed databases that could be used by Al
algorithms. These algorithms automatically improve their per-
formance by using reported data and checking the evolution of
prior decisions.

The expertise of our research group in predictive catalysis is
well-founded. This dedicated research team has been organized
to effectively address the project outlined for this ongoing
review.

Predictive catalysis might appear inferior to machine learn-
ing, yet it has a huge comparative advantage, since it does not
require the use of any indispensable database. Actually, it is a
matter of making a minimal database based on the great
reliability that it has already achieved today through DFT
calculations. In addition, some projects could be defined not
merely as predictive catalysis, but rather predictive chemistry,
given the low impact of the catalyst. Nevertheless, the pivotal
aspect remains that calculations are conducted prior to experi-
ments, resulting in reduced experimental needs owing to pre-
dictions derived from computations. Examples of Poater’s work
in predictive chemistry and predictive catalysis include the
development of computational tools and methods to predict
the properties,®" reactivity,’>®® and behaviour of chemical
compounds and catalysts.®* However, the range of uses and
applications is much broader, including the development of
ML algorithms to predict the reactivity of chemical compounds
based on their molecular structure and properties,®* while
there are other examples using computational models to pre-
dict the performance of catalysts in chemical reactions,””
including the rate and selectivity of the reaction. These predic-
tions can be used to guide the synthesis and optimization of
new catalysts, leading to more efficient and sustainable
chemical processes.

2.3. Predictive catalysis examples in computational chemistry
from the research group

The research team already has former examples of predictive
catalysis, with or without the subsequent experimental tests.
Different strategies were planned, and here we summarize
some of them.

The use of web-servers to predict the reactivity, either by
energy barriers in olefin metathesis;*® or by means of sterical
indices such as %Vg,, or steric maps.'* Those latter tools have
attracted high interest and, actually, are the base of the use of
the steric indices discussed as a main topic in this review,
without which servers, probably the divulgation of those
indices would be much less and not significant in the catalytic
field, and simply constrained to the relatively low number of
users of the Cavallo group, developer of the Fortran code.

In line with the main philosophy of predictive catalysis,
some of us participated in past works, with anticipation of
preliminary calculations to reduce the later experimental
efforts: either screening ligands to combine with metals to test
hydrogenation catalytic systems,*"®® or unveiling the reaction
mechanism of a particular process in homogeneous catalysis.®”
In detail, CO, fixation, through functionalization of epoxides to

This journal is © The Royal Society of Chemistry 2024
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cyclic carbonates by NbCls,%® led to test the results in a more
productive heterogeneous system.®® The reactions of Si0,-200
instead of SiO,-700 with the niobium precursor, according
to the two different protocols, generated surface complexes
presenting significant, but different, populations of close active
centres (bipodal instead of monopodal). Thus, the demonstra-
tion of the dual metal catalysis was achieved, together with the
support of a DFT study on model silica surfaces. The observed
differences in catalytic efficiency were correlated with an
unprecedented cooperative effect between two neighbouring
Nb centres on the surface. On the other hand, the simple
modification of the niobium-based catalyst, substituting the
chloride by ethyl ligands led to null dual metal catalysis. Hence,
this work demonstrates that dual metal catalysis is like a
golden nugget in catalysis, and not easy to get.”” Continuing
with CO, fixation it was addressed which should be the most
suitable nucleophilic agent to activate the epoxide, and these
computational tests were then derived in the laboratory, only
with the best nucleophiles.” This solution for CO, fixation
combined with epoxides by the catalytic role of two niobium
centres was not a unique solution, but at the same time
contributed to solving the hydrophenoxylation of alkynes,”
contemporary with Houk and coworkers,”® where two gold
moieties are involved.”* In addition, the concept of dual
catalysis probably was not included in other works because it
failed, and instead the reaction pathway was guided by a
monometallic scheme. In this sense, in some of our works this
occurred,”® and even for the abovementioned cyclization of
epoxides with CO, failed with the niobium catalysts when the
chloride ligands were substituted by alkoxide ligands. But the
success of the concept of dual metal catalysis went beyond,
since the dual character is not mandatorily metallic, but two
organic molecules were demonstrated to cooperate towards
better catalytic performance. For instance, CO, has been
recently fixed by means of two units of ascorbic acid.”” And
in 2023 nickel() complexes of tripodal ligands could fixate at
atmospheric CO, pressure, and the best catalyst was fully
characterized by steric maps.”® Another solution by means of
calculations was the reduction of the kinetic cost defined by the
rate determining step (rds) by means of finding out alternative
catalytic systems with several examples, monitoring the sub-
stituents on the phosphine to achieve milder conditions in a
palladium-catalysed benzosilole formation from aryloxyethynyl
silanes and towards milder conditions by predictive catalysis
via steric hindrance in the pincer-Ru-catalysed hydrogenation
of thioesters.”’

On the other hand, in some cases, the proposed modifications
turned out to be almost sterile, for example the modification of a
pincer ligand bound to ruthenium for N,O fixation.”® However,
those are not failures of predictive catalysis, but a finding that it is
not always possible to improve the existing catalytic systems.
Finally, and above all, the goal of predictive catalysis and, in
fact, the final challenge is the proposal and achievement of
new generations of catalysts, either with unaffordable projects
including the bis-ylidene ruthenium complexes to get rid of the
costly phosphine dissociation in olefin metathesis using 1st or 2nd
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generation Grubbs catalysts (RuCl,(NHC or PR;)(PR;) = CHPh),”®
where NHC is a N-heterocyclic carbene (NHC), or the annulated
Cgo On NHC ligands in Ru-based olefin metathesis catalysts.*
However, other became successful, with next experimental studies,
take for instance, with regard to the functionalization of carbon
allotropes, Poater predicted the reactivity and regioselectivity of
the Pauson-Khand reaction in armchair, zig-zag and chiral
nanotubes,” a reaction that was then carried out in the laboratory
in collaboration with Prof. Fernando Langa (UCM); or in
collaboration with Prof. Jean-Luc Renaud the successful reduc-
tive amination by bifunctional(cyclopentadienone)Iron-Tricar-
bonyl Complexes,® analogous to Kndlker catalysts, moving to
mild conditions simply adding electronwithdrawing groups on
the cyclopentadienone ring.%%%

2.4. Hot topics in computational chemistry

Some of the hot topics in computational chemistry are the
following, in which %Vg,, or/and steric maps have or could
have a role: (1) Reaction mechanisms: computational methods
can be used to study reaction mechanisms and predict reaction
pathways, which is useful for developing new synthetic meth-
ods and understanding chemical reactivity; (2) Sustainable
chemistry: computational chemistry is also being used to
develop sustainable chemical processes and materials, such
as renewable energy sources and biodegradable plastics;
(3) Quantum computing in computational chemistry: quantum
computers are expected to revolutionize computational chem-
istry by enabling the simulation of larger and more complex
chemical systems; (4) Protein-ligand binding: computational
methods are being developed to predict the binding affinity of
small molecules to proteins, which has applications in drug
discovery; (5) Molecular simulations of biomolecules: molecu-
lar simulations can provide insight into the behaviour of
biomolecules, such as DNA, RNA, and proteins, at the atomic
level; (6) Reactive molecular dynamics: reactive molecular
dynamics simulations can be used to study the kinetics of
chemical reactions at the atomic level; (7) Multi-scale model-
ling: multi-scale modelling approaches integrate computa-
tional methods at different length and time scales to simulate
complex chemical systems, such as biological membranes and
polymers; (8) Drug discovery and design: computational chem-
istry plays a critical role in drug discovery by identifying and
optimizing lead compounds, predicting their pharmacological
properties, and simulating their interactions with biological
targets, and in addition, to identify potential drug candidates
and design more effective drugs with fewer side effects; (9) Protein
structure prediction: computational methods are being used to
predict the structure of proteins, which is important for under-
standing their function and designing drugs that target specific
proteins; (10) Materials discovery and design: computational
methods are useful to accelerate the discovery and design of new
materials with desirable properties, such as high strength, con-
ductivity, and catalytic activity; (11) Electronic structure calcula-
tions: electronic structure calculations are used to study the
electronic properties of molecules and materials, such as their
energy levels and charge distribution; (12) Solvation models:
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solvation models are used to simulate the behaviour of molecules
in solution, which is important for understanding biochemical
processes and designing new materials; (13) Machine learning in
computational chemistry: ML methods are being increasingly used
in computational chemistry to develop more accurate models for
predicting molecular properties and reactions; (14) Big data and
data mining: large databases of chemical and biological data are
being analysed using ML and data mining techniques to identify
patterns and correlations that can be used to develop more
accurate predictive models; (15) Artificial intelligence and deep
learning: AI and deep learning techniques are being applied to
computational chemistry to develop more efficient algorithms and
models.

3. Chemical indices related to
reactivity

Several indices have been developed and are used in chemistry
to quantify various properties of molecules, including reactiv-
ity, stability, and physical properties. In the following sections,
we will discuss some of the most important indices used in
chemistry, with particular emphasis on the steric indices.

3.1. Steric indices

Very generally, the steric indices are measures of the spatial
hindrance or crowding around a particular atom or group
of atoms within a molecule. They may consider the size and
shape of the substituent groups, the number of bonds, and the
number of lone pairs of electrons surrounding the atom of
interest. A higher steric index indicates more crowding and
hindrance, which can affect the reactivity and physical proper-
ties of the molecule. The steric hindrance index, the van der
Waals volume, and the cone angle are three commonly used
steric indices. The steric hindrance index measures the degree
to which a functional group or atom in a molecule is blocked or
obstructed by adjacent substituents, the van der Waals volume
index measures the size of a molecule or functional group, and
the Tolman cone angle measures the steric hindrance caused
by a substituent on a metal centre in organometallic chemistry.

3.2. Electronic indices

Indices that measure the electronic properties of molecules,
which play a crucial role in determining their reactivity, stabi-
lity, and physical properties. The electronegativity, electron
affinity, and ionization potential are three important electronic
indices. Electronegativity measures the tendency of an atom to
attract electrons, electron affinity measures the energy released
when an atom gains an electron, and ionization potential
measures the energy required to remove an electron from an
atom or molecule.

3.3. Aromaticity indices

While aromaticity is exclusive to certain molecular systems with
ring structures and lacks a univocal characterization, its funda-
mental role is undeniable, especially given its significant
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influence on molecular stability, reactivity, and electronic prop-
erties. Therefore, a variety of indices exist, which can be
organized into the following groups: Energetic,®* geometric,®®
magnetic,*®® electronic,***° and reactivity-based measures.”’

3.4. Spectroscopic indices

Indices that measure the spectral properties of molecules,
which are important in identifying and characterizing chemical
compounds. The infrared (IR) spectrum, the ultraviolet-visible
(UV-Vis) spectrum, and the nuclear magnetic resonance (NMR)
spectrum are three commonly used spectroscopic indices. The
IR spectrum measures the absorption of infrared radiation
by molecules, the UV-Vis spectrum measures the absorption
of ultraviolet and visible radiation by molecules, and the
NMR spectrum measures the magnetic properties of nuclei in
molecules.

3.5. Other indices

Other important indices in chemistry include thermodynamic
indices, kinetic indices, and thermophysical indices. Thermo-
dynamic indices, such as entropy and enthalpy, are measures of
the energy and heat changes in chemical reactions. Kinetic
indices, such as reaction rate and activation energy, are mea-
sures of the speed and mechanism of chemical reactions.
Thermophysical indices, such as melting point and boiling
point, are measures of the physical properties of chemical
compounds.

Overall, these indices play a crucial role in chemical research
and are used in a wide range of fields, from drug development
to materials science and catalysis. By providing important
insights into the behaviour of chemical compounds, these
indices help chemists design and synthesize new molecules
with specific properties and improve our understanding of the
fundamental principles of chemistry. To sum up, the above
indices and others are essential tools in chemistry for quantify-
ing various properties of molecules and compounds. Next, the
most used indices are discussed with a brief description:

The acid dissociation constant, commonly abbreviated as
PK,, is a measure of the strength of an acid in solution. It is
defined as the negative logarithm of the acid dissociation
constant (K,), which is the equilibrium constant for the dis-
sociation of an acid in water. A lower pK, value indicates a
stronger acid, and a higher pK, value indicates a weaker acid.
The pK, value is an important index in determining the pH of a
solution and the reactivity of acids in chemical reactions.

Basicity, also known as the basic dissociation constant (pKy),
is a measure of the strength of a base in solution. It is defined
as the negative logarithm of the basic dissociation constant
(Kp), which is the equilibrium constant for the dissociation of a
base in water. A higher pKj, value indicates a stronger base, and
a lower pKj value indicates a weaker base. The basicity of a
compound is an important index in determining its ability to
accept protons in chemical reactions.

