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Benzoxaborole, as a versatile scaffold, plays important roles in organic synthesis, molecular recognition and supramolecular
chemistry. It is also a privileged structure in medicinal chemistry due to its desirable physicochemical and drug-like properties.
Recently, benzoxaboroles were widely applied as antifungal, antibacterial, antiviral, anti-parasite, and anti-inflammatory
agents. This review covers the properties, synthetic methods and applications of benzoxaboroles in medicinal chemistry.
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1 Introduction

In nature, boron generally exists as boric acid, which is an
essential nutrient for plant. However, only few boron-
containing organic natural compounds were found, such as
boromycin and autoinducer-2 [1]. But the synthetic boron-
containing compounds cover a variety of structures, includ-
ing boronic acids, diazaborines, oxazaborines and benzox-
aboroles.

Benzoxaboroles were first synthesized and characterized
in 1957 by Torssell [2]. Unsubstituted benzoxaborole (1)
(Figure 1(a)) is generally named as 1,3-dihydro-1-hydroxy-
2,1-benzoxaborole. In the past fifty five years, the applica-
tions of benzoxaboroles covered various fields, exemplified
by organic synthesis, glycopeptides recognition and supra-
molecular chemistry [3]. But the applications in medicinal
chemistry have only begun since 2006, when 5-fluroben-
zoxaborole (AN2690, 2, Figure 1(b)) was found to have
antifungal activity [4]. AN2690 inhibits fungal protein syn-
thesis by targeting leucyl tRNA synthetase (LeuRS) [5]. It is
now under Phase III clinical trials for the treatment of topi-
cal onychomycosis. With further research, benzoxaboroles
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Figure 1 (a) Benzoxaborole (1); (b) AN2690 (2), Phase III trials for
topical treatment of onychomycosis; (c) AN2728 (3), Phase II trials for
topical treatment of atopic dermatitis; (d) AN2898 (4), Phase II trials for
topical treatment of psoriasis and atopic dermatitis.

show a variety of bioactivities, such as antibacterial [6],
antiviral [7], anti-parasite [8] and anti-inflammatory [9].
Because of the rare existence of boron-containing com-
pounds in nature and lack of experience in drug develop-
ment historically, there are concerns over benzoxaboroles’
toxicology and pharmacology [1]. Fortunately, a large
number of clinical trials dispelled these concerns, and liter-
atures demonstrated that benzoxaboroles showed no genetic
toxicology liability [10]. There are several benzoxaboroles
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in clinical trials such as AN2690 (2), AN2728 (3) and
AN2898 (4) (Figure 1). Both of AN2728 and AN2898 are
anti-inflammatory agents that are currently under Phase II
clinical trials for the topical treatment of psoriasis and atopic
dermatitis.

Considering the important potential applications in drug
development, we provide an overview of the relevant liter-
atures to introduce benzoxaboroles’ properties, synthetic
methods and applications in medicinal chemistry.

2 The properties of benoxaboroles

Compared with corresponding arylboronic acids or other
compounds, benzoxaboroles show exceptional properties.

The parent structure of a benzoxaborole consists of a
phenyl ring and a five-membered oxaborole ring. Single-
crystal X-ray diffraction showed that the structures of ben-
zoxaboroles in solid state were centrosymmetric dimers
with two intermolecular hydrogen bonds (Figure 2) [11].
Benzoxaboroles can be treated as internal esters from cor-
responding orth-hydroxymethylphenylboronic acids. The
length of exocyclic B-O bond is shorter than the endocyclic
one, and the exocyclic C—B-O angle is bigger than the en-
docyclic one, which is the source of ring strain of the
five-membered oxaborole [3]. Both experimental data and
theoretical calculations indentified that the benzoxaboroles
were more stable than the corresponding arylboronic acids
[12], with the fact that orth-hydroxymethylphenylboronic
acids could dehydrate spontaneously in water to generate
benzoxaboroles [3]. The B-O bond of benzoxaboroles is
difficult to be hydrolyzed and meanwhile the B—C bond of
benzoxaboroles is also more stable than arylboronic acids.
For instance, benzoxaborole could be recovered unchanged
after refluxing with 10% HCI for 3 h; it could be recovered
almost quantitatively after refluxing with 15% NaOH for 3
h; and it could be recovered after refluxing with thionyl
chloride. By contrast, 90% p-tolueneboronic acid was hy-
drolyzed to toluene and boric acid after refluxing with 10%
HCl for 1.5 h [13].

