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ABSTRACT. The ability to efficiently synthesize desired compounds can be a limiting factor for
chemical space exploration in drug discovery. This ability is conditioned not only by the existence
of well-studied synthetic protocols but also by the availability of corresponding reagents, so-called
building blocks (BB). In this work, we present a detailed analysis of the chemical space of 400,000

purchasable BB. The chemical space was defined by corresponding synthons — fragments
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contributed to the final molecules upon reaction. They allow an analysis of BB physicochemical
properties and diversity, unbiased by the leaving and protective groups in actual reagents. The
main classes of BB were analyzed in terms of their availability, rule-of-two-defined quality and
diversity. Available BBs were eventually compared to a reference set of biologically relevant
synthons derived from ChEMBL fragmentation, in order to illustrate how well they cover the
actual medicinal chemistry needs. This was performed on a newly constructed universal generative
topographic map of synthon chemical space, that enables visualization of both libraries and

analysis of their overlapped and library-specific regions

INTRODUCTION

The success of drug discovery strongly depends on the quality of the screening compounds.
Starting molecules may be derived from natural sources or synthesized by organic chemists. Even
though natural products have been evolutionarily selected to bind to biological macromolecules
efficiently, they may not be easy to extract and purify on a large industrial scale. The pursuit of
structural diversity with easily obtainable compounds led to the mutually dependent symbiotic

relationships between drug discovery and organic synthesis.!

Over the past decades, the chemical market has evolved to meet medicinal chemistry demands,
with new compounds having medicinal chemistry relevant physicochemical properties — low
molecular weight and lipophilicity, high fraction of sp3 carbon atoms (Fsp3), etc. At the same
time, it is well known that chemotype distribution in the commercially available libraries of
screening compounds is highly unbalanced towards synthetically accessible benzenesulfonamides,
anilides, and other amides, etc’. Beyond the immediately available "on-shelf" collections, "tangible
libraries" of easily accessible (but not yet produced) molecules were proposed.* They have
emerged as the result of the stock enhancement campaigns, directed towards the overall
improvement of collections' quality and novelty. However, they still tend to sample already
overpopulated areas of the chemical space.’ That means that the commercial library enhancement
strategies do not provide a uniform chemical space sampling, and thus there is an urgent need for

their improvement.

One of the most efficient ways to do that consists of early quality control via monitoring

properties and novelty of used building blocks (BB) or reagents - molecules that possess at least



one reactive functional group and thus can participate in the synthesis of the final screening
molecules. Usage of the medicinally relevant BB can significantly improve the quality of the
designed compounds by preliminary focusing on substructures and properties that will ensure
desirable activity and the ADMETox profile of the potential drug candidates. Moreover,
introducing the new BB will allow exploration of underrepresented regions of the chemical space,

potentially accessing various properties and bioactivities.

Even though medicinal chemists widely recognize this fact, the number of scientific reports
targeting quality analysis of the existing purchasable building blocks (PBB) and potential
strategies for the corresponding libraries enhancement is significantly lower than those concerning
commercially available screening compounds. Within the last two decades, the latter has been
evaluated in numerous medicinal chemistry publications.? *>-!! At the same time, there are only a

few works dedicated to BB used in medicinal chemistry.

Based on the AstraZeneca (AZ) five-year 'long strategic reagent initiative', Goldberg et al.'?
outlined general design principles for novel BB in order to maximize their impact on drug
discovery projects. Besides, they listed the most popular types of BB, chosen by medicinal
chemists from AstraZeneca for different drug design campaigns. In another study, Hartenfeller et
al." investigated the biological relevance of the chemical space spanned by 58 of the most popular
organic chemistry reactions, based on a subset of the readily available BB (=26,000). They have
concluded that established synthetic resources are well suited to cover selected biologically
relevant compounds. However, the chosen reference subset was limited to only ~62,000
compounds from GVK-BIO'", Drug Bank'>, and TIMBAL!, which might fall short as a

comprehensive representation of all known biologically active compounds.

Moreover, the analysis of all PBB was beyond the scope of both mentioned papers. To our best
knowledge, the only report of such analysis is a price-focused study of almost one million PBB
from 121 vendors, published by Kalliokoski.'” In this work, he analyzed the availability of the 13
types of BB, reporting the number of reagents available for purchase under a specific range of
price up to $150/g. However, even though all these reports provide an important insight into the
PBB libraries and some of the medicinal chemistry relevant properties, those articles, each being
published at least five years ago, can hardly characterize the current state of the quickly growing

chemical space the PBB.



Therefore, in this work, we present the analysis of an up-to-date PBB set, addressing the
availability of the most popular classes of BB, their diversity, and their ability to face current
medicinal chemistry needs in the synthesis of biologically relevant compounds. As a source of
PBB in-stock database of the biggest BB aggregator, eMolecules Inc.!® has been used. For their
analysis, we have employed the previously reported freely available python library — Synthons
Interpreter (Synthl) — knowledge-based reaction toolkit for the library analysis and design.!® It
allows examining BB not as individual chemical entities but as a set of synthons — fragments
obtained after leaving groups removal/transformation with a system of labels that encodes position
and type of reactive center (RC). They define the substructure that will contribute to the final
molecule upon different reactions (except heterocyclization, omitted in this analysis). The same
tool has been used for fragmenting compounds from ChEMBL? in order to detect synthons and,
if available, corresponding BB required for the synthesis of the biologically relevant molecules
from this database. The diversity of synthons has been analyzed using marked-atom ISIDA
fragment descriptors?! that consider the marked connection points in synthons (former locations
of the leaving groups). Thanks to that, it becomes possible to distinguish between BB that
structurally differ only in terms of leaving groups and RC placement. These descriptors were also
used to define the chemical space of BB, which was visualized via Generative Topographic
Mapping (GTM) .?2 This non-linear visualization method has proven multiple times to be effective
in the analysis of large chemical databases.* 23>’ However, it is the first time it was used to map

the space of synthons.
DATA

The 489,781 building blocks, provided by eMolecules, Inc. ,'® have been used as a source of readily
available PBB. Unique chemical structures within Tier 1 or 2 (corresponding to shipments within

5 and 10 days, respectively) were selected to represent in-stock compounds.