The dipole moment, is a measure of the polarity of a
molecule. It is defined as the product of the charge on each
atom and the distance between them. A higher dipole moment

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00725a

Open Access Article. Published on 19 gruodZio 2023. Downloaded on 2026-06-20 15:51:30.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

indicates a more polar molecule, which can affect its physical
and chemical properties, such as solubility, reactivity, and
melting point.

Electronegativity, is a measure of the ability of an atom
to attract electrons towards itself in a chemical bond. It is a
fundamental concept in chemistry and is used to explain
various chemical phenomena, such as the polarity of molecules,
the strength of chemical bonds, and the reactivity of chemical
compounds. Electronegativity is measured on the Pauling scale,
where higher values indicate higher electronegativity.

Magnetic aromaticity indices, being the Nucleus Indepen-
dent Chemical Shift (NICS) the most extended in the general
chemistry community.*>®” NICS measures the magnetic
susceptibility at specific points in the space (ghost atoms) to
assess aromaticity. However, some authors have warned about the
limitations of NICS and its occasional misinterpretations.”>*
Therefore, they advocate for the importance of relying on multiple
indices based on different aspects of aromaticity.

The Hammett acidity function, commonly abbreviated as
HO, is a measure of the strength of an acid in organic chem-
istry. It is defined as the logarithm of the ratio of the equili-
brium constants of two acids, one being a reference acid and
the other being the acid of interest. The HO index is an
important index in determining the reactivity of organic acids
in chemical reactions since 1932.°* By extension, in 1937 it was
introduced an empirical equation relying on two parameters to
establish a connection between reaction rates and equilibrium
constants for reactions involving aromatic compounds,®® that
since then it is a reference in catalysis.”” and can also be
found in combination with steric maps to combine the electro-
nic and steric properties of the ligands.®®

Henry’s law constant, is a measure of the solubility of a gas
in a liquid. It is defined as the ratio of the concentration of the
gas in the liquid to its partial pressure in the gas phase at
equilibrium. The Henry’s law constant is an important index in
environmental chemistry and is used to determine the fate and
transport of gases in the environment.

Hydrophobicity, is a measure of the tendency of a molecule
or functional group to repel water. It is a crucial index in
determining the solubility and stability of molecules in aqu-
eous environments. Hydrophobicity is often quantified using
various indices, such as the octanol-water partition coefficient
(log P), which measures the partitioning of a molecule between
an organic solvent and water.

The melting point, is a measure of the temperature at which
a solid substance melts and becomes a liquid. It is an impor-
tant physical property of compounds and can be used to
identify and characterize them. The melting point is affected
by various factors, such as the strength and type of intermole-
cular forces between molecules, the molecular weight and
shape, and the presence of impurities.

Polarizability, is a measure of the ability of an atom or
molecule to form a temporary dipole moment in response to
an external electric field. It is an important index in determin-
ing the reactivity and stability of molecules, particularly those
involved in non-covalent interactions, such as van der Waals
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forces. Polarizability is influenced by various factors, such as
the size, shape, and electronic structure of the molecule.

The reactivity index, is a measure of the relative reactivity of
a molecule towards a specific reaction or reagent. It is often
used in computational chemistry and theoretical studies to
predict the outcome of chemical reactions and to design new
molecules with specific properties. The reactivity index is
calculated from various parameters, such as the molecular
orbital energies and electron densities.

Solubility, is a measure of the ability of a substance to
dissolve in a solvent. It is an important index in determining
the physical and chemical properties of compounds and is
influenced by various factors, such as the nature of the solute
and solvent, temperature, pressure, and the presence of other
solutes. The solubility index is often quantified using various
indices, such as the solubility product constant (Kp) and the
dissolution rate. In detail, K, is a measure of the solubility of a
compound in water. It is defined as the equilibrium constant
for the dissolution of a solid in water, thus, K, is an important
index in determining the solubility and precipitation of com-
pounds in solution.

Steric hindrance, is a measure of the obstruction of the
movement or reaction of a molecule by the presence of other
groups or atoms in its vicinity. It is an important index in
determining the reactivity and stability of compounds, particu-
larly those involved in organic reactions. Steric hindrance can
be quantified using various indices as shown above and that
will be in detail discussed in the next section.

The van der Waals radius, is a measure of the effective
radius of an atom or molecule, which is defined as the distance
between the nuclei of two atoms when they are in their most
stable state. It is an important index in determining the
strength of intermolecular forces and the solubility of mole-
cules in polar solvents. van der Waals radius is influenced by
various factors such as the size and shape of the atom or
molecule and the nature of the intermolecular forces. VdW
interactions are generally used to quantify the steric hindrance,
as well.

4. Steric indices

There are several steric indices used in chemistry to measure
the spatial bulk or volume of molecules or functional groups.
These indices play an important role in predicting the beha-
viour of chemical compounds and in the design and synthesis
of new molecules with specific properties. The most commonly
used steric indices in chemistry are the steric hindrance index,
the van der Waals volume, the cone angle and the buried
volume (% Vgyy)-

The steric hindrance index, is a measure of the degree to
which a functional group or atom in a molecule is blocked or
obstructed by adjacent substituents. Steric hindrance can affect
the reactivity of a molecule by preventing or slowing down
chemical reactions that involve the affected functional group or
atom. The SHI is calculated by comparing the experimental
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bond angles of a molecule with the ideal bond angles for the
same molecule with no steric hindrance. The ideal bond angles
are calculated based on the size and shape of the atoms and
functional groups involved in the bond. A higher SHI value
indicates greater steric hindrance, and therefore, lower reactiv-
ity. This steric index is a measure of the bulkiness of a
molecule. It is calculated by counting the number of atoms
that are close to each other in three-dimensional space, and is
used to predict the stability and reactivity of a molecule. The
SHI refers to a measure of the size of a molecule in relation
to the molecular size of its neighbours. This SHI is used to
describe the molecular size and shape of a molecule in a
system, and it is an important parameter for the design of
chemical reactions and for the study of molecular interactions.
However, one application of this steric index is specially in drug
design, where it is used to predict the pharmacological activity
of a drug and its potential for adverse side effects. By determin-
ing the steric index of a drug molecule, researchers can predict
how it will interact with its target protein and with other
molecules in the body. This information is crucial in designing
drugs that are effective and safe for human use.

The van der Waals volume, is a measure of the size of a
molecule or a functional group. It is calculated based on the
van der Waals radii of its constituent atoms. The VAW index is
important in determining the shape and size of molecules, and
it plays a key role in the development of drugs and other
compounds with specific physical and chemical properties.
A higher VdW value indicates a larger spatial bulk of the
molecule. The VAW index is particularly useful in predicting
the solubility, stability, and bioavailability of drugs.

The Tolman cone angle, is a measure of the steric hindrance
caused by a substituent on a metal centre in organometallic
chemistry.”>®® Mathematically, the CA is a measure of the
shape of a molecule, calculated by determining the angle
between the vector from the central atom to the centre of
gravity of the molecule, and the vector from the central atom
to the furthest point on the molecule. In detail, it is calculated
by drawing a cone-like shape around the molecule and measur-
ing the angle of the cone. This angle is defined as the angle
between the axis of the molecule and the axis of its neighbours
in a system. This angle provides information about the overall
shape of the molecule and can be used to predict its reactivity
and stability.

The CA index is used to predict the reactivity and selectivity
of metal-catalysed reactions, as it can affect the orientation and
accessibility of reactants near the metal centre. A smaller CA
value indicates greater steric hindrance, and therefore, lower
reactivity. The CA index is particularly useful in designing new
catalysts for organic reactions, where the selectivity of the
reaction is important. However, commonly, the CA is applied
to assess ligands like phosphanes,'® phosphites,'®* and simi-
lar ligands. This is especially fitting due to the distinctive
conical shapes of these ligands, even in cases of unsymmetrical
phosphanes. The Tolman cone angle has been the favoured
steric parameter for such ligands, despite some corrections and
criticisms over the years,'*" and being present book by Crabtree
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in the key educational in organometallics.'®* This parameter
has proven exceptionally valuable to the chemical community,
even when expanded the concept to steric maps.'® Although
the solid angle concept then appeared, and it was a viable
alternative,'®%” it was not as intuitive and did not provide
distinct advantages over the cone angle, and the bidimensional
representations by Immirzi and Musco were not conclusive
either,’®® as the cone angle radial profiles of Taverner and
coworkers.'® As a result, the solid angle did not gain signifi-
cant traction in describing steric properties of phosphanes and
related ligands.""°

General steric descriptors, link the successful CA for phos-
phines with the %V, of Nolan, Cavallo and coworkers. Actu-
ally, those indices are more general than the CA. In detail are
proposed by Taft,""" Charton''>'** and Verloop."'*'"?

The %Vg,, index, developed quantitatively by Cavallo and
coworkers, is a steric index that quantifies the volume of a
molecule in a specific region of space. This index has found
numerous applications in the study of the structure and
reactivity of molecules and materials. One particularly interest-
ing application is the correlation of %Vg,, with binding energy,
which has important implications for the design of new cata-
lysts and materials. However, the most important feature of
%Vpgyr index is that, while the Tolman CA had been proven
highly effective for assessing phosphanes, it was clear that it
was not the most suitable choice for characterizing the steric
attributes of the emerging category of NHC ligands,>"**® which
possess nearly C,-symmetric structures. NHC ligands have
gained significant traction as highly efficient alternatives to
traditional phosphanes in the last decades. Their application
often results in smoother reaction conditions and novel
reactivity. This is particularly evident in areas such as iridium-
catalysed hydrogenation,"”"* palladium-catalysed C-C coupling
reactions,'20™1%2 ruthenium-catalysed olefin metathesis,'>*™%°
and even unforeseen reactivity, exemplified by gold-catalysed
reactions.”*>"*! Moreover, the saturated NHC skeletons play a
pivotal role in introducing asymmetry to the NHC ring,'>**3%133
enabling the use of chiral NHCs in asymmetric synthesis.
And then for NHC ligands the use of %Vg,, could be extended to
any type of ligand, unlike the limited CA.

Other steric indices. there are several other steric indices
used in chemistry, including the steric strain energy (SSE), the
steric energy (SE), and the steric shielding constant (SSC).
These indices are used to measure the energy of steric interac-
tions and the degree of shielding of atoms or functional groups
from chemical reactions. Then, to switch to multidimensional
steric parameters, Sterimol steric parameters developed by
Verloop are a set of measures used to quantify the size and
shape of ligands on metal centres within coordination
complexes.”*”’*® These parameters involve evaluating the
dimensions of specific substituents along defined directions
in three-dimensional space,"*>'*° providing insights into the
steric interactions within a catalyst’s catalytic pocket, enabling
the comparison of different ligands and their effects on cata-
lytic behaviour."*" Knowing that understanding steric effects
in asymmetric catalysts remains largely empirical, in 2012,
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Sigman and coworkers revisited the past results with Charton
indices."** Prior research has shown correlations between
Charton steric parameters and simple substituents in sub-
strates and ligands, but these correlations are lacking for more
complex substituents. However, the potential application of
steric parameters is high for asymmetric catalysis, while those
tools were commonly used in quantitative structure-activity
relationships (QSAR), a technique for optimizing pharmaceu-
tical functions. By reassessing steric/enantioselection relation-
ships using the more advanced Sterimol parameters within a
QSAR context, it is possible to establish strong correlations in
processes where Charton parameters fell short. More recently,
in 2019 the steric occupancy descriptors by Denmark and
coworkers could lead to choose selectively chiral catalysts using
machine learning and chemoinformatics."*®* By employing
robust molecular descriptors that remain independent of the
catalyst scaffold, a universal training set was assembled, focus-
ing on steric and electronic characteristics. This training set
served as a foundation for training ML models that can predict
outcomes with high precision across a wide range of selectivity
scenarios. The use of support vector machines and deep feed-
forward neural networks was showcased in predicting out-
comes for the chiral phosphoric acid-catalysed thiol addition
to N-acylimines, highlighting the potential of this strategy to
enhance catalyst selection and development. In 2021 they
proposed a novel quantitative quadrant descriptor that relies
on conformer-dependence to establish connections between catalyst
structure and performance in enantioselective reactions."** The
versatility of these descriptors is exemplified across three dis-
tinct reactions: (1) copper-catalysed enantioselective cyclopropa-
nation of alkenes, (2) rhodium-catalysed enantioselective
hydrogenation of a-substituted N-acyl-enamides, and (3) enantio-
selective addition of thiols to N-acyl imines. By merging the
interpretive qualities of quadrant models with a quantitative
approach, this research offers a steric descriptor that enables
statistically meaningful correlations between the stereoselectivity
and steric occupancy of catalyst quadrants. The descriptor’s
concise dimensionality, ability to account for conformational
and stereostructural influences, and direct relevance to funda-
mental structural properties make it well-suited for establishing
Quantitative Structure-Selectivity Relationships (QSSR) using
smaller datasets from asymmetric reactions.

