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Abstract
The identification of high-quality starting points for drug discovery is an enduring challenge
in medicinal chemistry. Yet, the chemical space explored in discovery programmes tends be
limited by the narrow toolkit of robust methods that are exploited in discovery workflows.
The European Lead Factory (ELF) was established in 2013 to boost early-stage drug
discovery within Europe. In this Feature, we describe an exemplar partnership from that
has led to the addition of 21 119 distinctive screening compounds to the ELF Joint European
Compound Library. The partnership may serve as a blueprint for the translation of
innovative academic chemistry into discovery programmes.

Introduction
The identification of high-quality starting points for drug discovery is an enduring challenge
in medicinal chemistry. To facilitate the discovery of high-quality lead molecules, leadlikeness guidelines have been formulated[1] that account for the tendency for molecular
complexity, molecular size and lipophilicity to increase during optimisation.[2] Yet, chemical
innovation in molecular discovery is still limited by the historically uneven and unsystematic
exploration of chemical space.[3] Indeed, medicinal chemists tend to harness a remarkably
small number of robust methods[4-6] that may be easily accommodated within discovery
workflows. As a result, chemists are often driven away from optimal property space,[7]
increasing their focus on flatter and more lipophilic compounds. Recently, a range of
initiatives both within companies and collaboratively has been established to broaden
the chemical space that is available in early-stage drug discovery.

The European Lead Factory (ELF) is an example of a collaborative platform that was
established in 2013 to boost early-stage drug discovery within Europe. At the heart of ELF is
its Joint European Compound Library (JECL) that was initiated by the contribution of 321 000
screening compounds by seven pharmaceutical company partners. This initial set has now
being complemented through the addition of ~200 000 new compounds: the public
compound collection (PCC).[8] The PCC was designed to populate biologically-relevant
chemical space that is not explored in existing compound collections.
In this Feature, we describe our experience of translating innovative chemistry into
screening libraries as part of the ELF initiative. The libraries described here were proposed
by staff at the University of Leeds (Leeds, UK); reviewed and selected by the ELF Library
Selection Committee; and validated experimentally in Leeds.[9] For each library proposal,
the aims of the validation work were to develop a practical and scalable (10s of grams) route
to the required scaffolds; and to demonstrate the ready decoration into exemplar screening
compounds. After successful validation, a library of diverse screening compounds was
designed and nominated by Lead Discovery Center (Dortmund, DE) using capping groups
selected using a previously described process.[8] The screening compounds were produced
by Edelris (Lyon, FR) as racemic mixtures of single diastereoisomers.This partnership yielded
a total of 21 119 screening compounds that were based on 34 distinct library proposals (19
924 on the >5 mg scale that was targeted). The molecular properties and novelty of many
of these compounds has already been described together with the details of the
underpinning synthetic chemistry (for details for specific libraries, see the references in
Figure 1). Around 20 000 additional compounds were also produced by Edelris based on
other library proposals. The novelty (compared to other screening collections and ChEMBL)
and molecular properties of the first ~50 000 compounds in the PCC has been described.[8]
Crucially, it was demonstrated that produced compounds were diverse and distinctive, and
have appropriate molecular properties. Our experience of successful collaboration may be
of value in the construction of other partnerships that are focused on the translation of
innovative chemistry for exploitation in industrial practice.

Overview of collaborative approach
Before the formal start of the ELF initiative, the University of Leeds and Edelris had already
identified a common interest in sp3-rich and natural product-like compounds. Crucially,
both partners were aware of and were excited by the challenges that would likely be
associated with the production of large libraries of such compounds. Dedicated project
managers were appointed at each partner who subsequently liaised closely and oversaw
local activities throughout the project. To assist the translation of validated chemistry into
library production, protocols for routine scaffold decoration and compound purification
were shared at the outset.

The libraries described in this Feature were proposed by academic staff, postdoctoral
researchers and PhD students at the University of Leeds. To enable rapid progress at the
start of the ELF, early library proposals were adapted from synthetic approaches that had
already been developed at Leeds. Scaffold syntheses were designed to exploit combinations
of (i) known synthetic approaches to natural product and natural product-like scaffolds; (ii)
recently-disclosed transformations that had not been widely applied to natural products;
and (iii) reactions recently developed in Leeds (see below for details of underpinning
chemistry). Judicious choice of substrates enabled the synthesis of scaffolds with generally
2-3 sites for decoration. Before submission of library proposals to the ELF Library Selection
Committee, the project manager at Edelris had the opportunity to provide feedback on
problems that might be encountered during library production: for example, safety issues,
the cost of chemicals, and the length of proposed synthetic routes. In most cases, this
feedback informed the aims of the experimental validation work; and, occasionally, it was
decided not to submit a library proposal to ELF.
The library production (at Edelris) was assessed using tools that had been developed to
monitor progress. In particular, the success rate for the synthesis and purification of final
screening compounds was carefully monitored throughout the project (and increased from
72% to 85% during this time). In addition to monthly teleconferences, annual face-toface meetings brought the project teams together. Moreover, the teams met to celebrate
their shared success when key milestones were met (e.g. following the synthesis of the 10
000th screening compound by Edelris). Throughout the ELF project, a key challenge to
maintain a stocked pipeline of library proposals at all stages from the initial proposal
through library production.

