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ABSTRACT: Drug discovery building blocks available commer-
cially or within an internal inventory cover a diverse range of
chemical space and yet describe only a tiny fraction of all
chemically feasible reagents. Vendors will eagerly provide tools to
search the former; there is no straightforward method of mining
the latter. We describe a procedure and use case in assembling
chemical structures not available for purchase but that could likely
be synthesized in one robust chemical transformation starting from
readily available building blocks. Accessing this vast virtual
chemical space dramatically increases our curated collection of
reagents available for medicinal chemistry exploration and novel
hit generation, almost tripling the number of those with 10 or
fewer atoms.
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Medicinal chemistry structure−activity relationship
(SAR) investigation covers a broad variety of goals

and activities which can be generalized into two categories:
early stage exploratory research where SAR is largely
undiscovered and later-stage focused augmentation of the
chemical space earlier identified as promising. In the
exploratory phase, the chemist is usually less focused on
synthesizing building blocks, preferring instead to order
building blocks from a chemical vendor or internal inventory
and then devoting time and effort to the rapid evaluation of
diverse SAR. Reagent price1 and chemical diversity2 can
impact this stage, yet speed is often a primary goal. Exceptions
can be found in the area of novel hit generation,3,4 but here
also the amount of hit-like chemical space that can be
generated from orderable reagents is vast.5

In the latter stage of more focused medicinal chemistry, after
readily available building blocks have been exhausted, SAR
may point toward chemical space that cannot be purchased.
When beginning to explore this space, a chemist utilizes both
creativity and ideas of drug-likeness,6−8 aided by cheminfor-
matics tools and, more recently, automated models and
processes.9−13 The use of readily available building blocks to
augment hit- or lead-like chemical space has long been well-
established, but a systematic method to explore unavailable
building block space that balances chemical novelty and
synthetic accessibility would be of great value to medicinal
chemists.

Both the exploratory and focused stages of SAR investigation
could benefit from a larger set of available reagents, but we see
a greater need in the latter, more-focused, stage. To
demonstrate the potential utility of larger reagent sets, we
conducted an experiment in the course of an unpublished
therapeutic project in the lead-optimization (LO) stage. The
lead series contained an ether moiety prepared from the
corresponding alcohols, and we constructed a virtual library
with the aim of prioritizing and selecting alcohols for
incorporation into the LO chemotype. Every computational
tool used was fast enough to process millions of compounds,
so we included not only readily available building blocks but
also alcohols found in PubChem14 and GDB-13.15,16 A virtual
library of the fully enumerated molecules was prepared and
scored. The modeling identified reagents 1,17 2, and 3 (Figure
1) as high-scoring hits; i.e. when attached to the rest of the LO
molecule (after enumerating stereoisomers), they were
predicted to have favorable properties.
Identifying 1−3 as moieties of interest to the project team is

a key step in the decision for synthesis, but there are other
considerations. There is little doubt they could be prepared
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given unlimited resources; however, a medicinal chemistry
program must prioritize limited resources among competing
activities. Compound 418 is structurally related and reported19

to be commercially available, and it was identified using a
substructure search of commercially available reagents with a
focus on structures shared by 1−3. Examination of these four
suggests 4 likely could serve as a precursor to desired reagents
1 and 2, but not 3. The result of this process is that the
chemistry team selected 1 and 2 as synthetic targets for
incorporation into the LO molecule. Although 4 shares a
pharmacophore similar to that of 1−3 and when connected to
the rest of the LO molecule would be expected to have similar
binding potency, known SAR suggests the presence of an
additional hydrogen bond donor would likely give the LO
molecule poor ADME properties. If the virtual library had
contained only available 4 and not virtual 1−3, this moiety
would not have been selected as a synthetic target.
This simple synthetic evaluation (useful as a proof of

concept) was conducted using manual techniques not well-
suited to much larger applications. Inspired by this example, we
envision automating this process using a cheminformatics