Overall, steric indices are crucial tools in chemical research, as
they provide important insights into the behaviour of chemical
compounds and help chemists design new molecules with spe-
cific properties. These indices are used in a wide range of fields,
from drug development to materials science and catalysis.

5. %Vpyr index and steric maps

5.1. Definition of %Vy,,

The mathematical concept of %Vg,, is very simple. Syntheti-
cally, it is necessary to establish the central metal atom (M)
that the ligand coordinates with. In cases of transition metal
complexes being analysed, the metal centre’s coordinates from
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the structure can naturally serve this purpose. However, when
dealing with the ligand’s standalone structure, it becomes
essential to designate a presumed metal centre to which the
ligand attaches through its bonding atom(s). After determining
the position of the central M atom, a sphere centred on M with
a radius of R is constructed. This sphere is divided by a
regularly spaced 3D cubic grid with intervals of s, defining
cubic voxels (vy,) with a volume of s*. The distance between the
centre of each voxel and all atoms in the ligand is examined to
see if any atom falls within the van der Waals distance from the
voxel’s centre. If none of the ligand’s atoms are within this
distance, the volume s*® of that voxel is considered as free
volume (Vgree). On the other hand, if a single ligand atom is
within the van der Waals distance, the volume s° of that voxel is
labelled as buried volume (Vg,,). This leads to eqn (1):

Vsphere = ZVxyz = Viree T Vaur = ZVyy(free) + Zvy,(buried)
@)

While the Vg, value shows the portion of the coordination
sphere occupied by the ligand, the more understandable % Vg,
descriptor of eqn (2) is preferred:

%VBur = 100’VBur/VSphere (2)

With the necessity to define the atom radii, considering that
the binding energies of NHC ligands with metals had been
corrected for solvent effects using the COSMO model,"** the
same atomic radii were first used for calculating %Vg,,, values.
Nonetheless, the validity of these previously used COSMO radii
had been not verified quantitatively against a specific set of
experimental or computational data. Additionally, a drawback
of these radii is their reliance on varied atomic sizes depending
on hybridization states, leading to cumbersome and potentially
error-prone input management for accurate atom labelling.
Despite this, the advantage of a broader range of radii that
accounts for the hybridization state of atoms is evident, offer-
ing enhanced flexibility to the overall methodology. When
switching to bondi radii,"*® and particularly scaled by 1.17
the agreement with experimental data like binding energies
increased significantly. With respect to COSMO radii, for Bondi
radii no requirement exists for input manipulation to designate
the hybridization states of atoms; thus, structures derived from
theoretical or experimental methods can be directly employed
without modification.

Emphasize that ligand is used here because it is the easiest
example, and also the pioneer, of using the V concept, but it is
really extrapolable to any structure one can imagine, from
metallic organic frameworks*”'*® to silicates,'*° clusters,"”>*>*
amino acids or enzymes,'**** to give some diametrically opposed
examples. And take for instance, the %V, index of the ligand can
lead to explain how pesticides trap free metals from the soil,">* or
unveil the complexation of trichlorosalicylic acid with metals to
enhance the resulting complexes as antibacterial agents.'>*

5.2. %Vg,, on NHC ligands

The origin of %Vg,, is implicitly linked to the development
of the NHC ligand, and its fundamental role in catalysis."®
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They are very symmetrical structures, and without them the
%Vgyr would surely never have been needed, and their flexi-
bility and asymmetry was also responsible for the evolution of
the concept to steric maps, to deal with particularly asymmetric
NHCs. Actually, much like or even more than phosphanes,
N-heterocyclic carbene (NHC) ligands are highly flexible struc-
tures that can be easily customized,”®"” allowing precise
adjustments of both steric and electronic properties.>**>%15
This characteristic has prompted a series of investigations
aimed at accurately characterizing and categorizing various
NHC ligands through experimental'®"®* and theoretical
means.>>*%*'®* Within this realm of research, the %Vg,, allowed
to quantitatively assess the varying steric bulk among different
NHC ligands, measuring the spatial occupancy occupied by the
NHC ligand within the metal centre’s first coordination sphere.
The necessity for an index that does not treat ligands as cones, but
as shape unbiased approach with the buried volume came after
the work on NHC ligands by Nolan and coworkers.>"'%

At a first glance, to save computational time, the challenge
would revolve to determine the appropriate NHC geometry
for %V, calculations, as a free organic ligand. However, the
DFT-optimized geometries of uncoordinated NHC ligands led
to erroneous estimates of the %Vy,, values compared to the
experimental performance in reactivity in catalysis. This simple
choice had drawbacks. Many instances demonstrated that
structures with aromatic N-substituents on free NHC ligands
tended to favour configurations where these N-substituents
were coplanar with the NHC rings.”” Yet, this conformation
inadequately represented NHCs in most organometallic com-
plexes, where the aromatic N-substituents were typically ortho-
gonal to the NHC mean planes, but mainly the reason is that
when the NHC ligands are free their substituents are greatly
expanded by space, which is forbidden when bonded.**"*® But
before accepting this drawback of %Vg,,, several other options
were considered and discarded. Complexes like (NHC)Ni(CO),
were initially attractive, given their use in calculating the CA;>®
however, these were unsuitable due to instability with bulkier
NHC ligands. Similarly, (NHC)AgCl complexes were not
ideal,"®” as the trans-positioning of the CI ligand led to an
inadequately constrained complex. Moreover, the experi-
mentally available (NHC)Ir(CO),Cl complexes were chosen as
model systems to determine NHC geometries for %Vgy,
calculations."®® These complexes possess a square-planar coor-
dination geometry around the Ir centre, with one Cl ligand
trans to the NHC ligand, which facilitates their use to explore
the steric and electronic attributes of NHC ligands.

5.3. Correlation of %Vg,, with reactivity

There is no straightforward correlation between the SI or % Vg,
and yield in chemical reactions, as the yield depends on a
variety of factors such as reaction conditions, reactant concen-
trations, and catalysts. However, these parameters can affect
the reaction rate and selectivity, which can in turn affect
the yield.

In general, larger substituent groups or atoms can lead to
steric hindrance, which can slow down or prevent reactions.
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This can result in lower yields or unwanted side reactions. On
the other hand, smaller groups or atoms may increase reactivity
and selectivity, leading to higher yields. However, this is not
always the case, and the effect of steric hindrance can be
complex and depend on the specific reaction and conditions.**
Similarly, larger %Vg,, values can lead to stronger repulsion
between atoms, which can also affect reaction rates and selectiv-
ity. However, the effect of %Vg,, on yield will depend on the
specific reaction and the other factors mentioned above.

There have been several studies that have investigated
the correlation between steric index and %Vg,, with yield in
chemical reactions. Generally, a higher steric index or %Vg,; is
associated with lower reaction yield, as the bulky substituents
can hinder the reaction from proceeding efficiently. However,
this correlation is not always straightforward and can depend
on the specific reaction conditions and substrates involved."?
Overall, the relationship between steric index, %Vg,, and yield
in chemical reactions is complex and cannot be described by a
simple correlation. It is important to consider these parameters
in the context of the specific reaction and conditions being
studied.

However, the correlation of %Vg,, with binding energy is
more robust, and it has important implications for the design
of new catalysts and materials with specific properties. The
ability to predict binding energies based on steric considera-
tions can lead to the development of more efficient and
selective catalysts, as well as materials with higher adsorption
capacities for carbon dioxide and other gases. As computational
power and theoretical methods continue to advance, the appli-
cations of the %Vg,, index and other steric indices are likely to
expand even further, leading to new discoveries and advances
in various fields.

Initially, in 2003, %Vg,, values were employed to provide a
qualitative understanding of trends observed in experimentally
measured bond disruption enthalpies (BDEs) within a set of
CpRu(NHC)CI complexes, whose geometries were determined
through DFT optimizations.>! The experimentally measured
BDEs and DFT binding energies were qualitatively correlated
with the %Vg,, values of the various NHC ligands. Depending
on the nature of the metal, the metal is placed closer or farther
from the linking atom of the ligand, and by extension of the
whole ligand, either NHC or phosphane.'®>'®® For example
for metal-carbon distances ranging from 2.28 A for nickel,?® to
practically 2.00 A for ruthenium.'”® In 2009, apart from this
parameter, with a set of DFT-optimized (NHC)Ir(CO),Cl
complexes,® the BE of the Ir-C bond was correlated to %Vgy,
of the corresponding NHC ligand, and a new and better
procedure to calculate %Vg,,, including Bond radii scaled by
1.17, sphere radius R = 3.5 A and Ir-C distance at 2.10 A, which
parameters were not further modified since then, except for the
latter. And, more importantly, from that moment, the calcula-
tion of %Vg,, through SambVca software was provided to the
chemical community with open access via a web-based graphi-
cal interface accessible at the following URL: https://www.
molnac.unisa.it/OMtools.php.'”" This led to an explosion of
use of this steric parameter by the world research community.
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Even though, specially at the beginning, the %Vy,, was
related to correlate with binding energies (BEs), since the
ability to accurately predict BEs is of great importance for the
design of new materials and devices with specific properties,
the scope of %V, expanded to many other properties and
parameters. Moreover, even though electronic indices are more
widely used, the reason to predominate could be under debate
since: (1) they cost more to calculate computationally; (2) when
multilinear regressions are performed, the weight of the elec-
tronics does not exceed 10% by weight, some of the sterics
being so important that even having to include an electronic
term is negligible.'”>'”® However, it should be noted that this
may be due to the fact that the steric index itself already
includes part of the electronic content per se. Among the
parameters used to include explicitly the electronic contribu-
tion of the NHC ligands in multilinear regressions, the differ-
ence of energy between the singlet ground state and the
triplet,>"*® or the energy of the frontier molecular orbitals,
either the highest occupied molecular orbital (HOMO),"”* or
the lowest unoccupied molecular orbital (LUMO),"”? have been
the most used. Obviously, excluding the electronic part facil-
itates the calculation, since only with the web server a
researcher can get the results quickly, in less than a second,
avoiding the need for knowledge in quantum computing. This
has favoured applications in education,'”® in theoretical but
also experimental catalysis.

One of the studies that was a total validation by %Vg,, came
from the hand of Clavier and Nolan in 2010, when they
correlated the BDEs of phosphanes,’’® surpassing even the
results of the Tolman CA, almost specifically designed for this
type of ligand. Fig. 2 shows how closely related are both indices
for a series of phosphanes. In 2019 Jover and Cirera led to
similar conclusions with an extended series of 119 phosphor-
ous based ligands, expanding the correlations with reaction
energy barriers in the Suzuki-Miyaura reaction.'”” Later on,
still in the same type of reaction, as many other studies that
used the steric maps to rationalize the reactivity in cross
coupling reactions,*®'”®'7° Fletcher and coworkers unveiled
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Fig. 2 Correlation between the Tolman cone angle and the %Vp,, for a
series of phosphanes. Reproduced with permission.t’® Copyright © 2010,
Royal Chemical Society.
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the catalytic cycle for the enantioselective Rh(i)-catalysed cou-
pling of boronic acids and racemic allyl halides,'®® which
facilitates the reactions with racemic substrates.

Focusing on NHC ligands, although studies were initially
focused on complexes with Pd for cross-coupling reactions'®' %3
and Ru," particularly for olefin metathesis,'®>'*® and also Rh'®’
and Au,'®*'®° the use was soon extended to any other imagi-
nable metal,***°° take for instance Al or Ga,***'°? and not at all
important are the contributions in organocatalysis, particularly
organopolymerization.'>*® And next, to any type of
ligand**>">**® or structure.™

5.4. Complementarities, limitations of % Vg,

The %Vg,, parameter assesses the portion of the first coordina-
tion sphere encircling a metal centre that is taken up by the
organic ligand. As %Vg,; emphasizes space occupation around
the metal rather than specific attributes of a particular ligand
class, it is applicable in constructing property-structure rela-
tionships for any catalyst or ligand category. For instance, this
parameter has been employed to quantify ligand steric effects
in high oxidation-state metal catalysis,'®” and, in conjunction
with the Tolman cone angle, to elucidate the improvement of
nickel catalysis in cross-coupling reactions through distant
steric influences.'®® Thus, it allows combinations with other
parameters.

