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Abstract
Boronic acids are essential building blocks used
for the synthesis of bioactive molecules, the
generation of chemical libraries and the
exploration of structure-activity relationships. As a
result, more than ten thousand boronic acids are
commercially available. Medicinal chemists are
therefore facing a challenge; which of them should
they select to maximize information obtained by
the synthesis of new target molecules. The
present article aims to help them to make the right
choices. The boronic acids used frequently in the
synthesis of bioactive molecules were identified by mining several large molecular and reaction
databases and their properties were analyzed. Based on the results a diverse set of boronic
acids covering well the bioactive chemical space was selected and is suggested as a basis for
library design for the efficient exploration of structure-activity relationships. A Boronic Acid
Navigator web tool which helps chemists to make their own selection is also made available at
https://bit.ly/boronics.
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Introduction
Boronic acids (BAs) are very useful building blocks used in medicinal chemistry for the synthesis
of bioactive molecules and the production of chemical libraries enabling rapid exploration of
structure-activity relationships (SAR). The major reason why BAs are so popular is the fact that
they are used as building blocks in the Suzuki-Miyaura coupling reaction.(J. Lennox and
C. Lloyd-Jones 2014) This reaction was developed for the creation of carbon-carbon bonds
between aryl or heteroaryl BAs and aryl or heteroaryl halides or triflates using palladium-based
catalysts. Suzuki couplings enable the synthesis of complex molecules with high efficiency and
selectivity under mild reaction conditions. The reaction conditions have been extensively studied
and are compatible with a broad variety of functional groups, including alcohols, amines,
ketones, and esters, among others. The crucial importance of Suzuki cross couplings in
medicinal chemistry has been documented by several recent studies. An analysis of reactions
reported in medicinal chemistry journals by leading pharmaceutical companies (Roughley and
Jordan 2011) identified Suzuki couplings as the most frequent carbon-carbon forming reaction



accounting for 40% of all such reactions. This trend was confirmed in another study of reactions
used in medicinal chemistry by AstraZeneca scientists. (Brown and Boström 2016) An analysis
of reactions used in patents also reported a steep increase of Suzuki couplings after 1989,
superseding all other carbon-carbon forming reactions types. (Schneider et al. 2016) A study of
parallel libraries performed in AbbVie (Ying Wang et al. 2021) reported that the Suzuki reaction
was the 2nd most used reaction to create libraries (after amide couplings) and BAs used as the
most frequent building block after carboxylic acids and amines. Very recently highly automated
capsule-based Suzuki cross couplings have been reported (Coin et al. 2023) demonstrating the
broad interest in this powerful transformation.

Another important reaction using BAs as reagents is Chan-Lam coupling.(Chen, Li, and
Dong 2020) This is a cross-coupling reaction between an aryl or vinyl halide and an amine or an
amide, catalyzed by copper complexes, resulting in the formation of a new carbon-nitrogen
bond. Also this reaction can be performed under mild reaction conditions and is compatible with
various functional groups.

Several other less known reactions also use BAs as reaction components, for example
the Petasis reaction, a multi-component reaction of a vinyl- or aryl- BAs with an amine and a
carbonyl derivative to form substituted amines (Wu, Givskov, and Nielsen 2019), the
Liebeskind–Srogl coupling, a general ketone synthesis by the reaction of BAs with thioesters
(Liebeskind and Srogl 2000) or rhodium catalyzed addition of BAs to alkenes or carbonyl
compound. (Yoshida and Hayashi 2005) The popularity of all these reactions led to the situation
that a large number of BA building blocks is readily available and can be purchased
commercially.(Kalliokoski 2015; Zabolotna et al. 2022)

The importance of BAs is caused, however, not only by their use as synthetic building
blocks, but also by application as active agents themselves. BAs can reversibly bind diols, a
structural feature that is typical for saccharides, which allows their use as the saccharide
sensors, for example in detection of glucose in diabetes patients.(Williams, Kedge, and Fossey
2021) The reaction of BAs with diols is used also to generate self-assembled structures in
emerging areas of organic material science with applications in gas storage or catalysis. (Fujita,
Shinkai, and James 2008) BAs have been also used to facilitate drug and macromolecule
delivery, either through incorporation into lipid bilayer for entry via liposomes or through
reversible conjugation to a protein. (M. António et al. 2019) And, last but not least, several BA
derivatives are used directly as FDA approved drugs, with others being in development.(Plescia
and Moitessier 2020; Silva et al. 2020) BA derivatives are used as serine protease inhibitors; a
prominent example is the proteasome inhibitor Bortezomib for the treatment of multiple
myeloma. Other examples include dipeptidyl peptidase-4 inhibitors (Connolly et al. 2008) for the
treatment of type 2 diabetes.