method with an awareness of all orderable reagents (from an
internal inventory or commercially available) and knowledge of
all other reagents that could be derived from them via one
robust chemical transformation, such as the N-alkylation
required for 1 and 2, and unlike the selective C-alkylation
needed for 3.
Our goal is to identify large numbers of drug discovery

building blocks neither commercially available nor present in
our internal inventory but that could be prepared with one
chemical transformation from a readily available precursor.
With these ground rules in place, we conclude the compounds
shown in Figure 1 would not make a suitable test case;
compound 4 turns out to be unavailable.20 The first step in the
process is to identify all orderable reagents, using both internal
proprietary and also commercial building blocks; an easily
overlooked but necessary component is the exclusion of
nonorderable compounds.
Our building blocks come from two sources: one for

purchased reagents and one for proprietary synthesized
intermediates. From the intermediates database, we included
only those molecules reported to have at least 50 mg available.
Commercial reagent structures were obtained from a selected
set of trusted vendors and some specialty catalogs. We
requested only available compounds, excluding compounds
requiring synthesis upon ordering.21,22 From all sources, we
removed a few undesirable molecules (e.g., inorganics,
isotopes). Details on the chemical filters are in the Supporting
Information, along with a list of reagent vendors.
We looked through this curated building block set for a

molecule conceptually similar to 4, identifying the structural
isomer 523 (Figure 2). Ignoring stereochemistry, there are
eight methylated analogues of 5, none of which are
commercially available. As a test case for the informatics
system we envision, we would expect predictions of
compounds 6 and 7 as easily synthesizable, in contrast to
compounds 8−13.
For the next step, we needed a mechanism to assess whether

a desired building block can be readily synthesized. For this
purpose, we investigated several modules available to us within
the ASKCOS v0.3.124 suite of retrosynthetic tools: SCScore,
One-Step Retrosynthesis Fast Filter Score, and One-Step
Retrosynthesis Score. SCScore is a single numerical estimation

Figure 1. Three high-scoring hits from a virtual library exercise, along
with a possible (in two cases) synthetic precursor reported to be
commercially available.

Figure 2. Orderable compound 5 and all eight methylated analogues, with some (e.g., 6, 7) more easily prepared from 5 than others (e.g., 11, 12).
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of a molecule’s synthetic complexity, not an assessment of any
particular reaction or synthetic path;25 it has recently been
used to analyze and improve the synthesizability of compounds
proposed by generative models.26 The One-Step Retrosyn-
thesis Fast Filter score provides a likelihood that conditions
exist for which the reactants will form the desired product. The
One-Step Retrosynthesis Score is an assessment of whether the
specific forward reaction will proceed as expected.27,28

We evaluated available compound 5 and virtual compounds
6−13 with SCScore and the Fast Filter and One-Step
Retrosynthesis scores from the highest ranked reaction
produced by the One-Step Retrosynthesis module of ASKCOS
(Table 1). The SCScore module provided roughly similar

predictions for all compounds. As has been previously noted,
SCScore is a measure of overall molecular complexity rather
than an assessment of synthesizability given a certain reaction
and set of starting materials. Our results confirm SCScore is
not an appropriate metric for ease of practical synthesis.
Similar to SCScore, the One-Step Retrosynthesis Fast Filter
score does not distinguish 6 and 7 from the others;
interestingly, both SCScore and Fast Filter predict 10 to be
the most significant synthetic challenge within this set. We
were pleased to see the desired result from the Score
prediction of the One-Step Retrosynthesis module, with
compounds 6 and 7 having significantly higher scores than

all other methylated analogues. Based on this and other manual
examinations, we propose a preliminary rule-of-thumb: a Score
of −15 or higher indicates the compound can be prepared in a
single robust chemical transformation from a readily available
reagent, a Score of −100 or lower indicates an inaccessible
compound, and a (relatively rare) Score between −15 and
−100 requires further examination (additional discussion/
examples are in the Supporting Information).

