7® ROYAL SOCIETY
P OF CHEMISTRY

Organic &
Biomolecular Chemistry

View Article Online

View Journal | View Issue

Synthesis and physicochemical evaluation of
phosphorus(in) and phosphorus(v) substituted
benzoxaboroles

{ '.) Check for updates ‘

Cite this: Org. Biomol. Chem., 2025,
23,8291

Elisa Ospanow,? Mirele Barsoum?® and David L. Jakeman ) *2°

This study presents a one-pot synthesis of phosphorus(i) benzoxaboroles using hypophosphorous acid
to yield H-phosphinates. These H-phosphinates, together with their phosphonate congeners, were sys-
tematically evaluated for their physicochemical properties, including pK,, diol-binding affinity, and oxi-
dative stability in buffer. The presence of the phosphorus atom as either phosphorus(in) or phosphorus(v)
provided high aqueous water solubility. The results demonstrated that the nature of the phosphorus sub-
stituent significantly influenced the acidity and binding behavior of the benzoxaborole core. Notably, the
phosphorus(i) derivatives exhibited strong diol binding and exceptional oxidative resistance. Overall, this
work introduces new H-phosphinyl and phosphoryl substituents to tune organoboron properties for use
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Introduction

Alkyl boronic acids and benzoxaboroles offer unique opportu-
nities in drug discovery due to their ability to form reversible
covalent bonds with biological targets, enabling precise modu-
lation of target activity." The proteasome inhibitor bortezomib
was approved to treat multiple myeloma and functions by
interacting with a nucleophilic threonine residue.” The
fungal leucyl-'RNA synthetase inhibitor, tavaborole, was
approved to treat topical fungal infections and functions by
coordinating to the 2,3-ribosyl diol.* The phosphodiesterase-4
inhibitor crisaborole, was approved to treat atopic dermatitis.”
The evolution from boronic acids to benzoxaboroles under-
scores the benefits of exploring diverse boron-containing func-
tionalities. This progression not only refines pharmacody-
namic drug properties, but also highlights boron’s versatility
in drug discovery and future promise in discovering treatments
for unmet medical needs.®

The capacity of boron-containing functionality to form
reversible covalent bonds with diols also drives applications in
biosensing, diagnostics, therapeutics,”® and catalysis (Fig. 1).°
This binding mechanism involves nucleophilic attack by
vicinal diol oxygen atoms on the electron-deficient boron
center, generating a cyclic boronate ester.'®'" Many boron-con-
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as sensors, therapeutics, or chemical probes.

taining systems have been devised to monitor glucose concen-
trations in a biological context for diabetes management,®**"
and several have been commercialized."*"?

Despite their utility, boronic acids face significant stability
challenges in biological environments. These challenges arise
primarily from two decomposition pathways: protodeborona-
tion and oxodeboronation. Protodeboronation proceeds via
pH-dependent mechanisms—acid-catalyzed electrophilic sub-
stitution (B replaced by H), or base-catalyzed hydrolysis of the
boronate anion at high pH.'® Oxodeboronation is the domi-
nant degradation route in physiological systems, where oxi-

dative C-B bond cleavage yields the corresponding
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Fig. 1 Lewis acidity of organoboron acids with alcohols, when pH <
pKa. (A) Benzoxaborole; (B) phenylboronic acid. R'-R? linked for diols,
(C) Brensted acidity of phosphonic acids. R* for alkyl or aryl.
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alcohol."””*® To address oxidative stability—a critical property
for biological applications—strategies focusing on boron’s
electronic and geometric properties have been developed.'® In
this work, we explore the effects of substituting the benzoxa-
borole ring with phosphorus substituents.

When discussing the acidity of boronic acids, it’s essential
to distinguish between Brgnsted acidity—the ability to donate
a proton (H")"®—and Lewis acidity, which involves the boron
atom acting as an electron pair acceptor.’® This Lewis acid-
base equilibrium has an associated apparent pK,, which
reflects the solution-phase acidity of the boron center*’—not
proton donation, but rather its affinity for nucleophilic
attack.”” The pK, being discussed in this work corresponds to
the Lewis acidity of boronic acids—specifically, the equili-
brium between the neutral boronic acid and its anionic boro-
nate form in aqueous solution. Ultimately, it is the Lewis
acidic behavior of the boron center that is being investigated,
not a Bregnsted acid dissociation, which is not commonly
observed in boronic acids.’