Boron contains three valence electrons and an empty
p-orbital, so benzoxaboroles are electrophiles that could
form dative bonds with nucleophiles. The formation of da-
tive bonds transforms the sp” hybridization of boron to sp’
hybridization, and the structure of boron is converted from
uncharged, trigonal-planar structure to anionic, tetrahedral
structure. This transformation releases the ring strain of the
cyclic ester of benzoxaborole [1]. For example, benzoxabo-
roles tend to exist in charged (hydroxylated) forms under

Figure 2 The dimer formed by benzoxaborole.
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basic condition. The pK, values of benzoxaboroles are
around 7-8 [14], 1-2 units lower than the corresponding
phenylboronic acids (Figure 3). Consequently, benzoxabo-
roles have better solubility in water at physiological pH
compared with phenylboronic acids. And good solubility in
physiological pH required for clinical drug candidates is one
of the drug-like properties.

3 Synthesis of benzoxaboroles

3.1 Synthesis of benzoxaboroles with substitutions on
the phenyl ring

The currently reported benzoxaboroles with the applications
in medicinal chemistry are mainly limited to the benzox-
aboroles with substitutions on the phenyl ring. For example,
5-flurobenzoxaborole (AN2690, 2) shows broad antifungal
activity [4]; 6-substituted benzoxaboroles show potent ac-
tivity of anti-trypanosomiasis [8]; 7-substituted benzoxabo-
roles show good antimalarial activity [15].

There are various methods to synthesize these benzox-
aboroles. The commonly used methods can be classified
into two categories: (1) Using corresponding ortho-bromo
or ortho-iodo toluene derivatives as starting materials, ben-
zylic methyl is brominated by N-bromosuccinimide or bro-
mine, followed by hydrolysis of bromide to benzyl alcohol
via multistep reactions. The hydroxyl group is generally
protected by 3,4-dihdropyran or MOMCI. The boronic
group is installed via the reaction with butyl lithium/borate.
After the protecting groups are removed under acidic condi-
tion followed by intramolecular esterification, benzoxabo-
roles are obtained (Scheme 1(a)) [8-9, 16-19]; (2) Starting
from ortho-formyl-substituted aryl halides or triflates, aryl-
boronates are obtained after reaction with bis(pinacolato)
diboron with Pd catalyst (Pd(PPh;);Cl, or Pd(pddf)Cl,) in
the presence of weak base, such as KOAc. After the formyl
group is reduced to hydroxyl group, the pinacol ester is hy-
drolyzed to arylboronic acid followed by intramolecular
esterification to form benzoxaboroles under acidic condition
(Scheme 1(b)) [15, 20-23]. The latter method has the ad-
vantage of mild reaction conditions, so functional groups,
such as cyano, carbonyl, remain intact. In addition, the high
yields of this method [24-26] made it widely recommended
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Scheme 1 The commonly used methods for the synthesis of benzoxaboroles with substituted phenyl rings.

in recent literatures.

Alternative approaches have also been reported for the
preparation of benzoxaboroles. For instance, Yamamoto et
al. [27, 28] prepared benzoxaboroles via Ru catalyzed cy-
clotrimerization from alkynes, which can be used to prepare
5,7-disubstituted benzoxaboroles conveniently (Scheme
2(a)); Grassberger [29] hydrolyzed 1,2-dihydro-1-hydroxy-
2,3,1-benzodiazaborines to corresponding benzoxaboroles
(Scheme 2(b)).