Virtual Library Design and Synthetic Target Selec-
tion. With this manual exploration showing promise, we next
moved to a larger and realistic case study. For the same
unpublished therapeutic project that was the subject of Figure
1, we collected from GDB-13 all examples of alcohols with no
more than 10 heavy atoms and exactly 1 hydroxyl group. As
before, these alcohols would be attached to the LO molecule as
the corresponding ether. Project design parameters required a
neutral substituent at this position; using pKa predictions from
Pipeline Pilot,29 we removed any structure with an acidic or
basic moiety, leaving 223 163 candidate alcohols. Knowing this
mature project had explored chemical space of available
commercial and internal reagents, we removed the 1437
alcohols in this set from GBD-13 that also corresponded to
available compounds (see the Supporting Information). The
remaining 221 726 alcohols were filtered by performing a One-
Step Retrosynthesis with ASKCOS30 and removing com-
pounds scoring less than −100, leaving 15 681 for further
consideration.31

At this point, the selection process became analogous to any
virtual library exercise with available reagents. Several thousand
reagents predicted to be readily accessible by synthesis were
eliminated because they contained chemical functionality not
desired in the final LO molecule, although useful for other
purposes (e.g., aldehydes); details of this filtering can be found
in the Supporting Information. The remaining 765 alcohols
were virtually attached to a key template to allow the
calculation of ADME-relevant properties. We excluded any
reagent that led to a final compound with a cLogP32 of less
than 2 or greater than 4 or with a topological polar surface area
of less than 85 or greater than 125. From the remaining 338
alcohols, we used interactive cheminformatics tools33 to select

Table 1. ASKCOS Module Results for Compounds 5−13

compd SCScore
One-Step Retrosynthesis: Fast

Filter Score
One-Step

Retrosynthesis: Score

5 2.27 1.000 −0.02
6 2.55 0.996 −0.04
7 2.70 0.960 −4.48
8 2.77 0.998 −686
9 2.82 0.990 −350
10 3.44 0.775 −1386
11 2.70 0.984 −1068
12 2.21 0.998 −946
13 2.73 0.992 −574

Figure 3. Selected alcohol reagents predicted to be easily synthesizable from readily available precursors.
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12 for synthesis. We next examined these 12 in the graphical
web-based version of the ASKCOS retrosynthesis tool; as
shown in Figure 3, the proposed reactions cover a variety of
robust chemical transformations.
Proposed Synthesis via Nucleophilic Addition to

Ketone. As shown in Scheme 1, alcohol 14 was predicted

to be synthesizable from commercially available ketone 26 by
addition of a nucelophilic methyl group. The best scoring
ASKCOS route suggested a Grignard reagent (the Supporting
Information has details for all ASKCOS predictions). Our first
attempt at synthesis used methylmagnesium bromide in THF
and was unsuccessful, producing a complex mixture by NMR
with no diagnostic methyl peak as anticipated near 1.2 ppm.34

An equivalent route using a different nucleophilic methyl
source was successful (Scheme 1); ketone 26 was added to a
preformed complex of methyllithium and TiCl4, providing a
usable amount of 14 in 26% yield (as a 2.5:1 mixture of
diastereomers).35 Methyllithium was also suggested by the
ASKCOS tool, but with a lower score (−211). For the
synthesis of 14 and subsequent alcohols, when the initial
conditions did not produce the desired product the ASKCOS
conditions were not exhaustively explored. Rather, alternate
synthetically equivalent reagents were substituted to efficiently
reach the target structures.
Proposed Syntheses Using Amide Coupling. Scheme 2

shows proposed retrosyntheses for the three compounds (15−
17) to be derived from amide couplings. Although 15 and 16
both contain the same hydroxyacetate moiety, the ASKCOS
tool suggested different precursors for each. An initial attempt
to prepare 16 using carboxylic acid 30, amine 31, and N-(3-
(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride
(EDAC) as a coupling reagent did not engage in productive
coupling; however, the final route for both 15 and 16 used
acetyl-protected acid chloride 34 to provide the common
synthon.
The route used to prepare 15 is shown in Scheme 2. The

proposed retrosynthesis called for aziridine (29), but due to
the high level of acute toxicity and DNA reactivity, and its
classification as a mutagen,36 we elected to use 2-chloroethyl-
amine hydrochloride 35. Acylation of 35 with 34 proceeded
smoothly to provide 36; after unmasking of the acetate-
protected alcohol with K2CO3, ring closure to provide aziridine