In the present study we will focus on the use of BAs as building blocks for synthesis of
bioactive molecules. First a medicinal chemistry relevant BAs will be identified by analyzing
several data sources commonly used by medicinal chemists. Then these molecules will be
characterized by suitable descriptors and the differences between bioactive and average BAs
will be explored. And finally, the results will be used to select a subset of BAs that provide
maximal structure-activity information in synthesis or library design.

Not only BAs themselves, but also their esters are used commonly as reagents in the
Suzuki-Miyaura reaction. Thanks to the donating ability of carbon the lone pairs of oxygens are



better conjugated with the electron deficient boron, therefore the boronic esters are less reactive
than BAs. The most commonly used boronic ester in Suzuki coupling is the pinacol ester, thanks
to a combination of its reactivity, stability and ease of preparation. (J. Lennox and
C. Lloyd-Jones 2014) Although in this study we speak mostly about properties and diversity of
boronic acids, the conclusions are equally valid for the esters as well.

Methodology
Data Sources
BAs from 3 large data sources - commercial compound catalogs, reactions mentioned in
patents and building blocks used in synthesis of bioactive molecules - were extracted. All
molecules were processed in the same way. Only BAs where the boron atom was connected to
the aromatic carbon were processed. All structures were standardized and molecules containing
non-standard isotopes and inorganic atoms were discarded. From the rest only BAs with 15 or
less atoms were retained. This limit assures good diversity of the final set and at the same time
removes too complex and exotic structures.

Commercially Available Boronic Acids
The list of BAs available from commercial compound providers was extracted from the
PubChem database.(Y. Wang et al. 2009) PubChem contains data from 919 data sources, 452
of them being chemical vendors.(“Data Sources - PubChem” n.d.) Vendor catalogs that have
been updated within the last 3 years and that contain at least 10 thousand molecules (altogether
90 catalogs) were processed and the BAs extracted. This analysis provided 11185 unique BAs,
the most common being offered by 61 vendors. 3296 BAs were present in at least 10 catalogs.
We did not perform any price analysis, but one can suppose that these common and readily
available building blocks are also reasonably priced. This number agrees well with the 4293
BAs with price up to 1000 USD per gram obtained by the analysis of Kalliokoski.(Kalliokoski
2015) The list of commercially available BAs contains, of course, also many rare and quite
exotic structures, nearly half of them (5198) being singletons, offered by only 1 vendor.
Number of boronic pinacol esters available commercially is even larger than that of the
respective boronic acids (17035 esters were identified by the same procedure as used for BAs).
This reflects the greater stability of the esters, particularly those that have a heteroatom in the 2
position or phenyl rings with multiple acceptor substituents. (Cox et al. 2017)

Boronic Acids from Patents
BAs that have been used in reactions reported in patents were extracted from United States
patent applications and patent grants from years 1976-2013.(Lowe 2014) This data set contains
3.7 million reactions encoded as reaction SMILES. First all reactions were normalized, ions,
inorganic components and reactants with valence errors discarded and the atom-atom mapping
removed. Only reactions where one of the reactants was a BA were retained. To assure that the
reaction indeed describes a Suzuki coupling the following procedure was applied. The chloro or
bromo substituted aromatic system in reactants was marked as a potential reaction partner of
the BA and the theoretical Suzuki product was generated by merging these 2 reactants. This
product was then compared (using canonical SMILES) with the molecule listed in the product
side of the reaction SMILES. If both structures were identical this proved that the reaction



indeed describes the Suzuki-Miyaura coupling. The BA involved in the reaction was stored and
also its reaction partner was retained to be used later in the validation of reactions used for
synthesis of bioactive molecules (see below). From the final collection of these reaction partners
the rings that are frequently used as the substrates reacting with BAs were obtained by
removing all substituents and also other fused rings. Since as a result of this processing in
some cases the generated rings did not have all valences satisfied, they are shown not as
complete molecules, but as fragments in Figure 1. The procedure described above identified
18257 unique Suzuki reactions, 1115 BAs and 26 aromatic rings involved as common
substrates reacting with the BAs.

Figure 1. The rings that are used most frequently as substrates reacting with boronic acids in
Suzuki-Miyaura coupling. The R represents chlorine or bromine atom, the dashed bonds
indicate an aromatic system.