Overview of the libraries produced
The 34 library proposals that were translated into screening compounds are summarised in
Figure 1 (average library size: 586). In each case, a feasible synthesis of the scaffold(s) was
developed at the University of Leeds, and was typically been executed on a 5-10 g scale.
Notably, the molecular complexity of the scaffolds tended to increase as the partnership
developed (for the approximate chronological order, see Figure 1). To demonstrate the
scope for scaffold decoration, 10-20 final compounds were typically prepared at Leeds to
investigate a range of different capping chemistries. To ensure ready translation, Edelris
shared both standard capping reaction conditions and purification protocols, which were
implemented at Leeds. Based on the demonstrated scope, and liaison with Edelris, libraries
were then nominated by Lead Discovery Center for production.
The ease of production of screening compounds varied widely between libraries (see Figure
1 for an assessment of the ease of the final production step). In three cases, the difficulties
encountered meant that compound production was stopped prematurely: specific

difficulties encountered with libraries 9, 12 and 33 (see below) resulted in relatively few
compounds being produced (35, 50 and 37 compounds respectively). In other cases, more
general problems were encountered. First, the diversity of the produced compounds was
often limited by the actual scope of the chemistry (e.g. libraries 3, 19 and 24), the
availability and/or price of reactants (e.g. libraries 3 and 6) and by the need to control
molecular weight and lipophilicity (e.g. library 19). Second, the properties of some final
compounds (e.g. more polar analogues in library 3 and more lipophilic compounds in library
19) prompted the use of a focused solvent gradient for HPLC in conjunction with masstriggered purification.[10] Finally, in some cases, specific final compounds were not stable,
for example under the conditions used during purification (e.g. libraries 3, 12, 15, 24).
Nonetheless, for many libraries, high synthetic feasibility and diversity potential meant that
large numbers of diverse compounds could be produced (>800 compounds for 13, 14, 17,
22, 25, 26 and 28). Furthermore, the diversity of five libraries (17, 18, 21, 25 and 26) was
substantially increased by preparing sub-libraries in which the final decoration step (which
tended to introduce more alternative substituents) was changed.

A wide range of reaction classes was harnessed, many of which are rarely[4-6] exploited to
drive medicinal chemistry programmes. The reaction classes exploited in the key cyclisation
step(s) are summarised in the Table. Notably, key reactions that had been harnessed
successfully were often exploited again subsequently in the synthesis of additional scaffolds.
For example, cycloadditions ([4+2], [3+2], [2+2], [5+2] and [4+3]) were exploited in the
synthesis of many scaffolds. In addition, the range of transition metal-catalysed cyclisations
employed is also notable: for example, Pd-catalysed aminoarylation;[11] Ru-catalysed ringclosing metathesis; Au- or Pt-catalysed activation of alkynes;[12, 13] and Rh-catalysed C-H
activation chemistry.[14] Pd-catalysed aminoarylation had particular value since it enabled
both the scaffold synthesis and its diversification.
Examples of successes and challenges encountered in validation and production
Some of the successes and challenges encountered during the translation process are
illustrated by five library proposals that we have not previously described elsewhere (Figure
2). The synthesis of the bridged bicyclic scaffold 37 was straightforward, and exploited a Ptcatalysed reaction sequence that was optimised during validation work (Library 10; Panel A).
Here, a key finding was that, with this substrate, PtCl4 was superior to other reported[13]
catalyst systems involving gold or other platinum salts. The syntheses of the fused bicyclic
scaffolds 39 and 40 were also straightforward (Library 24; Panel B): reaction of the
DielsAlder reaction adduct 38 with LiAlH4 resulted in reduction of the imide and reductive
ring-opening of the bridged ether. After diversification of the secondary alcohol ( 40),
highly diastereoselective dihydroxylation was possible. Several problems did arise,
however, during library production when specific O-decorating groups were exploited. With
an O-2-thiazolyl group, catalyst poisoning prevented efficient N-debenzylation; whilst with