15 was accomplished using NaH. Alcohol 16 was also prepared
via 34, which upon coupling to commercially available amine
31 (as the HCl salt) followed by deprotection with K2CO3
provided the desired building block.
Alcohol 17 is the first example where preparation was

unsuccessful. Synthesis of 17 was attempted using a variety of
starting materials, bases/additives, solvents and temperatures.
To screen various solvents, the ethyl ester of 33 was combined
with 32 (as the HCl salt) and triethylamine then dissolved in
solvent and heated to 150 °C under microwave. The solvents
screened were DMSO, DMA, DMF, dioxane, toluene, and
ethanol (the last was also screened at 80 °C). Other bases and
additives tested include triethylamine/EDC (DCM, 25 °C)
and sodium methoxide (methanol, 50 °C). Variations of the
starting materials were also utilized. The free base 32 was
combined with the ethyl ester of 33, triethylamine, and ethanol
and then stirred at 80 °C. Other attempts were made with the
acid and acid chloride versions of 33. We do not doubt 17 is
synthesizable, but it was not readily synthesizable as predicted
by the ASKCOS tool.

Proposed Syntheses via SN2. Four alcohols (18−21)
were thought to be accessible via SN2 displacement. Scheme 3
shows the proposed retrosyntheses, with alcohol 18 arising
from epoxide opening with commercially available 37 and the
other three from SN2 displacement of alkyl halides. The
synthesis of 19 is shown in Scheme 3 and, in this case, exactly
matched the retrosynthesis.37 Unprotected amine 39 was
selectively alkylated by chloride 40 to provide over 50 mg of
19. Likewise, the alkylation to prepare 20 proceeded smoothly,
albeit through the TBDPS ether of 41. An attempt to prepare
alcohol 21 via alkylation of sultam 43 with bromide 44 was not
successful; the sultam was consumed, and none of the desired

Scheme 1. Synthesis of Compound 14a

aReagents and conditions: (a) MeMgBr, THF, 0 °C, (b) MeLi, TiCl4,
toluene, −5 °C.

Scheme 2. Synthesis of Compounds 15−17a

aReagents and conditions: (a) DIPEA, DCM, rt; (b) K2CO3,
methanol, rt; (c) NaH, THF, rt.
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alcohol was isolated, potentially due to the tendency of β-
sultams to open under basic conditions.38

Regarding alcohol 18, our initial attempt to effect the
transformation proposed by the ASKCOS tool (retrosynthesis
shown in Scheme 3) was unsuccessful; upon treatment with
NaH in THF, 37 and 38 did not provide any of the desired
product (Scheme 4). However, a modified route using the

same available reagent was successful at attaching moiety 18 to
the LO molecule to provide 47. As shown in Scheme 4, the
epoxide opening was performed by LO precursor 45 to afford
46 after tosylation. Displacement of the tosylate with 37 was at
first unsuccessful using either NaH or LHMDS in THF but
was accomplished with NaH in DMA.
Proposed Syntheses of Ester or Ketone Reduction to

Alcohol. Retrosyntheses of the final alcohols are shown in
Scheme 5. The two secondary alcohols (22 and 23) were
predicted to be available via reduction of the corresponding
orderable ketones, and the primary alcohols (24 and 25) from

esters. Alcohol 22 is the third and final example from these 12
where attempted synthesis was unsuccessful. Although 48 is
commercially available, it is expensive and we purchased only
100 mg ($1192); a single attempt at reduction using NaBH4 in
ethanol produced a complex mixture not containing 22 as a
major product.
The attempted preparation of 23 is noteworthy: of the 12

alcohols we hoped to synthesize, this is the only example where
the necessary starting material could not be easily ordered. Our
curated set of reagents included ketone 49, and at the time of
our order the vendor claimed this was available.39 Upon
further inquiry it was found to be unavailable and also not
available from any other vendor except for a willingness to
attempt delivery within 3 months, a certainty and timeline not
consistent with our concept of “readily available”.
Much more straightforward was the synthesis of alcohols 24