Proposed catalyst descriptors often fall short by simplifying
complex catalyst features into single numerical values. This
disregard for the intricate chemical behaviour linked to the 3D
shape of catalytic pockets is particularly relevant in asymmetric
synthesis, where catalyst selectivity hinges on de-symmetrizing
the catalytic pocket. Common descriptors like the Tolman
CA or %V, struggle to encompass these nuanced attributes
but clash to reproduce them and cannot face the chemical
behaviour tied to the 3D. As a result, researchers have sought
alternative descriptors capable of representing the 3D catalyst
shape. Some solutions include stereocartography, which maps
areas of maximum asymmetry and have the capacity to unveil
stereoselectivity of a chiral catalyst;'***°° the accessible mole-
cular surface, quantifying intrinsic steric properties of chelat-
ing ligands based on solvent accessible surface area;**" and
Sterimol steric parameters, a set of measures successfully
portraying the size and shape of a ligand on a metal by gauging
substituent dimensions along specific directions.>*>*°* These
methods are effective for quantifying catalytic pocket variations
and establishing quantitative relationships between catalyst
behaviour and structure. However, they lack the ability to
provide a visual 3D representation of catalytic pocket shape.

In NHC ligands at some point some discrepancies appeared,
with similar %Vg,, for two typical NHC ligands, SIMes and SIPr,
when it was clear that the second should be more sterically
hindered, and thus this pushed towards steric maps, and also
explanations about the flexibility of the substituents on the
imidazole ring.?°**°® One first approach in 2010 to solve this
issue was a study by Cavallo and coworkers about the static and
dynamic properties of 11 N-heterocyclic carbene (NHC) ligands
within Ru complexes of the formula (NHC)Cl,Ru=CH,.*°
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Fig. 3 The ¢, angle distribution for Ru based olefin metathesis catalysts
([Ru] represents the Ru(Cly)(PMes) unit. A value of ¢; equal to 90° or —90°
signifies configurations in which the aromatic ring of the N substituent is
positioned perpendicular to the average plane of the NHC ring. Conver-
sely, a value of ¢; equal to 0° or 180° corresponds to configurations where
the aromatic ring of the N substituent is aligned with the mean plane of the
NHC ring). Reproduced by permission.2%° Copyright © 2010, American
Chemical Society.

Through dynamic trajectory analysis (see Fig. 3), it was evident
that the flexibility of Ru complexes could vary significantly
based on the nature of the N substituent. The N substituent
opposite the Ru-ylidene bond was folded inwards to protect the
vacant coordination position at the Ru centre. On the other
hand, limited flexibility was observed for the N substituent
situated beside the Ru-ylidene bond. For NHCs with a single
ortho substituent, whether a simple Me or a bulkier i-Pr
group, a preferred folding pattern was observed that bended
the unsubstituted side of the ring toward the halide-Ru-
halide plane.

This dynamic flexibility in terms of buried volume played a
pivotal role, allowing NHCs to adjust their encumbrance
around the metal to accommodate larger substrates. The
phenyl N substituent can rotate almost freely, whereas rotation
of the mesityl (or greater) N substituents is quite restricted (see
Fig. 3). However, steric maps improved the latter analysis of the
buried volume, uncovering distinct reactive pockets for NHCs
with mesityl or 2,6-diisopropylphenyl N substituents. As %Vgy,
can be considered to a simple number, it is sometimes not
sufficient to explain the reactivity of a catalyst,?®” or similarly to
rule out on steric features that a catalyst is inefficient, for
example comparing NHC-based catalysts ruthenium and iron.>®

5.5 The evolution of %V;g,, to steric maps.

5.5.1. Steric maps. They are also known as steric field maps
or electrostatic potential maps, are graphical representations of
the three-dimensional distribution of electron density in a
molecule. They are used to predict and visualize the inter-
actions between atoms and molecules and to determine the
reactivity of chemical compounds. Steric maps can be repre-
sentations of molecular structures that highlight the three-
dimensional arrangements of atoms and functional groups in
a molecule.
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The main advantage of using steric maps is that they provide
a quick and easy way to visualize the spatial arrangements of
atoms and functional groups in a molecule. This information
can be used to predict potential interactions between a mole-
cule and other biological or chemical entities, such as enzymes,
receptors, or other drugs.

5.5.2. Steric maps by Cavallo. For all the arguments already
mentioned above, and to be able to understand multidimen-
sional realities, which could not be evaluated with parameters,
and specifically the %Vg,, could not address, the context of
%Vpyr parameter was moved to two-dimensional steric maps by
Cavallo and coworkers, with the ability to understand asymme-
try in the first coordination sphere around the active centre,**’
generally the metal, by metal catalysts. On the other hand,
amazingly, and importantly, as well, the notion of a catalytic
pocket originated not in chemistry, but in enzymatic catalysis
and has been well-established since Fischer’s introduction of
the lock-and-key model.*"® This concept readily extends to
molecular transition-metal catalysts, where optimal catalytic
activity and selectivity rely on matching shapes between the
substrate and catalyst, both in enzymatic and synthetic cata-
lysis. Nonetheless, tools for visualizing the shape of catalytic
pockets in transition-metal complexes are surprisingly limited.
The prevalent method involves generating a ball-and-stick or
space-filling Corey-Pauling-Koltun (CPK) representation of the
catalyst in a specific orientation to maximize catalytic pocket
exposure.”' "> However, these approaches face challenges in
depicting distinctions between related systems, and they lack a
quantitative depiction of the pocket surrounding the metal centre.

In this context, to unveil the rhodium-catalysed 1-4
addition,?"® in 2010 Cavallo, Dorta and coworkers introduced
the concept of topographic steric maps,'®” which can be
likened to geographical maps in the field of physicochemistry.
These maps visualize the interaction surface between the
catalyst and substrate(s), sculpted by the ligands within the
complex. The numerical grid defining this surface allows for
quantitative analysis. By setting the metal centre as a reference
point akin to sea level and optimizing the complex’s orientation
for maximum metal exposure from above, altimetric contours
provide a quantitative depiction of the catalytic pocket. Eleva-
tion from the metal centre is measured similarly to geographi-
cal features on physical maps.'>'®” A colour scheme, ranging
from deep blue to dark red, can be employed to highlight
regions within the catalytic pocket that can accommodate the
substrate either above or below the ‘“sea level”. In this context,
elevation, depicted through isocontour lines, provides a numer-
ical representation of the catalytic pocket’s structure. Analo-
gous to geographical maps, steric maps of the topography can
be oriented towards specific hemispheres (north or south, east
or west) or quadrants (such as northwest or southeast).

These concepts’ evolution can be implemented by the cata-
lysis community,"? leveraging the downloadable source code
from the SambVca web server for buried volume and steric map
calculations under the GNU General Public License.'”*

One of the key applications of steric maps is in the field
of drug design, where they are used to predict the potential

This journal is © The Royal Society of Chemistry 2024
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interactions between a drug molecule and its target protein. By
analysing the steric maps of both the drug and the target
protein, researchers can identify areas of the molecule that
may cause unwanted interactions, such as clashes with other
parts of the protein or other drugs. This information can be
used to modify the drug molecule to minimize these inter-
actions and increase its efficacy.

Another important application of steric maps is in the study
of protein-protein interactions, where they can be used to
visualize the complex interactions between different proteins
in a cellular environment. By analysing the steric maps of
multiple proteins, researchers can identify potential inter-
actions between proteins and design experiments to test these
interactions.

Steric maps have also been used in the study of enzyme-
substrate interactions, where they can be used to predict the
interactions between an enzyme and its substrate. By analysing
the steric maps of both the enzyme and the substrate, research-
ers can identify potential interactions between the two mole-
cules and design experiments to test these interactions.

5.5.3. How to understand a steric map. To construct the
steric map, the entire complex was positioned within a Carte-
sian framework. This involved placing a designated point at the
origin, a second point along the z-axis, and a third point in the
xz plane. These points corresponded to either an atom or
the midpoint of a specific group of atoms. For instance, in
Fig. 1d, the complex was aligned so that the metal centre
occupied the origin, the midpoint between the two P atoms
extended in the negative z-axis direction, and one of the P
atoms lay in the xz-plane. Following the alignment of the
complex, any atoms not relevant to the steric map calculations
were removed. Subsequently, an analysis was performed on the
first coordination sphere surrounding the metal. In the case of
Fig. 1d, the PdMe, fragment was eliminated from the complex,
and the analysis focused on the MeDuPhos ligand.**

In more level of detail, behind the steric steric maps, upon
orienting the complex and excluding specific atoms, a sphere
with a radius of R, centred at the origin, is divided into sections
using a regular three-dimensional cubic mesh of spacing s."?
This mesh defines cubic voxels (v). To ascertain whether any
ligand atoms fall within the van der Waals distance of a given
voxel’s centre, the distance between the centre of each voxel
and all the ligand atoms is calculated. If no atom is within the
van der Waals distance, the voxel is marked as “free”; other-
wise, it is marked as “buried”. Once all voxels within the sphere
are designated as free or buried, the program scans the sphere’s
top (from positive z-values) to identify the z-value of the first
buried voxel. This process yields a surface denoted as S(x,y) = zg.
This surface outlines the ligand’s exposed area facing the incom-
ing reactants, essentially defining the shape of the reactive pocket.
Positive zg values indicate that the ligands extend into the z > 0
hemisphere, the region where the reacting groups are situated.
A visual depiction of the interaction surface between the catalyst
and the substrate can be found in Fig. 1d. Lastly, the maps are
straightforward two-dimensional isocontour depictions of the
interaction surface S(x,y) = zg, illustrated in Fig. 1d. By default, a
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sphere with a radius (R) of 3.5 A surrounding the metal centre is
utilized, and a mesh spacing of 0.1 A is employed to survey the
sphere for buried voxels. The van der Waals radii for atoms are
sourced from the Cambridge Structural Database (CSD), with
references provided in ref. 46. While hydrogen atoms weren’t
factored into the steric maps detailed in this study, the Web server
database included the hydrogen radius from the Bondi set for
alignment with CSD conventions.'*® Furthermore, radii not cov-
ered by these sources are standardized to 2.00 A, followed by a
scaling factor of 1.17, adhering to the CSD procedure. Currently,
the steric maps presented herein are produced through the
SambVca2.1 Web application. Since the graphical interface
accommodates a maximum of 1000 atoms, the input files for
generating the catalytic pocket of systems overcoming this
number must be edited to exclude atoms. Take for instance,
for the Amycalotopsis orientalis and the S221M/V223F/Y359A
mutant of Streptomyces coelicolor, sourced from Protein Data
Bank entries 2R5V and 3ZG]J respectively, were edited to exclude
atoms situated more than 15 A from the metal centre."
Following this adjustment, the steric maps were generated
uploading the modified files.

Determining the appropriate size for the first coordination
sphere prompts the question: “What Is the Optimal First
Coordination Sphere Size?” In the analyses discussed earlier,
a sphere encompassing the metal centre with a radius of 3.5 A
was consistently applied. However, this is particularly valid for
transition metal catalysts. The chosen 3.5 A radius holds
significance as it was found optimal for correlating the DFT
dimerization energy of 33 N-heterocyclic carbenes in the Wan-
zlick equilibrium.?? This value also demonstrated robustness in
explaining a substantial amount of experimental data. Consid-
ering that typical bond distances between metals and ligands
fall within the range of 2.0 to 2.5 A, the utilization of a 3.5 A
radius to define the metal’s first coordination sphere is
expected to encompass the approximate van der Waals volume
occupied by coordinated metal atoms. While this radius is the
default choice, it is acknowledged that different studies might
benefit from different values. For instance, surfaces, biological
applications, bimetallic systems, where reactivity occurs between
substrates connected to two distinct metal atoms, require a
different protocol, and enlarge the size.

A similar outcome is observed when assessing the catalytic
pocket of the metal organic framework (MOF) at radii of 3.5 A
and 6.0 A, as shown in Fig. 4."* Despite these variations, this
methodology has consistently succeeded in characterizing the
overall asymmetry and contour of the catalytic pocket, regard-
less of the radius. However, it is important to note that for
situations where bulkiness is not influenced by groups directly
bound to the metal, a larger radius becomes essential to
comprehensively capture the catalytic pocket’s shape.

