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Very Important Paper
Diversity-Oriented Synthesis and Chemoinformatics:

A Fruitful Synergy towards Better Chemical Libraries

Elena Lenci*® and Andrea Trabocchi®

In these two decades, Diversity-Oriented Synthesis (DOS) has
changed significantly: from the historical focus on structural
diversity, new approaches have been developed in order to
increase the biological outcome of the molecules within the
library, such as the privileged-based DOS or the Diversity-
Oriented Fluorescence Library Approach (DOFLA). In this
context, chemoinformatics can assist organic chemists in
identifying biologically-relevant regions of the chemical space

1. Introduction

From the definition given by Schreiber in 2000, Diversity
Oriented Syntesis (DOS) has evolved significantly. At the
beginning, the principal goal in developing DOS strategies was
to obtain compounds with the highest structural diversity
possible® subdivided in terms of appendages, functional
groups, stereochemical and skeletal diversity,” by using no
more than five synthetic steps. Starting materials were chosen
to maximise the diverse reactivity of the intermediates, in order
to balance the need for building diverse and complex
compounds with the requirement of keeping synthetic routes
short and efficient. Several synthetic strategies have been
developed for this purpose, such as the widely known Build/
Couple/Pair approach® or the Relay Catalytic Branching
Cascade (RCBC) approach.”

Then, a shift in the focus of DOS library design was
observed, moving from structural diversity to biological
relevance, and more recently, to functional relevance.”” Since it
is estimated that the number of small molecules populating the
chemical universe is more than 10%," it is more convenient to
drive the synthetic efforts towards those areas of the chemical
space that are enriched with biologically relevant compounds,
possibly underpinned ones, instead of exploring large areas of
the chemical space.”’ DOS libraries with compounds containing
bioactive elements have led to the identification of small
molecule modulators of non-traditional drug targets,”” even
when the size of the library was limited, such as in the case of
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not yet explored. Also, chemoinformatics tools can be used to
graphically visualize and/or predict the structural diversity and
complexity of the compounds within the library. This review
highlights the improvement that DOS has received from
chemoinformatics, presenting recent articles (published be-
tween 2016 and 2021) in which DOS libraries are analysed by
chemoinformatics tools.

the identification of the antimitotic dosabulin from a small DOS
collection of only 35 compounds."” Following the principles of
the recently developed performance-directed synthesis""'? and
activity-directed synthesis,"*' in most recent papers regarding
DOS, libraries have been designed with the aim of installing on
final compounds the chemical features that are traditionally
challenging to incorporate and that are found in natural
products or biologically active compounds, such as in priv-
ileged-based DOS or in the Diversity-Oriented Fluorescence
Library Approach (DOFLA). In this context,
chemoinformatics™'® represent a real opportunity for the
identification of biologically relevant areas of the chemical
space,'”’ suggesting scaffolds that have been preserved by
Nature in evolution, as in the case of the so-called Structural
Classification of Natural Products (SCONP) approach" devo-
leped by Waldmann for Biology-Oriented Synthesis (BIOS).'**
Later, BIOS concepts have been extended beyond natural
products, to the screening of all those databases that include
bioactivity data, such as ChEMBL and PubChem, in order to
drive the synthetic efforts towards areas of the chemical space
related to difficult targets.”” Also, chemoinformatics tools can
be used to measure the structural diversity and complexity of
the compounds within the library, providing a visual and easily
interpretable representation of the chemical space covered by
DOS libraries, in order to communicate their relevance to
medicinal chemists and chemical biologists involved in the
screening.”? The diversity and complexity of the molecules in a
chemical library can be evaluated in multiple ways, mainly
depending on the goals of the study and the molecular
representation chosen for the analysis.”? Each method has
some advantages and some limitations and choosing the right
chemoinformatics tool can be trivial, as the results may be
subjected to multiple interpretations. Table 1 shows the tools
most widely used for analysing DOS libraries,*” that are recalled
throughout the text in selected examples of DOS works
published between 2016 and 2021. The discussion about these
papers has been subdivided into the three main approaches
currently used to obtain biologically-relevant libraries: (i) DOS of
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Table 1. Chemoinformatics tools used to analyse chemical diversity and complexity of DOS libraries that are reported in this review paper.

Tool Utility Case

study

Alignment analysis Offers the 3D superposition of structures to analyse scaffold and stereochemical diversity Figure 1

Ref. [29]

Structural fingerprints Calculates structural diversity between compounds. Very useful for the analysis of appendage and functional  Figure 2

group diversity, even though, especially for large libraries, it can be difficult to be visualized Ref. [33]

Principal Moment of Inertia Provides a distribution of the compounds in a triangular graph depending on shape diversity and three- Figure 3

(PMI) dimensional complexity Ref. [36]

Principal Component Analysis Provides a distribution of the compounds in a 2D or 3D plot based on a set of physico-chemical properties Figure 4

(PCA) Ref. [41]

Molecular complexity graph Provides a distribution of the compounds in a 2D plot based on molecular complexity index (calculated in Figure 5

different ways) Ref. [66]

