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The synthesis, structural characterization, and functional properties of a series of benzazaboroles are pre-
sented. These molecules are analogues of clinically relevant benzoxaboroles and exhibit unique structural
features due to a nitrogen—boron (N-B) dative bond in aqueous media. The compounds were synthesized
using a reductive amination and characterized through NMR spectroscopy and X-ray crystallography.
Their structures were found to be pH-dependent, transitioning between trigonal and tetrahedral boron
configurations, whilst maintaining the benzazaborole five-membered ring. The benzazaboroles demon-
strated selective binding to diols and saccharides, with binding affinities influenced by the length of the
amino acid side chain. Fluorescence assays revealed that shorter-chain derivatives preferentially bound
glucuronic and sialic acids, while longer chains favored fructose. Although antimicrobial activity was
limited, antifungal effects were observed with MICqq values of 1.2 mM against Candida albicans, and one
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compound showed inhibitory activity against KPC-2, a class A beta-lactamase. These findings suggest the
potential for further development of benzazaboroles as selective saccharide sensors, enzyme inhibitors
and antifungal agents. The study provides foundational insights into the aqueous behavior and properties

rsc.li/lobc of this underexplored class of organoboron-containing molecules.

facilitates the reversible formation of boronate complexes with
alcohols or carboxylic acids under biological conditions,'*"?

Introduction

Boron-containing pharmaceuticals are emerging as important
clinical medicines to treat human disease (Fig. 1)."*
Bortezomib was approved in 2004 for the treatment of multiple
myeloma,® and followed by the 2015 approval of ixazomib, a
second-generation  boron-based  proteasome  inhibitor.®
Tavaborole was approved in 2014 as a topical antifungal,” cri-
saborole was approved in 2016 as a topical eczema treatment®
and vaborbactam was approved in 2024 as a beta-lactamase
inhibitor to treat multidrug-resistant bacteria.’ Other boron-
containing molecules are in clinical trials for additional dis-
eases.'® The presence of the boron atom is pivotal to drug
action." The mild Lewis acidic property of the boronic acid
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accounting for the mechanism of action for these approved
drugs. Molecules containing boron are also clinically used for
boron neutron capture therapy to deliver radiation to various
aggressive cancers.'* In addition to advancing treatment of
human disease, boron-containing molecules also offer unique
opportunities in the fields of carbohydrate recognition,">™® and
catalysis,"”" and as biomaterials.>** Benzoxaboroles are rela-
tively widely studied'®** and include tavaborole and crisaborole
as clinically approved drugs. By contrast, Benzazaboroles®*** are
less widely studied isosteric analogues of benzoxaboroles.
Benzazaboroles (Scheme 1) include a substituent on the nitrogen
atom that coordinates to the boron atom, providing additional
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Fig. 1 Clinically-approved boron-containing drugs.
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Scheme 1 (A) Preparation of benzazaboroles; (B) Proposed ionization
states at differing pH based on multi-nuclear NMR titration data (Fig. 3).

opportunities to modify physicochemical properties and are dis-
tinct from “Wulff-type” dialkylamino analogues.>®

Herein, we report the synthesis of a series of amino-acid
derived benzazaboroles and provide insight into their structure
and properties in aqueous solution, including the propensity
for selective diol binding, antimicrobial and beta-lactamase
activity.””*®