The stability of the benzoxaborole core allows modifica-
tions under various reaction conditions. For instance, ben-
zoxaborole could be nitrated with fuming nitric acid to ob-
tain 6-nitrobenzoxaborole, which could subsequently be
reduced to 6-aminobenzoxaborole under hydrogen in the
presence of Raney nickel or Pd/C (Scheme 3(a)) [30]; they
could be oxidized with CrO; without any damage of the
scaffold (Scheme 3(b)) [31]; could be heated to reflux for 6
hours under 6 mol/L. NaOH (Scheme 3(c)) [9]; they could
tolerate concentrated hydrochloric acid or reduction with
lithium aluminum hydride (Scheme 3(d)) [32].

3.2 Synthesis of 1-substituted benzoxaboroles

B-OH group in the 1-position of benzoxaboroles can react
with alcohols in dry solvent to yield esters. However, sim-
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Scheme 2 Alternative methods for the preparation of benzoxaboroles
with substitute phenyl rings.

ple alkyl esters are extremely sensitive to water. They ab-
sorb moisture from the air and spontaneously hydrolyze to
the corresponding benzoxaboroles (Scheme 4) [33]. But
some of the esters are rather stable toward hydrolysis. For
example, the ethanolamine ester of benzoxaborole (5) (Fig-
ure 4) is stable due to the additional coordination between
boron atom and amino group [3, 33]. Similarly, X-ray crys-
tal structure [34] showed that the 10-hydroxybenzo[/] quin-
oline ester (6, Figure 4) also has the similar bidentate coor-
dination, and thus showed good stability.

Bezoxaboroles bearing aryl or heteroaryl groups directly
on the boron atom can be prepared as shown in Scheme 5
[4]. Protected 2-bromobenzyl alcohols are first treated with
butyl lithium and then reacted with the corresponding bo-
ronic acid esters to give borinic acid. Subsequently, the
protecting group is removed under acidic condition to form
the corresponding benzoxaboroles.

3.3 Synthesis of 3-substituted benzoxaboroles

Bezoxaboroles with substituents at the C(3) position can be
obtained with methods similar to those described in Section
3.1. The starting materials are brominated by N-bromo-
succinimide, and then hydrolyzed to the alcohol intermedi-
ates, which are subsequently cyclized to form lactone under
acidic conditions (Scheme 6(a)) [35, 36].

Starting from o-formyl arylboronic acids, followed by
the treatment with nucleophiles, 3-substituted benzoxabo-
roles can be conveniently synthesized as shown in Scheme
6(b) [35]. Snyder and coworkers synthesized 3-substituted
derivatives by the reactions of o-formylarylboronic acids
with nucleophiles, such as sodium cyanide, isopropylidene
malonate and nitromethane [37]. Sporzyriski et al. [35, 38]
used o-formyl arylboronic acids and secondary amines to
prepare the corresponding 3-substituted derivatives.

In addition, 3-substituted benzoxaboroles can be synthe-
sized through reaction of protected arylboronic acids with
butyl lithium, followed by the treatment with aldehydes
(Scheme 6(c)) [3, 39].
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Figure 4 Bidentate coordination between boron atom and nitrogen-
containing ligands.
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Scheme 5 Synthesis of 1-substituted benzoxaboroles.
4 Applications in medicinal chemistry

4.1 Applications in organic synthesis

Benzoxaboroles are important organic synthetic intermedi-
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ates playing a critical role in organic chemistry, especially
in Suzuki-Miyaura cross coupling reaction. Benzoxaboroles
can be used to prepare ortho-substituted benzyl alcohols
through Suzuki-Miyaura cross coupling reaction. For in-
stance, a benzoxaborole derivative was applied in the total
synthesis of vancomycin by Nicolaou et al. [40], wherein a
benzoxaborole was cross coupled with an aryl iodide to
obtain the benzyl alcohol intermediate for the total synthesis
of vancomycin (Scheme 7).

Yamamoto et al. [28] reported that benzoxaboroles could
be converted to various compounds with the assistance of
Ru or Pd catalysts as shown in Scheme 8.

