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Chemical space entails substances endowed with a notion of nearness that comes in two flavours: similarity
and synthetic reachability. What is the maximum size for the chemical space? Is there an upper bound for its
classes of similar substances? How many substances and reactions can it house? Can we store these
features of the chemical space? Here | address these questions and show that the physical universe does
not suffice to store the chemical one embodied in the chemical space. By analysing the historical
evolution of the space as recorded by chemists over the centuries, | show that it has been mainly
expanded by synthesis of organic compounds and unfolds at an exponential rate doubling its substances
each 16 years. At the turn of the 20th century it left behind an expansion period driven by reactions and
entered the current era ruled by substance discovery, which often relies on some few starting materials
and reaction classes. Extrapolating from these historical trends, synthesising a large set of affordable

chemicals in the foreseeable future would require trebling the historical stable speed rate of discovery of

Received 7th April 2022 . . . . . . . o
Accepted 4th July 2022 new chemicals. Likewise, creating a database of failed reactions accounting for 25% of the known
chemical space to assist the artificial intelligence expansion of the space could be afforded if the

DOI: 10.1039/d2dd00030j synthetic efforts of the coming five years are entirely dedicated to this task. Finally, | discuss hypergraph

Open Access Article. Published on 15 July 2022. Downloaded on 2/27/2026 2:26:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/digitaldiscovery

1 Introduction

Chemistry is about producing new substances and innovative
methods to procure them. It is about documenting such
a material enterprise for the sake of reproducibility and, above
all, of expanding chemical knowledge.> This perspective is
about those records of substances and reactions, which
constitute the chemical space, and about the possibilities of
storing the space for the generations to come.§

In the first half of this document I address the following
questions: what is the maximum size the chemical space may
reach? How many substances and reactions are mathematically
possible? What is the upper bound for the number of classes of
similar substances? Can we store the information of the
chemical space?

The second half of the document is devoted to the evolution
of the chemical space, based on the digitised historical record
of its expansion. I address the following questions: are there
historical trends on the report of chemicals and reactions? How
has been the interplay of substances and reactions along the
unfolding of the chemical space? Are there other than chemical
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information (EST) available. See

568 | Digital Discovery, 2022, 1, 568-585

reaction models to estimate the future shape of the network underlying the chemical space.

driving forces guiding the evolution of the chemical space? Can
we model the evolution of the chemical space?

This perspective is about the past, present and future of the
material core of chemistry, which sheds light on its history and
on the possible reaches of the discipline.

1.1 From substances to reactions: the two approaches to the
chemical space

Why is the chemical space a space? One might say that it is just
a trendy expression for the chemical output of centuries of
research. This has some truth as easily checked, for instance, by
typing “chemical space” in Ngrams of Google.® This expression
began its popularity in the 2000s and today is much more used
than “computational chemistry” and even than “Nobel prize.”
However, it is not much more popular than “organic chem-
istry”, “quantum chemistry” or “inorganic chemistry”. Chem-
ical space is trendy because these times of rapid computational
advances, mainly led by artificial intelligence (AI) successes
upon big data, bring to the fore the colossal amount of chemical
information, which not only grows rapidly but that enjoys

§Chemical space encompasses different concepts, for example the collection of
substances of pharmacological interest, or the collection of molecular
properties.® In this perspective, the former concept is a subset of what I call
the chemical space and the latter is a mapping of (or from) the chemical
space here defined to the space of molecular properties. See main text and

note 999.
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Fig. 1 Two approaches to the chemical space, where substances
(black dots) are endowed with nearness relationships by (a) similarity or
by (b) synthetic steps. In a, similarity classes are represented by subsets
(coverings or hypergraphs) of different colours. In (b), chemical reac-
tions, represented by arrows, lead to a chemical reaction network.
Educts of a reaction lie at the tail of the arrow, while reaction products
emerge from the arrow head.

a tradition of more than two centuries of curation and anno-
tation. But besides the fashionability of the chemical space, it
carries an interesting formal load, namely that of “space”,
which is a concept philosophers and mathematicians have
tirelessly developed and elaborated upon over centuries.”® Let
us analyse in some detail the idea of “space” encoded in the
chemical space.

A space entails a set of objects and a notion of nearness
among them.*® A chemical space can, therefore, be thought of
as a set of chemicals endowed with a notion of nearness.”'* One
may think of an Euclidean space, where substances are
somehow located in a coordinate system allowing for
measuring distances among them. Based on that nearness one
may classify substances (Fig. 1a).°q Likewise, one can imagine
the space as a set of substances related by synthetic paths,
which leads to a network (Fig. 1b). In this setting, as often in
chemistry, we can talk about distant substances if several
synthetic steps separate one from each other. This nearness
notion may also be used to classify substances.’

In the 1970s the nearness among substances was addressed
from a molecular similarity stance.'* Several mathematical and
computational methods were developed to quantify such
a similarity, which eventually led to the paradigm of Quantita-
tive Structure-Activity Relationships models (QSAR), of wide-
spread use today in medicinal and environmental chemistry.*
These approaches are today applied to other branches of
chemistry, which span substances such as polymers and
materials.”*"°

Currently, there is a surge of reports addressing the chemical
space from a network perspective,'®”*® which has been moti-
vated by the digitisation of reaction information that grew in the
1980s, 1990s and which is today analysed using machine
learning tools,"” for example for the optimal design of synthesis
plans.**** Another factor contributing to the current network
studies of the chemical space is the maturity network theory has
attained by important contributions in the 1990s and in
subsequent years.*

In the following section I ponder on the size of the chemical
space, from its similarity and network perspectives.

qAll over the text I talk about classes, which are to be understood as sets or
subsets. This implies that classes in this text may overlap, as in Fig. 1a.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2 So huge, we cannot even name it

Analysing the size of the chemical space requires considering the
number of substances and the number of similarity relation-
ships among them, as well as the number of reactions among
them. Some of these questions have entertained chemists,
physicists, mathematicians and other scientists. Here I address
those questions from a theoretical stance, aiming at deter-
mining upper bounds for the number of substances, classes of
similar substances and possible number of reactions.||

2.1 More than a universal library of substances

It has been estimated that the number of particles in the
universe is about 10%°,25-3°*%* which amounts to 7 x 10”® atom-
s.tT A first approach to estimating the possible number of
substances is determining the theoretical number of collections
of atoms held together by chemical bonds. The number of such

107° 76 _
possible atomic ensembles is given by € = k+ 1876 1 ,
k=1
76 _
where k+ 1076 L) is the number of ways of selecting k
10

|| Lower bounds are also interesting. As chemistry is built upon chemical elements,
a natural smallest set of substances able to lead to the entire possible substances
is the set of chemical elements. Although it is hypothesised that the maximum
number of elements is 172, chemical space requires elements able to form
compounds, which leads to elements with lifetimes greater than 10~** 5.2 This
is enough time for most nuclei to reach their ground state and to gather their
electrons at ambient conditions.*® As nuclei stabilised by electrons are not
enough to form compounds, a further requirement is that those atoms can
actually form chemical bonds, which takes about 10~ '" s.2° At any rate, it seems
the chemical space under ambient conditions cannot include more than 118
elements.>* Further discussion on the lifetimes of nuclei and atoms is found in
ref. 26. If chemical elements constitute the lower bound of the chemical space,
the respective bound for the number of similarity classes may be provided by
the smallest number of similarity relationships among chemical elements. A
trivial lower bound is that no similarities exist at all, that is, that each element
is only self-similar, providing n similarity classes for n elements. But there are
actual resemblances among chemical elements. If we require at least
a similarity relationship for each element, then for n elements there will be at
least [n/2] similarities. An account of the 19th-century evolution of similarities
among chemical elements is Ssection 4.2 found in ref. 27. Likewise, if we
regard the lower bound of the number of chemical reactions as the case where
every chemical element reacts with at least another one, then [n/2] is the size of
the smallest set of chemical reactions for n elements. Clearly, I am not counting
nuclear reactions in this approximation.

**Initial calculations were reported by Eddington in 1931 and refer to the number
of hydrogen atoms accounting for the mass of the observable universe.” The
calculation was based on hydrogen given that about 75% (Table S1, ESIt) of the
mass of the universe is provided by this element. Although Eddington's number
(2.36 x 107°) can be obtained by dividing the mass of the universe (1.45 x 10>
kg) by the mass of the a hydrogen atom (1.67 x 10~*” kg), the number has been
refined to include the number of baryons and electrons in the universe, which
amounts to 1.93 x 10°° particles.*

T1By considering the abundances of elements in the universe®*** and their atomic
weights, the number of atoms per element can be calculated, which leads to the
total number of atoms spanning the universe (Table S1, ESIt).
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atoms from a collection of 10’ atoms, such that order is not
important and repetitions are allowed.** So, here we are counting
mono-, di, tri-, ..., n-atomic ensembles up to the ultimate largest
compound made of all 10’® atoms in the universe.f] factors
determining whether an atomic ensemble is chemically feasible or
not. This requires determining the suitable conditions of pressure
and temperature holding together the given atoms by electrostatic
interactions. Although the chemical space has been traditionally
regarded at ambient conditions (see Section 4), there is uncharted
land at extreme conditions.*® As usual in chemistry, we do not
require the simultaneous “existence” of those substances, but the
mere theoretical possibility of their existence and, importantly, of
recording it.§§

Clearly, we are counting here ensembles far from the experi-
mental possibilities we currently know, which also challenge the
concept of chemical substance. Nevertheless, a piece of informa-
tion that must be included corresponds to the further combina-
torial possibilities arising from the manifold structures those
ensembles may take. This can be addressed, as a zeroth-order
approximation, by multiplying each ensemble by the possible
number of graphs.{9q As these structures are based on binary
relations of objects, in this case of atoms, graphs are perfectly
suited for atomic ensembles made of bonds relating two ele-
ments.|||| Nevertheless, as there are substances such as boranes,
which do not always hold classical 2-centre 2-electron bonds,
a more general setting is needed, which is provided by hyper-
graphs.*** In this case, for instance, a 3-centre 2-electron bond as
in B-H-B, can be modelled as a hyperedge made of three atoms,
that is {B,H,B}.T1t Likewise, aromatic systems constitute a hyper-
edge, where equivalent aromatic atoms become part of the
hyperedge. Hence, a more accurate approximation to the number
of substances in the chemical space is given by multiplying each
atomic ensemble by a constrained number of possible hyper-
graphs associated to the given atomic ensemble.