Multidimensional scaling (MDS)  Provides a distribution of the compounds in a 2D plot based on molecular fingerprint similarity Figure 6

Ref. 70

Lead-Likeness and Molecular Provides the virtual generation of a library around a defined scaffold and the distribution of the compounds  Figure 7

Analysis (LLAMA) obtained in the lead-like and drug-like chemical space, with the assignment of “lead-likeness penalty” values,  Ref. [74]

depending on Congreve’s rules

Consensus Diversity Plot (CDP) Provides a 2D plot in which four measures of diversity are condensed: structural fingerprints, scaffold Figure 10

diversity, whole molecular properties and size of the databases Ref. [86]
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and coworkers developed a pDOS strategy starting from
pyrimidines 1 and cyclic hydrazines 2, that were assembled to
give a complex pyrimido-pyrazolo-pyridazine intermediate 3,
used for the achievement of seven skeletally bridged or
medium-sized azacycles around pyrimidine.””

As shown in Scheme 1, the cleavage of the N—N bond of 3
with NaOEt and NaBH, gave 9-membered diazonane-fused
pyrimidine 4, that was further transformed into scaffold 5, using
dielectrophiles such as bromoacetyl bromide or chloropropionyl
chloride, and into scaffold 6, through an intramolecular
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Scheme 1. pDOS of pyrimidine-containing medium-sized azacycles.
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substitution reaction using benzyl bromide and mesyl chloride.
When intermediate 3 contains an aromatic ring fused to the
pyridazine nucleus, the treatment with NaOEt and NaBH, gave
preferentially the ring-rearranged tetracyclic product 7, instead
of 4, because of the presence of more than one benzylic carbon
adjacent to the quaternized nitrogen. Also, when the basic
treatment was performed in the absence of a hydride source,
an intramolecular reaction involving the migration of the
N-N—-C bond to an N-C—N bond was observed with the
achievement of the diazabicyclo[4.3.1]decane-pyrimidine 8,
whose structural complexity was improved into the scaffold 9
by adding bromoacetophenone. Finally, when the R group of 3
was a silyloxy derivative, the treatment with tetrabutylammo-
nium fluoride allowed for the achievement of 8- or 9-membered
oxadiazacycles 10 through intramolecular nucleophilic attack of
the alkoxide moiety to the C—N bond.

To assess and graphically visualize the structural diversity of
the compounds, the authors determined the energy minimized
conformer of each scaffold and overlayed their calculated 3D
structures® using as the pyrimidine substructure as the focal
point (Figure 1).*”

Figure 1. Structural alignment of the scaffolds 4-9 in their energy minimized
conformers. Adapted from Ref. [29] published by the Royal Society of
Chemistry.
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Scheme 2. Solid-phase pDOS of steviol derivatives. Yields were not reported
by the authors.
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This tool is useful to have an intuitive and fast image of the
scaffold and stereochemical diversity of the compounds,
hovewer it does not offer a quantitative measurement of the
structural similarity. To do that, the authors calculated the
average Tanimoto similarity coefficent and performed a PMI
analysis, comparing their DOS library with a collection of natural
products containing benzannulated medium-sized rings, thus
showing that the three-dimensional complexity of the DOS
products was comparable to those of natural compounds.

Similarly, Georg and coworkers reported a pDOS around the
diterpene core structure of stevioside, mainly using solid-phase
synthetic protocols.”” As shown in Scheme 2, a small library of
over 90 compounds was obtained by derivatizing the hydroxyl
and carboxylic acid moieties of steviol 11 and isosteviol 12,
obtained  from 11 through a  Wagner-Meerwein
rearrangement,®” and by transformation of the D-ring of 12
into the alcohol 14 by reduction, into the lactam 15 by
Beckmann rearrangement and into amine-containing com-
pounds 16 by reductive amination.

The structural diversity of these compounds was assessed
by a fingerprints analysis using Tanimoto Extended Connectivity
Fringer Print (ECFP) similarity.”® Tanimoto similarity is calcu-
lated with the expression: T(A,B)=c/(a+b—c) where T(AB) is
any value from 0 to 1, being 1 for the highest similarity and 0
for the lowest similarity. For a database with n compounds, n
(n—1)/2 pairwise comparisons are to be computed and can be
stored in a similarity matrix, such as a heatmap. In the paper
reported by Georg and coworkers,®" the similarity values were
graphed in a matrix where the calculated similarity for each pair
of compounds was coloured in blue for values less than 0.45
(that was found to be the average value for the library) and
with red for high scores of similarity (more than 0.8) (Figure 2).
This is a very illustrative method to show the differences
between compounds, as for the DOS library of steviol no
compounds have a similarity ratio of more than 0.7. However,
for large libraries containing thousands of compounds this
method is not useful, as the visualization becomes more
difficult, and in general, the matrix can be too large. One way to
visualize these results and, furthermore, conduct quantitative
and statistical analysis with other compound databases is by
analyzing the off-values of the diagonal of the similarity matrix,
for example by analysing the cumulative distribution function
for each data set. The authors also performed a PMI analysis
and evaluated some physicochemical parameters, including
Fsp’, cLogP and number of stereocenters, to compare the
average values obtained for their library with those obtained by
two commercially-available libraries, namely the ChemBridge
CombiSet and the Maybridge Library. This analysis showed that
DOS steviol compounds have higher average values of cLogP
and Fsp?, which means that these compounds are more
lipophilic and more structurally complex. These compounds
were then assayed with successful results against several
isolated enzymes and receptors, including neuropilin-1 (NRP-1),
tyrosyl-DNA phosphodiesterase 1 (TDP1), glucagon-like pep-
tide-1 (GLP1) receptor, and even in several phenotypic assays
against entire microorganisms, including Hepatitis C Virus
(HCV), Hepatitis B Virus (HBV) and Plasmodium falciparum, thus
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Figure 2. Representative chart of the Tanimoto pairwise similarity for the DOS steviol library compounds. Red indicates similarity coefficient of 1.0 (identical)
and blue indicates similarity coefficient less than 0.45 (average similiarity value for the DOS library).