The steric maps of Cavallo and coworkers introduced
SambVca 2, a freely accessible web application designed to
generate topographic steric maps that describe the catalytic
pocket encircling a metal centre in various types of transition
metal complexes. SambVca 2 features a user-friendly graphical
interface, and it not only computes the buried volume steric
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Fig. 4 Steric maps (plane xy) of the cavity of a MOF of iron, with a radius
(a) 3.5 A and (b) 6.0 A. The centre of the MOF is at the origin, and the iron
atoms are on the z axis. The isocontour curves of the steric maps are given
in A. Reproduced with permission.1*8 Copyright © 2018, American
Chemical Society.

descriptor but also serves as a full replacement for its prede-
cessor, SambVca 1. These descriptors, the buried volume, and
the topographic steric maps are designed to be adaptable
across different systems, enabling the compilation of a com-
prehensive atlas spanning all ligand classes. They are also user
friendly because the web server accepts different types of files,
with format of X-ray,>'**!* or any computed structure,®>'®
even a designed structure with a building molecule package
would lead to reasonable results.

In 2011, adhering to a similar approach, Houk, Montgomery,
and Liu devised a method to visualize hindrance around a
catalytic centre.”” They utilized a graphical representation based
on two-dimensional ligand steric contour maps, where contours
indicate the distance between the ligand’s van der Waals surface
and the substrate. This approach was first employed to elucidate
the reversal of regioselectivity in reductive couplings of alkynes
and aldehydes catalysed by Ni-NHC complexes. More recently,
Liu and Montgomery applied the same method to rationalize
simultaneously the regio- and enantiocontrol in the same reaction
when employing a novel class of highly hindered, enantiopure
tailored NHC ligands.>®

Overall, steric maps are a powerful tool for predicting
the steric effects on the reactivity and selectivity of chemical
reactions, and they have found wide applications in various
areas of chemistry, including organic synthesis, catalysis, and
materials science. The method provides a quantitative measure
of the steric hindrance in molecules and materials, allowing for
a better understanding of their steric and electronic structure
and reactivity. The applications of steric maps discussed in this
article demonstrate its utility in the design of new catalysts and
materials with specific steric and electronic properties, and its
potential for advancing the fields of chemistry and materials
science.

As computational power and theoretical methods continue
to advance, the applications of steric maps are likely to expand
even further, leading to new discoveries and advances in
various fields. For example, in ionic liquids the steric maps
have been able to understand the carbon dioxide,'® fixation
being the ionic liquids, not simple spectators, but the main
protagonist. Moreover, the method may be applied to study the
steric and electronic properties of new classes of materials,
such as MOFs and porous organic polymers (POPs),"*® which
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have attracted significant attention due to their potential
applications in gas storage, separations, and catalysis.

5.6. Beyond the limits of the steric maps

Steric maps may be combined with other theoretical methods,
such as density functional theory and molecular dynamics
simulations, to gain a more comprehensive understanding of
the properties and reactivity of molecules and materials. This
will allow for the development of more accurate and predictive
models for the design of new catalysts, materials, and devices.

To sum up, the applications of steric maps developed by
Cavallo and coworkers have provided significant insights into
the steric and electronic structure of molecules and materials,*?
allowing for the design of new catalysts and materials with
specific properties. As the method continues to advance, it has
the potential to revolutionize the fields of chemistry and
materials science, leading to new discoveries and advances in
various areas. Despite the clear qualitative character of steric
maps,>*®??* still currently to quantify, the %Vg,, index must be
used to quantify,’”****724 or in combination,*?9?2%:226 pre.
ferentially because it covers both quantitative and qualitative
aspects.

To demonstrate the versatility of steric maps of Cavallo and
coworkers as a flexible instrument capable of offering a dis-
tinctive representation of nearly any ligand employed in homo-
geneous catalysis, they were utilized with a range of common
ligands frequently found in organometallic chemistry. Embracing
the principles akin to Tolman and Sterimol methodologies, the
fundamental concept guiding the creation of topographic steric
maps lies in their inherent user-friendliness, assuming a crystallo-
graphic or computationally determined structure is accessible.

In addition to providing a visual representation of the
catalytic pocket, the steric maps of Cavallo and co-workers also
serve as distinctive markers for transition metal complexes.
This can be illustrated with a series of important chiral ligands
in catalysis,”’ since in the complexes where they participate
they are recognized to induce enantioselectivity in several well-
established reactions, such as Diels-Alder cycloadditions,
Michael and Mukaiyama-Michael additions, Heck and asym-
metric hydrogenations. Among them, bisoxazoline and binaph-
thyl ligands within C, symmetric complexes and a phosphi-
nooxazoline ligand within C; symmetric complex. In detail, a
straightforward visual examination of the ball-and-stick or CPK
structures of those three complexes does not readily facilitate a
comparison of these different systems. Conversely, the steric
maps not only distinguished between the individual complexes
but also provided an intuitive indication of how various ligands
shape the catalytic pocket differently.'” For instance, the slen-
der bisoxazoline ligand occupies space around the equator of
the catalytic pocket, with upward-facing ¢-butyl groups creating
relatively gentle protrusions in the south-western and north-
eastern quadrants. In contrast, the complex with a binaphthyl
ligand forms a groove from the north-west to the south-east,
akin to the former complex. The notable differences lie in
the naphthyl groups of the binaphthyl ligand, which cover
the bottom of the catalytic pocket in the north-western and
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south-eastern quadrants, along with the enhanced hindrance
caused by the phenyl groups in south-western and north-
eastern quadrants. The catalytic pocket of the complex with
the monodentate phosphinooxazoline ligand can be seen as a
combination of both the two previous complexes, resembling
the western hemisphere with the bisoxazoline and the eastern
hemisphere of the binaphthyl. Consequently, the %Vg,, values
indicate that the complex containing the binaphthyl has a
significantly larger %Vg,, than with bisoxazoline, while the
monodentate falls in between in terms of %Vgy.

And the final goal of steric maps actually is the first aim that
was thought for them. In detail, steric maps should also serve
as valuable tools for catalyst design by facilitating the evalua-
tion of the impact of structural modifications. In this sense,
Bertrand and collaborators synthesized cyclic (alkyl)(amino)-
carbenes containing a six-membered backbone (CAAC-6).>*®
In comparison to their counterparts with a five-membered
structure (CAAC-5), these carbenes exhibit increased %Vgy,
and enhanced donor and acceptor properties, as demonstrated
by the observed n — m* transition extending into the visible
spectrum. Their pronounced ambiphilic nature enables the
carbene to insert intramolecularly into an unactivated C(sp®)-
H bond. As ligands, they demonstrate superior performance
over the five-membered analogues in the palladium-mediated
a-arylation of ketones using aryl chlorides. However, the use of
%Vgyr and steric maps was preceded by former experimental
work, involving CAAC-5 Pd-complexes revealed that featuring
unhindered ethyl substituents, lacked the ability to catalyse
the o-arylation reaction. In contrast, complexes incorporating
a bulky substituent in place of ethyl groups, displayed high
reactivity with the less sterically demanding chlorobenzene.
However, the latter catalysts exhibited reduced reactivity when
faced with bulkier aryl chlorides like o-chlorotoluene or
2-chloro-m-xylene.**® Thus, a combination of experiments and
topographic maps enhanced the race for a new generation of
efficient catalysts. And Szostak and coworkers increased even
more the sterical hindrance of CAAC ligands, reaching the
CAAC-TPr* ligand,”®® catalytically proved for Cu-catalysed
hydroboration of alkynes (Fig. 5). In detail, with the %Vy,, of
49.5% and 49.4% for [Cu(IPr*~CAAC™®)CI] and [Cu(IPr*™°-
CAACM®)CI], respectively, represented the bulkiest CAACMe
ligands, for example, comparing the first with the homologous
with the IPr ligand, the %Vg,, drops to 41.9%. Anyway, the
values for the CAAC-IPr* ligands are still lower than the value
of 52.1% for the catalyst [Cu(IPr*)CI].

We can relate %V, and steric maps to computational
chemistry, but from the beginning it was created with the
desire to go beyond the boundaries of computational chemistry,
and reach all of chemistry, but this was not enough either, and it
was reached physics and biology.

At the executive level, how would this be done? therefore
facilitating its use and with any structure optimized with
computational calculations these tools would be valid, but also
with X-ray diffraction, and at an informative level it was
intended not to have to make use of hydrogens because in this
experimental technique they cannot be detected It must be said
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Fig. 5 Steric maps of (a) [Cu(IPr*~CAACM®)Cl], (b) [Cu(IPr*Me°—CAAC-
Me)Cl], (c) [Cu(lPr*)Cll, and (d) [Cu(IPr-CAACM®)Cll showing %Ve. per
quadrant. Adapted with permission.?*° Copyright © 2022, Royal Chemical
Society.

that the agreement with or not the inclusion of hydrogen atoms
did not reduce precision in the correlations where they could be
involved, sending the message that their weight is overesti-
mated, and in fact, heteroatoms are the agents that mark the
steric hindrance.

But if that was not enough, i.e. ignoring the hydrogen atoms,
these tools would be almost as valid simply with structures
created by hand using pre-parameterized bonds, from any
molecule building software, protein building, or of materials.

6. Fields of practical utility of %Vp,,
and steric maps

First of all, it must be said that among the applications only a
minimal summary of these can be reached, since today there
are already more than 2000 works that have made use of the
% Vgyr cONcepts or steric maps, and that have cited the pioneer-
ing works by Cavallo and collaborators. And those studies that
use them in combination with other indices or steric tools are
particularly interesting, and validate them, or especially refute
them, not only to know what the positive aspects are, but above
all to visualize what their limitations are.

The concepts of steric maps and %Vg,,; have uses in all the
range of computational chemistry. Thus, knowing about com-
putational chemistry is an interdisciplinary field that combines
chemistry, physics, mathematics and computer science to
develop and apply computational methods to study chemical
systems, to distinguish what are the hot topics in computa-
tional chemistry is intriguing, and in all there is potential
participation, thus let’s summarize them in the following list:
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6.1. Sterical hindrance of ligands

The main use of % Vg, and steric maps is simple quantification
of the steric hindrance that a particular ligand causes at the
metal centre, and especially if there is asymmetry the steric
maps and %Vg,, by quadrants gain weight. In summary, it is
about describing how the size of a ligand affects, that is, how it
is arranged in space. Most of the papers are related to NHC
ligands, and in particular ligated to ruthenium,?°®>!
copper,?**?* gold,”** and palladium,"’®?** but actually, the
most important actor is the ligand itself,”***® and the metal
simply can tune a bit its flexibility. There is a tendency to think
that the rule that the more sterically a ligand is, the worse is the
resulting catalysis. But we could give many counterexamples
that this is not the case. There are different reasons, either
because it blocks a coordination of an additional ligand,
because it leaves the perfect cavity in the first coordination
sphere around the metal to interact with the substrates, and
actually, it is common then that the most sterically protected
metal centre is the most effective catalytically.>*”>3®

Take for instance, the IPr* (1,3-bis(2,6-diisopropylphenyl)-
imidazol-2-ylidene) ligand represents a sterically hindered
ligand compared to the common IPr (1,3-bis(2,6-diisopropyl-
phenyl)imidazol-2-ylidene), however Nolan, Szostak and
coworkers unveiled that in most of the cases the catalytic
performance is better for the first NHC ligand in cross coupling
reactions,>****° despite the origin of IPr* in 2012 by Nolan was
devoted basically only to selectivity, and steric maps unveiled
that the increase of %V, was not fundamental,** but also the
asymmetry of each quadrant unveiled by the steric maps (see
Fig. 6).>** Through the utilization of density functional theory
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-3.00
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Fig. 6 Steric maps and %V, of the free (a) IPr and (b) IPr* NHC ligands,
and in the ruthenium dichloride indenylidene complexes for (c) IPr and
(d) IPr* NHC ligands. The isocontour curves of the steric maps are in A. The
xz plane is the mean plane of the NHC ring, whereas the yz plane is the
plane orthogonal to the mean plane of the NHC ring, and passing through
the carbene C atom of the NHC ring. The carbene C atom of the NHC ring
is at the origin. Reproduced with permission.?*?> Copyright © 2013, Royal
Chemical Society.
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some scenarios were delineated in which the NHC ligand
assumes an active role and instances in which it merely acts
as an observer. Alternatively, its modification does not yield
substantial alterations to its catalytic function or performance.
Actually, the differentiation of the maps, as well as the % Vg, is
much greater for the free ligands than when they are in the
complex. In fact, in the same study, maps are also provided
without the ligand ¢rans to NHC, which is dissociated by olefin
metathesis catalysis. But the conclusion of this and other
studies is that it is better to do the steric study of a ligand with
the conformation of the complex,"*?*** since the flexibility
exists.