11This material upper bound requires further adjustments to touch physical and,
above all, chemical reality. It requires taking some few atoms out of the 107° to
account for the synthesiser of the largest compound, which may be either
a human or a robot. Besides the constraints discussed in note ||, energetic
conditions constitute the key.

§8An instance of one of the largest atomic ensembles already synthesised is
Co34893H14958300192035119203C010683P10683F 118008,  COTTEsponding to a  giant
cobalticinium dendrimer accounting for 2637390 atoms.** So, we have
achieved species accounting for 10° atoms, which although big for traditional
standards, are very far from the theoretical upper bound of 107® atoms.

99A graph G = (V, E) is made of a set of vertices V and a set of edges E. An edge is
a set of two vertices. Thus, E is a collection of pairs of vertices. So, if V= {a, b, c},
a possible graph is G = {{a, b, c}, {{a, b}, {b, c}}}-

[llIn this setting a single bond corresponds to a graph edge, while a double bond
to the repetition of the edge. In general, any bond of order n requires a graph with
n repeated edges.

***In a hypergraph H = (V, E), V is a set of vertices and E is a collection of
hyperedges, that is of sets of vertices of any size. So, for instance, for V = {a, b,
¢} a possible hypergraph is H = {{a, b, c}, {{a, b}, {a, b, c}}}, as well as H = {{a,
b, c}, {{a, b}, {b, c}}}. Note that H' is the graph of previous note. In fact, graphs
are a particular case of hypergraphs.

ttAssuming we can distinguish atoms of the same element, as typical in
molecular  representations, the hypergraph model for B,Hs is
{{B,B,H,H,H,H,H,H},{{B,H},{B,H},{B,H},{B,H},{B,H,B},{B,H,B}}}, while that for
H,0 is {{H,H,0},{{H,0},{H,0}}}.

570 | Digital Discovery, 2022, 1, 568-585

View Article Online

Perspective

At any rate, a higher order approximation to the upper bound of
the number of substances in the chemical space requires chemical
and mathematical knowledge, which may be attained by inter-
disciplinary collaboration. Scientists early in the 19th century
recognised these possibilities when, for example, mathematician
Rothe, chemist Bischof and botanist Nees von Esenbeck under-
took the combinatorial challenge posed by chemical isomerism,*
a subject, decades latter, continued by Cayley*® and in the 20th
century by Blair*” and Polya,*® who counted the number of acyclic
molecular structures.* Further interest in the subject arose by the
advent of spectroscopic methods in the 1950s requiring deter-
mining the number of theoretical substances under particular
chemical structural constraints of valence to come up with
possible candidates for the different signals in spectra of different
provenances.**f11 More recent approaches involve the collabora-
tion of computer scientists, mathematicians and chemists, with
outcomes such as MOLGEN,** a software package that, among
several other features, provides the number of isomers of a given
chemical formula based on a blending of group and graph theo-
ries, along with group algebra.

In the 1990s Weininger hypothesised that the number of
possible substances is about 10°°°, which is known as the “Wei-
ninger number” 2/.*** According to Gorse, 2/ is “a lower limit of
the number of different (chiral) molecular graphs possible given
known chemistry (i.e., bond types), restricted elements (C, N, O, P,
S, halogens) and a molecular weight of less than <1000 dalton. Of
these, it was further estimated that only about 1 in 10%°
compounds could possibly be physically and chemically stable,
giving 10"*° compounds”.* Although 2 < €, 9¢ is anyhow huge.
Assuming that 2/ provides a more realistic upper bound for the
size of the chemical space, the question that arises is whether the
information of those 2/ substances can actually be stored. This
would secure the expansion of chemical knowledge and would
continue a strong disciplinary annotation tradition which began
with the 13th-century encyclopedists such as Angelicus and
Beauvais® and reached us through colossal handbooks such as
those by Gmelin and Beilstein.> Annotating 2/ substances would
lead us to continue the current joy of having the whole corpus of
chemical experimentation at our fingertips through electronic
databases such as Reaxys and SciFinder.

Can we annotate 2/? Unfortunately, no, we cannot! The
entire universe does not suffice to store the most simple labels
characterising those substances! The universe is able to store no
more than 10" bits.§§§ So, our universal library, to put it in
terms of Borges," is too small to accommodate the most simple

111A more detailed list of references on counting of substances or subregions of
the chemical space can be found in ref. 41.

§§§This comes from Bekenstein bound, which sets up an upper limit on the
thermodynamic entropy, or Shannon entropy #, for a given finite region of
physical space with a finite amount of energy. It also sets up an upper limit for
the amount of information required to perfectly describe a physical system
2TRE  2TRMc
cln2_ In2
which when using the mass of the universe, 10>° kg, and its diameter, 8.8 x
10%® m, yields # = 2.268 x 10'* bits. A more refined calculation is found in
ref. 46.

down to the quantum level. Bekenstein bound states that # =

)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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versions of all possible Gmelin and Beilstein handbooks that at
least mention each substance of the chemical space.

Having discussed the size of the number of substances, I
proceed to analyse the role of relations among substances,
which constitute the “glue” holding together the chemical space
and which actually turn the set of chemicals into a formal space
endowed with a notion of nearness.

2.2 Covering the space

As stated in Section 1.1, there are two main approaches to
nearness in the chemical space: similarity and synthetic sepa-
ration. Let us first consider the case of similarity.

By experimentation and theoretical work, chemists have
defined and determined several substance properties, ranging
from the source of the substances, their chemical and physical
properties, to molecular models assigned to each substance.*”
Substance properties are then used to classify chemicals into
physiological classes such as medicines and poisons; or into
chemical classes such as alcohols, amines, and several other
groupings. It is based on those classifications that the
complexity of individual chemicals with individual properties
may be reduced and which allows for estimating new
compounds and their properties.>**q 9.

Chemical classification leads to sets of chemicals that may
be regarded as hyperedges of a hypergraph spanning the whole
chemical space. These classes, or hyperedges, also correspond
to coverings of the set of substances.|||||| That is, they endow the
set of substances with subsets of similar compounds, which are
not necessarily disjoint (Fig. 1a) and that when taken together
do not leave out any substance. This is seen, for instance, with
the classification of amino acids, which belong to the class of
amines and also to that of carboxylic acids. Interestingly, amino
acids also constitute a class of compounds at the intersection of
amines and carboxylic acids.

Such a rich collection of classes of similar chemicals turns
the chemical space into a topological space.**** These spaces

999As discussed later, this is a case where topological concepts such as continuity
become important. The general idea here is that there is a set of substances that
may become a space (chemical space) because of resemblance of substance
properties. Substance properties, in turn, constitute a space, as property values
may be embedded in a metric space (a space where the notion of nearness
among its objects is given by a metric, or distance). Hence, if we call the
property space P and the chemical space C, then the classification of chemicals
by properties corresponds to a mapping f from P to C. The prediction of new
compounds and of their properties is associated to the reverse mapping, that is
from C to P. In formal terms, we can say that fis continuous at a property p €
PP if and only if for each neighbourhood M of fip), f (M) is a neighbourhood of
p. Here the notion of neighbourhood of an object is to be thought of as
containing all the objects of a set that are sufficiently close to the object in
question. More on these topological ideas in ref. 49.

IIllA covering, or a cover, of a set X corresponds to a collection of subsets of X whose
union is X.*** If X = {a, b}, a covering of X is {{a, b}, {a}}. There are, actually, five
coverings for this X. Besides the already mentioned, the other four are {{a}, {b}},
{a, b}}, {{a, b}, {b}} and {{a, b}, {a}, {b}}. See main text for an expression to
determine the number of coverings of a given set.