confirming the biological relevance of the DOS library based on
steviol privileged structures.

A similar DOS approach was used by Oshima and coworkers
who reported a library of terpenoid compounds with a high
ratio of sp® carbon atoms, exploiting a Lewis-acid-catalyzed
transannulation of the sesquiterpenoid humulene.** Starting
from humulene diepoxide 17, the ring-opening reactions of the
two epoxides by vinylanilines or allylanilines and their subse-
quent transannulation allowed for the synthesis of 12-
oxabicyclo[7.2.1]dodecanes 18, that were further rearranged by
metathesis using Stewart-Grubbs’ catalyst into monocyclic
tetrahydropyrans 19 (Scheme 3). Finally, cross-methathesis in
the presence of a second-generation Grubbs' catalyst allowed
for the generation of macrocyclic scaffolds 20. The chemical
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Scheme 3. pDOS of terpenoid derivatives.
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diversity of this small library of terpenoid compounds was
evaluated by Principal Moments of Inertia (PMI) analysis in
comparison with a reference set of top-selling drugs® and a
small collection of 47 natural products. PMI analysis employs
normalized shape-based descriptors to position minimum
energy conformation of each library member in a triangular
plot, where the vertices represent a perfect rod (acetylene), disc
(benzene) and sphere (adamantane).’® PMI plots can be
obtained not only by using standard chemoinformatics pack-
ages such as MOE or KNIME, but also from the open source
Indigo.®”!

As shown by the PMI graph reported in Figure 3, the
terpenoid pDOS library, despite the relative small number of
members, shows a high level of shape diversity, with a higher
tendency towards the sphere-disc axes, which means a higher

Rod ———== Sphere
1.0 LJ °
o‘: °® o
e o O .o 2
Y * .
*Terpenoid alkaloid-like
ibrary
(=}
4‘2 L ]
g
L]
° ° -.
.° b o. : o 9
®Drugs °
@ Natural products
® Terpenoid alkaloid-lik ©
05 library isc
0.0 0.5 1.0

hii3

Figure 3. PMI plot of the pDOS library of terpenoids in comparison with 60
top-selling drugs and 47 natural products. Reproduced from Ref. [34],
Copyright 2016, Wiley-VCH.
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three-dimensional character of the molecules. Finally, the bio-
logical potential of these compounds was demonstrated by
applying them in a high-throughput assay against two molec-
ular targets involved in lipid metabolism, namely Peroxisome-
Proliferator-Activated Receptor alpha (PPARa) and Carnitine
Palmitoyltransferase 1 (CPT-1),® which results in the identifica-
tion of a compound acting on these two targets more potently
than the reference antihypolipidemic drug bezafibrate.

Another pDOS library was reported by Wu and coworkers
around the 3-methylfuran core,”™ a framework that is found in
a variety of natural products, including menthofuran and
tanshinone. In their approach, cyclohexane-1,3-diketone 21 was
transformed into a panel of different intermediates (22, 23, 25,
27, 29, 31) using dehydrogenation-aromatization reactions
mediated by sodium hydride (NaH) and 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) in combination with other
reagents (Scheme 4). These intermediates were further trans-
formed into 3-methylfuran containing compounds, by applying
different reaction conditions. For example, coumarins 24 were
obtained from 22 by reaction with methylene compounds,
whereas furanochalcones 25 were obtained from 23 by Claisen-
Schmidt condensation, that were further transformed into
furanoflavonols 26 exploiting Algar-Flynn-Oyamada reaction
mediated by NaOH and H,0,." B-ketosulfoxide intermediate
27 was used to obtain furanoflavones 28 after treatment with
aromatic aldehydes and piperidine, whereas furanoisoquinoli-
nones 30 and furanoisoflavones 32 were obtained, respectively,
from amide intermediate 29 and from 3-iodochromone 31
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Scheme 4. pDOS of 2-methylbenzofuran derivatives.
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through intramolecular cyclization with aromatic aldehydes or
cross-coupling reactions with boronic acids.

