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Boron-containing compounds which possess unique and attractive properties have received increasing at-
tention from the pharmaceutical industry and academia recently. They have shown interesting and useful
biological activities, including antibacterial, antifungal, antiparasitic, antiviral, and anti-inflammatory activities.
In this review, the synthetic strategies for various boron-containing compounds, including peptidyl boronic
acids, benzoxaboroles, benzoxaborines, benzodiazaborines, amine carboxyboranes, and amine cyano-
boranes are summarized. Representative structures of each structural class and recently developed biologi-
cally active boron-containing compounds are used as examples in this review.
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Introduction

Due to their unique electronic and physicochemical proper-
ties, the pharmaceutical industry and academia are paying in-
creasing attention to boron-containing compounds in order
to develop novel therapeutics. These compounds are strong
Lewis acids because boron has an empty p-orbital which al-
lows them to form dative bonds (coordinate covalent bonds)
with nucleophiles. The boron center can be readily converted
from neutral trigonal planar sp> to tetrahedral sp® hybridiza-
tion under physiological conditions, rendering the unique
chemical and biological properties of boron-containing com-
pounds. Simple alkyl or aryl boron-containing compounds
have been recognized as serine protease inhibitors since the
1970s." Subsequently, more boron compounds with various
structures have been synthesized for the development of novel
therapeutic agents.*™®

This review aims to describe the synthetic strategies to-
ward boron-containing compounds with useful biological ac-
tivities, including peptidyl boronates/boronic acids, benzo-
xaboroles, benzoxaborines, benzodiazaborines, amine
carboxyboranes, and amine cyanoboranes. Other boron-
containing compounds, such as phenylboronic acids or
alkylboronic acids, are not discussed.

1. Peptidyl boronates/boronic acids

As key intermediates, a- and -aminoboronic acids can be in-
corporated into peptidyl boronates/boronic acids which have
shown various biological activities.”*® In this section, the
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syntheses of bioactive - and B-aminoboronic acid derivatives
are summarized.

a-Aminoboronic acid derivatives

Matteson et al. developed a stereoselective homologation of
chiral pinanediol boronic esters using dichloromethyllithium
and applied this reaction to the synthesis of a-aminoboronic
acid derivatives. The stereochemistry is controlled using (+)-
or (-)-pinanediol which directs the chirality."” "

The general synthetic approach to o-aminoboronic acid
derivatives is shown in Scheme 1. Substituted pinanediol bo-
ronic esters 1 are converted to a-chloroboronic esters 2 by
Matteson homologation. The o-aminoboronic esters 4 are
obtained through an SN2-type nucleophilic substitution reac-
tion of a-chloroboronic esters 2 with lithium hexamethyl-
disilazide (LiHMDS), followed by trimethylsilyl (TMS)
deprotection. The a-aminoboronic esters 4 can be coupled
with different amino acids, followed by deprotection of the
pinanediol through transesterification with phenylboronic
acid, or under acidic conditions, to afford peptidyl
o-aminoboronic acids 5.

In 1998, Adams et al.>* reported that dipeptide boronic
acid 13 (bortezomib) displayed potent and selective inhibi-
tion of proteasome enzymatic function. As the first boron-
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Scheme 1 Synthesis of a-aminoboronic acids.
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containing drug approved by the FDA in 2003, bortezomib
has been used to treat multiple myeloma.>***

As shown in Scheme 2, the synthesis of bortezomib (13)
started with generating chiral boronic ester 7 through esteri-
fication of isobutylboronic acid 6 with (+)-pinanediol. Subse-
quent one-carbon homologation via Matteson rearrangement
afforded o-chloroboronic ester 8 in good yield and high
diastereoselectivity. Displacement of chloride with LiHMDS
yielded 9. Subsequent TMS deprotection using trifluoroacetic
acid (TFA) afforded the key intermediate a-aminoboronic es-
ter 10. Coupling 10 with pyrazinoic-acid-substituted phenylal-
anine 11 afforded compound 12 which was reacted with iso-
butylboronic acid to afford the desired product 13
(bortezomib).>