**E*A topological space is a set X endowed with a collection 7 of subsets of X
satisfying: (1) &, X € 1, (2) for every S S t, the union of subsets in S is in 7 and
(3) for every finite S < t, the intersection of the subsets in S is in 7. 7 is called
a topology on X and the sets in 7 are called open sets of the topology.*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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generalise the idea of metric spaces, which are made by sets of
objects, for which it is possible to measure distances. In
a metric space, the distance defines open sets, which contain
objects close to a reference object; instances of open sets are
open intervals on the real line.? Topological spaces generalise
the notion of nearness by using open sets, which may or not
come from a distance. In this setting, classes of similar
compounds may be taken as open sets allowing for studying
further properties of the chemical space and of mappings of the
chemical space into other spaces, for instance relating chemical
compounds with their properties. Further topological concepts
can be applied to those mappings, for example continuity,
which is central for QSAR studies, as they allow, among other
possibilities, to study similarity cliffs* in a formal way.t11t
The question that arises is: if the chemical space is so big,
what can we say about its coverings, that is about the possible
similarity classes we can define upon substances? Ultimately,
what can we say about the open sets of its topology? If we gather
together all possible substances of the chemical space in the set
C, the number of similarity classes must not exceed the possible
number of coverings of C. That is, it cannot be larger than

1 & Kkl n
52 (1)

icals in C.*® We can decide whether 7 is either @ or 2, as dis-

2", with n indicating the number of chem-

cussed before. This latter case would lead us to
1 10200 200 oo . o
C(o) = 2 Z (-1)F 10k 20 possible classes of similar
k=0

substances.i{f} Again, this number is by far much bigger than
the possibilities of our universal library. Therefore, any
approach to systematically pinpoint the most relevant similarity
classes of the chemical space is welcomed given the high like-
lihood of obtaining non-interesting ones by random
selection.§§§§

In topological terms, as coverings have associated top-
ologiesq 999 if the subsets in the former meet the conditions
mentioned in note **** to warranty the notion of nearness, the
question that arises is about the number of topologies. For a given

THttSimilarity cliffs turn out to be cases of lack of continuity between the space of
properties and that of substances (chemical space). Interesting topological ideas
of straightforward application to the chemical space can be found in the works
by Stadler**** and in some early studies of my research group.***®

1111To have an idea of the rapid growth of the number of coverings for a set X of n
elements, that is C(n), I list the values of C(n) for n = 1 to 7: 1; 5; 109; 32; 297; 2,
147, 321, 017; ~9.223 x 10'® and ~1.701 x 10°°.%

§§§§The number of coverings with chemical meaning can be reduced by noting
that relevant coverings in chemistry must not involve the whole set of
chemicals. Coverings containing the whole set of chemicals are trivial, as the
presence of this set in the covering indicates that the whole set of chemicals is
similar. Therefore, if we leave out those coverings that include C, the number

n . 2"
of praper coverings for C is given by C'(n) = (% Z (—1)* <Z>22H) - 27, with
k=0

n being the number of elements in C.*

q999See next note, where it is observed that the topologies there listed
correspond to coverings, which also include ¢J. I note in passing that the
number of topologies is lower than the number of coverings, as here observed
by counting the four topologies for X = {a, b} and the five coverings for the
same set (see note |[||[||). See further discussion in main text.

Digital Discovery, 2022, 1, 568-585 | 571
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set, the number of topologies corresponds to the number of
preorders defined over the set.”||||||| For large sets of n objects, this
has been found to be proportional to n!/2(log 2)***,* which for n =
2¢ amounts to have more than 10%%°!/2(log 2)10200+1 topologies.
Despite the computational complexity associated to determining
the number of topologies, there are studies characterising the
kinds of topologies arising from similarity studies,* which dras-
tically reduce the complexity of the calculation of possible topol-
ogies of relevance for the chemical space.

Although approaching the chemical space from a similarity
stand is compelling, aiming at its complete topological description
turns difficult for practical reasons. For example, not all known
substances of the space hold the same sort of properties, or for
some of them the property cannot be measured, which poses
difficulties for the application of the mapping between substance
properties and substances discussed in note xiv. Examples include
the molecular weight of polymers or the crisp composition of
alloys. This occurs thanks to the great diversity of compounds
constituting the chemical space. Therefore, instead of trying to
explore the structure of the whole chemical space, studies are
restricted to subregions of the chemical space, for instance of new
materials, binary compounds, or oral-drug-like substances, where
particular properties of the involved compounds lead to mean-
ingful coverings, which may be taken to define local topologies and
to use them. What is the topology of the oral-drug-like space? How
can it be used to shed light on the limits of this subspace and on
the mappings to other spaces of chemical interest, such as those of
protein-receptor interactions?*

2.3 The seams of the chemical space

A further relation connecting substances and building up
a chemical space is provided by chemical reactions (Fig. 1b). In this
setting, substances that are connected by few synthetic steps are
regarded as closer than all others either not connected by chemical
reactions or requiring many synthetic steps to be connected. The
question that arises is about the theoretical number of reactions
connecting a given set of substances. The answer to this question
depends on the model we have for treating reactions.

Over the years, different mathematical models have been
proposed to encode chemical reactions. Some of them model the
dynamic behaviour of substance concentrations during the
chemical transformation using mathematical settings ranging
from graph and hypergraph theories to Petri nets.**** These
approaches aim at finding, for instance, the kind and amount of
substances produced after certain time, given particular amounts
of starting materials. Solving these questions requires knowing
reaction rates, as well as the connectivity patterns of educts and
products participating in the reactions. The basis for any model of
reactions is the underlying network of chemical reactions con-
necting substances. It is upon this network that information on
reaction kinetics is added to solve the above mentioned dynamical
questions on the amount of educts and products. Given the

Il For instance, for the set X = {a, b} there are four possible topologies on X: (1)
{2, X}, (2){D, {a}, X}, (3){D, {b}, X}, (4) {T, {a}, {b}, X}. Note that (4) corresponds to
the discrete topology on X. Topology 1 is often called the trivial topology or indiscrete
topology on X.*
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fundamental role of the underlying network of reactions, let us
focus on it for the purposes of building up an alternative chemical
space to the one discussed in the previous section based on
similarity.

Reaction networks have been modelled using graphs, Petri
nets and directed hypergraphs.*»**** An example of the former
is shown in Fig. 2a and the hypergraph model is shown in
Fig. 2b. Petri nets may be considered as refinements of the
hypergraph model. Therefore, I will discuss the graph and
hypergraph models.

The graph model is the most simple approach to the
network. Here I discuss the educt-product model that encodes
the directionality of the chemical transformation. In this
setting, if there is a reaction in which substance y can be ob-
tained from another x, this is encoded as x — y (Fig. 2a).

The organic chemistry part of the network of chemical reac-
tions, for the period 1850-2004, was studied using the educt-
product model.*® By analysing the statistics of this network it was
found that chemists have had preferences in the way they relate
substances through reactions. This was evident in the fact that
only a few substances are involved in a high number of educt-
product connections; which contrasts sharply with the vast
majority of substances which have very few connections to any
others. These results were confirmed by my research group when
analysing the entire network of the chemical space from 1800 up to
2015." Examples of frequently used educts (toolkit compounds) are:
acetic anhydride, methyl iodide and formaldehyde. For instance,
acetic anhydride has been the most used educt ever since 1940 and
it has been part of the top-10 of most used educts since 1880 (about
30 years after its synthesis®).

Substances have been also classified according to their degrees
of connectivity in the network into core compounds, corresponding
to toolkit substances; peripheral substances, obtained within no
more than seven synthetic steps from core substances; and island
substances, corresponding to compounds neither synthesised from
core nor from peripheral substances.® Other studies of parts of the
chemical reaction network include further statistics, such as
assortativity, average shortest paths, clustering coefficients and
betweenness centrality.*® These statistics coincide with noteworthy
results indicating a small set of frequently used chemicals that
connect, in few synthetic steps, a large proportion of the remaining
network.'*1%%

From the perspective of the educt-product model, the
theoretical number of chemical reactions is given by the densest
possible reaction network, which entails connecting every
single substance of the chemical space with the other
substances. Thus, if we have @ substances, we cannot produce
more than @(# — 1) reactions, which is, of course, a chemical
space we cannot store in our universal library.

But the educt-product model disregards an essential piece of
chemical information encoded in every reaction, namely that
chemical reactions relate two sets of substances in a directed
fashion, rather than couples of single substances. These two sets
are the set of educts and the set of products, which are related by
the temporality of the chemical transformation of the former into
the latter. Thus, the educt-product model does not include the
important AND relation among educts indicating that they react

© 2022 The Author(s). Published by the Royal Society of Chemistry
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together, nor it informs about the AND relationship among the
products, which hold them together in the reaction vessel once the
reaction has taken place.***** For example, in the reaction A + B
— C, the educt-product model indicates that C can be produced
from A or from B, but it does not inform whether C is produced by
a rearrangement of A, or by the reaction of Awith B (A AND B in the
set of educts) (Fig. 2a).

A suitable model encoding the AND relation among products
and among educts is the directed hypergraph model. Fig. 2b shows
the application of this model to the previous reactions analysed
with the educt-product model. The hypergraph model shows that
to obtain C, A requires to react with B and that there is no direct
reaction from A to B. Thus, the hypergraph model actually depicts
the asymmetric relation between educts and products. Educts lead
to products but not the converse, and if so, as in reversible reac-
tions, the reverse reaction is modelled as a new reaction where
products and educts of the former interchange roles.

Just recently, hypergraph network statistics have been reported,
such as clustering coefficients, spectral properties and curva-
tures,”* which provide local and global information of the
network. These statistics have not been applied yet to the network
of chemical reactions, but they will inform about the presence of
central reactions using educts that are obtained by different reac-
tions to produce substances in turn used as starting materials of
many other reactions. Likewise, those statistics will shed light on
the global structure of the reaction network and its evolution.

In the hypergraph setting, the possible number of chemical
reactions is therefore given by the number of directed hyper-
graphs one can build up on a given set of chemicals. This
corresponds to the number of ordered pairs of subsets of
chemicals one can form that are disjoint.T{{{ Hence, the
possible number of directed hypergraphs over @ substances is
given by 3“ — 2" + 1.1§1{} Again, our universal library cannot
afford storing this information.

**kk%part of the abstraction of reaction models entails focusing the attention on
the starting materials and the final products, which disregards the appearance of
non reacting educts in the final reaction mixture.

t1111Here we are assuming the simple case of reactions whose educts are not part
of the products. That is, autocatalytic reactions suchasA+B — 2Bor2B — A+B
are not considered. I note in passing that both the educt-product and the directed
hypergraph model may incorporate stoichiometric details of the reactions by
weighting their arcs or hyperedges with stoichiometric coefficients.

