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ABSTRACT: Combinatorial libraries are synthesized by com-
bining smaller reagents (building blocks), the price of which is
an important component of the total costs associated with the
synthetic exercise. A significant portion of commercially available
reagents are too expensive for large scale work. In this study,
13 commonly used reagent classes in combinatorial library
synthesis (primary and secondary amines, carboxylic acids,
alcohols, ketones, aldehydes, boronic acids, acyl halides, sulfonyl
chlorides, isocyanates, isothiocyanates, azides and chlorofor-
mates) were analyzed with respect to the cost, physicochemical
properties (molecular weight and calculated logP), chemical
diversity, and 3D-likeness using a large data set. The results
define the chemical space accessible under a constraint of
limited financial resources.
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■ INTRODUCTION

The synthesis of candidate compounds by combining small sets
of reagents (building blocks)1 has become a standard tool in
drug discovery.2 Molecular weight and calculated logP are often
used to guide computational combinatorial library design, with
some justification.3,4 The additive or iterative use of such
descriptors for weeding out unsuitable building blocks has been
demonstrated in rapid methods such as GLARE in the library
design process.5 In addition to these two simple criteria, sub-
structural filters are applied to rid libraries of unwanted
functional groups that may cause problems in either stability or
later in biological assays.6,7 More abstract features of molecules
can also be considered in the design phase as well, such as “3D-
likeness” to known effective motifs,8,9 with an eye toward
avoiding flat structures that are prone to nonspecific binding.10

However, not often included in presynthesis algorithms are the
two practical criteria of availability in a reasonable time frame
and cost.
For example, the generation of a 1000-member compound

library around a scaffold that has three different diversification
points might start with four initial building blocks, which are
decorated with ten variants of the second block and 25 variants
for the third (4 × 10 × 25 = 1000). The components used
earlier in the synthesis are required in larger amounts; if
expensive building blocks are used, the price of the library
shoots up very quickly. Therefore, information on the relation
between the price and the properties of a building block
becomes significant when the aim is to produce large
combinatorial libraries. One such undertaking is part of the
European Lead Factory (ELF)-project11 where the author is
currently employed. In this project, there is work in progress of

synthesizing 200 000 novel and medicinal chemistry-friendly
compounds for high-throughput screening. The production of
such a large number of compounds requires efficient use of
limited resources so that the relevant chemical space is explored
as widely as possible.
The aim of this study was to investigate how much of the

commercially available building block chemical space is
reachable when one takes the price of the reagents into ac-
count and when it is useful to consider also the more expensive
reagents to increase the diversity of a library or to improve the
physicochemical properties. It is surprisingly difficult to find
such studies in the published literature, although they are a
routine part of internal assessment in the commercial drug
discovery sector. One reason for the absence of such studies
could be the fact that price and availability information is rather
laborious to collect and to keep up to date. In practice, such
information is only available via proprietary databases like
Accelrys Available Chemicals Directory (ACD)12 or eMolecules
Plus.13 The interest in the scientific literature on building
blocks seem to focus on Synthetic Accessibility (SA) of the
resulting compounds and from the scientific literature only
anecdotal observations between price and chemical structures
can be found, such as “We were not able to get any reasonable
correlation between normalized catalogue price and various
structural descriptors for a large set of reagents”.14 During the pre-
paration of this article, a group of researchers from AstraZeneca
published a study on the preference of using para-substituted
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phenyl rings instead of ortho- and meta-substituted ones. Their
study also looked at the cost of the building blocks as a factor
for the observed preference and concluded that cost was not a
likely reason for the bias.15

This study provides the first published comprehensive
analysis of commercially available building blocks, with special
focus on the price per gram-cost of the reagents. Thirteen dif-
ferent commonly used reagent classes were analyzed: primary
and secondary amines, carboxylic acids, alcohols, ketones, alde-
hydes, boronic acids, acyl halides, sulfonyl chlorides, isocyana-
tes,isothiocyanates, azides, and chloroformates. Obviously, there
are building blocks available that do not fall into these classes, but
these are the reagent classes that are the most often used ones in
the ELF-project and thus should be typical for any large scale
library synthesis undertaking. The physicochemical properties of
molecular weight and calculated logP, chemical similarity, and
3D-likeness of the compounds are investigated and discussed.