The next IPr# by Szostak and coworkers even increased more
the sterical hindrance,>** up to the limit in terms of NHC
ligands. And in 2016, Michalak, Poater and coworkers in 2016
an efficient and readily scalable process involving NHC-
copper(i) halide catalysis for the addition of terminal alkynes
to 1,1,1-trifluoromethyl ketones,?*? in an aqueous environment
for the first time. Utilizing DFT calculations, the relationship
between the catalytic alkynylation yield and the sterics of
N-heterocyclic carbenes (NHCs), represented by buried volume
(%Vgur), is elucidated. The findings underscore the predomi-
nant influence of steric effects on the reaction yield, the kinetic
cost being lower the greater the steric hindrance of the NHC
ligand. The reason is not a reduction in the relative energy of
the rds but of the rate determining intermediate (rdi).®”

But after these last 2 decades with supremacy of NHC
ligands in organometallic catalysis, particularly due to the
strong donation of ¢ in combination with an adjustable steric
environment, it has not meant stagnation, since recently Szos-
tak and coworkers for example have generated thiazol- 2-
ylidenes,>** which are competitive to NHCs. The thiazole het-
erocycle and enhanced n-electrophilicity are shown to result in
a class of highly active carbene ligands for electrophilic cycliza-
tion reactions to form valuable oxazoline heterocycles, and this
transformative process has been partly mapped sterics, which
have helped to locate the structural differences between both
types of ligand.

Moreover, switching to pincer based catalysis, and in parti-
cular, to the Overman rearrangement reaction with a gold
catalyst, achieving precise spatial control in gold catalysis
presents inherent challenges due to the linear coordination
nature of Au(i) and the generally planar ligands adopted by
Au(m) complexes. Klein and coworkers introduced a novel
(NNN)g4iiprAu-OH complex characterized by sterically hindered
properties, suggesting the potential of the (NNN) ligand frame-
work to interact steric interactions with substrates through its
strategically positioned aryl groups.>*®> To explore these steric
aspects in greater depth, variations in the ortho-substituent of
the aryl group in (NNN),Au-Cl complexes allowed to manipu-
late the buried volume surrounding the Cl atom, and this
variation was subsequently correlated with yields achieved in
an Au-catalysed Overman rearrangement. Thus, the (NNN)
pincer ligand was announced as an attractive platform for
efficiently designing Au(m) complexes with the potential for
stereoselective catalysis. On the other hand, the NNN pincer

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00725a

Open Access Article. Published on 19 gruodZio 2023. Downloaded on 2026-06-20 15:51:30.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

ligand was also ligated to ruthenium by Milstein and coworkers
to carry out the reforming of aqueous ethylene glycol to glycolic
acid and molecular hydrogen as a green subproduct.>*® Indeed,
the planarity of pincer ligands makes them excellent candidate
ligands for using steric maps and %Vg.,”"” to elucidate how
hindered the reactivity of their metal centre will be.

Cavallo, Rueping and coworkers in 2020 introduced a regio-
divergent protocol for the cleavage of C-O bonds using magne-
sium catalysis.>*®* Employing readily accessible magnesium
catalysts, this method achieves the targeted hydroboration of
diverse epoxides and oxetanes (see Fig. 7a), leading to the
formation of secondary and tertiary alcohols with exceptional
yields and regioselectivities. The selectivity towards 2,2-
disubstituted epoxides was achieved for 13 examples, whereas
the other 42 led to excellent enantiospecificity. Detailed mecha-
nistic investigations along with DFT calculations shed light on
the unanticipated regiodivergence observed in the reaction.
Essentially, the steric maps of the coordinated epoxide inter-
mediate, ie. the rdi depicted in Fig. 7b, reveal a predictable
observation: the western quadrants containing the unaltered
carbon atom of the epoxide exhibit lower hindrance compared
to the eastern quadrants housing the substituted carbon atom
(Fig. 7¢).

6.2. Selectivity in catalysis

Steric maps serve to highlight the catalyst’s exposed surface
facing the substrate, which can then undergo a more compre-
hensive analysis to uncover the physicochemical attributes of
the catalytic pocket.>**>*' For instance, scrutinizing the cata-
lytic pocket solely through its steric attributes falls short in
elucidating the enantioselectivity in the asymmetric 1,4-
addition of phenylboronic acid to 2-cyclohexenone, resulting
in chiral 3-phenylcyclohexanone, driven by Rh-catalysts led by
Dorta and coworkers.'®” With two catalysts exhibiting remark-
able enantioselectivity, with enantiomeric excesses of 90%
and 99%, the great performance of the first was anticipated,
however the even higher enantioselectivity of the second was
unexpected, and posed a conundrum, considering that the
enantioselective induction is expected to be influenced by the
small, upward-oriented S—O moieties. Investigating the cata-
lytic pocket through its steric characteristics confirmed the

+5.0

S~k
i j \,.9( [T 25
xA vopn \_ «
0.0
b) 9
Bul\%gH 29
® 50
Fig. 7 (a) Regiodivergent ring opening of epoxides. (b) Rate determining

intermediate and (c) its steric map including the %Vpg,, of the quadrants
(The origin is set at the midpoint of the C-C bond within the epoxide, and
the O atom of the epoxide is positioned along the Z-axis. The scale of the
steric contours is included in A). Adapted with permission.?4® Copyright ©
2020, American Chemical Society.
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marked asymmetry of the catalytic pocket of the first, exhibiting
a groove aligned from northwest to southeast shaped by
the upward-oriented p-tolyl groups. Computational analysis
validated that the preferred transition state accommodates
the reacting groups within this groove. Conversely, the steric
map of the second portrays a notably flatter catalytic pocket,
implying that the heightened enantioselectivity exhibited is not
solely driven by steric effects. Here, expanding the assessment
to the surfaces of the catalytic pockets, based on the steric maps
using electrostatic potentials derived from DFT calculations,
yields an alternative perspective on the two catalysts. Remark-
ably, the electrostatic potential map of the catalytic pocket of
the best displays marked asymmetry, featuring areas of highly
negative electrostatic potential near the S—O moieties. Con-
versely, the electrostatic potential map of the less good is more
uniform. Consequently, the electrostatic map of both catalysts
shares a resemblance in shape.'®” The favoured transition state
once again positions the reacting groups within the northwest
to southeast groove, which, in this instance, is influenced by
the electrostatic potential on the catalytic pocket’s surface.
In summary, employing steric maps to visualize catalytic pock-
ets and characterizing their surfaces with a broad property such
as electrostatic potential enables the elucidation of the origins
of the stereoselectivities exhibited by this pair of catalysts.

Aiming to predict and understand how different structures
influence reactivity, Doyle and coworkers introduced a versatile
and quantitative method for classifying reactivity differences,”?
known as ‘’reactivity cliffs,” in 11 sets of chemical reactions
involving Ni and Pd catalysts. These reactions utilize monodentate
phosphine ligands. The study revealed a distinct molecular des-
criptor, termed ‘minimum percent buried volume [%Vg(min)],
which effectively separates the datasets into regions of high and
low reactivity using a consistent threshold in cross-coupling
catalysis. Experimental investigations on organometallic systems
show that this threshold aligns with whether the metal is doubly or
singly bound to ligands, and that %Vg,,(min) provides a valuable
predictive insight into ligand behaviour in catalytic processes.
Thus, %Vg,, can put the threshold in any catalytic reaction to
predict if it will be or not feasible, and it is also a tool to
discriminate between families of substrates to interact with the
metal centre, either by the total number or by quadrants.>>

Stereoselectivity plays an important role in some chemical
reactions, particularly in polymerizations involving a semi-
chiral monomer.?** Under these circumstances, the steric index
around the active catalytic centre, where the living polymer
chain is growing, dictates the stereoregularity of the final
polymer.>®® It helps to design new efficient catalysts that
subsequently lead to major advances in the development of
either homogeneous or heterogeneous catalysts for semi-chiral
derivative polymers, such as polyolefins.

In 2023, Osuna, Bietti, Costas and coworkers used the steric
maps to enhance the enantioselective hydroxylation at unac-
tivated tertiary C-H Bonds.>*® Here, the challenge of achieving
those enantioselective C-H oxidations has been endeavoured.
In detail, the hydroxylation of tertiary C-H bonds within
cyclohexane structures using H,O, as the oxidant combined
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with a manganese catalyst, exhibited a structural congruence
with the substrate, much like the lock-and-key recognition
mechanism observed in enzymatic active sites. Theoretical
calculations in this project by molecular dynamics simulations
is the right tool to understand the behaviour of those catalysts
in solution and at interfaces. They revealed that the enantio-
selectivity observed is a consequence of the precise fitting of the
substrate’s scaffold into the catalytic site. This fitting was
accomplished through a network of weak non-covalent inter-
actions that are complementary in nature. This enantioselective
process leads to stereoretentive C(sp3)-H hydroxylation,
enabling the generation of multiple stereogenic centres within
the molecule in a single step—up to four in number. These
centres can be individually controlled and manipulated using
conventional methods, offering a streamlined approach to
access a range of chiral frameworks from a single precursor.
The importance of the binding pockets is thus described by the
steric maps leading to simple images that help to understand
how the substrate interact, and even can be expanded to
chirality.>®”

6.3. Reactivity in catalysis

Since copper-catalysed atom transfer radical polymerization
(Cu-ATRP) is a widely utilized technique for controlled radical
polymerization,**® extensive research into its mechanisms had
been performed. And in 2019, the crucial transition states
governing the activation and deactivation of the polymer chain
during Cu-ATRP were computationally explored by Coote,
Matyjaszewski, Peng and coworkers.>>® They covered the gap
to understand how ligands and initiators influence these
processes. This study introduced the first computational inves-
tigation into the activation transition states of Cu-ATRP, shed-
ding light on factors that impact activation and deactivation
rates. Unusually, the bromine atom transfer between the poly-
mer chain and the Cu catalyst occurs through a bent geometry,
involving significant interactions between the polymer chain
end and the catalyst’s ancillary ligand. This interaction com-
plexity dictates activation and deactivation rates, controlled by
both the Cu catalyst’s electronic properties and steric repul-
sions between the ligand and initiator. Furthermore, the flexi-
bility of the ligand backbone was found to be pivotal in
activation. Through theoretical analyses, three important
descriptors were identified: catalyst's HOMO energy (Enomo),
percent buried volume (%Vg,;), and catalyst distortion energy
(AEgist), capturing electronic, steric, and flexibility influences
on reactivity, respectively. These descriptors were then corre-
lated with experimental activation rate constants using multi-
variate linear regression, yielding a reliable predictive model for
ligand effects on reactivity. Validation using various ligands
demonstrates an average error of under +2 kcal mol™' com-
pared to experimentally derived activation energies. The same
methodology was extended to predict the reactivity of different
alkyl halide initiators, using descriptors of bond dissociation
energy (BDE) and Cu-X halogenophilicity. Thus, the digital
rendition of the steric map, represented as an array of points
defining the surface in Cartesian space, holds potential as a
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digital steric descriptor for applications like multilinear regres-
sion analysis.>**%* And thus, it could also be incorporated into
workflows designed for high-throughput screening of novel
catalysts using ML methodologies.*** Even though in most of
cases the %Vg,, is a perfect structural tool/parameter to corre-
late with a series of data, experimental or computational,**>>%”
it is also necessary to be honest in recognizing that it does not
seem that the %Vy, is one of the variables with the best
behaviour in terms of the reproduction of the structural and/
or steric part,®"**®?%° with preference for the Tolman electronic
parameter (TEP), and sometimes the bond distances>®®
and angles can be a better choice.®>**® And particularly, in the
activation of the C-O bond of the allylic alcohol, catalysed by
palladium, the multiple linear regression analysis does not use
as a variable either the %Vg,, or the C-O bond distance but the
angle with the metal.>®® Actually, most of the studies base the
use of steric maps, independently of the catalytic reaction
under study, and based on the cleft on the metal centre, where
the substrate should interact, as Gramage-Doria and coworkers
have developed with non-biological catalysts that mirror
enzyme principles.””> These catalysts typically possess adapta-
ble molecular recognition sites for substrate binding, often
following conformational selection pathways. The catalyst com-
prised an inflexible substrate-recognition site stemming from a
zinc-porphyrin in the second coordination sphere. Thus, the
catalytic pocket is the aim of steric maps,?’*?”* and the lability
of the ligands is also fundamental, because if it is easy to
dissociate a ligand, take for instance a chloride, the sterical
hindrance on the metal centre drops automatically.””® In 2020,
Occhipinti, Jensen and coworkers unveiled the Z-selectivity in
olefin metathesis of monothiolate ruthenium indenylidene
catalysts.>”® The study is very simple, it was the replacement
of a pyridine ligand by a thiolate ligand (see Fig. 8a). To further
investigate the steric influences of the thiolate, a comparison
was made between the %Vg,, of 95.0% for its active species,
after removing a pyridine ligand (see Fig. 8b), and its corres-
ponding dichloride (without pyridine, as well). The results
indicate a substantial contribution of the thiolate to the overall
steric congestion, with a %Vg,,, value of 86.4% for the dichlor-
ide catalyst. Interestingly, a minor portion of this difference
arises from the sulphur atom itself, signifying the effect of
replacing chlorine with sulphur. Upon solely considering ruthe-
nium and the atoms directly bonded to it, the %Vg,, values
were slightly larger again for the thiolate (67.7%) in comparison
to the dichloride (67.0%).