and 25 from ester reduction (Scheme 6). The first attempt at

reducing commercially available ester 50 was with NaBH4 in
methanol, which gave no reaction after 2 h at room
temperature. Only decomposition was seen with LAH/THF
at 0 °C. The first sign of desired alcohol 24 came from an
overnight room temperature reaction with NaBH4 in ethanol
with added CaCl2; partial optimization of these conditions
provided 24 as part of a crude mixture. In the case of 51,
reduction with NaBH4 in methanol provided enough material
to allow coupling of 25 to the LO molecule.

Scheme 3. Synthesis of Compounds 18−21a

aReagents and conditions: (a) K2CO3, THF, rt.

Scheme 4. Synthesis of Compound 47a,b

aReagents and conditions: (a) NaH, THF; (b) Cs2CO3, DMF, 60 °C,
1 h; (c) TsCl, DMAP, DCM, rt; (d) 37, NaH, DMA, rt, overnight. bR
= synthetic precursor of the (unpublished) LO molecule.

Scheme 5. Retrosynthesis of Alcohols Derived from
Ketone/Ester Reduction

Scheme 6. Synthesis of Compounds 24 and 25a

aReagents and conditions: (a) NaBH4, ethanol, rt, overnight; (b)
NaBH4, methanol, rt, 2 h.
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There are several potential reasons for the remaining four
compounds not being readily accessible despite the apparently
robust synthetic methods ASKCOS suggested for their
synthesis. Low molecular weight building blocks can be
particularly difficult to detect, purify, and isolate due to the
potential volatility, lack of UV absorption, and weak
ionizability of the starting materials and products. These
challenges may contribute to the lack of commercial vendors
for these building blocks.
Future Direction. We envision a comprehensive set of

theoretical reagent structures, precalculated to identify those
easily synthesizable from orderable building blocks. Although
currently beyond the scope of our algorithms and hardware, for
a step in this direction, we scored all the GDB-13 drug-like
reagent structures with 10 or fewer heavy atoms. Figure 4
shows a comparison between this chemical space of 2.2 million
and the corresponding (10 or fewer heavy atoms) Janssen
curated building blocks, currently numbering 74 000. For this
analysis, we have very loosely defined a drug-like reagent as any
compound with at least one carbon and one noncarbon heavy
atom (excluding hydrocarbons and inorganics from GDB-13
and the building block set, respectively).
At least two results depicted in Figure 4 are not surprising.

First, the total number of building blocks increases rapidly as
the number of atoms increases (especially true for molecules
from GDB-13). Second, the value of this method is greatest for
larger reagents. Among the 295 building blocks with 4 atoms
(Figure 4a), only 5 are novel reagents from GDB-13 predicted
to be easily synthesizable. The set of reagents with 10 atoms
(Figure 4d) totals almost 2 million, with the vast majority not
(easily) synthesizable. Although a small percentage, there are
over 90 000 molecules not readily available and yet can be
prepared in one step from orderable precursors. This analysis

identified almost 124 000 novel, yet synthesizable, building
blocks.
Future improvements could include expanding the pre-

diction to encompass two or more chemical transformations.
Alternatively, and partly accomplishing this effect through
different means, the curated set of available building blocks
could be augmented by virtually generating molecules derived
from common protecting/deprotecting steps. As an example,
although compounds 1 and 2 are not available in one chemical
transformation from a readily available precursor, compound 4
may be available via deprotection of the available N-Boc
analogue.40 Such a synthesis prediction process could
recognize that 1 and 2 were accessible from an orderable
reagent, although using a slightly more complicated route.
Whether protecting group manipulations ought to be
considered trivial or not, including them in this process
would be valuable.
Another valuable improvement would be more precision in