ChEMBL (version 26) served as a reference dataset for biologically relevant molecules.
1,950,765 compounds have been standardized according to the procedure implemented on the
virtual screening server of the Laboratory of Chemoinformatics (infochimie.u-

strasbg. fr/webserv/VSEngine.html), using the ChemAxon Standardizer®®. That included:

. dearomatization and final aromatization (heterocycles like pyridone were not aromatized);



. conversion to canonical SMILES;

. salts and mixture removal; neutralization of all species, except nitrogen (IV);

. major tautomer generation

. stereochemical information removal.

Stereochemical information has been ignored because used ISIDA descriptors?' would not capture
it, anyway. 1,721,155 unique ChEMBL compounds, remaining after standardization, were then
fragmented in order to obtain biologically relevant synthons. The resulting synthons, as well as

synthons generated from eMolecules library, were standardized according to the same procedure.

METHODS

Synthons Interpreter (Synthl)

Considering that a single BB can contribute different structural motifs to the molecule, depending
on the synthesis conditions and reaction partners, it is not helpful to analyze the primary chemical
structures of the BB in the context of their usage in medicinal chemistry. Different protective and
leaving groups can constitute a large (sometimes the largest) part of the reagent. Synthons, by
contrast, represent the substructure of a BB that will be inherited by the product, annotated by
marks on the atoms that will connect to partner synthons. In our previous work, we have developed
a python library - Synthons Interpreter (Synthl) - for synthon generation from either BB or drug-
like products by RECAP-based fragmentation.!” The code is freely available at
https://github.com/Laboratoire-de-Chemoinformatique/Synthl. It consists of four modules, three

of which were used in this work:

1. SynthI-Classifier consists of the library of SMARTS identifying structural motifs
required and respectively forbidden in BB suitable as a particular class of reagents required by the
considered set of chemical reactions. For now, this set only includes coupling reactions (no
heterocyclization reactions). These involve 22 generic monofunctional reagent classes, like acyl
halides, boronics, ketones, primary amines, etc. These can be further subdivided into about 100
finer subclasses of significantly diverging reactivities. For example, class "Alcohols" includes
three subclasses of reactivity — "Heterols", "Aliphatic alcohols", and "Phenols". In addition, there

are 28 bifunctional and 19 trifunctional classes.



2. SynthI-BB allows generation of the most probable synthons exhaustively from a
given BB — a process herein referred to as "synthonization". The position of the functional groups,
as well as the formal type of the resulting fragment (electrophilic, nucleophilic, radical, etc.), is
encoded as synthons with class-specific numeric marks on the "connecting" atoms. There are nine

types of RC that can appear in synthons:

e clectrophilic (produced by acyl and aryl halides, acids, aldehydes, ketones, etc.);

e nucleophilic (alcohols, thiols, amines, metal organics, hydrazines, hydrazides etc.);

o bivalent electrophilic (aldehydes and ketones);

e bivalent nucleophilic (primary amines, hydroxylamines, reagents for olefination, etc.);
o bivalent neutral (terminal alkenes for metathesis);

o electrophilic radical (Minisci CH-partners, Michael acceptors);

e nucleophilic radical (BF; and MIDA boronates, NOPhtal alkyl esters, sulphinates, etc.);
e boronics-derived nucleophilic (boronic reagents);

o electrophilic nitrogen (benzoyl O-acylated hydroxylamines).

Examples can be found in Table S1 of Supporting Information (SI).

The resulting synthons, represented by ISIDA descriptors, were used to define the chemical
space of commercially available BB. The type of ISIDA fragments was selected during GTM

optimization (see further).

3. SynthIl-Fragmentation was used to evaluate current PBB space's ability to face
medicinal chemistry needs via ChEMBL molecules fragmentation. The ChEMBL database has
been chosen as the best representation of the biologically relevant chemical space. In Synthl-
Fragmentation, the algorithm fragments molecules in all possible ways according to the specified
list of reactions. It then selects the most optimal fragmentation scheme to maximize the number of
synthons corresponding to at least one BB from the user-provided library (in our case PBB from
eMolcules library). Parts of the molecules not covered by PBB synthons were broken down to the
smallest possible synthons. They can be used as inspiration for the enhancement of PBB

collections.