Results and discussion
Synthesis and characterization

The synthesis of the benzazaboroles 1-8 (Scheme 1A) utilized
a one-pot two-step reductive amination procedure with the
addition of amino acid to a slight excess of formylphenylboro-
nic acid to furnish the imine adducts,* and subsequent treat-
ment with sodium borohydride to reduce the imine to the sec-
ondary amine with concomitant cyclization into the benzaza-
borole 1-6.>° The amino acids chosen for the synthesis were
readily accessible, having previously been used in the isolation
of novel jadomycin natural products.>®*' The purification of
products from shorter chained amino acids (glycine, p-alanine,
y-aminobutyric acid) was achieved through trituration with
tetrahydrofuran. The products from 5-aminovaleric acid and
6-aminohexanoic acid necessitated reversed-phase chromato-
graphy for purification, whilst the derivative from dodecanoic
acid was purified through trituration. The preparative success
with the linear amino acids led us to evaluate a structurally
more complex substrate, 6-aminopenicillanic acid, a key build-
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ing block that led to generations of penicillin antibiotics.*”
The resulting product would be a novel beta-lactam containing
a benzazaborole. Given the discovery of potent beta-lactamase
inhibitors incorporating boron,**** the presence of a benzaza-
borole functionality in concert with the beta-lactam ring,
could provide an additional site to interact with the active sites
of metallo- or serine-beta-lactamases.>*>*® Thus, utilizing
reaction conditions similar to those described above, 6-amino-
penicillanic acid and formylphenylboronic acid were reacted
together. It was evident that a new product had been pro-
duced, as observed by TLC, NMR spectra analysis, and mass
spectrometry data of the reaction mixture. Upon utilizing the
standard work-up conditions, a crystalline product was iso-
lated. Subsequently, this material was recrystallized and sub-
jected to single crystal X-ray diffraction analysis (Fig. 2, see SI).
Analysis of the diffraction data identified a product that con-
tained a benzazaborole functionality, however, the benzazabor-
ole was complexed to a carboxylic acid, resulting from the
hydrolysis of the beta-lactam ring. Inspection of the six chiral
centres within the crystal structure of 7 indicated that C2, C3
and C4 possessed stereochemistry consistent with 6-aminope-
nicillanic acid, whilst both secondary amines were protonated
in the crystal structure: the thiazolidine ring nitrogen having S
configuration, and the benzazaborole ring nitrogen having R
configuration. The final stereochemical centre was the boron
atom, possessing R configuration. It is reasonable to propose
that the chirality at the three heteroatoms (N1, N2, B1) is
induced as a consequence of the chirality within the 6-amino-
penicillanic acid upon crystallization. Preparation of the 6-ami-
nopenicillanic derivative that maintained the beta-lactam ring
was accomplished by changing the work-up conditions to
include buffering with cold phosphate, and timely reversed-
phase purification using phosphate buffer at pH 7. Sufficient
quantities of the desired benzazaborole-6-aminopenicillanic
acid derivative 8 were isolated enabling structural characteriz-
ation by NMR spectroscopy, but remained hydrolytically labile,
potentially due to the presence of the boron centre acting as a
Lewis acid promotor, accelerating beta-lactam hydrolysis.

Fig. 2 Crystal structure of 7 (50% probability ellipsoids). Disorder and
waters of hydration have been removed. Hydrogen atoms are included
but not labelled. The tetrahedral boron atom (B1) with the dative N-B
bond has R configuration. Both N1 and N2 have tetrahedral geometry,
with S and R configuration, respectively.

This journal is © The Royal Society of Chemistry 2025
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Effects of pH on benzazaborole structure

Characterization data for the purified compounds were
recorded in D,O at pH 9.3. The 'H signals were relatively
broad, and limited splitting was observed (see SI). The "'B
NMR chemical shift is indicative of either a trigonal-sp> or
tetrahedral-sp® environment at the boron nucleus.’” The "'B
chemical shifts for 1-5 were between 8.4-6.1 ppm, which is
consistent with the tetrahedral “ate” form of a boron atom. In
order to probe the structure of 1-5 and 7 in aqueous solution
and address the nature of the substituents around the boron
atom, more detailed pH investigations of compounds 1-5 were
conducted using 'H and "B NMR (Fig. 3, see SI). There were
significant changes to the spectra over the pH range 1-10, and
these changes were reversible. At pH 9.3, the "H spectra were
broad, consistent with the initial characterization data. By con-
trast, the pH 6.4 'H spectrum for 1, showed two species with
the appearance of AB NMR spin system between 4-4.5 ppm. By
pH 4.4 the species observed at basic pH was completely
absent. The species observed at low pH had substantially
sharper lines and signals were split. Investigations by
Contreras®® into the preparation of boron heterocyclic com-
plexes containing chiral nitrogen and boron atoms describe an
AB NMR spin systems for the methylene protons between the
nitrogen and carboxylic acid in DMSO, whilst Thiele and co-
workers®® observed similar NMR splitting with their related
adducts in DMSO. Our data for 1, is entirely consistent with
Contreras and Thiele’s observations in DMSO, where the
methylene resonances were split. The ''B NMR showed three
discrete resonances over the pH range. At pH 10, a sharp peak
at ~1 ppm was observed, likely a four-coordinate boron
nucleus. At pH 9 the major resonance was at 6.5 ppm, albeit
significantly broader, also likely a four-coordinate boron
nucleus, and from pH 8 downwards, a signal at 19 ppm domi-
nated, likely a three-coordinate boron nucleus. Similar trends
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Fig. 3 H and B NMR data for 1 (full spectra available in Sl). Left box:
IH NMR aromatic region; middle box: *H NMR aliphatic region; right box
1B NMR. *The peak at ~13 ppm in the !B NMR is boric acid.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