11111A directed hypergraph on a set X consists of an ordered pair of disjoint
subsets of X. If X has n elements, each subset of size k = n is disjoint to the
remaining 2" ¥ subsets in X. As the empty set is considered in this counting,
but hypergraphs connecting sets of chemicals with the empty set are
meaningless, then the ordered pair between the set and the empty set is
disregarded. Therefore, each subset of size k (excluding the empty set) is
disjoint to the remaining 2" % — 1 subsets in X. As each subset of size k is
chosen from n elements, then the number of disjoint pairs of subsets for sets of

size k is given by <Z> (2”*“ — 1). Finally, the total number of disjoint pairs of
n

subsets of any size k = n is given by ) (Z) (2””‘ —1), which can be
k=1

n n
expressed as Z(:)Z”’kf > (z> Each of these addends, by using the

k=1 k=1
binomial theorem, can be expressed as 3" — 2" and 2" — 1, respectively, which
finally leads to 3" — 2" + 1.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Chemical reaction models. Two chemical reactions ry and r»
(left) giving place to (a) a network modelled as an educt—product graph
and as (b) a directed hypergraph. Blue arrows are called arcs, while
green and red ones directed hyperedges. The density (d) of each
network is shown. If either the number of arcs or of hyperedges is
given by E and the number of substances by n, then d is calculated as
the ratio E/n.

A more realistic account of the possible number of reactions
must consider that actual reactions take place by the interaction
of quasi-molecular species. Therefore, expecting to have a single
collision among all € species is very unlikely. In fact, chemists
have traditionally combined no more than a handful of
substances in their chemical reactions.§§§§§ We recently found
that the most traditional combination of educts involves no
more than two.' The question is, how many possible reactions
involving no more than two educts are theoretically possible? It
is actually ¢(¢ — 1)/2, which is the number of couples of
substances one could bring together to the reaction vessel.
Hence, even if chemists keep performing binary combinations,
and even if the number of possibilities is much lower than the
possible number of reactions, still all binary combinations of
educts cannot be annotated in our universal library. 9q99q.

In Section 2.2 I discussed how similarities lead to topologies
for the chemical space, which provides a formal approach to
treat nearness on the space. I note in passing that directed
hypergraphs also lead to topologies, where open sets for each
chemical are defined in terms of the hyperedges of different
order the substance belongs to. By hyperedges of different order
I mean the different sets of substances associated to a substance
in reactions of n steps, with n indicating how far (number of
reactions) we want to go to define the open sets of the sub-
stance.|||[[ll]| Interesting results on the application of topological
ideas to chemical reaction networks are found in the works by
Stadler and collaborators,**”>7* which not only provide suitable
tools for the analysis of the chemical network but for studies in
the origin of life.

So far, the message I have tried to convey is that the chemical
space is actually huge, so huge that the universe does not suffice
to store the labels of its substances let alone those of their

§§8§§1t is actually a chemical challenge to go beyond the four educts in a chemical
reaction in the so-called multicomponent reactions.” There are, nevertheless,
famous examples of reactions involving more than four components or
substances, namely Domling and Ugi 7-component reaction.”

9999The temporal discovery of n-ary compounds between 1800 and 1869 is
reported in ref. 27.

[l Thus, for the substance A, given the chemical space made of reactions A + B
— C+Dand C+E — F, we can define a 1-order open set as {A, B, C, D} and
a 2-order open set as {A, B, C, D, E, F}. Further refinements can be added by
incorporating the directed nature (educts — products) of chemical reactions.
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topologies and reactions. In the second part of this perspective,
instead of asking for the limits of the chemical space, I turn to
what has been achieved on the exploration of the chemical
space, from a network perspective.

3 The evolving chemical space

A further aspect of the chemical space is its temporality, which
leads to questions about its dynamics. That is about the
temporal change of number of known substances and of reac-
tions. Unlike social networks where actors enter and leave the
network, for instance driven by life-spans, chemical “actors,”
that is substances, can only enter the network. Even if we do not
have an actual physical repository storing a sample of each re-
ported substance in the history of chemistry, whenever the
isolation or the synthesis of a substance is reported in a publi-
cation, any chemist equipped with the technology reported in
the publication may “bring to life” the substance in ques-
tion. ****** Therefore, the number of substances of the chem-
ical space can either increase or remain constant.t{{1f The
latter case involves no chemical activity at all. As we will see, this
has never happened in the history of chemistry.}iiiif

If the very likely scenario for the chemical substances is to
increase in number, what about the seams of the chemical
space? That is, what about chemical reactions? As well as
substances reported in the literature, chemical reactions can be
brought to life with the suitable starting materials and tech-
nologies allowing for reproducing the experimental settings of
the literature. What are the possibilities for chemical reactions?
If the number of chemicals were expanded mainly by extrac-
tions, the number of new reactions would drop. If synthesis
were the driving force of chemistry, the number of reactions
would grow.§§§§§S.

These dynamical aspects of substances, reactions and their
interplay in the temporal unfolding of the chemical space are
the subject of this section.

3.1 Exponential discovery of substances

The first study analysing the growth of the cumulative number
of reported chemicals over the history was published by
Schummer in 1997 and spanned the period 1800-1995.”® He
manually analysed the indices of printed sources, including
handbooks of organic and inorganic chemistry. An exponential
growth with an annual rate r = 5.5% was found, which amounts
to doubling the number of new substances every 13 years. The

**EEE*¥To make justice, I shall acknowledge the several experimental difficulties
historians of science face when reproducing experiments originally conducted
centuries ago.”>””

tHtfttAn interesting question is determining the actual number of active
chemical substances participating in chemical reactions in different periods of
the history of chemistry.

11111INot even World-War (WW) periods have prevented chemical production. See
Fig. 3, where it is observed that these social setbacks caused drops in the
production of new chemicals, but they never reached zero production of new
chemicals. The effects of WWs upon the chemical space are discussed in Section 4.2.

Section 4.
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digitisation of several of the sources used by Schummer led to
the second study on the growth of the cumulative number of
reported substances. In such a computational study, tailored to
the organic chemistry chemical space between 1850 and 2004,
Grzybowski and collaborators analysed the Beilstein database
(now part of Reaxys). As Schummer, they found an exponential
growth, which was actually divided into two growth periods.
From 1850 to 1900, with 7 = 8.3% and from 1900 until 2004 with
r = 4.4%."® Hence, organic chemistry, in the second half of the
19th century, doubled the number of known substances every
8.3 years; while in the 20th century this prolific production of
chemicals dropped to half 19th-century growth rates and led to
doubling times of 16 years.

A more recent study of the chemical space was reported by
my research group. It spans the period 1800-2015 and analyses
all substances involved in single step reactions and published
in academic journals, as retrieved from Reaxys database. Such
a study was not devoted to organic chemistry alone as in Grzy-
bowski' study, it rather aimed at a holistic depiction of the
chemical space, as it was also Schummer's aim in his 1997
study.” We found a rather stable growth rate of r = 4.3% (Fig. 3)
and no signs of an early period growing very fast and another
slowing down as in the account by Grzybowski.q9q9q9q99.

By contrasting Schummer, Grzybowski and our results, the
rapid growth of organic chemistry before 1900 was observed by
Grzybowski because the important contribution of inorganic
chemistry before 1900, and especially before 1860,'*”” was not
taken into account.|||||||[[lll After 1900, as the chemical space was
mainly populated by organic compounds,'®*” Grzybowski's
results agree with those of Schummer and my group.

The rapid and constant expansion speed of the number of
new substances of the chemical space (r = 4.3%) indicates that
all over the history about each 16 years chemists have doubled
the number of new substances reported. This speed can be
expressed as that the number of new chemicals reported by the
chemical community in 2015 roughly amounts to all substances
reported between 1800 and 1992. “That is, in a single year of
contemporary chemistry, chemists produced the same number
of new substances as reported in 192 years of the history of
chemistry. This is the dramatic speed at which the chemical

space grows”!*

99999 Our study was based on the annual report of new substances, rather than
in the cumulative number of these substances, as in Schummer’ and Grzybowski'
studies. For the sake of comparison, I calculated the cumulative values based
upon the fitting equation of our study (see equation in Fig. 3). To avoid
problems with the initial values of the cumulative distribution, caused by the
lack of figures before 1800, I estimated those figures by extrapolating backwards
using the fitting equation of our study. These values were appended to our
1800-2015 values of annual number of new chemicals and the cumulative
distribution was calculated. The corresponding fitting equation for this
distribution led to a growth rate of r = 4.3%. This result is not surprising as
exponential growths enjoy the particularity of being correlative with their
exponential cumulative values.

[l Quantitative evidences of the important role of inorganic chemistry in the
19th century are found in ref. 10 and 27. This is seen, for example, by analysing
the distribution of platinum metal compounds (Fig. 4), as well as those of alkali
metals over the history.”