270,271

6.4. Macromolecular chemistry

One instance of catalyst design through the comparative ana-
lysis of catalytic pockets within related complexes can be
observed in the advancement of chelating ligands tailored for
the Pd-catalysed copolymerization of ethylene with olefins
possessing a polar functional group. Presently available cata-
lysts encounter a limitation in selectively producing high-
molecular-weight linear polymers, a drawback that prompts the
need for improvement. Additionally, the conventional approach
of augmenting molecular weight in olefin polymerization—by
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Fig. 8 (a) Synthesis of the thiolate Ru based catalyst and (b) its steric map.
Adapted with permission.?”® Copyright © 2020, American Chemical
Society.

inhibiting the chain termination reaction through heightened
steric hindrance around the active centre of the catalytic system—
cannot be readily applied.”””*”® For instance, the straightforward
enhancement of steric hindrance in the substituents on the P
atom of a phosphinesulfonato Pd-ligand in prototype Drent-type
catalysts, aimed at the copolymerization of ethylene with higher
and bulkier olefins, leads to a significant reduction in the incor-
poration of the co-monomer. This decrease occurs due to the
proximity of this steric hindrance to the coordinated monomer,
illustrating the complex considerations needed for catalyst design.

Carrow and collaborators addressed this dual challenge by
formulating Pd catalysts featuring a chelating P(v)-P(u) ligand
founded on a phosphonic diamide-phosphine (PDAP) motif.>”°
This PDAP framework offers distinct electronic attributes along
with the capacity for controlled modulation of steric hindrance
by adjusting the bulkiness of the substituents positioned dis-
tantly from the coordinated monomer. This modulation aims
to maintain efficient rates of co-monomer insertion.

Initial assessment of steric hindrance in the crystallographic
structures of Pd-complexes revealed that the compound,
encompassing the prototype PDAP ligand featuring a diiso-
propyl, phosphonic diamide group, exhibited notably elevated
steric hindrance in contrast to other prevalent ligands like the
carboxylate-based ligand or the di-tert-butyl phosphine oxide
ligand. Moreover, a visual examination of the catalytic pocket
highlighted that the PDAP ligand imposed hindrance on the
O-oriented side of the complex (western hemisphere), while its
influence on the P-oriented side, adjacent to the coordination
position available for the incoming monomer in the eastern
hemisphere, remained minimal. This analysis led to the con-
clusion that altering the amine substituents in the PDAP ligand
could serve as a viable avenue for manipulating the polymeri-
zation behaviour of the catalyst.

Subsequent evaluation of the catalytic copolymerization
performance of Pd complexes harbouring an array of distinc-
tively substituted PDAP ligands enabled the identification of
complexes, which emerged as potent catalysts for the copoly-
merization of ethylene with polar vinyl monomers, leading
to the synthesis of high-molecular-weight copolymers (with
molecular weights reaching up to 105 g mol ).

On the other hand, Falivene and Cavallo in 2017 discussed
the guidelines to select the right NHC for the organopolymeri-
zation of monomers with a polar group. The report is based on
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the DFT stability of zwitterion and spirocycle adducts of polar
monomers and free NHCs. The conclusion is that apart from
the sterical hindrance of the NHC, the singlet-triplet energy
gap of the NHC, with particular needed energy gaps leading to
zwitterionic adducts and spirocycle adducts when using large
or low energy gaps, respectively. In addition, apart from
explaining the current systems, the analysis of 45 NHC/mono-
mer pairings the study led to a framework for anticipating the
behaviour of novel NHC/monomer combinations, even though
to date those data have not been tested experimentally, in a
clear example that computational and experimental results
should go together, and following this order,**° as suggested
by predictive catalysis/chemistry,** and machine learning on
chemistry. And still in polymerization, Talarico and coworkers
in 2023 combined the steric maps and %Vg,, concepts with the
energy decomposition analysis using the associated activation
strain model (ASM) and this led to unveil the origins of the
stereoselectivity for propene polymerization promoted by
pyridylamido-type nonmetallocene systems.”®! The correlation
between the precise modification of the ligand and the result-
ing stereoregularity in propene derived polymers was system-
atically elucidated. This encompassed factors such as the size
of the metallacycle, the nature of the bridge within the mole-
cule, and the substituents located at the ortho-position of the
aniline fragments. Utilizing a combination of DFT calculations
and %Vg,, together with steric maps, the calculated outcomes
aligned with the experimental trends. Notably, it was observed
that introducing substituents to the bridge or the ortho-
positions of the aniline units amplified the level of stereo-
selectivity. Through an analysis known as the ASM-NEDA
analysis, a dissection of the steric and electronic influences was
achieved.”®* This detailed examination underscored the man-
ner in which subtle modifications to the ligand could exert an
impact on the stereoselectivity of the propene transformation
process, and by extension for 1-decene oligomerization the
use of steric maps could unveil the role of group IV diamine
bis(phenolate) catalysts.>

Overall, it must be assessed that quantitatively the use of the
concepts of steric maps is frankly focused on ligands such
as NHCs,>*®® but especially the explosion has come in the
reproduction of catalytic surfaces where simple polymeri-

zation,”®*?*%> or hydrogenation reactions take place.*"'*°

6.5. Computational studies

Quantum computing has the potential to revolutionize compu-
tational chemistry by enabling the simulation of large, complex
chemical systems that are currently beyond the capabilities of
classical computers. And although the %Vg,, is referred to
experiments, in most cases it has been used in pure computa-
tional studies. Chen and coworkers linked the Extended Tran-
sition State-Natural Orbital for Chemical Valence-method (ETS-
NOCV) with (L)W(CO)s, where L = amines or phosphanes,*®
with the carbonyl stretching frequencies and %Vzg,,, and result-
ing with the estimation of the c-donor and n-acceptor abilities
of phosphines from experimental observables. However, in
other cases the uses of %Vg,; is performed by experimentalists
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opers of those tools, to be used by any researcher.
Take for instance, in 2018 Neidig and coworkers used those
tools to characterize the reactivity of (NHC)Fe(1,3-dioxan-2-
ylethyl), complexes, because of the NHC ligand, linking the
major structural perturbations observed crystallographically.”®”
And luckily, the trend is to bring together the two approaches,
experimental and computational, in most recent studies.>*®
When the two approaches are really complementary it is more
challenging, when both cover different aspects. In 2017, Nau-
mann, Falivene and coworkers could explain the role of
N-heterocyclic olefins (NHOs) in polymerization of (meth)acrylic
monomers.”®® Experimentally, this research focused on the
zwitterionic organopolymerization of four acrylic monomers,
facilitated by NHOs, i.e. the neutral initiators. Imidazole-
derivatives were found to efficiently polymerize the selected
monomers, while other derivatives like imidazoline and benzi-

and actually this one of the aims of the devel-
12,14,22

midazole showed different behaviour. Without additives, the
polymerization reactions lead to relatively uncontrolled results,
producing mostly atactic material. However, when a p-type
ligand like LiCl was introduced, acrylamide polymerization
becomes significantly more efficient, resulting in highly iso-
tactic acrylamides with substantial molecular weight. On the
other hand, using computational tools like DFT, the study
delved into the intricacies of zwitterionic chain growth and
competing reactions such as spirocycle and enamine for-
mation. NHOs with unsaturated backbones were better suited
to support zwitterionic chain growth, with spirocycles acting as
inhibitors that slow down but did not fully halt polymerization.
In contrast, enamine formation acted as an irreversible termi-
nation point and was energetically preferred. By introducing
specific substitutions on the exocyclic carbon of the NHO
structure, certain pathways that favour controlled polymeriza-
tion were identified. Notably, the research established a rela-
tionship between initiation energy barriers, buried volume
(%Vgur), and the Parr electrophilicity index.

6.6. Material and surface science

Computational chemistry together with steric maps are being
used to design and optimize new materials for a wide range of
applications, including energy storage, catalysis, and electro-
nics. Steric maps have also found applications in the field of
materials science, particularly in the design of new materials
with specific steric and electronic properties. One of the major
advantages of steric maps is that they allow for the prediction of
the steric hindrance and electronic structure of complex mole-
cules and materials, providing insights into their properties
and reactivity. For instance, in a study by Shams et al., they
focused on the hydrofinishing of polyalphaolefins (PAOs)
through hydrogenation.*' The effectiveness of using halloysite
clay as a support for immobilizing Pd nanoparticles in the
development of efficient catalysts under mild conditions was
explored, simply screening the environment of the metal
centre.”®® The research delved into the impact of halloysite’s
hydrophobicity on the efficiency of PAO hydrofinishing.
To adjust the hydrophobicity of the Hal surface, cetrimonium
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Fig. 9 %Vpg,r and steric maps on the metal centre bonded to the halloy-
site: (a) without and (b) with cetrimonium bromide (xy plane, with the
palladium placed in the centre and the z-axis the oxygen bonded to
palladium, including the oxygen of the closest methoxy group in the xz
plane. Curves are given in A, with a radius of 3.5 A).** Copyright © 2022,
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

bromide was employed. Experimental findings indicate that the
presence of CTAB reduces the catalyst’s activity and computa-
tionally by steric maps (Fig. 9), the presence of cetrimonium
bromide on the first sphere of palladium reduces its capacity to
allocated molecular hydrogen or even worse, the olefins. The
%Vpyr jumped from 64.5 to 87.1% when the cetrimonium
bromide was added. This predictive catalysis exercise is valid
to save experimental efforts, in analogy with other studies.**
On the other hand, steric maps could also scrutinize in olefin
polymerization the role of the common cocatalysts in Ziegler-
Natta catalysis, from a steric point of view.>**

6.7. Biological applications

Topographic steric maps offer a versatile approach beyond
synthetic molecular catalysts, extending their utility to biologi-
cal contexts. This is evident in their application to characterize
the catalytic pockets of both natural and artificially designed
metalloenzymes.** To illustrate this potential, Rothlisberger
et al. examined a comparison between the catalytic pockets of
the wild-type mononuclear p-hydroxymandelate synthase from
Amycolatopsis orientalis and an in silico-designed triple
mutant (S221M/V223F/Y359A) of a related enzyme from Strep-
tomyces coelicolor.>** The wild-type enzyme catalyses the con-
version of phenylpyruvate to (S)-mandelate (Fig. 10a),>*® while
the engineered mutant aims to induce opposite enantioselec-
tivity, favouring the formation of (R)-mandelate.”*>*°® The
active sites of both proteins exhibit a trigonal bipyramidal Fe
centre (Fig. 10b),**”?°® with coordinating residues such as
His181, His261, and Glu340, along with available positions
for catalysis. In the wild-type enzyme’s catalytic pocket, certain
residues (positions 223, 234, 261, 340, 350, and 359) constrain
the space above the metal (Fig. 10c), resulting in an open
subpocket in the south-western quadrant, where the aromatic
ring of (S)-mandelate is positioned. Conversely, the mutant’s
catalytic pocket situates the aromatic ring of (R)-mandelate in
the north-western quadrant. Notably, the mutant’s catalytic
pocket can accommodate (R)-mandelate, which would be infea-
sible in the wild-type pocket due to the clashing of its aromatic
ring with the bulky Tyr359 residue. This comparison between
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Fig. 10 (a) Scope of the reaction. (b) Catalytic active site. (c) Steric map of
the catalytic active site from the crystal of the wild-type A. orientalis (left)
and of S221M/V223F/Y356A muntant of S. coelicolor. Reproduced with
permission.'? Copyright © 2016, American Chemical Society.

the steric maps of the catalytic pockets reveals that mutations
such as V223F and Y359A have distinct effects: V223F impedes
the open space where (S)-mandelate’s aromatic ring would be
situated, while Y359A opens up space in the north-western
quadrant, facilitating accommodation of (R)-mandelate’s aro-
matic ring. Thus, by employing steric maps, the study gains
insight into the structural basis of enantioselectivity alterations
in metalloenzymes, underscoring the broader applicability of
these maps in elucidating catalytic mechanisms in diverse
contexts.