To computationally assess the structural diversity of the 3-
methylfuran pDOS library, Principal Component Analysis (PCA)
was selected. In this approach, a set of physicochemical
descriptors is calculated for each compound and condensed
into single dimensional numerical values that are plotted into
2D or 3D graphs, positioning DOS libraries in the chemical
space, with respect to set of known compounds, such as drugs
or natural products.*" Although visualization graphs can be
significantly different depending on the descriptors chosen,
PCA is a reliable tool to compare the ability of different
compound sets in exploring the chemical space, even though it
is not a method to quantitatively assess the chemical
diversity.*? Principal Component can be easily calculated by
using the web-based public tool ChemGPS-NP or Chem-Des,™!
that calculate most common physicochemical descriptors, such
as molecular weight, LogP values, number of H-bond acceptors
and donors, number of rotatable bonds, relative negative and
positive charge, topological polar surface area (tPSA), van der
Waals volumes, and so on. All these chemical properties are
then condensed into principal components, which contain
more than one chemical property. For example, in the graph
showed in the paper by Wu (Figure 4), the major contributions
of principal component one (PC1) are the number of all atoms,
molecular surface areas and solvent-accessible surface areas,
whereas the logP and tPSA are the key factors associated with
principal component two (PC2), and relative negatively and
positively charge surface with principal component three (PC3).
The library of furan compounds developed by Wu was
compared with the set of blockbuster drugs defined by Tan®”
and with a collection of 20 coumarin and flavonoid natural
products, in order to show that the DOS library perfectly
overlaps midway between the chemical space covered by drugs
and those explored by natural products. This library was then
submitted to a phenotypic screening to evaluate their potential
in conferring host resistance against plant invaders,*" finding
that some of the 3-methylfuranochalcones derivatives 25 were
able to induce plants in developing resistance to Nilaparvata
lugens nymphs (also called brown planthopper).

a0 50
50 s W0 S0 a0 50 30 10 10 30 5 70 s Mo 1o 450 B0 W9 99 70 50 30 40 0 30 50 70 %0

Figure 4. Comparative PCA plots reporting (a) PC1 versus PC2 and (b) PC1
versus PC3 of the pDOS library of 3-methy-furan derivatives (green), block-
buster drugs (red) and a collection of coumarins and flavonoid natural
products (blue). Reproduced from Ref. [39], Copyright 2017, Wiley-VCH.
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In the context of privileged-based DOS, a strategy that
proved to be interesting for the discovery of bioactive
molecules is the Diversity-Oriented Fluorescence Library Ap-
proach (DOFLA), that consists in synthesizing a large number of
fluorescent molecules using divergent synthetic strategies.* As
the molecules that are obtained contain fluorophores, this
library can be easily applied in phenotypic assays on complex
systems, such as human cancer tissues, by using automated
fluorescence microscopy. However, DOFLA libraries often do
not show a high scaffold diversity, due to the required two-
dimensional conjugated structures of fluorescent probes. ¥ In
this context, Yang and coworkers reported a mild one-step
synthesis of a DOFLA library around rhodamine, which permits
the late-stage introduction of natural products, pharmaceut-
icals, and bioactive compounds, thus increasing significantly the
scaffold diversity of the fluorescent compounds generated.””!
Late stage fucntionalization is a very important tool for DOS
approaches as it offers the possibility to use directly unfunction-
alized C—H bonds as points of diversification, introducing
diversity into a complex scaffold.**>% In this way, Yang and
coworkers reported the construction of a library of 70 different
compounds around rhodamine, via nucleophilic condensation
of the dilithium reagent 33 with readily available esters and
anhydrides, thus obtaining derivatives 34-36 in which the C-9
of rhodamine was functionalized with (hetero)aromatic rings,
alkyl chains and aliphatic polycyclic structures (Scheme 5). Also,
they proved that this strategy could be used to couple
rhodamine with more complex substrates, including the drugs
noscapine (upon reaction of its dihydrofuran-2(3H)-one ring)
and flumazenil and etomidate (upon reaction of their ethyl
carboxylate functions) to give the corresponding compounds
37-39 in good yields.

The structural diversity of the DOFLA rhodamine collection
was analysed through a newly introduced index, Diversity
Number Finger Print Features (DNFPF) value, defined by the
authors as the total number of fingerprint features divided by
the number of molecules within the library. Specifically, they
calculated fingerprint similarity using Tanimoto ECFP-6 for each
molecule, counted the total number of unique fingerprint
features collected, and divided this number by the number of
molecules. A DNFPF value of 18.875 was calculated for the
library of rhodamine, a number significantly higher as com-
pared with previously reported DOFLA libraries. Phenotypic
screening against two methicillin-resistant bacteria, Staphylo-
coccus aureus and Acinetobacter baumannii, resulted in the
identification of two compounds (containing an adamantane
and a 1,2-diphenyldiazene at C-9 position) with MIC values
around 2-10 ugmL™', that did not induce the quick emergence
of resistance, as seen for other antibiotics, such as vancomycin,
linezolid and daptomycin.
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Scheme 5. Diversity-Oriented Fluorescence Library Approach (DOFLA) for the
synthesis of rhodamine derivatives.