for 2-5 were also observed in their 'H and "B NMR. For 3-5
there was a more pronounced broadening of the signals
around pH 6-7, indicative of slow-exchange on the NMR time-
scale. The "B NMR of 7 was recorded at pH 1.5 and 10.1. Only
one sharp peak was observed at each pH, at ~19 ppm and
~6 ppm, respectively (see SI), whereas the spectrum of 7 at pH
8.1 consisted of both of these peaks. These two peaks were
integrated and the Henderson-Hasselbach equation used to
determine a pKa for the boron atom of 8.5 + 0.4. These ''B
chemical shifts of 7 are consistent with those of 1-5, and
provide evidence of similar configuration around the boron
atom for 1-5.

We compared C data for 1-4 and 7 (see SI) at pH 9.3.
Analysis of the chemical shift for the carboxylic acids informed
on whether the carboxylate cyclized onto the boron atom.
Given the X-ray data indicated that compound 7 comprised of
the carboxylate (formerly from the beta-lactam ring) coordinat-
ing to the boron centre, and the near identical chemical shift
for the carboxylates in 7 and 1 (175.16 ppm for 7 and
175.62 ppm for 1), suggest that 1 also exists as the cyclic boro-
nate form at high pH. The chemical shifts for the carboxylates
of 2-4 increased with increasing number of methylene substi-
tuents, with the carboxylate in 2 having a 5 ppm increase rela-
tive to the carboxylate in 1, suggesting 2-4 exist in an acyclic
form with respect to the carboxylic acid (Scheme 1B).

We hypothesize from interpretation of the 'H, ''B and *C
NMR data, together with the crystal structure of 7, that the
species observed at acidic pH (<7) for 1 is a trigonal boron
atom with the carboxylate coordinating to the boron, ie.
species 1-N* (Scheme 1B). As the pH increases, the next struc-
tural change occurs as a consequence of the pK, at boron, con-
verting from trigonal to tetrahedral, equilibrating to 1 exclu-
sively by pH 9, and at pH > 10 deprotonation of the secondary
amine is observed (1-B7), resulting in the sharp "'B peak at
~1 ppm. A similar series of equilibria exist for 7. Whereas
those compounds that do not have the ability to form a
5-membered ring with the carboxylate coordinating to boron
i.e. 2-5, (and by analogy 6) exist at pH < 7 as trigonal benzaza-
borole species 2-N*-5-N", equilibrating to the boronate species
2-5 by pH 9, and at pH > 10 exist as the deprotonated second-
ary amine derivatives (2-B™-6-B”). The pH stability of our
benzazaboroles contrasted with observed decomposition of a
series of related benzazaboroles in water or protic solvents by
ESI-MS,*° although others were able to observe sufficient ben-
zazaborole stability to demonstrate iodide binding.** There is
conjecture in the literature as to whether N-B bonds exist to
any significant extent in protic media."****? The crystallization
of 7 from an aqueous solution, and observation of the unequi-
vocal N-B bond provides evidence that benzazaboroles com-
prise a dative N-B bond in aqueous media. Benzazaboroles
that have previously been characterised crystallographically,
where a clear dative N-B bond was observed were formed
either as complexes,**™® or through crystallization from
organic solvents.”>°> The similar boron chemical shifts for
1-7, across the pH 1-10 range (vide infra) suggest that 1-6 also
comprise a N-B dative bond in aqueous media.
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Diol binding affinities for benzazaboroles