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.2 Exponential wiring through reactions

Are the seams of the chemical space also growing exponentially?
This question was partially solved by Grzybowski and collabo-
rators in 2005 when analysing the network of organic chemistry
between 1850 and 2004." The same trends for the growth of
cumulative number of new substances were observed for reac-
tions, that is a rapid wiring of the network between 1850 and
1900 (r = 8.7%) and a subsequent slowing down (r = 3.8%).
Nevertheless, this exponential growth of single reactions does
not necessarily lead to an exponential growth of classes of
chemical reactions.8#*****

By analysing reactions gathered in Reaxys database, Grzy-
bowski and his team found that new classes of chemical reac-
tions have grown at most linearly from 1900 up to 2016.** They
also found that the number of new classes of reactions
becoming popular, that is frequently used to wire the chemical
space, has been very small for the period studied. Their results
show a core of popular reactions classes. The top 10 of these
preferred reactions, arranged in decreasing order is:*

1. Amide synthesis from carboxylic acid and amine.

2. Alkylation of alcohols or phenols with primary or
secondary halides/O-sulfonyls.

3. Hydrolysis of esters (carboxylic acid as the main product).

4. Acylation of amines.

5. Reduction of carbonyl to alcohols.

6. Esterification.

7. Alkylation of amines with primary or secondary halides/O-
sulfonyls.

8. Oxidation of alcohols to aldehydes/ketones.

9. Acylation of alcohols/phenols.

10. Buchwald-Hartwig coupling/nucleophilic
substitution with amines.

Similar preferences for some few classes of chemical reac-
tions have been found in medicinal chemistry.*” For instance,
there is a strong preference toward para substitution in phenyl
rings within drug discovery research.®*t+++++

If Grzybowski's results on the selection of some few classes
of reactions to expand the organic chemistry space actually span
the whole chemical space, one may wonder about the shape of
the space driven by an exponential growth of substances and
reactions and confined to the repeated use of some few reaction
classes. This is discussed in Section 5. Before going in this
direction, let us explore in detail the interplay of substances and
reactions expanding the space.

aromatic

3.3 Ups and downs of the interplay between substances and
reactions

One of the first questions one may ask about the interplay of
substances and reactions is whether new substances are

**kA%*By a class of chemical reactions I mean, for instance, Diels-Alder reaction.
t11+11This p-preference over meta and ortho phenyls is said to be caused by
historical models of medicinal chemistry where p-substituted compounds were
more easily accessed, and further reinforced by Topliss in 1972, who argued
that if a phenyl was active, the p-Cl phenyl should be made because of ease of
synthesis and hydrophobicity driven potency effects.*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The expanding chemical space. (a) Middle-black curve: annual
growth of number of new substances between 1800-2015 (left axis).
The exponential equation fitting the growth is indicated as a red
straight line with equation: s, = 51.85 x 100-04324(t-1800) (p2 _ ( 9829,
residual standard error = 0.3575). Upper-blue curve: fraction of new
synthesised compounds to the total of new ones (right axis). (b) Vari-
ability of the annual output of new substances, calculated as In sy —
In s.. Figures close to the red curve in (b) correspond to the average
variabilities for the periods (regimes) 1800-1860, 1861-1980 and
1981-2015, demarcated by vertical lines. The three statistical regimes
resulting from the annual variability of the number of new substances
are indicated (proto-organic, organic and organometallic regimes),
with transitions occurring in 1860 and in 1980 (vertical lines). The
effects of the World Wars (WWs) are indicated close to the black curve.
Plots adapted from Fig. 1a and S1 in ref. 10.

actually used in chemical reactions. We addressed this question
for the whole chemical space between 1800 and 2015 (ref. 10)
and found that once substances are synthesised, they are very
seldom used in new reactions.'® There is, nevertheless, a small
fraction of substances (toolkit compounds) that are often used
to expand the chemical space. Some of these heavily used
substances for the period 2000-2015 are acetic anhydride,
methyl iodide, benzaldehyde, formaldehyde, trifluoroacetic
acid, phenylacetylene and benzyl bromide.' There are also
frequent reaction products, which include traditional side
products such as carbon dioxide and water, but also targets
such as metallic oxides (CuO, ZnO, NiO and Co0O), often syn-
thesised ever since the 1980s with an important surge between
2000 and 2015."°{11if There is however much more the use of

11ii1iOther often used and reported products over the history are found in ref.
10.
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preferred educts than the synthesis of heavily produced
substances. The most used educts have participated in about
70 000 reactions, while the most synthesised targets have been
produced by no more than 2000 reactions.*

A further proxy indicating the interplay between substances
and reactions is the density of the network of the chemical
space, defined as the number of edges per node.§§§§§§ Hence, in
the educt-product model used by Grzybowski and collabora-
tors, network density is calculated as the ratio between the
number of arcs and the number of substances (Fig. 2a). Grzy-
bowski's results on the density of the organic chemistry network
between 1850 and 2004 show an initial “wiring” period between
1850 and 1885, where chemists reported more arcs (roughly
speaking reactions) than substances, increasing network
density. The wiring period was followed by a period where
chemists reported more substances than arcs leading to low
density values.'® Grzybowski's results indicate that current
density values, of around two arcs per substance, are far from
1885 ones, where the network achieved about four arcs per
substance. Hence, since about the turn of the 20th century,
chemists have been busier adding substances to the space than
wiring them.

These results open several questions. If we consider the most
appropriate model for chemical reactions of directed hyper-
graphs along with the whole chemical space, rather than its
organic part, what will the density values look like? Lower values
of density are expected because directed hypergraphs count
actual reactions rather than arcs (Fig. 2). In the educt-product
model, the number of arcs results from multiplying the number
of educts and of products of each reaction (Fig. 2a). This
difference is observed in Fig. 2b, where the two reactions (two
directed hyperedges) are expanded in the educt-product model
to four arcs.99q9q9qY The advantage of the network density
according to the directed hypergraph model is that it has
a direct chemical interpretation as it accounts for the actual
number of reactions per substance.

Further questions based on the density are of historical and
philosophical nature. Which conditions facilitated the wiring of
the network before the turn to the 20th century and which ones
triggered the subsequent emphasis on substances? Is there

of actual edges or arcs in a network and the theoretical number of possible edges
or arcs. Hence, if the network houses n vertices, its density is given by d = 2N/(n(n
— 1)), considering vertices linked by edges. Here N stands for the actual number of
edges in the network. If the network is modelled as a directed graph
(educt-product model), its density is given by d = N/(n(n — 1)), with N
indicating the actual number of arcs. For a network modelled through directed
hypergraphs, d = N'/(3" — 2™*' + 1), with N’ representing the actual number of
directed hyperedges (reactions). See Section 2.3.

999999As each reaction in Fig. 2 is of the form x +y — z, then the number of arcs
is 2 x 1. Hence, the two reactions (directed hyperarcs) of the figure amount to 4
arcs. In the directed hypergraph model, the density of the chemical Plots
adapted from Fig. 1a network by year ¢ (d,), consisting of s, substances and r,
reactions, is given by r,/s,, where r, corresponds to the amount of directed
hyperedges. In the educt-product model, d; = > (e; x ) ,/s:, with (e; X ).
indicating the number or arcs provided by reactién , which is known by year ¢.
Here ¢; and ¢; stand for the number of educts and of products, respectively, in
reaction k.
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a preferred mode (wiring or substance based) of expanding the
chemical space that is optimal for speeding up chemical
knowledge?

Density values of the network of chemical reactions seem to
indicate that historical events play a role in the expansion of the
network. The role of past events and of human intervention in
the unfolding of the network is analysed in the next section.

4 Anthropogenic effects upon the
expansion of the chemical space

The chemical space, besides being an object of chemical
interest, is a historical object driven by the interplay of social
and semiotic factors.” The former are related to the social
structures and forms of organisation giving place to the chem-
ical space and the associated technologies for its expansion.
Semiotic factors include the theoretical structures of chemistry,
as well as the language of the discipline and the communication
channels used by chemists.” These factors are tied together by
the human factor. The chemical space is driven by chemists,
which act on the thermodynamic, kinetic and quantum chem-
istry possibilities of the chemical transformations.

An instance of anthropogenic aspects driving the chemical
space is the finding that since the early years of the 19th
century, more than half of the reported substances have been
synthesised by chemists (Fig. 3).'° Actually, by the turn of the
20th century, almost all reported substances were synthesised
and this trend has mainly remained so ever since (Fig. 3). It is
traditionally accepted that synthesis in organic chemistry began
after Wohler' synthesis of urea in 1828.°%** Nevertheless, by
calculating the fraction of new chemicals synthesised and
extracted over the history, we found that more than half of the
new substances have come from synthesis ever since the dawn
of the 19th century (Fig. 3). In particular, already at the time of
Wohler's synthesis, new substances containing C, H, N, O were
about 50%, and so, organic synthesis was already well estab-
lished before that. Hence, the kicking-off landmark event of
1828 must be considered a myth. Today about 95% of the re-
ported substances come from synthesis (Fig. 3). Thus, the
chemical space and its expansion is the product of chemists’
ingenuity. |

The collection of reaction conditions used to expand the
chemical space constitute a further example of the anthropo-
genic driving force guiding the unfolding of the chemical space.
Almost all reactions have been performed at 1 atm and 25 C,**°

[IAs a human construct, the size of the chemical community is an important
factor to consider when analysing the chemical space.” Several studies coincide in
reporting a historical exponential growth of the chemical community. See for
instance the chapters in ref. 85. The question that arises is about the
conditions allowing for the exponential growth of the community. They involve
the social interest for chemistry, which is attached to the public image of this
science and its ability to trigger innovations able to pull further resources to
accommodate more chemists. The public image of chemistry is also regulated
by ideologies and economic factors.* They range from the changing roles in
public acceptance of alchemy in the antiquity® and middle ages to the
pro-scientific ideologies of the 19th century and to the present antiscientific
attitudes.®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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that is at the ambient conditions at which we have evolved. The
influence of our circadian clocks upon the unfolding of the
space is also evident, as the duration of chemical reactions
corresponds to simple fractions of multiple integers of our day-
night cycles.®»

Human decisions or preferences have also left its mark on
the expansion of the space. A consequence of the use of some
few reaction classes and of a selected set of toolkit compounds
is the uneven span of the chemical space at the level of
molecular structures. In a 2019 study, Lipkus and coworkers
analysed part of the organic chemistry space between the years
2009 and 2018 and found that there is an uneven distribution of
molecular frameworks (molecular backbones consisting of all
ring systems and all chain fragments connecting them).”* A
consequence of this uneven distribution is that the likelihood of
reporting a framework in the future becomes proportional to
the number of times the framework has been already
reported, *##srx

Anthropogenic factors play also a major role in the present
synthesis plannings and actual syntheses based on the artificial
intelligence (AI) exploration of the chemical space. Although it
is true that AI approaches, when coupled to robotic synthes-
isers, speed up chemical discovery, they do it in a rather
conservative manner, as the training set of Al algorithms is
based on past synthesis, which perpetuates the anthropogenic
biases of the known chemical space.” As suggested by Grzy-
bowski and collaborators, the same ongoing automatisation
and robotisation of chemical synthesis may become instru-
mental to free us from the learnt manner in which we have
expanded the chemical space. The idea is to rapidly repeat
synthetic protocols under different conditions to enlarge the
training set with a richer dataset that includes a large number of
failed reactions. In the best scenario, this may lead to actual
discoveries of synthesis plans and of chemicals with novel
properties. Although the proposal of “playing the tape of the
chemical space again” under different conditions sounds
interesting, we need not to forget the limits of the exponential
growth of the space. Let us suppose that we suffice with playing
only 25% of the current chemical space. That is, that we need
a training set of 25% the number of current substances, which
is about 18, 500, 000.71111t1 So, re-playing 25% of the tape of
the chemical space requires synthesising about 4 600 000
substances, which implies entirely devoting the next five years
to the production of the training set. How much of the annual
outcome of chemistry are we willing to spend in re-playing the
tape of the chemical space to free us from our anthropogenic
bias to achieve more reliable AI results fostering innovative
chemistry?