3. DOS and Chemoinformatics of Libraries of
Macrocycles

Macrocycles and medium-sized rings are receiving increased
attention in small-molecule drug discovery, especially for
targeting protein-protein interactions (PPI) and “undraggable”
targets, because such skeletons can populate underpinned area
of the chemical space.”” They are still quite rare in DOS
libraries, mainly because the unfavourable enthalpic and
entropic reasons in creating macrocycles contrast with the
efficiency criteria required for DOS.*? However, novel chem-
istries and ring-expansion approaches have proven to be a
fruitful source for the development of DOS libraries of macro-
cycles and/or medium-size rings with a high skeletal
diversity,”>** as proven by chemoinformatics analysis. In this
context, Lacour and coworkers reported the DOS of a macro-
cycles library by subjecting N-sulfonyl-1,2,3-triazoles 40 and
cyclic ethers 41 to different reaction conditions (Scheme 6)." In
particular, different products were observed depending on the
concentrations of the oxetane 41. Using regular concentration
conditions (0.1 M), 2-iminotetrahydrofurans 42 were formed by
a [1+4] condensation mechanism, whereas under high concen-
tration conditions (1.0 M), macrocycles 43 or 44 were observed
by a [3+4+4+4] polycondensation mechanism, with 44
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Scheme 6. DOS of hetero- and macrocycles from oxetanes and a-iminocar-
benes.

obtained starting from mesyl triazoles and 3,3-dimethyloxetane.
Finally, 2-iminotetrahydrofurans 42 were further transformed
into spiro-indoline 45 and spiro-tetrahydroquinoline 46 through
Buchwald-Hartwig and Pictet-Spengler cyclizations, respectively.
The structural diversity of the copmpounds was assessed by
PCA and PMI analysis. In particular, the PMI analysis showed
that the DOS library of macrocycles exhibited a broad shape
distribution, with macrocycles 43 and spirocycle 45 populating
the right-hand side of the plot.

Similarly, Liu and coworkers reported the DOS of 37 distinct
benzannulated medium-sized scaffolds, starting from polyfunc-
tional cyclic benzyl alcohol 47 through a sequential 1,4- or 1,5-
aryl migration/ring expansion sequence (Scheme 7).*® For
example, the radical azidation promoted by azidoiodinane and
CuCN and subsequent 1,4-aryl migration gave benzannulated
cyclic ketones 48 possessing 9, 10 or even 14 atoms. These
macrocyclic compounds were easily transformed into isopavine
analogues 49 in three simple synthetic steps, namely a intra-
molecular Staudinger/aza-Wittig reaction, followed by subse-
quent NaBH, reduction and reductive amination with
formaldehyde. Also, the application of intramolecular Schmidt-
Aubé reaction conditions (i.e. the presence of a Brensted acid
such as TfOH) allowed to transform 48 into medium-bridged
lactam derivatives 50. Similarly, the reaction of 47 with the
Togni's reagent and CuCN led to trifluoromethylated macro-
cyclic ketones 51, that were further derivatized into ten-
membered lactam 52 by Beckmann reaction. Finally, the
reaction of 47 with phosphine oxide in the presence of AgNO,
opened the way of an aryl migration/ring expansion process in
concomitance with phosphonylation, which gave ten-mem-
bered scaffolds 53. PCA analysis was used to evaluate the
diversity of the 52 compounds prepared in the DOS library in
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Scheme 7. DOS of benzannulated medium-sized rings from cyclic benzyl
alcohols.

comparison with a set of 27 benzannulated medium-sized ring
natural products, a set of 47 brand-name small molecule drugs,
and a set of 20 commercially available drug-like compounds
present in the Molecular Libraries Small Molecule Repository.
The PCA was based on 19 structural and physicochemical
parameters and the results revealed distinct chemical spaces
occupied by the DOS library of benzannulated medium-sized
rings with those explored by natural products containing similar
benzannulated medium-sized rings.

4. DOS and Chemoinformatics of sp*-Rich
Compounds Libraries

A complementary strategy for producing biologically-relevant
chemical libraries is the use of complexity-generating trans-
formations that can give access to compounds with topo-
graphically complex cyclic frameworks with a high ratio of sp?
carbon atoms.®*” In fact, increasing the three-dimensional
character of a molecule is generally associated with a more
successful outcome in drug discovery.®®*® This approach, called
by Hergenrother and coworkers as “complexity-to-diversity
(CtD)",” involves the production of complex libraries via the
controlled application of complexity generating reactions, such
as ring distortion transformations, cycloadditions,®” domino
process and stereospecific C—H activation methodologies.*2¥
Also, photochemistry has allowed to perform arduous reactions,
such as cycloadditions, in which the ground ground state
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reactions are not possible, under mild conditions. In this
context, Kutateladze and coworkers reported a Photoassisted
Diversity-Oriented Synthesis of complex sp*rich polyheterocy-
clic scaffolds starting from the oxalyl-amidobenzaldehyde
photoprecursor 55, obtained in two synthetic steps from
anylines 54 and oxalyl chlorides.®™ As shown in Scheme 8, the
photoprecursors 55, once activated by UV light irradiation, were
able to undergo a photoinduced cascade process leading to the
formation of complex scaffolds 56, containing a tetrahydroqui-
noline core fused to a imidazolidine-4,5-dione and a cyclo-
hexadiene ring.