It is widely known that boronic acids and related boron-con-
taining species bind 1,2-diols, and this phenomenon has
resulted in the development of many synthetic receptors for
glucose or other saccharides.*>>*~>® Quantitation of the affinity
between boronic acids and diols is readily accomplished using
the UV-vis or fluorescence method developed by Wang and
Springsteen,””*® with a detailed mechanistic analysis by
Benkovic.”” The method relies upon the change in UV-absor-
bance, or turn-on fluorescence, as the alizarin red S (ARS) cate-
chol forms a complex with a boronic acid (Scheme 2A). The
affinity of benzazaboroles for ARS and other diols has not
been described previously. Using this approach (Scheme 2B),
the benzazaboroles were titrated into ARS and the resulting
fluorescence data fitted to a 1:1 binding isotherm to quantify
the affinity (Table 1, see SI). Data fitting was accomplished
using Thordarson’s*®*® approaches, as previously described,*
or adapting an Excel template for enzyme kinetics®" to include
the 1:1 binding isotherm.®> None of the benzazaboroles
bound to ARS with comparable affinity to phenylboronic acid,
with 1 being the most potent, with a K, 1/3rd that of phenyl-
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Scheme 2 Diol binding schemes. A. Phenylboronic acid and alizarin
red S complex; B. representative benzazaborole and alizarin red S com-
plexes; C. three-component saccharide binding.

Table 1 Binding affinities (K,) measured for benzazaboroles binding to
alizarinred S

Compound K, (M)

1553 +1
3871
296 £ 0.3
114+ 2

88 £ 0.2
39+3

Phenylboronic acid

G W N =

“HEPES (0.1 M), pH 7.4. Errors represent mean + standard deviation.

Org. Biomol. Chem.

View Article Online

Organic & Biomolecular Chemistry

boronic acid. It is reasonable to propose that the presence of
slow exchange between the equilibrium forms of 1-5 (as
observed in the NMR spectra at pH 7-8) effects the strength of
diol binding. There was a decrease in affinity as the chain
length of the amino acid increased, and 5 bound with a K, of
39. A boronic acid contains two hydroxyl substituents and the
boron Lewis centre to accommodate the ARS catechol. By con-
trast, the benzazaboroles 1-5 contain intramolecular hydroxyl,
amino and carboxylate substituents potentially interacting
with boron. Thus, there are fewer coordination sites to readily
accommodate the intermolecular catechol functionality.
Nevertheless, given the fluorescence and UV-visible spectrum
changes upon titration of ARS with the benzazaboroles 1-5, it
is reasonable to propose the formation of a complex as out-
lined in Scheme 2B. In an effort to provide more detailed struc-
tural information, we implemented the recently described
'H-""B HMBC NMR experiment®’ in an attempt to probe struc-
tures and complexes herein, without success.

The fluorescent three-component assay developed by Wang
and Springsteen (Scheme 2C)*” was used to measure relative
affinities to diols generally through a competition experiment,
where the fluorescent complex between boronic acid and ARS
is titrated with a specific diol to determine the relative affinity.
Given that the formation of fluorescent complexes with the
benzazaboroles and ARS was readily accomplished, the affinity
for ten saccharides (fructose, glucuronic acid, glucose, xylose,
sialic acid, mannose, galactose, rhamnose, sucrose and glucos-
amine) was investigated. Thus, complexes of ARS-benzazabor-
ole were formed and titrated with the saccharides (Table 2, see
SI). Phenylboronic acid was included as a control, and had
greatest affinity for fructose and sialic acid. Often fructose is a
potent binder for boronic acid receptors. By contrast, benzaza-
boroles 1 and 2 both had greatest affinity for glucuronic acid
and sialic acid, whereas 3-5 had greatest affinity for fructose
or glucuronic acid. Interestingly, several of the sugars, includ-
ing rhamnose, sucrose and glucosamine, showed no detect-
able affinity in this assay, particularly when considering that
rhamnose contains a cis-diol that is often considered impor-
tant for boronic acid binding. The data demonstrate that
selectivity between saccharides is feasible. It is likely that in
the future, developing boron-containing saccharide binding
congeners where the ionization of the boronic acid does not
result in slow-exchange processes in aqueous media at the pH
where the diol binding experiments are conducted, will result
in enhanced potency.