Even if Al algorithms coupled to automatised and robotised
devices can take us out of the path-dependent box created by the

wkkxkkAlthough this seems to indicate a Barabasi-Albert (or preferential
attachment) dynamics?® on the report of frameworks, Lipkus and coworkers
also noted that the model for estimating the annual output of frameworks may
be driven by stochastic processes, presumably arising from economic and other
factors of the chemical practice.”*

t1111ftEstimated using S, in Section 5.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Digital Discovery

expansion of the chemical space, can we really afford the supply
of starting materials to re-play the tape? At least for the moment
this is not affordable, as for instance our capacities to reuse
chemicals such as metals are very poor. A further point of re-
playing the tape is the storage of the new play. I have discussed
the impossibility of annotating the chemical space in its
totality. This poses serious difficulties for annotating an
enlarged chemical space containing multiple repetitions of the
current one under different conditions.fiffif{i This further
supports the important need of methods to annotate what is
chemically interesting, not only for us, but rather for the future
generations. The challenge is to determine the requirements of
the future.

4.1 Regularisation of the expansion

I have discussed so far how regular the growth of the number of
substances and reactions has been across history. These results
depict the cumulative effect of a community of chemists
working mostly independently in different corners of the globe
at different periods of the history. In quantitative terms, the
result is clear. There is a historical and rather stable growth
trend for new substances and reactions, which has not been
affected by theories, schools of thought and wars.> These
conclusions are based on the historical growth rates of the
number of substances and reactions. But these temporal signals
are much richer in quantitative information, which provides
further insight on the temporal unfolding of the chemical
space.

Elaborating in this direction, we analysed the variability of
the annual output of new chemicals between 1800 and 2015 (ref.
10) and found that chemical production has undergone two big
transitions demarcating three statistical regimes (Fig. 3a). That
is, we found three stationary processes (regimes) in the histor-
ical production of new chemicals (Fig. 3b). The first regime
covers the period 1800-1860, corresponding to the highest
variability in the annual production of new substances. This
may be caused by the small size of the chemical community,
where local setbacks in production of particular research
groups could affect the global production to a large extent. This
hypothesis needs to be further explored by contrasting Fig. 3a
with annual data of number of active chemists.§§§§§§§ While this
was the period with the highest percentage of metal compounds
reported, C and H compounds nevertheless dominated during
the entire period (Fig. 4). In fact, the second half of the regime
was mainly characterised by C, H, N, O and halogen based
compounds (Fig. 4). According to historians of chemistry, this
period witnessed the rise of organic chemistry and especially

11111 1iStrictly speaking, these repeated spaces do not hold the same substances
of the original space, as we need to discount reaction products, as failed reactions
do not lead to them. Nevertheless, this reduction only refers to a hypothetical
bound because variations of reaction conditions may also lead to new products.
This has been shown, for instance, through the synthesis of a huge set of
diverse chemicals by varying the reaction conditions under which amines and
carboxylic acids react.”

Schummer in 1997.7
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Fig. 4 Temporal behaviour of particular regions of the chemical
space. Annual fraction of new compounds containing C, H, N, O,
halogens, and platinum metals. These latter correspond to Fe, Co, Nj,
Ru, Rh, Pd, Os, It and Pt. Distributions are convoluted using the moving
average method with a five-year window. Plot adapted from Fig. 1c in
ref. 10.

the changing role of this kind of chemistry, from an analytic
approach to a markedly synthetic one (Fig. 3a).”** Because of
these features, we called this period the proto-organic regime.*

After 1860 the second regime of chemical production began,
which is evident by a drastic reduction of the variability of the
annual output of new chemicals (Fig. 3b). This regime was
strongly driven by organic chemistry synthesis. The role of
organic chemicals is evident, for instance in the large
percentage of C and H compounds spanning the space in this
period - by 1880 C and H compounds constituted 90% of the
new substances (Fig. 4). This predominance of organic
substances has remained so ever since. In fact, as early as 1870
most of the compounds were made of CHNO and the same
composition is the most populated still today.’ The rise of
organic chemistry contrasts with the reduction of the
percentage of compounds containing metals (Fig. 4). We called
this period the organic regime.**999999.

Historians agree that by 1860 molecular structural theory
changed the practice of chemistry, which we observe in the
chemical space.”°*% This theory became a powerful tool used
by chemists to explore in a more controlled fashion the chem-
ical space.” Structural theory is to chemistry as a tourist guide is
to a newcomer willing to explore a city. As well as the newcomer,
chemists could explore the space in a random way, following
different streets and discovering from time to time interesting
spots. However, a tourist guide offers the possibility of getting
directly to the most interesting sights of the city. This metaphor,
nevertheless, presupposes a given space to be discovered.

9999999The important role of organic chemistry in the evolution of the chemical
space indicates that Grzybowski's results'®**#* on the organic chemistry side of the
chemical space are likely representative of the whole chemical space.
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Chemical space, as shown here, is “invented” and the question
that arises is whether awe of structural theory is not hindering
the possibility of expanding the chemical space in less tradi-
tional directions.

The third regime of the expansion of the chemical space,
evident by a further reduction in the annual variability of
production of new chemicals, started about 1980 (Fig. 3) and, in
contrast to the transition occurred by 1860, the event(s) trig-
gering this transition are still unknown and open to discussion
and common research between chemists and historians. Some
possible causes could be the computerisation of chemistry.
Another possible explanation is the expansion of instrumental
techniques to cope with heavier substances such as macro-
molecules and even solid materials. This period, which is our
current regime, has been dominated by organic compounds,
some of those including metals. In this regime platinum metal
compounds surged (Fig. 4) as well as silicon ones.” Here the
variability of the annual production of new chemicals is the
lowest of the three regimes, which indicates that more than ever
chemists have regularised the year-to-year output of new
compounds. We call this regime the organometallic regime.*

The historical reduction of the variability in the production
of new chemicals indicates a regularisation of the expansion of
the chemical space, which is reinforced by a growing commu-
nity of chemists. The fact that this regularisation has occurred
through drastic transitions, rather than in a continuous
fashion, indicates that there are historical events affecting the
unfolding of the chemical space. If historical events regularise
the annual output of the chemical space, can common work
among historians and chemists shed light on the driving forces
leading to those crucial events? To which extent this regular-
isation affects the future reaches of the chemical space? I will
address those questions in Section 5. In the next section I
discuss further aspects of the influence of historical events
upon the unfolding of the chemical space.

4.2 The toll of World Wars upon production of chemicals

In Fig. 3 two important dips are observed and coincide with
World War (WW) periods. Although the literature is rich on the
role of chemistry in those devastating events,®” the same cannot
be said about the role of wars upon chemical production.
Recently, we quantified this later relation.*

We found a devastating effect of WW1 and a mild effect of
WW2 upon the annual output of new chemicals. WW1 sent
chemistry back 37 years and WW2 16 years (Fig. 3a). WW1 also
caused a drop in the rate of chemical production three times
more dramatic than the rate of WW2.'° The reason underlying
the devastating effect of WW1 is found in the social system of
chemistry, which concentrated the chemical industry and
research around Germany in pre-WW1 times.”® After WW1,
chemistry decentralised from Germany and other nations
accommodated their research and production infrastructures to
this new scheme, for instance the USA.*®

Interestingly, WWs have not permanently affected the
expansion of the chemical space, as after these events, chemical
production recovered and returned to its 4.3% annual growth

© 2022 The Author(s). Published by the Royal Society of Chemistry
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rate (Fig. 3). This catching-up recovery phenomenon contrasts
with typical production delays of other sorts, such as publica-
tion of abstracts in other disciplines.” Some early analysis on
the possible reasons behind these phenomenon are discussed
by Schummer.”

Although chemical production has not been affected in the
long run by WWs, these events do have motivated changes in
chemical research. For instance, during WW1, there was a surge
in the number of As, Sb, and Bi compounds, while Al, Ga, In,
and Tl decreased. N and alkali metals dropped during WW2 but
S, B, P and Si benefited.'” The surge of As compounds may be
the result of the arsenic warfare agents developed during
WW1.'° P compounds began to be often reported after Ww2
when P biological role was established and when P compounds
started to be used in daily-life applications and as novel insec-
ticides and other industrial materials.*||||[|[|lll

A worthwhile research subject on the chemical space
involves incorporating the different facets of the social, semiotic
and material dimensions driving the evolution of the chemical
space into a mathematical model. Jiirgen Jost and I have
recently sketched the main aspects of this model, actually
a complex dynamical system, and we have discussed the
different sources of data to feed the model.> While results of this
research are obtained, a less complex approximation to the
modelling of the chemical space involves modelling the
dynamics of the network of chemical reactions. This is the
subject of the next section.