These intermediates were further diversified into complex
polyheterocyclic scaffolds by standard chemical modifications,
such as into the lactams 57 by treatment with TFA, into the

55, 14 ex., 58-90%
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L
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Scheme 8. Photoassisted DOS of sp*rich polyheterocyclic scaffolds.

¢ 60

58
11 .57 # 56a %
paclitaxel
- 1 Photoproducts
%
Los9
E o
» 55h° 55
Sos . 55h° 55¢
s 55
3 * 54a 3 a
@ 0,7 N
- *54 Photoprecursors
296 L
o54
05 ¢
04 Building blocks
03
[} 100 200 300 400 500 600 700 800 900

Molecular weight

Figure 5. Molecular complexity graph reporting complexity metrics versus
molecular weight of compounds of the photoassisted DOS: building blocks
54, photoprecursors 55 and products 56-60.°
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tetrahydroisoquinoline 58 through Pictet —Spengler reaction,
into the epoxide 59 by reaction with mCPBA and into isoxazo-
line 60 by 1,3-dipolar cycloaddition of benzonitrile-oxide with
the azabicyclo[2.2.2]octene moiety of 56.

The differences in molecular complexity of the molecular
scaffolds obtained with the Photoassisted DOS was quantified
using a Molecular Complexity graph in which the complexity
index are shown plotted versus the molecular weight.*® Several
different metrics have been developed to quantify molecular
complexity,*”*® such as: 1) the ratio of sp® carbon atoms (Fsp?),
2) the number of heavy atoms, 3) the number of covalent bonds
between carbon atoms, 4)the number of heavy atomic
numbers, or other metrics that combined more than one of
these descriptors. In the graph reported by Kutateladze and
coworkers (Figure 5), the complexity index was calculated using
DataWarrior. Photoprecursors 55 have complexity indices
around 0.7 similar to those of anilines building blocks 54,
whereas the products of the photoassisted cascade (56-60), still
possessing similar molecular weights, have a much higher
complexity index (more than 1), comparable with those of
paclitaxel. The increase of molecular complexity per synthetic
step is an important metric, particularly useful to evaluate how
a methodology is a ,complexity-generating transformation”.

Cycloadditions have been exploited also by Spring and
coworkers to report a high quality chemical library of more
than forty different sp>rich compounds starting from o,a-
disubstituted propargyl amino esters 61 As shown in
Scheme 9, the propargylation and Co-induced [2+ 2+ 2] cyclo-
trimerisation of intermediate 62 gave tetrahydro-2,6-naphthyr-
idine 63, whereas the gold-catalysed hydroamination led to
oxo-1,3-oxazinane 64. Then, reaction of 61 with ethyl 2-
azidoacetate and subsequent Ru-mediated 1,5-click chemistry
was used to obtain intermediate 65, which gave the rigid
scaffold 66 by lactamisation. Reduction of the carboxylic moiety
of 61 into the corresponding alcohol provided intermediate 67,
which was further diversified into dihydropyran 68 by Ru-
mediated cyclisation of the alcohol with the terminal alkyne,
into morpholinone 69 by acylation with chloroacetyl chloride
followed by base-mediated cyclisation and into aziridine 70 by
intramolecular attack of the amino group on the alcohol. The
introduction of 2-azido benzoyl moiety into 61 gave intermedi-
ate 70 which was used as a starting point for the synthesis of
triazolo-diazocine 72, obtained by intramolecular Ru-mediated
click chemistry.

Finally, pyrrole 73 was prepared via Paal-Knorr reaction and
this new scaffold was found to be useful for the preparation of
a panel of different compounds, including the dihydroindolizine
75, obtained by gold catalysed-intramolecular cyclisation
between the terminal alkyne and the pyrrole moiety, and
scaffolds 76 and 77 obtained from 2-cyano derivative 74
through Co-catalysed [2 + 2 + 2]-cyclotrimerization and Pd-cata-
lysed hydrogenation, respectively.

As for the chemoinformatics analysis, the authors reported a
Multi-Dimensional Scaling (MDS) Plot."® Similarly to PCA, this
plot gives a visual representation of the chemical space of a
library. However, while PCA uses physicochemical descriptors to
distribute molecules in chemical space areas, the MDS plot uses
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Scheme 9. DOS of sp*-rich polyheterocyclic scaffolds from a,a-disubstituted propargyl amino esters 61.

molecular fingerprints. In the graph obtained by Spring and
coworkers,*® Morgan fingerprints are calculated for each
compound to obtain a 2D-similarity matrix based on Euclidean
distance (Figure 6).