Synthon quality assessment



According to the "rule of two" (R02) ,'? good quality BB for medicinal chemistry could be defined
as those that typically do not add more than 200 Da in MW, two units of clogP, two H-bond donors,
and four H-bond acceptors. Those rules were developed in order to select BBs that most likely will
produce drug-like compounds. Therefore, the synthons, as fragments of BB that will be added to
the final molecule, were filtered according to this rule, and the number of BB compliant to it was

assessed for each BB class

Diversity analysis

Diversity analysis of different types of reagents was also performed in the synthon ISIDA
descriptor space. It was done by calculating pairwise Tanimoto distance® for all synthons within
a selected reagent class, followed by the creation of the frequency plot for each of the diversity
values. Note, that different synthons may introduce the same structural fragment to the reaction
product but with RCs at different positions. The corresponding synthons will have distinct ISIDA
descriptors in spite of being based on the same molecular graph, due to the marked-atom
mechanism. Two synthons contributing the same fragment and having the RC at the same position,
but of different types (allegedly different reaction mechanisms) have however identical ISIDA
descriptors (they capture the label position, not its actual value). Such synthons are distinct options
covering the same medicinal chemistry need — their existence is practically important because they
allow for alternative synthetic pathways, but they are indeed redundant from a structural point of

view.

GTM

In chemoinformatics, chemical space can be defined by the N-dimensional molecular descriptor
vector, where N is typically very large (10°-10%) for vectors designed to capture significant
chemical information. The most intuitive way to analyze such a complex space is to reduce its
dimensionality to obtain a 2D map. Generative topographic mapping (GTM), first proposed by
Bishop in 1998,%? appears as one of the most efficient dimensionality reduction methods.> It
performs non-linear projections of compounds from the initial multidimensional descriptor space
to a 2D latent space - a manifold defined by a set of radial basis functions (RBF). The shape and

position of each point of the manifold in the N-dimensional space are determined during its training



— unsupervised fitting to the "frameset" items - molecules used to probe the chemical space of

interest. Afterward, the manifold is unfolded back to the planar form — square grid 2D map.

Once trained, the manifold can host not only compounds of the "frameset" but also any external
molecules, under the condition that in the multidimensional space, they are residing close to the
manifold (log Likelihood applicability domain of GTM?!). The distinctive feature and the main
advantage of GTM is its probabilistic nature, ensured by RBFs. In GTM, molecules are not
assigned to a particular point on the map. Instead, each molecule is fuzzily projected over the
whole map with larger probabilities ("responsibilities") for nodes situated closer to this compound
in the initial space. Such smooth projection enables the creation of GTM landscapes — 2D plots of
cumulated responsibilities, colored by average values of different properties, e. g. density,
biological activity, physicochemical property, assigned class, etc. One manifold can host multiple
landscapes allowing the analysis of multiple libraries according to different properties. It can also

be used as a basis for building QSAR models.** 3032

Universal map of synthons (synthons-uMap)

The "universal" map of synthons (synthons-uMap) is the GTM that would simultaneously host
different types of synthons (electrophiles, nucleophiles, radicals, etc.). It can be constructed by

optimizing map performance in class separation for the different types of RCs present in synthons.

A fixed frame set of 15,255 randomly selected synthons has been used. It contained an
approximately equal ratio of synthons obtained by eMolecules in-stock BB library synthonization
and ChEMBL fragmentation in order to span the chemical space of both PBB and biologically
relevant BB. Seven scoring sets, 15,000 synthons each, were used to evaluate map performance in
class separation for electrophiles, nucleophiles, bivalent nucleophiles, bivalent electrophiles,
neutral biradicals, electrophilic radicals, and boronic-derived nucleophiles (for Chan-Lam
reaction®® and other couplings). The map was optimized in exploring its (hyper)parameter space
by an evolutionary procedure (genetic algorithm or GA) that is customarily employed to tune
GTMs,? 3% 3 following a Pareto-front-driven multiobjective strategy. This approach considered
performances (balanced accuracies) of pairwise classification between 7 synthons classes -
monovalent electrophiles, monovalent nucleophiles, boronics-derived nucleophiles, bivalent

nucleophiles, bivalent neutral, bivalent electrophiles, radical electrophiles - as independent



objectives. The Pareto front of non-dominated maps was considered the "best" solution (defining

the pool of selected individuals allowed producing offspring in the evolutionary strategy).
RESULTS AND DISCUSSION

391,378 reagents out of 489,781 BB from eMolecules library have been classified and
synthonized. The remaining non-classified reagents are either used in heterocyclization reactions
that are out of the scope of this analysis or contain conflicting or competing functionalities

disqualifying them for combinatorial chemistry.

As aresult, 798,643 synthons were generated. In Figure 1, one can see the detailed analysis of
the availability of monofunctional reagents on the market. The expected leaders of the distribution
are amines, acids, and aryl halides. Their "excessive" availability can be explained by the broader
usage of combinatorial reactions that employ these reagents. Among all classes of compounds,
approximately half of them pass the Ro2 and thus represent the means for drug-like libraries

synthesis.



Monofunctional reagents
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Figure 1. Monofunctional commercially available reagents: total number and number of high-
quality Ro2 compliant reagents.

Amines

Despite the strong development of modern organic synthesis, medicinal chemists traditionally use
only a tiny fraction of the available reactions, especially in compound library and analogs
synthesis.>® The general criteria for the ideal medicinal chemistry reactions were formulated in
2010 by medicinal chemists at GlaxoSmithKline (GSK)*” and have not changed significantly over
the last decade. * Among them, there are requirements for reproducible chemical
transformations, applicable to structurally diverse substrates, tolerance for the range of
functionalities, simple equipment, and reasonable cost. The reactions that fulfill these criteria, such
as amides and sulfonamides formation, alkylations (including reductive amination),
SNar/Buchwald and Car-Car Suzuki couplings, will always be attractive to medicinal chemists.
The majority of such reactions use primary and secondary amines as coupling partners, which

explain their leading position on the market.