Using this Matteson rearrangement, a series of bioactive
peptidyl a-aminoboronic acids have been prepared.’* > In
2010, Li et al>®?' reported a macrocyclic compound 23
(Scheme 3), derived from an a-amino cyclic boronate, which
showed excellent inhibitory activity against HCV NS3. The
synthetic route to this macrocyclic inhibitor, which contains
a five-membered a-amino oxaborole, is shown in Scheme 3.%*
Transmetalation of chloroiodomethane (CH,ICI) 14 with
n-butyllithium (n-BuLi) in the presence of borate gave
diisopropyl chloromethylborate 15 which underwent trans-
esterification with (+)-pinanediol to afford pinanediol boronic
ester 16. Reaction of 16 with p-methoxybenzyl alcohol (PMB-
OH) gave PMB-protected alcohol 17. Transmetalation of 17
afforded elongated compound 18. (R)-o-Chloroboronate 19
was obtained by methylene chloride insertion into 18 using
Matteson homologation. Nucleophilic displacement of 19
using LiHMDS gave TMS-protected o-aminoboronic ester 20.
After treatment with anhydrous HCI, o-aminoboronic ester
21 was obtained as a salt. Subsequent coupling of 21 with
macrocyclic acid 22, pinanediol removal, and spontaneous
ring formation in the presence of HCI and isobutyl boronic
acid yielded compound 23 in a one-pot procedure.

Prati et al®*?* investigated carboxyphenyl-glycylboronic
acids and identified 28 as an inhibitor of class C -lactamase
(AmpC) with a K; value of 1 nM. The synthesis of this antibi-
otic is outlined in Scheme 4. Protection of the carboxy group
in 24 gave oxazolidine derivative 25. Boronation of 25 at -78
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Scheme 2 Synthesis of bortezomib.
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Scheme 3 Synthesis of the macrocyclic HCV NS3 protease inhibitor.

°C using n-butyllithium and trimethyl borate, and subsequent
transesterification with (+)-pinanediol, afforded 26. Com-
pound 26 was then converted to 27 in a one-pot Matteson
homologation to avoid epimerization of the a-chloro interme-
diate. Conversion of the pinanediol ester to the free boronic
acid and deprotection of the carboxy moiety were achieved by
hydrolysis in degassed HCI under reflux conditions.

B-Aminoboronic acid derivatives

Lejon et al.*** synthesized a series of a-, -, and o,B-disub-
stituted B-aminoboronic dipeptide mimetics with potent anti-
tubercular activities. The stereoselective synthesis of these
compounds combined Matteson homologation with nucleo-
philic substitution. The synthesis approaches are summa-
rized in this section.

Generally, a-substituted B-aminoboronic acids were syn-
thesized from a-bromo pinanediol boronate 29. The bromide
was substituted with azide to give azidomethyl boronate 30,
which was then converted to the corresponding 1-chloro-2-
azidoethyl boronate 31 by Matteson homologation. Com-
pound 31 reacted with different Grignard reagents to afford
a-substituted p-azidoboronates 32 with an inversion of
stereochemistry. Reduction of the azido group with lithium
aluminum  hydride  (LiAlH,) yielded o-substituted
B-aminoboronates 33 which could be coupled with various
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Scheme 4 Synthesis of carboxyphenyl-glycylboronic acids as inhibi-
tors of AmpC B-lactamase.
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amino acids to generate peptidyl o-substituted
B-azidoboronates 34.>* Free boronic acid 35 was usually
obtained from its pinanediol ester 34 by transesterification
with phenylboronic acid or under acidic conditions
(Scheme 5).

The synthesis of [-substituted B-aminoboronic acid is
shown in Scheme 6. Starting from alkylboronic ester 36,
o-chloroboronic ester 37 was obtained by Matteson homolo-
gation. Substitution of chloride with azide, followed by an-
other homologation, afforded o-chloro-B-azidoboronate 39
which was reduced to p-substituted B-azido boronic ester 40
using lithium triethylborohydride (LiBHEt;). Reduction of the
azido group with LiAlH, produced B-substituted
-aminoboronic ester 41. Coupling the B-aminoboronic ester
with various amino acids afforded peptidyl boronates 42 or
peptidyl boronic acids 43 (Scheme 6a).>”