5 Modelling and estimating the
evolution of the chemical space

In Section 2.3 we discussed the advantages of modelling the
chemical space as an expanding network of substances related
by chemical reactions and we mentioned the advantages of the
directed hypergraph model over the graph model. Hence, if we
are interested in estimating the future of the chemical space,
a straightforward path involves modelling the dynamics of the
network by incorporating probabilistic models for the appear-
ance of substances and reactions in the network. Before dis-
cussing these models, I shall discuss the modelling of the
growth of the number of substances. As available statistics exist
only for the growth of substances, I will restrict the discussion
to the estimation of new chemicals. The approach can be used
for the estimation of new reactions as well, and in turn for the
density of the network of chemical reactions.

5.1 Modelling the appearance of new substances in the
chemical space

The fitting equation for the annual output of chemicals between
1800 and 2015 is s, = 51.85 x 10%04324(~1800) (2 _ ( 989,
residual standard error = 0.3575) (Fig. 3a),' where s; indicates
the number of new substances reported the year ¢. Following the
procedure discussed in note §9499qY, this equation leads to S,

[N The toll of wars is also evident in the current He shortage exacerbated by the
war in Ukraine.'”
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= 1310.29 x 10%04305(—1890) (2 _ 0 9977, residual standard
error = 0.1299), where S, corresponds to the cumulative number
of chemicals by year t. When will we reach 2/ substances? That
is, which ¢ satisfies 10°° = 1310.29 x 10°%04305(-1800)y The
answer is ¢t = 12, 330.52, which means that to attain 2/
substances we would need to keep working, as we have done it
for more than 200 years, some further 10 309 years, from 2022
on. If we accept Hawking's estimations that humans will turn
Earth inhabitable by 2600 (ref. 103) and we suppose we are not
able to keep expanding the chemical space, a further estimation
indicates that by 2600 we will have reached 1.187 x 10'®
substances, which when compared with 10°°° shows the negli-
gible fraction of the chemical space we could actually afford.

Being more optimistic, one may suppose that we are able,
somehow, to increase the historical rate of expansion of the
number of substances. Then, we can ask ourselves for the
needed growth rate to be able to synthesise 2/ substances by,
say, 2050. This prompts us to increase the growth rate of
discovery of new substances to r = 12.69%. That is, we would
need to double the size of the new substances every 5.46 years.
This is indeed a very fast growth. It may bring some relief to
note that even if it is a very rapid growth, it is not much faster
than the growth of bacteria cultures.'® What is the technology
and the social and semiotic infrastructure to, at least, increase
the growth rate of new chemicals beyond the stable rate of the
last more than 200 years?

5.2 Dynamical models for directed hypergraphs

A further approach to model the evolution of the chemical space
entails devising simple rules for the appearance of new
substances and reactions of the chemical space. If we model the
network of chemical reactions with the directed hypergraph
model, this falls in the realm of network dynamics.**

There are different models for dynamical networks, mostly
developed for graph-theoretical settings, which include the
Erd6s-Rényi, Barabasi-Albert and small world models, among
others.?” Although these models have been studied for hyper-
graphs,'®®'*¢ there are only few accounts of dynamical models
for directed hypergraphs.”**° At any rate, a general setting for
dynamical directed hypergraphs requires probabilistic rules to
include new substances (vertices) in the network and also to
wire substances by chemical reactions, that is rules to include
new hyperedges in the hypergraph. These rules may come from
two different sources. They may result from well-established
probability distributions such as normal, power law, Poisson
and other distributions, or they may be obtained from the
historical records of the unfolding of the chemical space. The
first approach entails developing a theory for random directed
hypergraphs, which is a vibrant field of research for chemists,
physicists and mathematicians. The second approach is an
empirical one designed for the specific purpose of modelling
the network of chemical reactions.

Models based on normal distributions may shed light, for
instance, on directed hypergraphs where substances do not
exhibit any particular preference to be incorporated in new
reactions. In contrast, if the probability of belonging to
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a reaction follows a power-law distribution, then biased
directed hypergraphs are obtained, where a substance, or even
a set of them, may become a hub for the expansion of the
network, ******** Although we have actually found that the
above mentioned preferences for some few toolkit compounds
are in line with the presence of these hubs in the network," our
statistical tests reject the hypothesis of a power-law distribution.
This shows that the dynamics of the underlying network of the
chemical space does not follow a Barabasi-Albert model or any
other generative process of power-law behaviours, as suggested
in ref. 18. Thus, the question on the suitable model for the
dynamic behaviour of the chemical space remains open. In
general, dynamical hypergraph models are important as they
set a background to compare the actual network of chemical
reactions with its theoretical extremes.

The contrasting of the experimental chemical reaction
network with the several theoretical models allows for deter-
mining whether there have been periods in history where the
chemical network has been closer to normal random distribu-
tions or much depending on the role of some few substances
(power-law distributions). Several of the results discussed in
this perspective seem to indicate that the early days of the 19th
century depicted a network with no chief role of few substances,
which would indicate an exploratory period of expansion of the
chemical space. However, the rise of organic chemistry seems to
have changed the structure of the network by highlighting the
importance of some few substances and even of some few kinds
of reactions.

A further approach to endow new reactions and substances
with probabilities entail extracting those probabilities from the
historical records of new substances and new reactions. Hence,
if the participation of substances in chemical reactions follows
a heavy-tailed distribution, as actually observed between 1800
and 2015, then probabilities of participation of substances in
reactions may be assigned based on this sort of distribution.
This, combined with the current values of variability of the
annual output of chemicals may be used to estimate the future
expansion of the chemical space.

Regarding reactions, the often reliance on few classes of
chemical reactions®" may be used to assign reaction probabili-
ties among sets of chemicals. As every reaction class is charac-
terised by a reaction centre, these centres may be weighed by the
frequency of use of the reaction class. The probability of
application of a chemical reaction class over a given set of
substances is then given by the frequency of use of the reaction
centre. A reaction centre is made by the atoms and bonds
undergoing changes in a chemical reaction.*>*** This model
would shed light on the future shape of the chemical space
under the current preferences for amide formation reactions,
alkylation of alcohols or phenols and the other classes of

FkRRERE*XAN instance of a power-law distribution is Pareto's law or 80-20 rule,
which for the case of the distribution of wealth, as originally studied by Pareto,
states that about 80% of wealth is held by 20% of the population.”” In the case
of chemical reactions a Pareto-law-like distribution would mean that about 20%
of the substances would be involved as educts of about 80% of the reactions.
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reactions constituting the current preferred toolkit of chemical
transformations.

6 Conclusions

I present upper bounds for different facets of the chemical
space, which is constituted by substances endowed with
a notion of nearness. The bounds range from the possible
number of substances and reactions to its similarity classes and
topologies. Based on the number of atoms in the universe, 10”°,

the upper bound for the number of substances is
107° 76

C¢=> (k + 1876 1 , which by chemical constraints can be
k=1

reduced to about 2 = 10?°° substances. If n is either @ or 7/,
the upper bound for chemical reactions is 3" — 2" + 1. The
possible number of similarity classes on the chemical space is

1 0ok
2 Z(l)k<z>22 ‘, which is related to the n!/(2(log 2)""™)
k=0

possible topologies. As these upper bounds imply storing by far
more than 10" bits, which is the information our physical
universe can house, the ultimate record of substances, reac-
tions, similarity classes and topologies associated to the
complete chemical space is simply impossible.

Beyond analysing upper bounds of the chemical space, I
discussed recent data-driven results on the evolution of the
chemical space based on the historical records of thousands of
chemistry publications from 1800 up to date, where substances,
reactions and properties have been reported. The historical
trends of expansion of the chemical space, doubling the
number of substances each 16 years, show that if we keep
expanding the space as usual, the target of producing at least 2/
substances would be only attained in 10 300 further years. By
setting 2050 as an arbitrary deadline for obtaining 2
substances, we would need to double the number of known
substances every 5.46 years.

Before analysing the implications of the above quantitative
results, I discuss some features of the relationships that endow
substances with a notion of nearness and which turn the set of
chemicals into an actual space. I analysed two main relations
among substances, namely chemical similarity and synthetic
separation.

Chemical similarity is currently used in QSAR studies and is
based on the molecular structural resemblance among
substances. But the chemical space is not only populated by
molecular substances, for which QSAR approaches have been
developed. Chemical space also includes inorganic substances,
glasses and alloys, composites and nanostructures. Methods
relating substance “structure” with their properties, to which
QSAR approaches belong, need to be further developed to treat
non-molecular substances. Interesting advances in this direc-
tion are discussed in ref. 13 and current innovative methods
combining experimental data with Machine Learning
approaches are being reported."*'® These approaches allow for
endowing largest regions of the chemical space with similarity
classes to estimate new compounds. They also allow for actually
extending our understanding of the chemical space beyond its

© 2022 The Author(s). Published by the Royal Society of Chemistry
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molecular limits. Further challenges for the chemical space
defined through its similarity classes involve devising substance
descriptors able to encode the salient features of the chemicals
studied, which are not always related to their composition and
3D arrangement, but also with the processes involved to end up
with those chemicals. This entails incorporating in the
description of the substance also information about its envi-
ronment and its production, which may include behaviours
under different conditions as well as reaction conditions.
Hence, it is important to widen the concept of substance
structure beyond its traditional niche of “balls and sticks”.
These are challenges that are to be tackled by the wise interplay
of large volumes of very accurate experimental information with
novel computational methods such as those provided by
machine learning as well as with modern mathematical
settings.