In 2020, in one of the pioneering research works about
pandemic COVID, Poater showed the effectiveness of inhibitors
in blocking the COVID protease (SARS-CoV-2 MP™), and
a-ketoamide derivative substrates experimentally developed by
Hilgenfeld and coworkers.>*® Following biological characteriza-
tion, DFT calculations were employed to not only elucidate the
thermodynamically favourable interaction mechanism of the
active inhibitor with respect to the non-active ones, but also to
shed light on the kinetic aspects of this interaction.’*® Aroma-
ticity, a concept that has been debated and unverifiable,***
plays a pivotal role in explaining the role of histidine (His41 of
MP™, see Fig. 11a). His41 establishes a hydrogen bond with the
hydroxyl group and facilitates the proton transfer from the thiol
of Cys145 at negligible energy expense, thus favouring the
interaction with the inhibitor acting as a Michael acceptor.
The steric hindrance around His41 is minimal, as evidenced by
the steric maps (Fig. 11b), confirming it as the region with the
least hindrance within the first coordination sphere of the thiol
group where reactivity occurs. These maps also provide insight
into the significantly poorer activity of certain inhibitors.
In these cases, the presence of a cyclohexyl residue (as opposed

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 (a) Region around the sulphur of Cys145 of MP™ in the X-ray

structure in space group C2. (b) Steric map around the sulphur of Cys145
of MP™ from the crystallographic structure (space group C2) of the
protease MP™®. On the z axis, there is the sulphur atom of Cis45 and the
carbon atom of the carbonyl of the substrate is at the origin, while its
oxygen atom is on the xz plane (in A). Reproduced with permission.3°°
Copyright © 2020, American Chemical Society.

to the cyclopropyl residue) complicates the necessary free
rotation of His41. This rotation is crucial for sequential proton
donation and acceptance. The expected steric clash between
the pyridine ring and GIn189 is replaced by this hindered
rotation. Thus, apart from the aromaticity to explain the
reactivity, to unveil why the substrate with a cyclohexyl sub-
stituent does not work, steric maps were basic. Continuing with
hydrogen bonds, steric maps allowed Posada-Pérez et al. also
explain how the series of halides interacted with nickel but had
a totally different stability due to hydrogen bonds with 3 amino
groups that are located,** if possible in the same plane as the
halide symmetrically. Thus, in this case, steric maps achieve an
understanding not only of the first coordination sphere, but of
the second, and doing so not in a biological system, but a
simple inorganic complex. This is another reference of the
versatility of this type of topographic steric maps.

In homology with the characterization of protein surfaces
based on the attributes of exposed amino acids, a similar
approach could be adopted for characterizing the catalytic
pocket of catalysts.?®® This involves assessing attributes like
hydrophobic/hydrophilic nature, polar/apolar regions, aromatic
patches, hydrogen bond donors and acceptors, as well as Lewis
base and acid groups. Simplistically Vidal-Lopez et al. with an
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initiative addressing the challenge of CO, emissions in the environ-
ment, sequestered CO, through reactions with epoxides.***
As commented before, this method not only captures CO, but
also renders it functional, resulting in the formation of cyclic
carbonates. This study specifically delved into the synthesis of
cyclic organic carbonates catalysed by metal-salen complexes.
Employing DFT calculations, the reaction was scrutinized,
describing not only the structure and electronic properties of
the catalysts, but by means of %V, and steric maps calculations
get the right understanding of the distinct catalytic pockets in
monometallic first-row transition metals versus group III salen
complexes. In addition, this led predictive catalysis results that
emphasize the pivotal role of the bite O-Metal-O angle in the
catalytic process.

An additional avenue of development involves combining
the steric map source code with the ongoing advancements
in computational methods for real-time molecular structure
optimization.**>°® This integration could facilitate the crea-
tion of a web-based 3D computer-aided design platform,**
enabling interactive modifications of initial catalyst structures.

6.8. Machine learning and artificial intelligence

Machine learning algorithms are being increasingly used in
computational chemistry to develop predictive models for
properties such as solubility, reactivity, and toxicity.>"** This
section of ML and Al, discussed in Section 2, becomes not a
typology of study, but an ingredient that can help any of the
other applications that have the tools of steric characterization.
In fact, these are part of the parameters considered by the Al
All sample applications are from the last 5 years, but not the
last 2 basically. Like this, Xin, Tong and coworkers generated
degradable stereoregular poly(lactic acids) exhibiting enhanced
thermal and mechanical attributes over atactic polymers by
means of stereoselective ring-opening polymerization catalysts.'”*
Nonetheless, the quest for these catalysts with high stereo-
selectivity remains primarily empirical, their objective revolved
around establishing a comprehensive framework that could
merge computational insights with experimental methods to
efficiently predict and optimize catalyst selection. Thus, they
constructed a Bayesian optimization workflow utilizing a subset
of literature data concerning stereoselective lactide ring-opening
polymerization.*”® Through this algorithm, they successfully
unearthed multiple novel aluminum catalysts, facilitating either
isoselective or heteroselective polymerization. Computationally,
it was fundamental the identification of ligand descriptors
with mechanistic significance, notably including in multilinear
analyses the percent buried volume (%V3,) and the energy of the
HOMO."*

In a simpler way, only with a parameter as the %Vgy,
through ML in particular Dou and coworkers in 2023 have
published a study of the asymmetric catalysis of indolization by
a [3 + 2] annulation.*"" Using the %Vy,, steric parameter, they
managed to find a linear correlation with Gibbs energy differ-
ence calculated between 2 competing diastereomeric transition
states. Thus, here, %Vg,, is the way that leads to the message
that the simpler the better.
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/. Beyond steric maps and the concept
of %VBur

Since the beginning of the concept of %V, and steric maps,
the science has continued to evolve and there are already new
proposals based on it. Although steric maps already have
applications in bimetallic systems and biological systems,
departing from the monometallic centre scheme, Broere and
coworkers developed a systematic study to quantify the steric
properties of dinucleating ligands.?'?> Actually, the research
adapted buried volume and G-parameter methods originally
used for analysing 1,8-naphthyridine ligands and extended
them for analysing dinuclear complexes. The reliability of
the new methods was confirmed by comparing them to
existing mononuclear approaches and dimerization energies
of R(PNNP*)Cu,H complexes. This demonstrated that the
expanded approaches effectively calculate the steric character-
istics of 1,8-napthyridine-based dinuclear complexes. The study
also revealed that altering phosphine substituents on PNNP
ligands offers a wide range of steric properties in resulting
complexes. Indeed, this confirms the validity of past results
with steric maps and the concept of the old % Vg, because only
in the first sphere around the metal is where the reactivity is
decisive.?%17° In fact, from 3.5 A of radius the effect at least on
the metal centre and the substrates with which it interacts
could be practically omitted. Thus, the protonation state of the
PNNP backbone has minimal impact on sterics, while modify-
ing linkers between phosphines and the naphthyridine core or
adjusting metal distances can influence steric congestion in the
bimetallic core. Changes to the ligand backbone affect complex
rigidity, influencing flexibility to adopt lower steric encum-
brance geometries in the dinuclear core. This approach could
potentially offer insights into modifying the reactivity of other
dinuclear complexes through rational ligand design, employing
easily accessible software for parameter calculation.

If we see synthetically which are the examples of the
applications of these concepts included in the following, the
future of those tools is gorgeous, and specially together with
the unknown limits of Al

e The analysis of molecular interactions in drug discovery,
including the prediction of potential drug targets, the evalua-
tion of drug candidates, and the design of new drugs.

e The study of molecular reactivity and stability, including
the prediction of chemical reactions and the analysis of the
factors that influence reaction outcomes.

e The design and synthesis of new chemical compounds,
including the optimization of molecular structure to improve
properties such as solubility, stability, and potency.

e The analysis of protein-ligand interactions, including the
prediction of binding affinity and the identification of potential
drug targets.

One potential advancement involves exploring alternative
methods of characterizing the catalytic pocket’s surface
through various physicochemical properties beyond steric hin-
drance, such as electrostatic potential maps. Similarly, to
characterizing protein surfaces based on exposed amino acid

This journal is © The Royal Society of Chemistry 2024
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properties, catalyst catalytic pockets could be assessed for
hydrophobic/hydrophilic, polar/apolar, and aromatic regions,
hydrogen bond donors and acceptors, or Lewis base and acid
groups.

Another avenue for development could entail integrating the
steric map source code with computational methods aimed
at real-time geometry optimization of molecular structures.
This integration could pave the way for a web-based 3D
computer-aided design system that enables interactive modifi-
cation of initial catalyst skeletons. Actually, new webs or servers
that collect several of those indices are ongoing. Take for
instance, in 2023, GitHub was presented by dos Passos Gomes,
Friedrich and Gensch,*"? gathering the calculation of the bite
angle,****'®> buried volume,*® conformer tools, dispersion
descriptor, exact ligand CA,* ligand solid angle,*'®>'® local
force constant, pyramidalization, solvent accessible surface
area, Sterimol parameters>”"*® and Extended tight-binding
(XTB) electronic descriptors.®'**2°

Lastly, the digital steric map, represented by an array of
Cartesian points defining the surface, might be utilized as a
steric descriptor within multilinear regression analysis or
embedded within a workflow for high-throughput catalyst
screening through machine learning techniques.

8. Conclusions and future
perspectives

Overall, predictive catalysis by DFT calculations is a powerful
tool for the study of catalytic reactions and provides a compre-
hensive understanding of the reaction mechanism, energy
profile, and reactivity of catalytic systems. These concepts of
%Vgyr and steric maps are tools commonly used in the design
and optimization of drugs, catalysts, and materials, as well as
in the prediction of the properties and behaviour of molecules
in different environments.

Knowing that steric indices are a type of parameter that
describes the spatial arrangement of atoms in a molecule, they
can be used to quantify the degree of steric hindrance or
sterically-induced strain in a molecule, which can in turn affect
its reactivity and stability.

In conclusion, the Steric index, Tolman cone angle, steric
maps, and %Vg,, of Nolan and Cavallo are all important
parameters used in the study of molecular interactions and in
the design of chemical reactions. These tools provide valuable
information about the molecular size and shape, spatial orien-
tation, and stability of molecular interactions, and they are
widely used in the fields of drug design, chemical engineering,
and materials science.

In conclusion, the applications of steric maps in drug
design, structure prediction, reactivity prediction, synthesis
design, and molecular docking make them an important tool
in the field of molecular science. With their ability to visualize
the distribution of electron density in a molecule and to predict
the interactions between atoms and molecules, they provide
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valuable information for understanding and optimizing the
properties of chemical compounds.

Overall, the relationship between steric index or %Vg,, and
yield is complex and can depend on multiple factors. However,
these parameters can be useful in predicting the reactivity and
selectivity of chemical reactions and in designing more efficient
catalysts.

The acceleration of catalyst engineering through computer-
aided design is achievable by condensing molecular catalyst
features into numerical descriptors. These descriptors establish
connections between reactivity and structure. Within this fra-
mework, the introduction of topographic steric maps has been
pivotal. Apart from being user friendly to obtain, these maps
offer a visual representation of the catalytic pocket, the area in a
catalyst where substrates bind and undergo reactions. This
visualization allows for alterations by adjusting various para-
meters. When combined with DFT calculations, these steric
maps facilitate swift exploration of catalyst structural modifica-
tions, enabling the online creation by a web server of new
catalysts for the broader chemical community. Thus, this
review focuses on the utilization of topographic steric maps
to either rationalize the behaviour of existing catalysts, ranging
from synthetic molecular entities to metalloenzymes, or to
design enhanced catalysts.

Last but not least, future research in the field of %Vg,, and
steric maps is likely to focus on the development of new
computational tools and techniques to enhance its accuracy
and predictive power. As the field of chemistry continues to
evolve, those tools will undoubtedly play an important role in
enabling researchers to understand and control the electronic
properties and reactivity of molecules and materials, opening
up new avenues for the design and synthesis of novel compounds
and materials with important applications in various fields.
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% Viur Percentage of buried volume

Al Artificial intelligence

CA Cone angle

DFT Density functional theory

ETS-NOCV  Extended Transition State-Natural Orbital for
Chemical Valence

HOMO Highest occupied molecular orbital

LUMO Lowest unoccupied molecular orbital

ML Machine learning

MOF Metal organic framework

NHC N-heterocyclic carbene

NHO N-heterocyclic olefin

rdi Rate determining intermediate

rds Rate determining step

SHI Steric hindrance index
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TEP Tolman electronic parameter
XTB Extended tight-binding
vdw van der Waals volume
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