However, this synthetic procedure was not suitable for in-
troducing a phenyl group into the B-position, as the substitu-
tion of a-chloro B-phenyl pB-aminoboronic esters with azide
led to decomposition and formed a significant amount of
benzaldehyde. Therefore, a modified procedure was
employed using hexamethyldisilazane (HMDS) to introduce
the amino functionality (Scheme 6b).>*

Furthermore, a-chloro-f-azidoboronate 39 could react with
different Grignard reagents to afford a,B-disubstituted
B-azidoboronic esters 48 (Scheme 7). The subsequent reduc-
tion of azido groups yielded a,B-disubstituted
f-aminoboronic esters 49 which could be coupled with differ-
ent amino acids to prepare peptidyl a,B-disubstituted
f-azidoboronic esters 50. The pinanediol can also be removed
in the final step to afford 51.%°

2. Benzoxaboroles

Benzoxaboroles were first synthesized and characterized in
1957 by Torssell (Fig. 1a).>**” They have been applied in or-
ganic synthesis, supramolecular chemistry, and glycopeptide
recognition since then. This class of compounds had received
little attention in medicinal chemistry until 2006, when their
exceptional sugar-binding properties under physiological con-
ditions were described.’® 5-Fluorobenzoxaborole (tavaborole,
Fig. 1b), used for the treatment of onychomycosis, was the
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Scheme 5 Synthesis of a-substituted B-aminoboronic acid derivatives.
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Scheme 6 (a) Synthesis of B-substituted p-aminoboronic ester or acid
derivatives. (b) Synthesis of 3-phenyl -aminoboronic esters.

first benzoxaborole drug approved by the FDA.>*™*! The dis-
covery of tavaborole has motivated the in-depth investigation
of benzoxaboroles in medicinal chemistry.

Benzoxaboroles with substituents on the phenyl moiety

Benzoxaboroles are internal esters of substituted ortho-
boronobenzyl alcohols. These benzyl alcohols undergo intra-
molecular dehydration with the boronic acid group, resulting
in cyclization to form benzoxaboroles.*>** Therefore,
o-(hydroxymethyl)phenylboronic acid is usually generated in
situ and used directly as an intermediate in benzoxaborole
synthesis.

One general synthetic method for this key intermediate in-
volves these steps: (i) the installation of a hydroxymethyl
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R'=benzyl, methyl; R?= remaining portion of amino acid (L)-lysine, (L)-phenylalanine,
(L)-alanine, (L)-lysine-(L)-phenylalanine, (L)-proline; R3= methyl, benzyl

Scheme 7 Synthesis of o,B-disubstituted p-aminoboronic acid
derivatives.
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4 3 tavaborole

Fig. 1 (a) Benzoxaborole structure and ring numbering. (b) Chemical
structure of tavaborole.

group on phenyl halides or triflates through the hydrolysis of
benzyl bromide 52 (Scheme 8a), or the reduction of benzyl
aldehyde or benzyl carboxymethyl ester 53 (Scheme 8b); (ii)
the introduction of a boron group by reacting the aryl halide
or triflate with n-butyllithium and alkyl borate, or through a
Pd-catalyzed reaction with bis(pinacolato)diboron. Rational
selection of a protection and deprotection strategy for the hy-
droxyl group that is appropriate for the reaction conditions is
necessary. Finally, the boronate was hydrolyzed to a boronic
acid, and the cyclization proceeded spontaneously to produce
benzoxaborole 57.%4"*

In an alternative synthetic route, ortho-halo or
trifluoromethanesulfonyl benzaldehyde 55 was converted into
boronate ester 56 via Pd-mediated boronylation. Subsequent
reduction of aldehyde 56 and simultaneous cyclization pro-
duced benzoxaborole 57 (Scheme 8c).**">