4.2 Application as antifungal agents

AN2690 (2, Figure 1(b)) is the first well studied benzoxabo-
role antifungal agent [4]. It effectively penetrates the nail
plate and nail bed [41], and is currently in Phase III clinical
trials for the topical treatment of onychomycosis [42].
AN2690 is a broad spectrum antifungal agent targeting vari-
ous pathogens including Trichophyton rubrum, Tri-
chophyton mentagrophytes, Cryptococcus neoformans and
aspergillus [1, 4]. Structure-activity relationship (SAR)
studies [4, 5] demonstrated that the five-membered oxabo-
role ring was indispensable for its antifungal activity. Its
5-chloro analog (AN2718) showed greater potency in the
inhibition of Trichophyton rubrum and Trichophyton men-
tagrophytes, and had completed Phase I clinical trials [42].
Benzoxaboroles block protein synthesis by targeting
fungal leucyl-tRNA synthetase (LeuRS) [5]. Aminoacyl-
tRNA synthetases catalyze the attachment of amino acids to
their corresponding cognate tRNAs, which precedes the
transportation of the resultant aminoacyl-tRNA to ribosome
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Scheme 8 Application of benzoxaboroles in organic synthesis.
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for protein synthesis. Seven out of the twenty aminoacyl-
tRNA synthetases have both an editing domain and a syn-
thetic domain. The synthetic domain charges the correct
amino to the terminus of corresponding tRNA, while the
editing domain is responsible for the proof-reading of amino-
acyl-tRNA, and hydrolyzes mis-charged tRNA. The boron
atom of the benzoxaborole inhibitors forms a covalent tet-
rahedral adduct with the 2'- and 3'-hydroxy groups of
tRNA’s 3'-terminal adenosine in the editing pocket [1, 5]
(Figure 5), thus trapping the tRNA in the editing site and
blocking protein synthesis as the consequence.

4.3 Application as antibacterial agents

Benzoxboroles also inhibit bacterial aminoacyl tRNA syn-
thetases. GSK2251052 (7, Figure 6) [31] was proved to
target bacterial LeuRS. Its antibacterial activity was not
affected by general resistance mechanisms including efflux

o pumps and Slactamases. Unfortunately, although
GSK2251052 showed good inhibitory activity against
Gram-negative bacterial infections, it was discontinued in
OAc the Phase II clinical trials due to the findings of resistance in
a small number of patients undergoing treatment of compli-
0 cated urinary tract infections.
0 NH,
N7 | N\> °
OAc I*‘N N 0-P-0
o 69 MRNA
OAc
o 0
N'Bu O
F

Figure 5 The complex of tRNA-AN2690.
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Figure 6 The structures of benzoxaboroles as antibacterial agents.

Benzoxaboroles have been reported to inhibit
B-lactamases. The B-lactam antibiotics is one of the most
widely used antibacterial agents. Resistance to B-lactam
antibiotics occurs when bacteria acquire the B-lactamases
which catalyze the hydrolysis of B-lactam ring [43]. Xia et
al. [6] reported 6-aryloxy benzoxaboroles as a new class of
B-lactamase inhibitors. As an example, compound 8 (Figure
6) inhibits CMY-2 and AmpC P99, which are class C
[-lactamases, with K; values in low nanomolar range. With
the presence of compound 8 at the concentration of 8 pg/mL,
the minimum inhibitory concentration (MIC) of ceftazidime,
which is a third-generation cephalosporin antibiotic, was
restored from > 128 pg/mL to 1 pg/mL against E. cloacac
expressing AmpC P99 and 0.5 pg/mL against E. coli ex-
pressing CMY-2.

4.4 Application as antiviral agents

Hepatitis C virus (HCV) is one of the main causes of
chronic liver diseases, such as cirrhosis, liver cancer and
hepatic failure [44]. There are approximately 200 million
people worldwide infected by HCV. The general treatment
for HCV is the combination therapy of ribavirin and inject-
able pegylated interferon-a. But this treatment is restricted

(b)
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by the limited efficacy and side effects, so it is urgent to
develop new drugs against HCV [45]. Since HCV NS3 ser-
ine protease plays an important role in the replication of the
virus, HCV NS3 became a promising target for the treat-
ment of HCV infection [46]. Extensive efforts have been
made to develop novel benzoxaborole-containing macro-
cylic (Figure 7(a, b)) and acyclic (Figure 7(c)) HCV NS3
protease inhibitors [7, 32, 47]. Some of these compounds
showed excellent inhibitory activity against HCV NS3 pro-
tease and viral replication.