Antimicrobial activity of benzazaboroles

A panel of representative Gram-positive, Gram-negative and
fungal organisms, including methicillin-resistant
Staphylococcus  aureus  (MRSA),  Enterococcus  faecalis,
Staphylococcus warneri, Pseudomonas aeruginosa, Proteus vul-
garis, and Candida albicans were screened for growth inhi-
bition by 1-3 (see SI). The dose-response data indicated that
none of the bacterial strains experienced more than 25%
growth inhibition at 1 mM. C. albicans was significantly more
susceptible, with growth inhibition of 50% at 0.25-0.5 mM for

This journal is © The Royal Society of Chemistry 2025
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Table 2 Binding affinities (K,) measured for interactions between benzazaboroles and saccharides using the 3-component ARS assay
K,“

Fructose Glucuronic Glucose Xylose Sialic acid Mannose Galactose Rhamnose Sucrose Glucosamine
CPD (M) acid (M7 (M) ™M) (M) M) M) M) M) M)
PBA 117 +1 27 +5 4+1 5+5 54 +28 9+1 5+0.4 n.b n.b n.b
1 31+6 2311 n.b. 8+4 84 +13 27 +5 5+2 n.b n.b n.b
2 29+2 134+ 1 8+1 8+6 85+4 n.b. n.b. n.b n.b n.b
3 302 64+1 2+1 10+1 7+0.2 n.b. 3+2 n.b n.b n.b
1 41+ 2 39+1 n.b. 4+3 10+ 6 6+1 n.b. n.b n.b n.b
5 72+2 59+2 3+1 7+2 n.b. 2+2 312 n.b n.b n.b

n.b. = no significant binding. “HEPES (0.1 M), pH 7.4. Errors represent mean + standard deviation.

all three compounds tested. Calculated MICy, values for
C. albicans were determined to be ~1.2 mM. This activity
against the fungal species is consistent with the role of benzox-
aborole, tavaborole, as an approved antifungal agent, given the
structural similarities. Structural optimization may lead to
benzazaboroles with improved activity.

Beta-lactamase inhibition of benzazaboroles

The role of the benzazaboroles as potential beta-lactamase
inhibitors was explored with 1 and 2. The compounds were
evaluated against a panel of seven recombinant serine and
metallo beta-lactamases, including enzymes from classes A-
D.** Compounds were preincubated with the enzyme (10 min)
prior to initiating the enzymatic reaction with addition of
nitrocefin as substrate. Three different inhibitor concen-
trations were screened, namely 100, 10 and 1 pM. Only KPC-2,
a class A carbapenemase, was susceptible, with 60% and 50%
activity at 100 pM for 1 and 2, respectively. The activity
increased to 95% and 86% at the 10 pM concentration. This
indicates that benzazaboroles have activity against KPC-2, a
serine beta-lactamase, and suggests that structural optimiz-
ation may lead to more potent specific inhibitors.

Conclusions

A series of novel benzazaboroles were synthesized and structu-
rally characterized. There is a reversible pH dependence on the
structure of the benzazaboroles, primarily relating to the con-
version of the trigonal boron to tetrahedral boron around
neutral pH, whilst at basic pH (>10) deprotonation of the sec-
ondary amine is proposed. Evidence for the presence of a
dative N-B bond was obtained through a crystal structure of
the benzazaborole isolated from the derivatization and reac-
tion of 6-aminopenicillanic acid. This adduct also provided
structural insight into the intramolecular cyclization of the car-
boxylate onto the boron atom. This cyclization was not
observed for those derivatives with multiple methylene func-
tionality between the amino and carboxy functionality. The
benzazaboroles were investigated as diol binding agents using
fluorescence assays. As the chain length increased between the
amino and carboxy functionality, the affinity decreased for ali-
zarin red S. As of now, it is unclear why the binding decreases

This journal is © The Royal Society of Chemistry 2025

with increasing chain length, further investigation into that
matter is needed. Each of the benzazaboroles was investigated
for saccharide binding and preferences to different sugars
were observed. The shorter chained benzazaboroles preferen-
tially bound glucuronic acid or sialic acid, whilst the longer
chained analogues bound fructose or glucuronic acid. These
investigations provide the first insights into benzazaborole-
diol binding recognition and the structural characteristics of
these water-soluble saccharide sensors. Their antifungal
activity, and their activity against KPC-2, a class A carbapene-
mase, provides opportunities for structure-activity improve-
ment to deliver more potent benzazaboroles.
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