Zhou et al. designed and synthesized a series of benzo-
xaborole derivatives with different substituents on the phenyl
moiety that showed potent antiparasitic,>> antibacterial,”®
and anticancer’” activities. The synthesis of chalcone-benzo-
xaborole compound 65, which has potent antitrypanosomal
activity, is  outlined in  Scheme 9. Dimethyl
2-bromoterephthalate 60 was obtained from the oxidation of
2-bromo-1,4-dimethylbenzene 58 using KMnO, to form acid
59, followed by esterification. Ester 60 was reduced by lith-
ium borohydride (LiBH,) to give 2-bromobenzenedimethanol
61, followed by protection with dihydropyran (DHP) to afford
62. Benzoxaborole 63 was obtained by adding boronic acid to
62 using n-butyllithium and triisopropyl borate, followed by
deprotection and spontaneous cyclization using HCL
Aldehyde intermediate 64 was obtained by pyridinium chloro-
chromate (PCC) oxidation. Chalcone-benzoxaboroles 65 were
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Scheme 8 Three general synthetic methods, (a)-(c), for

benzoxaboroles.
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Scheme 9 Synthesis of chalcone-benzoxaboroles as potent
antitrypanosomal agents.

prepared by aldol condensation under alkaline or acidic con-
ditions, with E-isomers obtained as the sole isomers, as con-
firmed by "H NMR. The Wittig reaction was also effective for
the conversion of aldehyde intermediate 64 into substituted
benzoxaboroles, which were also proved to be E-isomers by
NMR. It is worth mentioning that aldehyde 64 is a versatile
intermediate that can be converted to a variety of derivatives
due to the chemical versatility of the formyl group. At the
same time, this practical synthetic approach can be readily
expanded to the synthesis of 4-, 5-, and 7-formyl
benzoxaboroles.

Benzoxaboroles with substituents on the oxaborole ring

3-Monosubstituted benzoxaboroles can be synthesized either
by using methylene-substituted benzyl alcohol (Scheme 10a)
or by nucleophilic addition to the corresponding benzalde-
hyde (Scheme 10b). 3-Disubstituted benzoxaboroles can be
prepared by a two-step nucleophilic addition on methyl ben-
zoate by Grignard reagents (Scheme 10c). Subsequent intro-
duction of the boron group and spontaneous cyclization un-
der acidic conditions yielded benzoxaboroles with
substituents on the oxaborole ring.
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Scheme 10 Three synthetic routes, (a)-(c), for 3-substituted
benzoxaboroles.
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Antibacterial compound 79 (Scheme 11) is an inhibitor of
bacterial leucyl-tRNA synthetase and is in development for
the treatment of serious Gram-negative infections.>® The phe-
nol 74 was converted to phenyl ether 75, followed by the in-
troduction of pinacolatoborate to afford aldehyde 76. Race-
mic mixture 77 was prepared by the nucleophilic addition of
compound 76 to nitromethane and resolved using a chiral
column to afford 78 as an enantiomer. The nitro group was
then reduced to an amino group, followed by deprotection of
the benzyl group and acidification of the amine to afford tar-
get compound 79.
Jacobs et al.>>®® reported the synthesis of benzoxaborole
85 as a potent antitrypanosomal agent with the synthetic
route shown in Scheme 12. Methyl 2-bromobenzoate 80 was
converted to the corresponding dimethylbenzyl tertiary alco-
hol 81 using a two-step nucleophilic addition with a Grignard
reagent. After extraction of proton by the Grignard reagent,
boronate was introduced using n-butyllithium and
triisopropyl borate, followed by spontaneous cyclization un-
der acidic conditions to afford 3-disubstituted benzoxaborole
82. Compound 82 was then nitrated at C-6 using HNO; to
give nitro benzoxaborole 83 which was reduced to afford
6-amino benzoxaborole 84. Target compound 85 was
obtained from the acylation of 84 with 4-fluoro-2-
trifluoromethylbenzoyl chloride.

6-Amino-3,3-dimethyl benzoxaboroles were also coupled
with different groups to produce 3,6-disubstituted benzo-
xaboroles with antiprotozoal, antibacterial, antiviral, and
anti-inflammatory activities.*' °°
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3. Benzoxaborines

Oxaborines and benzoxaborines have shown inhibitory activi-
ties against microorganisms.”” As p-lactamase inhibitors,
they have been applied in the combination therapy of
multidrug resistant infections.®®”° The synthetic approach
for benzoxaborines is similar to that for benzoxaboroles.
ortho-Bromophenethyl alcohols 86 were protected as tetra-
hydropyran (THP) or methoxymethyl (MOM) ethers. Displace-
ment of the ortho-bromide with a boron group was achieved
using n-butyllithium/borate or a Pd-catalyzed reaction with
bis(pinacolato)diboron, followed by ring closure under acidic
conditions to afford benzoxaborines 88 (Scheme 13).