■ RESULTS AND DISCUSSION

From Table 1, it is clear that the price distributions of building
blocks are strongly skewed and therefore, the median price

should be used instead of the mean price when discussing the
general prices of building blocks. Also, a large portion of
commercially available primary amines and alcohols are
prohibitively expensive. One needs to have price and availability
information readily available when designing libraries as
otherwise it is very easy to pick building blocks that are too
costly.
Amines are the largest group of commercially available

building blocks, and so scaffolds that can use primary and/or
secondary amine reagents in their diversification points are
attractive from the diversity point of view. On other hand, there
are only few chloroformates, azides, isothiocyanates, and
isocyanates available. These diversifications therefore offer
limited potential for the chemical space exploration.
The medians of price per gram for several reagent classes

after the price-cutoff of 1000 USD per gram are still rather high
from a practical point of view. Therefore, several lower price
cutoffs instead of the median, which better reflect the reality
of combinatorial library synthesis, were applied to the analysis:
25, 50, 100, and 150 USD per gram (Table 2). Azides are
expensive building blocks as less than one-third are available for
150 USD per gram, whereas chloroformates are cheap as most
of them can be bought less than 25 USD per gram.
The relationships between building block prices and

properties are not simple, as the quote from the study by
Ertl and Schuffenhauer in the Introduction illustrated. Similarly
for the data set used in this study, there was no correlation
observed in any reagent class between price and molecular
weight or calculated logP when looking at the data set of
maximum 1000 USD per gram (Pearson correlation coefficient
ranged between −0.20 and 0.35, calculated with RDKit and R,
data not shown). However, some useful observations could be
made by binning the building blocks using price, molecular
weight and calculated logP (Table 3). This table can be used to
quickly check if there are any possibilities in certain molecular
weight/logP range for certain reactions without resorting to
performing extensive calculations and to see if the limited
chemical space can be expanded by consideration of more
expensive reagents. As an example on how Table 3 could be
used: it would be difficult to find secondary amines that have
calculated logP between 2.0 and 4.0 and that weigh between
100 and 150 Da, even if one would consider more expensive

Table 1. Number of Building Blocks Used in This Studya

class
number of

BB
excluded

BB
mean price

($/g)
median price

($/g)

primary amines 79142 27020 333 231
secondary amines 51889 9479 254 227
carboxylic acids 44760 5606 223 174
alcohols 28021 18374 239 200
ketones 21600 3835 211 139
aldehydes 11930 1307 227 161
boronic acids 4293 525 220 129
acyl halides 2180 116 172 104
sulfonyl chlorides 1662 57 212 194
isocyanates 753 31 152 84
isothiocyanates 713 35 105 58
azides 652 116 245 213
chloroformates 77 2 68 8
aThe rows are sorted by the number of building blocks. Building
blocks that cost over 1000 USD per gram were excluded (the numbers
are reported in the excluded BB-column).

Table 2. Building Block Availability at Lower Price Cutoffsa

$25/g $50/g $100/g $150/g

class count (%)
median price

($/g) count
median price

($/g) count
median price

($/g) count
median price

($/g)

primary amines 10021 (13%) 3 13346 (17%) 7 19084 (24%) 22 27028 (34%) 52
secondary amines 6796 (13%) 6 9239 (18%) 15 12818 (25%) 21 17611 (34%) 46
carboxylic acids 7983 (18%) 3 10389 (23%) 6 14907 (33%) 20 20531 (46%) 48
alcohols 4565 (16%) 3 5786 (21%) 6 7888 (28%) 16 11925 (43%) 54
ketones 4043 (19%) 4 5155 (24%) 7 7824 (36%) 23 11328 (52%) 64
aldehydes 2436 (20%) 3 3242 (27%) 7 4333 (36%) 18 5804 (49%) 39
boronic acids 1107 (26%) 3 1444(34%) 7 1859 (43%) 16 2310 (54%) 29
acyl halides 670 (31%) 3 818 (38%) 6 1055(48%) 14 1420 (65%) 29
sulfonyl chlorides 286 (17%) 3 354 (21%) 5 490 (29%) 15 662 (40%) 38
isocyanates 207(27%) 6 308 (41%) 14 406 (54%) 24 488 (65%) 32
isothiocyanates 282 (40%) 4 350 (49%) 7 439 (62%) 13 552 (77%) 24
azides 45 (7%) 7 60 (9%) 9 95 (15%) 29 182 (28%) 97
chloroformates 48 (62%) 1 56 (73%) 3 60 (78%) 5 62 (81%) 5
aCount is the number of the building blocks, and median is the median price of building blocks at the cutoff. The percentage is the percentage of the
building blocks at this cutoff from the set of building blocks available for 1000 USD/gram.
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compounds (only 161 building blocks available with $150/gram
cutoff). However, slightly increasing the molecular weight
cutoff above 150 Da to 150−175 Da range would allow
consideration of much larger chemical space (701 building
blocks available with $150/gram cutoff).
More expensive building blocks can be justified in the design

process if they increase the diversity of the library and thus
enable the exploration of novel chemical space. The new
building blocks that were available after increasing the price
cutoff were compared with 2D-fingerprints to the lower
threshold ones as described in the Experimental Procedures.
The average similarity measured both with MACCS- and