10



For more detailed analysis, primary amines have been split into several groups depending on
the position of the functional group — aliphatic, benzylic, heterobenzilic amines, anilines, and
hetero-anilines. Secondary amines, however, can have even more different topologies, including
cyclic and acyclic aliphatic, benzylic and heterobenzylic, and polycyclic amines (Figure S1). In
both cases, aliphatic amines (cyclic and acyclic) are the most popular (Figure S2), which can be
explained with current medicinal chemistry demand for the high Fsp3 compounds.* *° Next are
the derivatives of hetero-anilines and anilines, which allow the one-stage introduction of new

aromatic cycles.

Carboxylic acids

The second place on the market is taken by acids — the main coupling partners of amines. A
recent study from AZ indicates that amide couplings sum up to one-third of all the reactions in
their electronic notebooks.*! Similar to purchasable amines, among carboxylic acids, the aliphatic
counterparts are dominant (Figure §3). They are followed by heteroaromatic and benzoic acids. It
should be noted that the homologs of heteroaromatic and benzoic acid - corresponding (hetero)aryl
acetic acids - are significantly less present (from 7 to 10 times). It goes in accordance with the
observation of AZ made in 2011, stating that synthetically this type of acids is much less
accessible.*? Indeed, out of 148 compounds proposed for the synthesis in AZ, only 17 were

successfully made.
Arylation reagents

The leading position of the aryl halides can be explained by the active development of the Pd-
mediated Csp2-Csp2 and N-Csp2 couplings.** According to Bostrdm's analysis, the Suzuki Csp2-
Csp2 coupling is the second most popular transformation after the amide bond formation.*® The
same was later confirmed by Eli Lilly's analysis of the reactions performed using their ASL robotic
synthesis system* and AbbVie's high-throughput chemistry department.*® The high
reproducibility of Csp2-Csp2 coupling together with its modern improvement made this reaction
suitable for automation. In 2015 Burke designed a generalized automated process for the C-C
couplings by analogy with well-known automated peptide synthesis based on amide bond

46

creation.” Despite such outstanding achievements in Suzuki couplings development, the

11



commercial accessibility of organoboron building blocks is still significantly lower than

(hetero)aromatic electrophiles (Figure 1).

Buchwald-Hartwig (BH) amination is also very popular. The power of this reaction lies in the
ability to couple two fragments with minimal addition of rotatable bonds in the final structure.
However, its success rate still hardly exceeds 45% due to the lack of a general catalytic system for
diverse substrates. Besides, the reactivity in BH amination for the significant portion of available
amines has not been experimentally validated yet and is hard to predict. At the same time, the

47, 48 and machine

active development of high-throughput experimentation (HTE) chemistry,
learning approaches® significantly accelerates the identification of effective catalytic systems and

the scope of their application.

The alternative well-studied metal-free transition - "classical" SNar amination cannot compete
with the BH reaction. It appears that among all aryl halides, only a limited fraction bears activated
halogen atoms suitable for non-catalytic amination (Figure S4). Interestingly, in the case of
(hetero)aromatic chlorides, almost all of them (13,305 out of 14,697) bear activated chlorine atoms
likely to undergo SNa: reactions. It could be explained by the fact that early conditions for the
Suzuki coupling were inapplicable for the aromatic chlorides. However, the opposite situation is
observed for aromatic bromides, which are convenient partners for the Suzuki couplings. Indeed,
only 10% of aryl bromides are suitable for metal-free amination (3,664 out of 34,586). The number
of bromides for the SNa: reaction is comparable with hetero(aromatic) compounds bearing an
active fluorine atom (3,361), but the number of identified SNa: iodides (957 of 6,330) is

significantly smaller.
Alkylation agents

The C(sp3)-N bond creation is also very popular and accounts for up to 10.6% of all reactions
performed in industrial medicinal chemistry departments, according to Vernalis statistics*’. The
alkylation or reductive amination is regularly used for that aim. Among these two reactions, the
reductive amination is slightly more preferable,* 3! because it is more selective and allows
avoiding a significant number of by-products observed during alkylation. Nevertheless, this
approach has its limitations, caused by the low diversity of the commercial carbonyl compounds.

In the case of aldehydes, the most popular reagents are aromatic (6,178) and heteroaromatic ones

12



(5,064), generating benzylic-type synthons (Figure S5). Aliphatic aldehydes are less represented,
especially (het)aryl acetic ones (only 129 BB), due to their extremely low stability and high rate
of self-condensation. Ketones are better represented in commercial catalogs, but there is still a lack
of the most interesting for medicinal chemists cyclic ketones (only 7,197 from which only 2,447

pass Ro2).