4.5 Application as antiparasitic agents

Benzoxaboroles represent a novel class of anti-parasitic
agents. A number of studies demonstrated their applications
in the treatment of African trypanosomiasis and malaria,
which has been reviewed in detail [48-50]. Here, we sum-
marize the status of discovery and the latest developments
in this field.

African trypanosomiasis, also named sleeping sickness,
is prevalent in sub-Saharan Africa. More than one million
people were infected by the causative pathogen Trypano-
some brucei, including T. b. gambiense and T. b. rhodesiense.
Over 95% of the cases are caused by T. b. gambiense, while
less than 5% attribute to T. b. rhodesiense [49, 50].

Zhou et al. [17] reported benzoxaborole-based T. brucei
LeuRS inhibitors as antitrypanosomal agents (Figure 8(a)).
More antitrypanosomal benzoxaboroles have been discov-
ered by phenotypic screening approaches (Figure 8(b—d))
[8, 19, 51, 52]. Their mechanisms of action remain unclear
and are currently under investigation.

All currently reported benzoxaborole antitrypanosomal
agents belong to 6-substituted benzoxaboroles. SCYX-7158
(9, Figure 8(d)) is currently in Phase I clinical trials.
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Figure 7 Benzoxaborole-containing macrocylic (a, b) and acyclic (¢) HCV NS3 protease inhibitors.



1378 Zhang J, et al.

Malaria is caused by the infection of Plasmodium falci-
parum via mosquitoe as the vector. It strikes an estimated
250 million population and leads to 1 million deaths world-
wide annually. Compound 10 (Figure 9) was discovered to
be a potent antimalarial agent with inhibitory ICsy of 26
nmol/L against Plasmodium falciparum. It also showed de-
sirable drug-like properties, including low molecular weight
(206), low ClogP (0.86) and high water solubility (750
pg/mL at pH 7.0) [15]. Structure-activity relationship stud-
ies revealed that the 4-fluoro derivative 11 (Figure 9)
showed 1.7 fold increase of activity against Plasmodium
falciparum when compared to compound 10 [22].

4.6 Application as anti-inflammatory agents

Benzoxaboroles also display anti-inflammatory activity.
Akama and coworkers [9, 16] reported studies about 5/6-
substituted benzoxaboroles as anti-inflammatory agents.
The 5-substituted AN2728 (3) and AN2898 (4) (Figure
1(c)), and 6-substituted AN3485 (12, Figure 10) were found
to be potent anti-inflammatory agents. AN2728 shows in-
hibitory activity against phosphodiesterase 4 (PDE4), which
is a known anti-inflammatory target, with an ICs, of 0.49
pmol/L, and simultaneously blocks the release of cytokines
such as TNF-a (ICsy = 0.54 umol/L) and IFN-y (IC5, = 2.4
pmol/L) [9]. Currently AN2728 is in Phase II clinical trials
for the topical treatment of psoriasis and atopic dermatitis.
AN2898, which is an analog of AN2728, is also a PDE4
inhibitor and is currently in Phase II clinical trials for topi-
cal treatment of psoriasis and atopic dermatitis. AN3485
shows excellent inhibitory activity against cytokines,

R= alkyl group

(a)

oo O\r“

(d) SCYX-7158 (9)

Figure 8 The structures of benzoxaboroles as antitrypanosomal agents.

COOH
COOH

OH
OH !
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Figure 9 The structures of benzoxaboroles as antimalarial agents.
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including TNF-a, IL-6, and IL-1p, with ICs, values in the
range of 33 nmol/L to 83 nmol/L [16]. It suppresses the
production of TNF-a and IL-6 with an EDs, of 30 mg/kg in
a murine model. Furthermore, it can be administered orally.
The 5-substituted benzoxaborole 13 (Figure 10) also shows
good inhibitory activity against PDE4 (ICsy = 47 nmol/L)
with low systemic side effects [23].