Morgan-Tanimoto stays similar using different price cutoffs
with almost all reagent classes (Figure 1). In most cases,
expanding the selection by considering more expensive building
blocks brings in compounds of similar, or even slightly lower,
average similarity value. In other words, at every price range
there is an equally diverse selection of building blocks avail-
able. This effect is most clearly observed with the sulfonyl
chlorides where the MACCS-Tanimoto similarity goes down
with increasing price cutoffs from 0.632 to 0.585. Consider-
ing the more expensive building blocks does increase the
number of different functional groups attached to the sulfonyl
chlorides, but this analysis shows that one should first exhaust
the cheaper chemical space before buying more expensive com-
pounds.
Cost does make a difference in the percentage of building

blocks allowing for three-dimensional structural projection, as
opposed to a “flat” nature, for a few classes. There is not a
generally accepted descriptor for the 3D-likeness of molecules.
In this study, commonly used metric of Fsp3 was selected.8

Fsp3 is defined as the number of sp3 hybridized carbons divided
by the total carbon count. Analysis of the 3D-likeness versus
price of aldehydes, acyl halides, sulfonyl chlorides and iso-
cyanates shows that more expensive building blocks in these
subtypes have larger Fsp3 (Figure 2). For example, building
blocks costing less than 25 USD per gram exhibit median Fsp3
values of less than 0.20. However, for other reagents classes,
increasing the price will not enable access to building blocks
with significantly increased Fsp3. Azides and chloroformates
produce very striking curves, but the large median Fsp3 dif-
ferences between the price ranges are caused by the low
number of compounds (for example, only 16 building blocks
exist in the price group 25−50 USD) and it is difficult to make
any conclusions for these reagent classes.
The numbers provided in this paper most likely overestimate

the number of actual building blocks available for library
synthesis and they should be taken as only rough guidelines.
Not every building block is available from vendors’ listings, and
we do not take into account other undesirable features that
would usually exclude certain structures from a new library,
such as compounds prone to pan-assay interference.6,7

Figure 1. Average intraclass MACCS and Morgan-Tanimoto
similarities using different price cutoffs (25, 50, 100, and 150 USD
per gram).

Figure 2. Median Fsp3 of the building blocks when using different price ranges (azides and chloroformates are excluded for clarity).
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■ CONCLUSIONS
The chemical space of combinatorial libraries is practically
infinite,16 but the chemical space of building blocks and the
number of the chemical reactions for decorating these scaffolds
is indeed limited, and budgetary constrains invariably impinge
on practical choices. A significant number of commercial
building blocks are too expensive for large-scale combinatorial
library synthesis in most settings, and certain reagent classes
such chloroformates are especially limited. Other classes, such
as primary or secondary amines, are widely available at
reasonable prices. For most classes, however, cost constraints
do not severely limit diversity as assessed by 2D fingerprint-
type analysis, but do impact the property of three-dimensional
structural projection. Although the relationship between
molecular weight/logP and price of a building block is not
straightforward, tables linking these properties are presented
that can assist in combinatorial library design.

■ EXPERIMENTAL PROCEDURES
The data set was extracted from eMolecules Plus building block
collection database using combination of JChem17 and RDKit18

Nodes implemented in KNIME.19 The database contained
963 960 compounds from 121 vendors. First, molecules were
imported in SMILES format and salts stripped. Then, molecules
that had other atoms than carbon, nitrogen, oxygen, sulfur, phos-
phorus, fluorine, chlorine, bromine, iodine, hydrogen, or boron
were excluded from the data set. Building blocks that had mole-
cular weight higher than 250 Da were excluded to avoid high
molecular weight of the final library compounds. The cheapest
price per gram in USD was picked for each of the remaining
molecules from the all possible vendors and package sizes stored
in the database. As the aim of this study was to study the cheaper
end of the building blocks’ chemical space, a price cutoff 1000
USD per gram was applied after which 413 994 reagents were left.
The reagent classes were extracted using either JChem’s

Chemical Terms-node (matchCount-function) or MolSearch-
node if there was no predefined chemical term implemented in
the software for a reagent class. Only one query functional group
per building block was allowed, but other functional groups per
building blocks were not controlled. This means that the same
amino acids, for example, were included both in primary amine
and carboxylic acid groups, but on the other hand no alcohol
building block could have two hydroxyl-groups attached.
Chemical similarity was accessed by two commonly used 2d-

metrics: MACCS- and Morgan-fingerprints (similar to the
ECFP4-fingerprints). These two fingerprints are very different
and measure the similarity between two molecules from a
different viewpoint. The fingerprints and similarity calculations
were done using ChemFP.20 Average internal chemical
similarity was computed by first comparing all compounds
inside a library to each other and taking the average similarity
for each of the compounds. The average of these averages was
then used as the metric for internal diversity (the smaller the
number is, the more diverse library is).
Fsp3-values were calculated using JChem cxcalc. All statistics

were calculated with combination of Python/NumPy-scripts
and R.21
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