Expanding the space of the synthons for alkylation could be achieved by commercially available
alkyl halides. Commercially available alkyl chlorides and bromides are preferred over iodides and
primary alkyl halides are significantly more accessible than secondary ones (Figure S6).
(Hetero)benzylic primary alkyl halides (4,305) are less represented in comparison with the
corresponding aldehydes (11,242). An even higher difference is observed while comparing
secondary halides (2,445 in total) and ketones (29,152). It can be explained by the lower shelf-life
time of alkyl halides. Indeed, many of them are obtained from corresponding alcohols prior to
synthesis. Moreover, nowadays, efficient methods for the in situ alkylating agent generation
(including chlorides, bromides, and iodides) were developed. For example, recently, SO2F»-

mediated in situ generations of 1° and 2° alkyl halides were proposed.*

Other very efficient alkylating reagents - sulfonate esters, like mesylates, tosylate, and triflate -
also have low shelf-life time. It makes their precursors, alcohols, more attractive for purchase and
storage as latent alkylators. There are also ongoing attempts to develop direct methods for the
alkylation of amines with alcohols. Among them, the advanced reaction conditions for the well-
known Mitsunobu reaction™ that allows basic amine usage>* and a novel Ru-based catalyst system
for hydrogen borrowing reaction, proposed by GSK in 2009.>> Therefore, it is not surprising that
representation of this reagent class on the market is comparable with secondary amines. In contrast
to alkyl halides, there is approximately the same number of primary and secondary alcohols with
a slight excess of the latter, while the number of benzylic and heterobenzylic alcohols is

comparable to corresponding alkyl chlorides (Figure S7).
Sulfur-containing BB

Surprisingly, despite the high popularity of sulfonamides in medicinal chemistry, the number
of available sulfonyl chlorides (4,099) and especially fluorides (582) is relatively low (Figure S8).
The leading position among them is taken by aryl sulfonyl chlorides (2,079), which can be

13



explained by their higher stability in long-term storage in comparison to alkyl and heteroaryl
sulfonyl chlorides, that can undergo SO> extrusion. The seminal paper addressing this stability
issue was published by Pfizer in 2006.°° It was also shown that sulfonyl fluorides could become a
convenient replacement for sulfonyl chlorides, as they are more thermodynamically stable,
resistant to reduction, and chemoselective towards sulfonylation products. However, such an
approach has not gained attention until the introduction of Sulfur(VI) Fluoride Exchange (SuFEx)
reaction for click chemistry by Sharpless et al. in 2014.%7 Since then, numerous works have been
published on synthesis and usage of SuFEx building blocks.’®%? However, as one can see in
Figure S8, the market did not have enough time to react to the newly emerged tendency, and there

is only a limited number of such reagents available yet.

Another unexpected observation is that the total number of thiols on the market is rather low
(4,788), even though S-alkylation is one of the most well-studied reactions in combinatorial
chemistry. It can be explained by the complicated storage conditions required for these reagents.
Since thiols can easily undergo oxidation and form disulfides, they should be stored in ampules
with an inert atmosphere. The heteroaromatic thiols are the most populated group (3,688) due to

their additional stability gained via thione-thiol tautomerism.
Other reagents

A recent statistic published by Pfizer indirectly proves the above-mentioned tendency in the
late-stage combinatorial reactions popularity. In the course of its Quick Building Blocks program,
out of all BB, they have used 29% of acids amine — 21%; alcohol - 9%; aryl halide - 9%; mono-
BOC diamine - 6% ; aniline - 5%; aldehyde - 4%; aryl boronic acid - 4% and sulfonyl chlorides
only 3%.% At the same time, there are also less represented classes of reactions and reagents that
are widely used for larger BB synthesis in the early stages of the synthetic pathway. In Figure 2,
one can see that among various reagent classes, the most numerous are hydrazides and hydrazines.
Iso(thio)cyanates, hydroxylamines, and element-organics occupy the middle position. Among
metallorganics, Grignard reagents expectedly are the most numerous class. Organozinc BB

account for two times fewer compounds, and there are only 6 Li-containing reagents.

14
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Figure 2. Commercially available various reagents: total number and number of high-quality Ro2
compliant BB.

Reagents for novel reactions

Some novel synthetic methodologies became more frequently used by medicinal chemistry. This
was influenced by the emergence of new methodologies, instruments, and techniques for
elaborating and carrying out combinatorial reactions. Among them, we can highlight the automatic
optimization of the reaction conditions at nanomolar scale,*’ a robustness screen that allows quick
determination of the scope of the application of substrates with additional functional groups,®* new
selective radical processes,® photoredox catalysis,® a new generation of click chemistry,®’- ¢
automated interactive cross-coupling,*® and late-stage functionalization.®” However, the above-
mentioned distribution of BB hinders the development of such novel combinatorial reactions due
to the poor representation of necessary reagents among the commercially available. One such

example is a Minisci reaction, which efficacy is based on an effective in-situ generation of free

radicals.”®

As pointed out in Figure 3, many types of reagents can be used as a source of free radicals.

Nevertheless, only some of them, such as R—-SO,F, R-SO,H salts, RCOONPhtal, R-BF;K and R-
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BMIDA are useful for the combinatorial synthesis of compound libraries, which could fill the
"white spots" in chemical space. So, despite sufficiently numerous (27,204 BB)
'Minisci_CHpartners' (Figure I), the implementation of this reaction in a combinatorial manner is
limited by the scarcity of coupling partners — there are only 716 R-BF3K" and R-BMIDA (418 of
them are Ro2 compliant) and even less R—SO>F (582) and RCOONPhtal esters (only 10). Thereby
chemical companies could focus their attention on this problem and direct their efforts towards BB

catalogs enhancement with such needful reagents.

various

R
¢ R-FG conditions

Minisci Reaction

R-COOH R-CHO R-CH(OR'), R-CH,OH
R—I R-Br R-SePh R-B(OH), R-B(OR),

Sources suitable for
combinatorial chemistry

R-SO,F R-SO,Na R-BF;K R-BMIDA
0] o O
R—/< — R—<
O—-N / O—-N
Barton Ester RCOONPhtal
S 0

Figure 3. Representative types of reagents for Minisci Reaction.