Akama et al.®” synthesized a series of benzoxaborines with
amide and sulfamide phenyl substituents that showed anti-
protozoal activities. First, the hydroxyl group of alcohol 89
was THP-protected to afford compound 90. The boronic acid
was introduced at the ortho-bromide position of 90 using
n-butyllithium/borate, followed by deprotection and cycliza-
tion to afford benzoxaborine 91 in good yield. Compound 91
was nitrated to afford 92, followed by reduction of the nitro
group and acylation, which afforded target compounds 93
(Scheme 14).

4. Diazaborines
2,3,1-Diazaborines

Bioactive 2,3,1-diazaborines, including 2,3,1-benzo-, furano-,
thieno-, and pyrrolodiazaborines, have shown antibacterial
and antifungal activities.”"”*> 2,3,1-Diazaborines can be pre-
pared by the condensation of ortho-acyl/formyl aromatic or
heteroaromatic boronic acids 94 with hydrazine or hydrazine
derivatives, as shown in Scheme 15a.”? 2,3,1-Diazaborines can
also be prepared by condensation of the corresponding aro-
matic or heteroaromatic aldehydes or ketones 95 with hydra-
zine or hydrazine derivatives, followed by boronation and cy-
clization (Scheme 15b).”*

For example, Westcott et al.”* synthesized a series of 2,3,1-
benzodiazaborines, of which compound 100 showed potent
antifungal activity. It was obtained by condensation of the
corresponding ortho-formylphenylboronic acid 98 and thio-
semicarbazide in good yield (Scheme 16).

Grassberger et al’® synthesized a series of 2,3,1-
diazaborine derivatives with antibacterial activities. The 2,3,1-
thienodiazaborine derivative 103 was synthesized by the con-
densation of 2-formyl-5-methylthiophene 101 with hydrazine
derivatives, followed by installation of the boronic acid moi-
ety with BBr; and cyclization (Scheme 17).
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Scheme 13 General synthetic route for benzoxaborines.
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Scheme 15 Two general synthetic routes, (a) and (b), for 2,3,1-
diazaborines.
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Scheme 17 Synthesis of 2,3,1-thienodiazaborine with antibacterial
activity.

2,4,1-Diazaborines

Bioactive 2,4,1-diazaborines are mainly composed of benzo-
diazaborines. They can be prepared by coupling ortho-
aminophenylboronic acids with isocyanates, isothiocyanates,
or carbonitriles (Scheme 18a). Similarly, 3-substituted 2,4,1-
benzodiazaborines were obtained from the condensation of
anilines with carbonitriles, followed by introducing boron
and cyclization (Scheme 18b).”*””

In 1998, Martin et al. reported the synthesis of 2,4,1-
benzodiazaborine compounds with compounds 109 and 110
showing potent inhibitory activity against M. tuberculosis.”®
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Scheme 18 Two general synthetic routes, (a) and (b), for 2,4,1-
diazaborines.

The synthetic route was simple and efficient, as shown in
Scheme 19. The 2-aminophenylboronic acid 108 was reacted
with carbonitrile or isothiocyanate to afford 109 or 110 in
good yield.

5. Amine carboxyborane and amine
cyanoborane derivatives

The biological activities of amine carboxyboranes and amine
cyanoboranes were first reported in the 1980s.”®”° These
unique boron compounds are thought to possess good bio-
logical activities, such as antibacterial,®® antifungal, anti-
protozoal,®" antitumor, and anti-inflammation properties.®*
Recently, amine carboxyboranes were found to have carbon
monoxide (CO) release properties and could be applied as

therapeutics in CO delivery systems.®

Amine cyanoborane derivatives

In 1978, Spielvogel et al.** described a general synthetic ap-

proach to amine cyanoboranes (112) by reacting correspond-
ing amines with NaBH;CN, as shown in Scheme 20a. Soon
afterwards, new methods for preparing amine cyanoboranes
were reported. As shown in Scheme 20b, more complex
amine cyanoborane derivatives were obtained using a
method based on the C-lithiation of trimethylamine cyano-
borane 113 with s-BuLi, followed by alkylation with
alkylhalides or ketones.®” Alternatively, amine cyanoboranes
(112) have been prepared using Lewis acid exchange reac-
tions (Scheme 20c).®> Phosphine cyanoborane 116 was pre-
pared by reacting NaBH;CN with triphenylphosphine. Subse-
quently, the triphenylphosphine was exchanged with the
less bulky amine to afford the amine cyanoborane.