The second approach to “glue” chemicals in order to build
up a chemical space is through the reactions connecting
substances, which leads to the network of chemical reactions. I
discussed two models for this network, one based on graphs
and the other, more general, on hypergraphs. As well as the
concept of substance “structure” needs to be widened, the
concept of chemical reaction network structure needs to be
widened. These networks are not only an extension of the “balls
and sticks” model for molecules where atoms are linked. A
chemical network is much more than replacing atoms for
substances and chemical bonds for substance co-occurrence in
chemical reactions. Chemical reactions encode the relationship
between two sets of substances: educts and products. I dis-
cussed how directed hypergraphs constitute a suitable model
encoding these directed relationships among sets. Notwith-
standing the importance of hypergraph models for chemical
reactions, there are still challenges for this model. They include
developing directed hypergraph statistics able to capture local
and global properties of the network. As chemists have experi-
ence solving similar challenges, for instance when developing
thousands of global and local descriptors for molecular struc-
tures, what are the descriptors for directed hypergraphs
conveying information about the structure of the chemical
space? Which are the Wiener and topological indices of the
chemical network? Network descriptors need also to involve the
temporality of the network, which connects the field with the
mathematical subject of dynamical systems and of complexity
studies. Expected advances in the field of chemical directed
hypergraphs include the development of approaches to treat the
interaction of the directed hypergraph with other structures
such as spaces of reaction conditions or of substance proper-
ties, whose mathematical settings seem to be continuous rather
than discrete. This also becomes a fruitful field of research for
novel topological approaches to chemistry.

I emphasised that topological treatments of the chemical
space may shed light on interesting mathematical properties
such as continuity and connectivity, which turn crucial to better
understand the similarity among chemicals. They may become
central for understanding, for instance, similarity cliffs and, in
general, may shed light on emerging corners of the chemical
space as well as on the possibility of finding similar substances
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View Article Online

Digital Discovery

to a target one, which is pivotal for material sciences or
medicinal chemistry. In turn, if topologies are obtained from
the chemical network, they may become powerful tools to
navigate the chemical space, which, if coupled to Al approaches,
may contribute to further improve algorithms for the search of
optimal synthesis plans.

I mentioned before that the physical universe cannot store
the information of the chemical space. If we cannot store the
complete story of material achievements, which is in the end
what the chemical space is, what is the fate of chemistry? Is
chemistry ultimately stamp collection, as it is said Rutherford
once claimed? I do not believe so. The challenge posed by the
vast chemical space is not to synthesise every possible single
substance. It is not a combinatorial realisation of the space by
extension. This could be, in the end, a routine task for
a “Penelope-robot” knitting atoms into new substances and
ripping them apart to begin new synthesis until reaching @
substances. The challenge is not a combinatorial realisation of
the space by extension, which not even the robot can remember.
The challenge posed by the chemical space is gauging it by
intension. The charm of chemistry lies in finding a minimal set
of features characterising the extension of the space and its
diversity. I dream of defining the chemical space as the inter-
twine of substances and reactions in a chemical network
meeting the conditions p;(t), pu(t), ..., pu(t), where, hopefully, n
is not that large. With ¢ in p,(¢) I stress the temporal facet of
these conditions, as what is important today may be irrelevant
in the future. Therefore, all efforts to sharpen our theoretical
and experimental tools to detect those relevant features
constitute the real and reachable challenge posed by the
chemical space. Every method aiming at finding relevant simi-
larity classes, coverings and topologies on the space, as well as
better models for the evolving chemical network, is paramount
for the future of chemistry. In a more formal claim, there is an
absolute chemical space C, which I have extensively discussed
in this document, but there is also the “interesting chemical
space” at time ¢ (I(¢)). The charm of chemistry is finding the
function f{t) mapping C to (). That is C o, I(¢). By definition I(z)
< C, which I hope to be I(t) € C. Possible constituents of f{¢)
include that I(¢) can be afforded with the technology and the
knowledge at ¢, as well as that f{t) improves known preparative
methods of chemistry, that is by detecting representative
substances and reactions triggering new classification in the
chemical space. f{t) must also involve criteria to sharpen, chal-
lenge or debunk chemical theories, to find new applications of
the substances in C and to pick up substances in C with novel
structures, either at the bounding or the microscopic level.

Besides wondering about the limits of the chemical space
and the challenges they pose, I put forward that an additional
level of understanding of the space is attained by looking back
at its evolution, which allows for exploring the historical inter-
play of substances and reactions and the possible influence of
past events upon the unfolding of the space. By analysing
several studies on the historical unfolding of the chemical space
I showed that both substances and reactions have been
discovered at an exponential rate.
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There is no account of the growth rate of the number of
similarity classes discovered, as it requires setting up
a universal similarity criterion, which is difficult to attain, as
similarity is often tailored to particular realms of the chemical
space or to particular properties of the substances. Neverthe-
less, there is a report on the similarity of chemical reactions,
which are classified by their reaction centres.*® The report
shows that classes of chemical reactions, unlike single reac-
tions, do not grow exponentially, but at most linearly. This
indicates that chemists often use a small set of chemical
transformations to expand the chemical space, which when
combined with the participation of substances in reactions,
shows that there is also an often used subset of substances
acting as educts in many chemical reactions. Moreover, these
results on preferences chemists have regarding kinds of trans-
formations and regarding starting materials, coupled with the
exponential growth of substances and of reactions, indicate that
most of the substances once discovered are very seldom used in
further reactions.

Chemistry is today definitely driven by the production of new
chemicals, as shown by the historical density values of the
chemical network. Since the turn of the 20th century, density
has dropped, indicating an emphasis on substances rather than
on wiring them through chemical reactions. The report of new
chemicals, which could, in principle, come from a balance of
extractions from natural products and synthesis, is definitely
tilted towards synthesis. Chemical synthesis is the driving force
expanding the chemical space since the early years of the 19th
century and not, as traditionally claimed, a trend triggered by
Wohler' synthesis of urea in 1828. Chemical space is therefore
a human construction, resulting from the intervention of
chemists on matter. This intervention is not only guided by the
thermodynamics, kinetics and quantum chemistry of chemical
species but by the social, semiotic, technological, economic and
historical conditions allowing for such an intervention. Several
of these conditions have been studied when analysing the
progress of science and it has been discussed how they may
level off the growth of science.’®'*>'** Nevertheless, a more
nuanced analysis for the particular case of chemistry, especially
including recent chemical, social and economic data, is still to
be done. For instance, in the 1960s Solla Price claimed that
science was reaching its saturation point in terms of growth.
This statement has been disproved by different accounts.>”®
Holton, still in the 1960s, proposed models for scientific growth
and its dependence on innovations and man-power.'** Later on,
Rescher took the subject over and further explored it from an
economic perspective.’ Schummer, in the 1990s, was the first
to analyse the case of the growth of chemistry in terms of the
chemical space’ and he found no sign of saturation in the
production of substances. This condition has also been
confirmed by my research group.'® Nevertheless, further studies
on the conditions for levelling off the growth of the chemical
space are crucial to try to avoid those conditions, if possible,
and to better understand the complex dynamics expanding the
chemical space.

By analysing the evolution of the annual output of new
chemicals over the history, going beyond the exponential trend,
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and focusing on the variability of this production, the chemical
space exhibits a general regularisation trend. That is, with the
passage of time, chemists produce, every time, a number of
substances closer to the number of substances of recent years.
This regularisation has not, nevertheless, occurred in a contin-
uous way. It has had two major transitions. The first one was
marked by the incorporation of the molecular structural theory,
which became a guide to explore new corners of the space. The
second transition occurred around 1980 and it is a still and
open question to determine its causes.

Although the aim of chemistry cannot be reaching
completeness of the chemical space, more knowledge on it, that
is of its substances, reactions, similarity classes, topologies and
the structure of the reaction network, would be important
additions to advance in the detection of the relevant aspects of
the space. I already mentioned the 10 300 further years we
would require to attain 2/ substances if we keep expanding the
chemical space as we have done in the last 200 years. This
means that by expanding the chemical space as usual, by the
year 12 322 we would have reached 10*°° chemicals. As this is
not an affordable time for our current species and for its
interaction with our planet, I calculated the required speed to
attain 92¢ chemicals by a closer year, actually 2050. As discussed
above, this would require doubling the number of discovered
chemicals each 5.46 years, which implies leaving behind more
than 200 years of doubling the number of discovered
substances each 16 years. Can we afford these unprecedented
speeds? Can we find the suitable technologies, theories and
social structures of chemistry to speed up the discovery of the
chemical space? I also discussed the possibility of dedicating
some synthetic efforts to create databases of failed reactions,
which may feed AI algorithms to take the chemical space to new
arenas. It was found that, in order to create a training set
involving 25% of the current chemicals, we would need to
dedicate all our synthetic activities of the coming five years to
complete the task. Are we willing to reduce our syntheses “as
usual” for the sake of a rapid expansion of chemical diversity?

I posit that a deep understanding of the dynamics of the
expanding reaction network may shed light on the inner
workings of the chemical space, which we may eventually tune
to speed up the discovery process. Therefore, modelling the
network is of central importance for chemistry and I high-
lighted some advances and open questions in this direction. I
stress that such modelling cannot be restricted to the simple
weaving of substances in chemical reactions, it must incorpo-
rate social and semiotic aspects of the chemical practice, which
when considered together may lead to simple rules required to
speed up chemical discovery. I believe the ongoing digitisation
of relevant social and semiotic sources along the history of
chemistry, coupled to the well-established electronic annota-
tion of substances and reactions, make this moment ripe for
devising models for the evolution of the chemical space.

Chemical space is a thriving interdisciplinary scientific
research area assisted by mathematical and computational
methods, which relies on the exponential amount of informa-
tion left behind by chemists of all times. Such a well-structured
corpus of chemical information, which exceeds the possibilities

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of our universal library, can only motivate data-driven
approaches to gauge the essence and interesting features of the
chemical space. The moment is ripe for these digital
discoveries.
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