Boronic Acids used in the Synthesis of Bioactive Molecules
The BAs that have been used as building blocks in the synthesis of bioactive molecules were
obtained by the analysis of molecules from the ChEMBL database.(Mendez et al. 2019)
ChEMBL is an indispensable resource for medicinal chemists and cheminformaticians alike,
containing in its 32nd release information about 2.3 million molecules, 15 thousand targets and
20 million bioactivity data points extracted from 86 thousand documents, mostly articles in
medicinal chemistry journals. Since in the ChEMBL database only the final molecules are stored
and not reactions used to prepare them a following procedure had to be used to extract the BA
building blocks that have been (probably) used for their synthesis. In the first step molecule
series used for exploration of SAR were extracted from medicinal chemistry journals. All
molecules in the series had to be reported in a single publication and tested on the same target
by the same assay (the same ChEMBL assay ID) and the series had to contain at least 5
molecules. This procedure identified 3453 such series, most of them coming from Bioorg. Med.
Chem. Lett., J. Med. Chem. and Eur. J. Med. Chem. In the next step the series were identified
where the derivatives differ in the aromatic substituents connected to another aromatic ring and
were therefore possibly synthesized by the Suzuki reaction. All molecules in a series were split



on the carbon-carbon bonds connecting these 2 aromatic systems and the R-groups connected
to the same core collected. These R-groups represent possibly BA building blocks. Of course
not all connections between 2 aromatic rings are created by the Suzuki-Miyaura coupling. There
are several other reaction types that can be used for this purpose. Particularly molecules
containing 5-membered aromatic rings with 2 or 3 heteroatoms (oxazoles, isoxazoles,
oxadiazoles, triazoles etc) may be prepared not by connecting the 2 aromatic rings, but by
various heterocyclization reactions (Cordero, Giomi, and Lascialfari 2018; Baumann et al. 2011),
for example by 1,3-dipolar cycloaddition. To filter out such cases the list of "preferred Suzuki
substrates" obtained previously by processing the reactions described in patents (Figure 1) was
used. Only the BAs connected to one of these preferred rings were retained. The BAs obtained
by this procedure were processed by an additional filtering step and only the structures reported
either as reactants in the Suzuki reactions from patents or offered in at least 5 commercial
catalogs were retained. Of course, without manually checking all several thousand original
literature sources one cannot be sure that all the remaining molecules have been indeed
synthesized by the Suzuki coupling, but the stringent procedure used here assures that even if
the data contains a small number of errors, the general results are correct. The procedure
described above identified 1586 unique BAs that are commonly used in synthesis of bioactive
molecules and for exploration of structure activity relationships, 40 the most common are shown
in Figure 2. The whole set, together with calculated descriptors, may be downloaded as
Supporting Information.

Figure 2. Boronic acids used most frequently in the synthesis of bioactive molecules.

Calculation of Properties of Boronic Acids
The BAs identified as described in the previous section were characterized by 2 important
calculated properties of their R-groups (the part connected to the -B(OH)2 warhead) - the
hydrophobicity and the electron donating/accepting power. The hydrophobicity was
characterized by the calculated octanol-water partition coefficient obtained as a sum of atomic
contributions similar to the scheme suggested by Wildman and Crippen.(Wildman and Crippen



1999) Since the hydrophobicity was calculated for the R-group, not the whole molecule, this
value is actually the Hansch 𝜋 hydrophobicity substituent parameter. The electron
donating/accepting power of the R-group was calculated using quantum-chemical calculations.
Since the method is fully described in (Ertl 2022) and also available online as a web service (Ertl
n.d.), only a brief description is provided here. A phenyl substituents was attached to the
R-group, the resulting structure was fully optimized and the atomic charges on the phenyl
calculated by the xtb 6.4.0 method considering water envoronment.(Bannwarth, Ehlert, and
Grimme 2019) These charges are of course affected by the donating/accepting power of the
attached R-group and may be therefore used to calculate the substituent parameter by the
equation optimized to reproduce experimental Hammett 𝜎 constants of 89 common substituents.
These 2 parameters - Hansch 𝜋 hydrophobicity and Hammett 𝜎 have been suggested by Craig
as optimal descriptors to analyze diversity of substituents (Craig 1971; Ertl 2020) and used
since then as classical descriptors in numerous drug discovery projects and QSAR
studies.(Hansch 1976)