OH OH
O e 0w oyt
A A
N7 R NH, NS
H H
109, R=2-Pz 67% 108 110, R=3-Py 96%

Scheme 19 Synthesis of 2,4,1-benzodiazaborine with antibacterial
activity.
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Scheme 23 Cyanoborane transfer agents for different amines.

Aliphatic, aromatic, and heterocyclic amines have been used
to prepare the corresponding amine cyanoboranes.®®

A series of new amine cyanoborane derivatives that exhibit
antifungal activity were developed by Srebnik et al.®” Amine
cyanoborane 118 and amine halocyanoborane 119 with long
aliphatic chains showed antifungal activities against the most
important human pathogenic fungi, C. albicans and A.
fumigatus. The synthetic approach is shown in Scheme 21.
The N-methyl group of 113 was exchanged using s-BuLi to
give lithium salt 117, followed by coupling with alkyl halides
to afford amine cyanoboranes 118. Amine cyano-
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dibromoboranes 119 were prepared by treating the amine
cyanoboranes with excess bromine.

Burnham et al. synthesized purine cyanoborane derivative
121 as an antitumor agent. The Lewis exchange reaction of
triphenylphosphine cyanoborane with 6-benzoylpurine 120
afforded the target purine cyanoborane 121 (Scheme 22). No-
tably, these boron exchange reactions must be carried out un-
der anhydrous conditions to avoid the hydrolysis of cyano-
borane to boric acid.®®

Fernandez-Bolafios et al reported alkoxyamine-cyano-
borane adducts as efficient cyanoborane transfer agents to
various types of amines, and in glucoside formation with a
reducing sugar.®” The mechanism of cyanoborane transfer is
shown in Scheme 23.

Amine carboxyborane derivatives

Generally, amine carboxyborane derivatives 124-126 have
been prepared from their corresponding amine cyanoborane
112. The key intermediate, N-ethylnitrilium salt 122, was
prepared by reaction of the amine cyanoboranes with
triethyloxonium tetrafluoroborate. Subsequent addition of
water converted nitrilium salt 122 to amine carboxyboranes
123. Alternatively, the nitrilium salt could be treated with al-
cohol to yield amine carboxyborane esters 124, or with a hy-
droxide base to yield amine N-ethylcarbamoylboranes 125
(Scheme 24).°°7%2

Hall et al®*®* synthesized metal complexes of amine
carboxyborane adduct 129 and discovered its antitumor activ-
ity. Morpholine carboxyborane 127 was converted to sodium
salt 128 using aqueous NaHCO;. Metal complex 129 was suc-
cessfully synthesized from amine carboxyborane sodium salt

NaHCO4/H,0

- jon- i
0/ \NBH CooH J + IR-120 cation-exchange resin
s

ZnCl,

NHBH,COO Na

127 128

o] [}

/ \ 1 — - 1 / \
O NHBH,C-O ZzZn?* O-CH,BHN O |0
/ \ / 2

129

Scheme 25 Synthesis of a carboxyborane metal complex with
antitumor activity.
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128 using IR-120 cation-exchange resin charged with the de-
sired cation (Scheme 25).

Conclusion

The number of boron-containing compounds in clinical trials
and pre-clinical studies, under development in laboratories,
and used as FDA-approved drugs, has rapidly increased with
recent advances in synthetic methods for this class of com-
pounds. Syntheses of peptidyl boronates or boronic acids are
mainly based on Matteson asymmetric homologation, while
benzoxaboroles and diazaborines are mainly obtained
through intramolecular cyclization. The boron-containing
compounds discussed in this review have been proven to be
stable compounds under ambient conditions.”””?°>°® They
showed degradation under oxidative conditions via cleavage
of boronic acid as exemplified by the oxidative degradation
of peptidyl boronates.””°® We believe that novel structures
and synthetic methods will continue to emerge and contrib-
ute to the discovery of useful pharmaceutical applications.
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