the machine learning-predicted synthesis. In all cases the
algorithm provided enough information for a skilled organic
chemist to attempt the transformation. Yet, for the 11 alcohols
where synthesis was attempted, none saw a successful
preparation of the desired alcohol on the first attempt. In
many cases, the ASKCOS tool suggests only a transformation;
even in cases where a specific organic reagent was suggested,
the predicted best route was not always successful. For
example, the preparation of alcohol 14 from ketone 26
(Scheme 1) was predicted to be best accomplished using
Grignard reagent 27, with methyllithium a low-scoring
afterthought. The lab-based reality in this case was the
opposite. The difference in money, time, and effort of a skilled
chemist between “ordering a reagent” and “preparing a reagent
in one attempt” is significant; so too is the difference between

Figure 4. Collection of reagent structures among GDB-13 and the curated Janssen building block collection, including only compounds with 10 or
fewer heavy atoms containing at least 1 carbon and 1 noncarbon atom. An “available” structure is one in the curated building block collection,
otherwise “novel” or “not available”. A structure is “synthesizable” if the ASKCOS score is >−100. Pie charts show the distribution for compounds
with 4 (A), 6 (B), 8 (C), and 10 (D) heavy atoms.
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one attempt and many. Advances in the predictive power of
this method would also be a helpful precursor for an expansion
to include multiple transformations; any failure rate in one step
becomes much more significant when applied to multiple
steps. Likewise, there is room for improvement in chemical
sophistication (e.g., stereochemistry awareness).
Finally, more chemical structures could be scored with this

method, including those larger than 10 atoms and also
structures from other sources. Our analysis of GDB-13
members with 10 or fewer atoms identified 124 000
synthesizable compounds not available from our internal
inventories or commercial suppliers, yet GDB-13 is not
designed to be a fully comprehensive representation of this
chemical space. GDB-13 uses filters and rules to avoid
inclusion of unstable or otherwise unrealistic molecules. This
removes numerous unsuitable compounds but also removes a
small number that could be useful as reagents. For example, 1-
methyl-1H-pyrazol-3-amine (PubChem CID 137254) is not in
GDB-13 because of an element ratio filter. GDB-13 also does
not contain every element that could be in a useful reagent
(e.g., some chlorines are present but not fluorine). Any file or
generative model is a potential source of structures for this
analysis, including collections that do not distinguish between
compounds synthesized in one step versus those resulting from
a thesis project (e.g., PubChem).
There are times when a medicinal chemist can adequately

explore chemical space using readily available reagents. For
other times, the history of medicinal chemistry has been a
balance between the imagined (and thought useful) on the one
hand and the synthesizable on the other. In the age of big data
and ultrahigh-throughput virtual screening, a multitude of new
options is emerging. The central questions (what should we
make? what can we make?) are not changing, but new tools are
providing new answers.
We describe a method to augment our curated collection of

orderable building blocks for drug discovery. Starting with a set
of theoretical organic molecules, we used a machine-learning
method to identify those which could be synthesized in a single
chemical transformation of an available precursor. We show
our use of this process with an internal therapeutic project,
designing a virtual library from novel (but easily prepared)
alcohol reagents and selecting for synthesis 12 predicted to be
suitable for the project. We prepared 8 of the 12, although in
one case (18) we made not the alcohol itself but the fully
elaborated ether. We will report more details on the LO
project in due course, but among these reagents it was 24 that
led to the most potent fully elaborated molecule. This moiety
occupies a water-filled hydrophobic pocket when bound to the
protein, and the unique arrangement of the rigid and polar
ether and nitrile likely contributed to potency. We searched
our database of available/purchasable reagents for this
combination of ether/nitrile; the most similar alcohols are
shown in Figure 5. All contain the same pharmacophoric
features as 24, yet none place those features in the same
positions in the binding pocket. Thus, the identification of
alcohol 24 as a synthetically accessible building block provided
access to valuable SAR not available from commercial reagents.
The workflow we describe uses informatics to profile a

virtual chemical space several orders of magnitude larger than
what can be perused manually and provides the expectation
that most of the reagents selected from this huge chemical
space can be readily synthesized by a skilled medicinal chemist.
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