an O-benzoxazolyl group, N-debenzylation was followed by ON migration of the hetaryl
group.
Significant problems were encountered during both the validation and the production of the
library 9 (Panel C). During validation work, the Lewis acid-catalysed reaction of the cyclic
allylsiloxane 42 with aldehydes[19] was found to be limited in scope: although good yields
and diastereoselectivity were observed with simple aliphatic aldehydes
42a and
42b), low yields (at best) were obtained with aromatic substrates. Oxidative cleavage of the
alkene of 42a, and reductive amination, yielded either the bridged lactam 44 (with primary
amines e.g. p-chlorobenzylamine) or the tetrahydrofuran 45 (with secondary amines e.g.
morpholine). On the basis of this validation work, a library was nominated for production.
However, on a larger scale, significant epimerisation was observed during both reductive
amination (e.g. of 43) and subsequent saponification (e.g. of 45). For these reasons, and
because of the length of the synthesis, production was abandoned after a small library (35
final compounds) had been prepared; because of the premature termination of the project,
no final compounds were ultimately based on the bicyclic lactam scaffold.
With two proposed libraries, successful validation was not possible despite the availability
of an efficient scaffold syntheses. The doubly spirocyclic scaffold 49 was prepared in a
single step via three-component reaction of the isatin 46, sarcosine 47 and the ,unsaturated lactam 48 (80%; dias.: >98:<2). However, the scaffold 49 and its derivatives
were extremely insoluble, which prevented efficient decoration. In a similar vein, oxidation
of the phenol 51 with PIFA was followed by intramolecular DielsAlder reaction to give the
complex scaffold 52 in 80% yield and >98:<2 diastereoselectivity. Once more, efficient
decoration was not possible, in part due to solubility problems. In both cases, a library was
not nominated for production.

Scaffold level analysis
A wide range of distinctive and sp3-rich scaffolds was exploited in the screening compounds
prepared. In 31 of the 34 cases, the Murcko frameworks[20] of scaffolds (both with and
without  atoms) are not found as substructures in a random 2% of compounds in the
ZINC[21] database of commercially-available compounds. In contrast, the Murcko
frameworks of three monocyclic frameworks are found as substructures of compounds in
the ZINC database (without  atoms: 8, found in 0.84% of this random selection of
compounds from the ZINC database; 9, 2.3% of compounds; 24: 0.16% of compounds). In
these cases, novelty is markedly increased when  atoms are included (8, found in 0.01% of
this random selection of compounds from the ZINC database; 9, 0.12% of compounds; 24:
0% of compounds), reflecting the unusual C-substitution of these rings.

The shape diversity of the scaffolds was also assessed using the computational tool
LLAMA[22] (Figure 3). Many of the scaffolds are highly three-dimensional, highlighting the
potential for unusual vectors to be explored through decoration. Thus, our libraries are
nicely distributed within novel, lead-like chemical space. In addition, many of the scaffolds
have high natural product likeness scores[23] that may increase the biological relevance of
the resulting compound libraries.

Concluding remarks
An efficient partnership was established to harness innovative chemistry from academia in
the production of screening compounds. The produced screening compounds were
generally based on highly distinctive molecular scaffolds that were sp 3-rich and often
natural product-like. It is envisaged that the partnership could serve as a blueprint for the
translation of innovative academic chemistry into compounds that align with the needs of
discovery-based industries. We recognise that the full impact of the produced compounds
within the PCC can only be realised following screening against a wide range of targets, and
the overall performance of this screening set will be described in due course.
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Table: Reaction classes exploited in scaffold synthesis
Reaction class
Pd-catalysed aminoarylation
[4+2] cycloaddition

Scaffold
1, 2, 14
3, 8, 18, 24,
25, 34

Other cycloaddition

4, 7, 15, 16,
19, 20, 23, 28,
31, 32
8
9, 29
10, 11

Ring-closing metathesis
Reaction of alkene with electrophile
Au- or Pt-catalysed cyclisation

Reference
[15]
3: [15]
8: [16]
18, 25: [17]
4, 7: [15]
16, 19, 20 and 23: [18], a

8: [16]
9: b
10: b
11: [12]
Ugi reaction
11, 17
[12]
Other Pd-catalysed reaction
12, 22
a
Rh-catalysed C-H activation
13, 21, 26, 30
a
Oxidative dearomatisation
27
a
Other C-X bond formation
5, 6, 17, 25, 33 17: [12]
25: [17]
a
The translation of this chemistry has not been published to date. bDescribed elsewhere in
this paper.

Figure 1: Library proposals that were translated into produced screening compounds
(number of final compounds produced on the targeted >5 mg scale in circle) shown in
approximate chronological order. In each case, the ease of production of the final
compounds is indicated (green: straightforward; orange: challenging; red: difficulties
resulted in production being stopped). The synthetic chemistry for library proposals 9, 10
and 24 is summarised in Figure 2, and other published synthesis cited.

Figure 2: Synthesis of exemplar scaffolds that were explored for exploitation in library
proposals: 10 (Panel A), 24 (Panel B), 9 (Panel C) and two proposals that were not validated
(Panels D and E).

Figure 3: PMI plot to capture the three-dimensionality of the scaffolds 1-34 (with Rn = H and
a representative Ar group). Natural product-likeness scores are indicated by colour
(negative: red; 0: yellow; positive: green).