4.7 Application as anticancer agents

There are very limited literatures on the application of ben-
zoxaboroles in the field of antitumor research. Kumar et al.
[53] tested benzoxaboroles against cancer cell lines includ-
ing breast cancer cells MCF-7 and multiple myeloma cells
RPMI-8226, but none of the compounds showed any inhib-
itory activity.

It is worth mentioning the boron neutron capture therapy
(BNCT) [21, 54] in this context. After the absorption of
thermal neutrons, '°B self-destructs to release lithium ion
('Li) and high energy o-particles (‘He). p-Boronophen-
ylalanine (BPA, 14, Figure 11) is a boron-containing amino
acid with high affinity to tumor cells, thus when, °B_con-
taining BPA is enriched in tumor tissues it could kill cancer
cells upon irradiation of thermal neutrons. But the clinical
use is limited due to its poor water solubility at physiologi-
cal pH. With pK, values in the range of 7-8, benzoxaboroles
have the advantage of improved water solubility at the
physiological pH of 7.4. Li et al. [21] synthesized benzox-
aborole-containing phenylalanine analogs 15 and 16 (Figure
11) which showed 2-3 folds of increased water solubility as
compared with BPA. These analogs may be of use in BNCT,
but subsequent study was not reported.

Cl OH
o B
AY
o
HCI'H,N \@[/

AN3485 (12)
to = B\
| o]
—
N o]

Figure 10  The structures of benzoxaboroles as anti-inflammatory agents.

OH
B
w O
L= cH2 15
CH,0 16

Figure 11 The structure of p-boronophenylanine (14) and benzoxaborole-
containing phenylalanine analogs (15, 16).
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4.8 Application of natural products conjugated with
benzoxaboroles

Privileged scaffolds from natural products possess a variety
of bioactivities. These scaffolds were used as chemoyl or a
combination of chemoyls [55] in conjugation with benzox-
aboroles to acquire new properties. Zhou et al. conjugated
chalcone structure with benzoxaboroles to obtain chalcone-
benzoxaborole hybrids (Figure 12(a)), which showed excel-
lent antitrypanosomal activity. For example, compound 17
(Figure 12(b)) showed an ICs, value of 0.01 pg/mL against
the blood stream form of the parasites and was effective in a
murine infection model [8].

Glycopeptide antibiotics, such as vancomycin, exert their
antibacterial activity by inhibiting the synthesis of bacterial
cell wall. When the D-alanine at the C-terminal of pepti-
doglycan is replaced by D-lactate the bacterium renders re-
sistance to glycopeptide antibiotics. Preobrazhenskaya and
coworkers [56] conjugated benzoxaboroles with glycopep-
tide antibiotics, such as vancomycin, eremomycin, and
teicoplanin, to obtain teicoplanin aglycone-benzoxaborole
derivatives (Figure 13) which overcame resistance of
gram-positive bacteria to vancomycin.

5 Conclusion and prospect

Benzoxaboroles were largely neglected in the past and have

(b) (17)

Figure 12 Chalcone-benzoxaborole hybrids.

OH
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o} o]
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|
o 4 o ¢ o 4 o
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HO o}

ZT
ZT
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Figure 13 Teicoplanin aglycone-benzoxaborole derivatives.
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begun to draw interests from researchers in recent years.
They have been applied in organic synthesis, molecular
recognition, supramolecular chemistry, and medicinal
chemistry. Benzoxaboroles display desirable physicochem-
ical properties and low toxicity. Their successful applica-
tions in antifungal, antibacterial, antiviral, and antiparasitic
fields demonstrate that benzoxaboroles have become a new
class of anti-infective agents. We believe that more ben-
zoxaboroles with promising efficacy and low toxicity would
emerge in the future.

This work was financially supported by National Natural Science Founda-
toin of China (81222042) and National Basic Research Program of China
(2009CB918404, 2012CB518001 ).
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