Then, the similarity matrix was transformed into a 2D MDS
plot, in which Dimension 1 and Dimension 2 contain the
pairwise similarity observed in an underlying distribution of
Euclidean distances. As for PCA, the authors used different
reference sets to compare the distribution of the DOS library, in
particular they used two combinatorial chemistry libraries,”"”?
and seven different sets of compounds obtained by CHEMBL,
each one containing compounds with biological activity versus
a defined protein target. These sets of compounds allows to
identify precise area of the bioactive space, thus suggesting

Compound Library
Hydrolases

e Kinases

Proteases

lon Channels
s~ Membrane Receptors

Transporters

Transeription Factors
~+- Focused Library 1
-+ Focused Library 2
-+ DOS Library

Size Class
+ Bioactivity Class
«  Synthetic Library

Dimansion 1

Figure 6. Multidimensional scaling plot based on Morgan fingerprints of the
DOS library, compared to two focused libraries and seven different
bioactivity classes of common protein targets. Reproduced from Ref. [69],
Copyright 2018, Wiley-VCH.
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how the DOS library of sp>rich polyheterocyclic scaffolds may
contain compounds acting as potential kinase inhibitors or
membrane receptor ligands, as the area covered by these
compounds overlaps considerably with these bioactive space.

In the context of exploiting cycloadditions as complexity-
generating reactions, a powerful approach, recently proposed
by Sharpless, Moses and coworkers is the Diversity Oriented
Clicking (DOC)."® Under this name, they defined a novel
strategy for the divergent synthesis of libraries through the
application of click-chemistry transformations. They reported
the click reactions of 2-substituted-alkynyl-1-sulfonyl fluoride 78
with a variety of 1,3- and 1,5-dipoles and cyclic dienes,
providing a library of 173 compounds characterized by 10
discrete heterocyclic scaffolds. As shown in Scheme 10, the 1,3-
dipolar cycloadditions of 78 with nitrile imines, azides, nitrile
oxides, Sydnones, glycine or proline, azomethine ylides and
thio-Munchnones gave respectively pyrazoles 79, triazoles 80,
isoxazoles 81, pyrazoles 82, pyrroles 83, dihydropyrrole 84 and
thiophene 85. Then, N,N-bicyclic pyrazolidinone products 86,
bicyclic-1,4-diazepines 87 were obtained respectively by [3+ 2]
and [5+ 2] cycloaddition with azomethine imines, and bicyclic
scaffolds 88 by [4-+2] Diels-Alder cycloadditions with cyclic
dienes. The authors used the LLAMA (Lead-Likeness and
Molecular Analysis) tool, developed by Nelson and coworkers,”
to assign the lead-likeness penalty (LLP) value to each product,
depending on how far molecular properties are from Con-
greve’s rules, and to distribute compounds in the lead-like and
drug-like chemical space.

As shown in Figure 7, most of the compounds are inside the
Lipinski space, even though with quite large lead-likeness
penalty. Despite that, the application of this DOC library into a
phenotypic assays against methicillin-resistant Staphylococcus
aureus strain allowed for the identification of 16 compounds
that were able to inhibit cell growth, with improved activity
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Figure 7. LLAMA analysis of the Diversity-Oriented Clicking (DOC) library,
reporting molecular weight against AlogP value of each compounds,
coloured according to lead-likeness penalty. Reproduced from Ref. [73],
Copyright 2020, Wiley-VCH.

over methicillin, and most active compounds were actually
found to be those outside the Lipinski drug like space, thus
revealing that chemoinformatics analysis should be always
considered in a critical way.
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5. Our Contribution in the DOS and
Chemoinformatics of Lactam Libraries

Our efforts in the field of Diversity-Oriented Synthesis consists
in the development of Build/Couple/Pair strategies, starting
from sugar- and amino-acid derived building blocks with the
aim of developing skeletally complex scaffolds containing
glyco- and/or peptidomimetic moieties.”*”® In this context, we
became interested in the chemoinformatics characterization of
the chemical space occupied by compounds possessing precise
chemotypes, such as bicyclic acetals® and lactams.®” Thus, in
collaboration with Prof. Medina Franco at the National Autono-
mous University of Mexico, we systematically investigated
databases of natural products, drugs and ChEMBL, searching for
all the possible topologically different ring combinations that
can be found for isolated, fused and spiro lactams, finding
scaffolds, such as B-spiro or e-bridged, that while exhibiting
good Dbiological activity are underrepresented in the
literature.®” Thus, with the aim of producing a library of novel
skeletally complex lactams, we developed an algorithm to
generate lactam compounds that do not differ only for the
appendages, as it is commonly found in virtual libraries,®* "
but also for their scaffolds. We implemented in the algorithm
the principles of DOS by applying a Build/Couple/Pair (B/C/P)
strategy, starting from commercially available building blocks
that contain amine or carboxylic acid functional groups (Fig-
ure 8).%% Briefly, in the first block (A), building blocks from a
selected database were retrieved and translated into strings of
chemical type. Then, in the second part (B), building blocks
were selected in order to comply with the Congreve’s ‘rule of
three’ and subdivided into three classes, depending on the
presence of a primary amine, a carboxylic acid or a secondary
amine. By using the same node, building blocks containing only
one functional group were discarded, as they could not
undergo any intramolecular reaction in the pairing phase, and
compounds containing more than two functional groups were
removed to prevent that intramolecular reactions could occur
between functional groups within the same building block. In
the third part (C), the amide bond formation between
carboxylic acids and amines was formed and then different
intramolecular cyclization reactions were applied for the pairing
phase (block D), such as lactamization; lactonization, ether
formation by acid-catalyzed alcohol condensation, Williamson
ether synthesis, Buchwald-Hartwig cross coupling reaction,
olefin metathesis, reductive amination and CuAAC. Finally, the
lactams obtained from the DOS B/C/P workflow were separated
into macrocycles (more than 7-membered rings) and non-
macrocycles (3- to 7-membered rings). In general, esterification,
lactamization, and cross coupling reactions generated the
largest amount of compounds. Reactions such as the enyne
metathesis and the ‘click’ reaction generated mainly macro-
cyclic compounds, due to the steric constraints imposed by the
formed heterocycle.