Polyfunctional BB

Apart from the monofunctional reagents, appropriately protected bi- and trifunctional BB are
required for optimal combinatorial library construction. Among the bifunctional ones, the absolute
leaders are different derivatives of amino acids (Figure 4) due to the extreme popularity and
automation of peptide synthesis. Other large classes are Boc-protected diamines and functional
aryl halides. Such distribution reflects the same tendencies that have been observed and explained
for monofunctional building blocks. Polyfunctional reagents play the role of molecular cores
around which a diverse set of monofunctional partners allows the creation of large combinatorial
libraries. Therefore, bi- and especially trifunctional BB are crucial for the synthesis of DNA-

encoded libraries (DEL). Thus their availability is affected by the popularity and efficiency of the
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reactions adapted for this technology. Considering the relatively recent development of DEL, a

limited number of corresponding reagents on the market is understandable.
Medicinal chemists' highlights

Earlier in this analysis, the main focus was set on functional group types that define the BB that
may be successfully used in a reaction. However, what is even more important for medicinal
chemists is what structural moieties will be introduced and how these will influence the
pharmacodynamics or pharmacokinetic properties of the synthesized compound. Considered
motifs emerge from "breakthrough" approvals of a new drug containing unusual structural

71-73

moieties. They include morpholine and piperazine bioisosters, unusual fluorine-containing

7475 sulfoximines,”® phosphine oxides,’’ silicon-containing isosteres’® and

aliphatic substituents,
non-classical sp3-enriched benzene isosteres, such as bicyclo[1.1.1] pentanes, cubanes, etc.”’ In
Figure 5, one can see that there are only a limited number of BBs bearing such structural motifs.
The distribution leader is morpholine and piperazine mimetics, oxetames, and sultames, while
there are less than a hundred cubanes, disubstituted bicylo[2.1.1]hexanes, and silicon-containing

BB.

The ability of the BB market to face current medicinal chemistry needs

For evaluation of the ability of PBB to face medicinal chemistry needs, ChEMBL library,
as a source of biologically relevant compounds, was fragmented using Synthl (see example in
Figure 6). As aresult, around 35% of ChEMBL molecules were fragmented into synthons that are
all found in the eMolecules library. Around 5% of ChEMBL was not cut at all due to the small
size of the molecules and lack of synthetically accessible acyclic bonds (heterocyclization was not
taken into account). The remaining 60% of compounds have some but not all of synthons available

— they include at least one synthon out of the scope of the eMolecules library.
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Figure 5. Commercially available reagents, containing highly attractive structural motifs.
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Figure 6. Example of ChEMBL molecule fragmentation towards commercially available
synthons (eMolecules identifiers of corresponding BB are provided).

For a more detailed analysis, in addition to the groups of synthons explained in Table S1,

electrophiles were further subdivided into acylating and sulfonylation agents, C-alkyl and C-aryl
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electrophiles. The nucleophiles were split into N-, O-, S-, C-alkyl, and C-aryl nucleophiles. The
populations of all synthon groups have been analyzed in Figure 7 (A), the fraction of Ro2-
compliant synthons — in Figure 7 (B) and Fsp3 distribution is given in Figure 7 (C). In addition,
the relative diversity distribution for bivalent and monovalent synthons classes is provided in

Figure 89 and Figure S10 respectively.

In comparison with synthons generated from ChEMBL, the chemical market offers an
abundance of reagents producing N-, O-nucleophiles, classical electrophiles, bivalent synthons,
and electrophilic radicals. At the same time, there are several underrepresented synthons classes:
all types of C-nucleophiles (Csp3-, Csp2- and C-boronics), S-nucleophiles, nucleophilic radical,
and N-electrophiles. It goes in correspondence with conclusions derived in the previous chapter.
However, synthons diversity for all the groups is higher for corresponding ChEMBL-specific
synthons subsets (Figure $9 and Figure S10), especially in the case of bivalent nucleophiles and
electrophiles. This fact is well expected as the decision to add the BB to the purchasable collection
is influenced by many practical factors (discussed earlier in this paper), while many ChEMBL
compounds were synthesized by academic laboratories that are not limited by such factors and are

more inclined towards complicated and challenging synthetical procedures.

As one can see from Figure 7 (B), the fractions of Ro2-complient synthons in PBB- and
ChEMBL-derived collections are comparable for almost all synthons classes and usually do not
exceed 50%. The only exception is the less populated class — N-umpoled electrophiles. The
eMolecules collection contains only two respective reagents which both are Ro2 compliant. The
low number of Ro2-complient synthons in ChREMBL can be explained by the fact that ChEMBL
fragmentation was biased towards PBB. Thus, if large ChEMBL-derived synthon is present in the
eMolecules library, it is never fragmented even if some bonds can be cleaved by Synthl. The
synthon’s availability and the smallest number of reaction steps are the main priority. The synthons
are fragmented to the smallest possible pieces only if they are not present in PBB. Note, that three
ChEMBL-derived synthons classes - electrophilic radicals, acylation agents and N-nucleophiles -
have higher content of Ro2-complient structures than PBB Figure 7 (B). However, all of them

are significantly better represented in PBB Figure 7 (A) .

The fraction of carbon atoms with sp>-hybridization (Fsp3) allows quantitative analysis of the
“flatness” of given compounds (in our case synthons). Figure 7 (C) demonstrates that the majority of
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synthons exhibit a low value of Fsp3 — around 81% of PBB- and 73% of ChEMBL-derived synthons
have Fsp3 lower than 0.5. The shift towards higher values observed for the ChEMBL-derived synthons
signifies the need for more Csp3-enriched BBs in the commercial collections.