Results and Discussion
Analysis of various data sources used in medicinal chemistry identified 11245 unique BAs. The
largest portion, more than 10 thousand, is coming from the catalogs of commercial compound
vendors. 1586 of them are used frequently in the synthesis of bioactive molecules. An
interesting insight into the characteristics of these bioactivity supporting BAs may be obtained
by comparing their properties with those of common commercially available BAs. On Figure 3
the top 200 BAs that are used in synthesis of bioactive molecules (marked by the green points)
are compared with the properties of the 300 most common commercially available BAs (not
containing those BAs present in the first set). The properties used for comparison are the
hydrophobicity of the R-groups (the x-axis) and their electron donating/accepting power (the
y-axis). This graph is therefore nothing else than a Craig plot (Craig 1971) - a scheme that has
been used for visualization of structure activity relationships and selection of representative
molecule subsets since the early days of rational medicinal chemistry. The plot background is
color coded using the distance weighted average of group membership (bioactive / common) of
the neighboring molecules. One can see clear separation between these 2 classes. While the
bioactivity supporting BAs tend to occupy the lower left part of the plot, i.e. they are less
lipophilic and their R-groups are electron donors, the average or inactive BAs are more
hydrophobic and they have electron-accepting properties. Such separation is of course not only
a consequence of properties, but rather of the chemical composition and substituent pattern of
the respective molecules. While the common, inactive BAs contain many halogen, alkyl and
also nitro substituents, the bioactive portion of chemical space is more rich on
nitrogen-containing heterocycles and rings with amine substituents, that both can form
beneficial hydrogen bond interactions with the target proteins.

This quite distinct separation between active and inactive regions of chemical space of
BAs may be used when selecting building blocks for SAR exploration. Particularly in the early
stage of medicinal chemistry projects when the project knowledge is limited and no structural
information is available to guide the derivatization effort a classical strategy is to synthesize a
set of broadly diverse derivatives or prepare small libraries, test them and use this information to
direct the future synthetic effort. As we have already mentioned earlier, the Suzuki coupling is



one of the most common reactions used for such derivatization and library synthesis. With more
than 10 thousand BAs available commercially, however, it is not easy to select the proper subset
of building blocks that would provide maximal SAR information. The data generated in this
study, particularly information shown in Figure 3, can provide help in this endeavor. Using an
interactive web tool (described in the following section) we selected 30 common BAs, covering
well the property space, particularly its bioactive region, that are recommended as building
blocks for SAR exploration (Figure 4). The BAs selected are relatively simple with 1, maximally
2 functional groups, allowing to rationalize the influence of substituent effects on bioactivity and
also covering the broad range of structural and pharmacophoric features. The molecules on
Figure 4 are roughly grouped by their properties, similar to the scheme on Figure 3. This set
may be, of course, modified or enhanced based on the concrete project requirements.

Figure 3. Comparison of properties of the most common bioactive boronic acids (green points)
and commercial boronic acids (gray points). The property space beneficial for bioactivity is
marked by green color.



Figure 4. 30 diverse boronic acids covering well the chemical space recommended for exploring
the structure-activity relationships.

Boronic Acid Navigator Web Tool
To allow interested medicinal chemists and cheminformatics scientists themselves to perform
navigation in the chemical space of BAs and make their own selection based on the needs of
their particular projects, a web tool offering these functionalities was developed (Figure 5). The
system is written in JavaScript using the JQuery framework, the graphics is handled by the
Canvas HTML element. The tool may therefore be used on standard PCs as well as on touch
devices. Using this web tool the chemists are able to interactively explore the property space of
1586 BAs relevant for medicinal chemistry and make their own selection. The selected
molecules may be downloaded as SMILES strings also with their properties. Additional
instructions are provided directly on the tool page. The Boronic Acid Navigator is freely available
at https://bit.ly/boronics.



Figure 5. Boronic Acid Navigator web tool.

Conclusions
A large-scale analysis of 3 data sets used frequently in medicinal chemistry - catalogs of
commercial compound vendors, reactions reported in patents and building blocks used in
synthesis of bioactive molecules - identified 11245 unique boronic acids (BAs). These acids
were characterized by relevant molecular descriptors describing their hydrophobicity and
electron donating/accepting power. By analyzing property and structural space of BAs one can
see a clear distinction between the acids that are often used for synthesis of bioactive
molecules and the average commercially available acids. A set of 1586 BAs particularly useful
in medicinal chemistry was identified and a subset of 30 well characterizing the chemical space
suggested to be used in synthesis and for structure-activity exploration. A web tool - Boronic
Acid Navigator - was developed that allows interactive exploration of BAs chemical space and
selection of optimal set of building blocks. The web tool is available at https://bit.ly/boronics.

Data Availability
All data sources used in this analysis are publicly available. Set of 1586 boronic acids used
frequently in synthesis of bioactive molecules together with their calculated molecular properties
may be downloaded in SMILES format as Supporting Information. The Boronic Acid Navigator
web tool is freely available at https://bit.ly/boronics.
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