Using Enamine database as building blocks collection, a
library of 90845 macrocylic and 20558 non-macrocylic lactams
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was obtained, some examples of the latter ones are reported in
Figure 9.

Non-macrocyclic lactams were classified depending on their
scaffold in -, y-, 8-, and isolated, fused and spiro-lactams, as
reported in the previous work,®" thus revealing a great variety
of spiro- and fused- 6- and &-lactams, that were not so much
populated in CHEMBL. Also, the chemical space of non-macro-
cyclic lactams was evaluated using PCA and PMI analysis,
revealing that the DOS library has a broader physicochemical
space than approved drugs, and a shape complexity compara-
ble with the lactams of the ChEMBL database. Also, Consensus
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Figure 9. Selected examples of the skeletally different lactams obtained
applying this workflow using Enamine as database of building blocks.
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Diversity Plot (CDP) was performed to compare the global
structural diversity of the DOS libraries in comparison with
lactams contained in natural products (UNPD), in bioactive
compounds (CHEMBL) and in approved drugs (Figure 10). In
this plot, the size of the data points represents the relative size
of each data set and the color of each data point represents the
diversity of six physicochemical properties of pharmaceutical
relevance® To measure the structural diversity (x axis),
molecular fingerprint was used applying the ECFP4 Tanimoto
coefficient, considering not only the core scaffold but also the
appendages. On the other hand, scaffold diversity was meas-
ured using Cyclic System Retrieval (CSR) curves (y axis), using
the area under the curve (AUC) as a quantitative measurement,
that reports the fraction of cyclic systems against the cumu-
lative fraction of the database. AUC value ranges from 0.5
(maximum diversity, when each compound in the library has a
different cyclic system) to 1.0 (minimum diversity, when a single
cyclic system encompasses all the compounds) (Figure 10).%”

As shown by Figure 10, the DOS library is diverse both in
structural terms (fingerprints) and in terms of scaffolds (AUC
metric). Finally, we curated the databases of non macrocyclic
lactams by removing compounds possessing already reported
scaffolds, those with potential PAINS liability, and those that do
not follow Lipinski's rules. In this way, a database of 2581
compounds with drug-like properties was obtained, ready to be
used for virtual screening studies.

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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Figure 10. Consensus Diversity Plot comparing the diversity of DOS library
with the reference data sets. The median MACCS/Tanimoto of the data set is
plotted on the X axis and the AUC of the Cyclic System Retrieval (CSR) curves
on the Y axis. Data points are colored by the diversity of six properties of
pharmaceutical relevance from red (more diverse), to green (less diverse).
The relative size of the data set is represented by the size of the point.
Reproduced with permission from Ref. [85], Copyright 2020, Elsevier.

5. Conclusions

In these two decades, Diversity-Oriented Synthesis (DOS) has
changed significantly: from the historical focus on structural
diversity, new approaches have been developed in order to
increase the biological outcome of the molecules within the
library. Although the synthesis of complex natural products
requires the application of more challenging chemistry, the
investments in the chemical synthesis is perfectly balanced by
the smaller size of the library needed and also by the highest
rate of chance of finding hit compounds. In this context,
chemoinformatics offer the possibility of the identification of
area of the chemical space enriched by bioactive compounds,
or those that have not been explored yet. Also, computational
tools useful to analyse and graphically visualize the structural
diversity and complexity of the compounds produced in a DOS
library are nowadays required to better communicate with
medicinal chemists and chemical biologists involved in the
biological screening, as seen by the increasing number of DOS
papers that include a chemoinformatics graph. Each method
has some advantages and some limitations and choosing the
right chemoinformatics tool can be trivial, as the results may be
subjected to multiple interpretations. However, additional
advances are expected from the chemoinformatics community,
for example to predict the bioactivity of a newly synthetized
molecule, to facilitate drug repurposing, or to suggest more
efficien synthetic strategies, that reduce the need of protecting
groups and maximize the structural and skeletal diversity of the
final compounds.
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