A) Different reagent groups repressentation in generated B) Fraction of Ro2-compliant synthons
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Figure 7. Comparison of PBB- and ChEMBL-derived synthons: A) popularity of different types
of synthons; B) fraction of Ro2-compliant synthons; C) Fsp3 distribution.

GTM-based analysis of synthons

As aresult of GA Pareto optimization, a synthons-uMap was selected out of thousands of evaluated
options. This map is based on the atom-centered fragments of 1-2 atoms radius, including atoms
and bond information. These descriptors are highly sensitive to RC position, which allows
distinguishing between synthons with different reactivity due to the inductive, mesomeric, or steric

effects. The manifold consists of a grid of 29*29 nodes coupled with 25*%25 RBFs. This map
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provides synthon class separation with average balanced accuracy - BA of 0.9 (the lowest BA=0.79

for separation of C-nucleophiles from all other classes).

In Figure 8(a), one can see the density distribution for PBB-based synthons. The color
code reflects the number of synthons in each point of the map — grey regions correspond to the
minimally populated areas of the chemical space, while multicolored ones depict high-density
picks. In agreement with previous synthon population analysis, the highest density is observed in
the south-eastern part of the map. It corresponds to the primary N-monovalent and -bivalent
nucleophiles produced by aliphatic amines and anilines (R8.1). Interestingly, primary hetero
anilines form a separate cluster of slightly lower density further on the south (R8.2). At the same
time, secondary N-nucleophiles are situated quite far from the primary ones in the central part of
the map (R9). They are surrounded by acylation agents (R1) from one side and secondary aliphatic
synthons with RC on the carbon atom from the other — mono- and bivalent C-electrophiles and
bivalent C-nucleophilic synthons (RS5). This is expected, as the ISIDA descriptors are sensitive to
the position of the RC (marked atom) but not to the actual value of the atom label (encoding the
type of intermediate). Therefore, C-electrophiles and C-nucleophiles (mono- or bivalent alike),
can be found in the same region, but secondary (R5) and primary (R2) aliphatic synthons with RC

on carbon atom are spatially separated. So are aliphatic (R2, R5) and aromatic (R6) synthons.

Similar to the primary N-nucleophiles in the regions R8.2 and R8.3, arylation agents (Csp®Ar-
electrophiles, electrophilic radicals, Minisci CH-partners, aryl-boronics etc.) are split into two
clusters with high density. The more crowded area is dominated by phenyl and a-pyridine synthons
(R6.1). At the same time, the region with relatively moderate occupancy is populated by y-
heteroaryl synthons, usually with a higher number of heteroatoms (R6.2). The latter is neighboring
the region R7, occupied by O-nucleophiles — aliphatic, benzylic alcohols, and phenols. Meanwhile,

hetero-phenols and heteroaromatic thiols populate the area on the opposite part of the map (R3).

The fact that in the same zone of the map one can find structurally similar or even identical
synthons differing only in the nature of the RC is actually an advantage. The map can thus be used
to search alternative synthesis ways in situations where the same structural moiety can be provided
by building blocks of radically different reactivity, applicable in distinct synthetic paths. For

example, bivalent C-electrophiles and C-nucleophiles, intermediates in Knovenagel-, Wittig-,
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Julia-Kocienski- types of olefination occupy the same areas as reagents for metathesis — another

reaction for double C=C bond formation.

Figure 8(b) shows the comparative landscape featuring PBB synthons (black color) versus
synthons obtained via ChEMBL fragmentation (red color). All colors in between correspond to
the mixed regions of different compositions (see the scale). It appears that even though the number
of PBB synthons is more than two times higher than the number of ChEMBL-derived synthons,
there are still large ChEMBL-specific areas of the chemical space (red regions). These zones
mostly correspond to the polyvalent synthons, which, as has been discussed earlier, are
underrepresented on the market. In addition, the majority of synthons residing in ChEMBL-
specific regions contain heterocycles, but heterocyclization processes were excluded from this
analysis. Notice that Ro2 filtering of synthons almost doesn’t change the shape of the comparative
ChEMBL/PBB landscape (see Figure S11 in SI). This means that Ro2-compliant synthons cover

the prevailing majority of the whole synthon’s chemical space.

In order to obtain a better understanding of the chemical space of different synthons classes, 16
comparative ChEMBL vs PBB landscapes for each group analyzed above were constructed
(Figure 9). Their comparison shows that despite lower diversity (Figure $9 and Figure S10) of
PBB synthons in all categories, there are still four classes that largely cover the chemical space of
the respective ChEMBL synthons (Figure 9 (a)). Among them, there are synthons for metathesis,
O- and N-nucleophiles, and acylation agents. In all these classes, there is a significant abundance

of PBB synthons over ChEMBL-derived ones.

However, the high number of synthons does not always guarantee better coverage of
biologically relevant synthons space. Indeed, bivalent electrophiles and nucleophiles, C-
electrophiles, and electrophilic radicals are also more numerous within the PBB synthons, but the
overlap between commercially available and biologically relevant synthons is the smallest for
these subsets (Figure 9 (b)). There are large areas exclusively occupied by representatives of only
one library, which means that the abundance of such synthons on the market still leaves room for
improvement of the quality and structural diversity of corresponding BB. It mostly concerns areas

associated with polyfunctional synthons containing more than one RC (Figure 8(b)).
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The trends outlined in Figure 7 are clearly seen in the comparative landscapes — there is a
significantly higher portion of red areas for C- and S-nucleophilic synthons (Figure 9 (c)).
Interestingly, even in the case of equivalently represented PBB and ChEMBL sulfonylation agents,

there are still areas of biologically relevant synthons space not covered by PBB.

25



a. Synthons classes with the highest libraries overlap

Synthons for Metathesis

0-Nucleophiles Acylation Agents N-Nucleophiles
v 3 ;
N : P
% ol N ‘e
4 o

b % l \Tg‘
LY a2 S T *e

ChEMBL -2 288 ChEMBL - 28 807 ChEMBL-25 976

PBB-7325 PBB- 77539 PBB - 115 805

PBB— 198 664

b. Synthons classes with the highest excess of PBB but the lowest libraries overlap

Bivalent C-electrophiles Bivalent C-nucleophiles Csp2Ar-Electrophiles

Bivalent N-nucleophiles

= )

C-Alk-Electrophiles

v @
D ol

5 #

.
~ S

.

@'&)\("’. v

[ )

~
4

;

(B

7

ChEMBL - 13 059
PBB-27321

@
ChEMBL - 10 042

PBB-18679

ChEMBL - 98 540

D
%D - |
L %:
LB LX)
ChEMBL -3 708

Electrophilic radicals

PBB—122753

ChEMBL-57 372

c. Synthons classes with the highest

C-Alk-Nucleophiles Csp2Ar-Nucleophiles

PBB— 65 445

Nucleophilic radicals

excess of ChREMBL BB

S-Nucleophiles

PBB— 161 856

ChEMBL -2 901
PBB— 108 794

C-Nucleophiles Boronics

|
R
I @
» v
ChEMBL-63 814 ChEMBL-31 181 ChEMBL-4 715
PBB-13251

PBB-1794 PBB-701

d. Synthons class with balanced

gl ) ’
libraries representation é
@ *
K @
ChEMBL 0020 30 4050 60 70 80 90 100% ppp q
SYNthons o400 99 80 70 60 50 40 30 20 10 0 SYNthons R

ChEMBL -4 893
PBB-1890

Sulfonylation Agents

ChEMBL-4 433
PBB—4 588

ChEMBL-27 271
PBB-12774

Figure 9. Synthons classes-based comparison of PBB synthons (black areas) and ChEMBL-
derived synthons (red regions).

26



CONCLUSIONS

In this work, commercially available BB, provided by eMolecules, were analyzed in terms of
purchasability, quality, diversity, and ability to face current medicinal chemistry needs. The last
was achieved by fragmenting biologically relevant molecules from the ChEMBL database with
the help of Synthl — a knowledge-based reaction toolkit for library design and analysis. The
resulting synthons were compared to those generated from PBB. This led to a detailed,

comprehensive analysis of PBB in a medicinal chemistry context.

It was shown that the most represented classes of BB — amines, acids, aryl halides, and aliphatic
alcohols — mirror the popularity of the respective reactions — amide formation, Pd-mediated
couplings, Buchwald-Hartwig amination, alkylation etc. However, the existence of well-studied
reactions is not the only factor defining reagent availability on the market. Indeed, sulfonate esters,
secondary and (hetero)benzylic primary alkyl halides are far less present than other alkylation
agents - alcohols, ketones, and aldehydes, respectively, due to their lower shelf-life time. The low
number of S-nucleophiles can be explained by complicated storage conditions, while the lack of
SuFEx reagents and polyfunctional BB — by the relative youth of the efficient methodologies

involving these reagents.

It was also noted that the reported distribution of BB could limit the development of novel
combinatorial techniques (nanomolar scale, robustness screen, photoredox catalysis, new
generation of click chemistry, automated interactive cross-coupling, and late-stage
functionalization). These are disfavored by the poor representation of necessary reagents, e.g., R—
SO.F, R-SO,H salts, RCOONPAhtal, R-BF;K, and R-BMIDA, SuFEx, and polyfunctional BB for
DEL design.

Comparison of PBB- with ChEMBL-derived synthons reveals that the internal diversity among
members of the same synthons class is significantly better for ChEMBL-derived synthons. It was
shown that there is a lack of C- and S-nucleophiles and nucleophilic radicals, while O- and N-

nucleophiles and electrophilic reagents are overrepresented on the market.

Synthon-uMap, constructed in this work, allows distinguishing structurally equivalent synthons
that differ only in the position of the reactive center. The types of reactive center, however, are not

differentiated. Therefore, two synthons corresponding to the same structural moiety and having
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the reaction center at the same position, but of different type (correspond to different reaction
mechanisms) will be projected in the same area of the map. In such a way, synthons-uMap can be
used for the search of alternative BBs that as a result of completely different synthetic procedures

will still introduce the same structural fragment to the reaction product.

GTM analysis with the help of this map allowed identifying that only in the case of four
synthons classes PBB synthons cover largely ChEMBL-derived synthons chemical space:
synthons for metathesis, acylation agents, O- and N-nucleophiles. For the other groups, even for
those with high PBB synthons excess, there are plenty of ChEMBL-specific areas of chemical
space without any purchasable counterparts. Most of these areas correspond to polyfunctional BB

which are underrepresented on the market.

All of these findings lead to the conclusion that there are plenty of possibilities for BB libraries
improvement — starting with enlargement of underrepresented BB classes subsets and finishing

with improving diversity and biological relevance of PBB.
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