Hypophosphorous acid (H3PO,) and its salts serve as versa-
tile reducing agents in organic synthesis, leveraging their reac-
tive P-H bonds to enable hydride transfer or radical-based
mechanisms under mild conditions.>*?** Beyond reduction
chemistry, recent breakthroughs exploit H;PO, as a multifunc-
tional synthon for sustainable organophosphorus synthesis.
These advances enable microwave-assisted hydrophosphinyla-
tion of unactivated alkenes for rapid P-C bond formation,>®
Brgnsted acid-mediated Meyer-Schuster metal-free rearrange-
ments of propargylic alcohols to access enones,”” stereo-
selective separation of phosphinic acid diastereomers via cyclic
adduct formation,?® and solvent-free phospha-Mannich reac-
tions under microwave irradiation to efficiently synthesize bio-
active a-aminophosphinic acids**—collectively highlighting
H3PO, dual role as a synthon and reaction mediator for green,
high-yield methodologies in pharmaceutical applications.

Herein, we report the use of hypophosphorus acid in the
synthesis of benzoxaborole derivatives functionalized with
phosphorus in the phosphorus(m) (H-phosphinate) oxidation
state. The compounds, together with phosphorus(v) conge-
ners, were evaluated for their pK,, diol-binding, and oxidative
properties, to inform pharmacodynamic potential.*°~*?

Results and discussion
Synthesis

The general procedure for the synthesis of boronic acid phos-
phorus(ur) species via reaction of formylphenyl boronic acid
derivatives with hypophosphorus acid is outlined in Fig. 2.
The hypophosphorus acid-mediated cyclization was initially
investigated using formylphenylboronic acid, which underwent
efficient cyclization to afford the benzoxaborole-phosphorus
(m) species in excellent yield (99%). Reaction progress was
monitored by thin-layer chromatography (TLC). Following
completion, the crude product was characterized directly by "H
and *'P NMR. The spectra indicated the formation of the
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Fig. 2 (A) One-pot synthesis of benzoxaborole derivatives containing a

phosphorus(in) functionality, (B) reaction scope, (C) proposed mecha-
nism including the equilibrium forms of hypophosphorus acid.

product in high purity without the need for chromatographic
purification. The '"H NMR spectrum exhibited complete dis-
appearance of the aldehyde proton resonance (§
~9.8-10.2 ppm), consistent with conversion of the aldehyde to
the benzoxaborole scaffold. Concurrently, the *'P NMR spec-
trum revealed a distinct doublet at § 23.86 ppm (Ypy = 532
Hz), indicative of a P-H moiety in the PIII species. The
observed coupling constant aligns with literature-reported
values for H-phosphinates (YJpy &~ 515-520 Hz).” This spectro-
scopic evidence corroborates the formation of the target phos-
phorus(in) benzoxaborole structure. A proposed mechanism is
outlined in Fig. 2C.

Subsequent evaluation of the substrate scope demonstrated
that electron-donating substituents (e.g., -OMe) and the
4-chloro derivative on the aryl ring of formylphenylboronic
acid afforded the corresponding benzoxaborole-phosphorus(ur)
products in high yields (75-99%). By contrast, substrates
bearing fluorine atoms (e.g., 3- or 6-fluoro) exhibited dimin-
ished yields (40-65%), attributed to incomplete cyclization or
partial hydrolysis during aqueous workup. Notably, all reac-
tions proceeded with high functional group tolerance, and pro-
ducts were isolated in moderate to excellent yields (40-98%)
without requiring chromatographic purification. Reaction
times were not optimized for the less reactive substrates.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 *'P NMR spectra P-H/D exchange of compound 6 (66 mM in
D,0) over 24 h.

NMR spectroscopic analysis of the product in deuterated
water (D,O) revealed a slow proton - deuterium exchange for
the hydrogen atom directly bonded to phosphorus (Fig. 3).
This dynamic process induced a characteristic 1:1:1 splitting
pattern in the *'P NMR spectrum, arising from scalar coupling
between phosphorus and deuterium. This spectroscopic evi-
dence corroborates the presence of a P-H bond within the ben-
zoxaborole framework, confirming the successful formation of
the H-phosphinate-benzoxaborole. The retention of coupling
under aqueous conditions further underscores the stability of
the P-H bond in this moiety.

In addition to the hypophosphorous acid-mediated cycliza-
tion approach, we have established a series of synthetic steps
to access benzoxaborole-derived compounds functionalized
with phosphorus-based groups in the +5 oxidation state
(Fig. 4). These phosphorus(v)-containing derivatives were
designed as structural analogs of the earlier phosphorus(u)
species to enable comparative analysis of their behaviour in
systematic evaluations of physicochemical characteristics (e.g.,
pK, and oxidative behaviour) and their binding affinity for
diol-containing substrates.

Our initial efforts targeted the development of novel dealky-
lation products derived from diethyl phosphonate benzoxabor-
ole 9, a key intermediate synthesized via a Pudovik reaction
between 2-formylphenylboronic acid and diethyl phosphite
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Fig. 4 Synthesis of benzoxaborole derivatives containing a phosphorus
(v) functionality.
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using K,CO; (Fig. 1).** To evaluate boron’s compatibility with
trimethylsilyl (TMS) halide-mediated dealkylation of phospho-
nate esters within the same molecular framework, we investi-
gated the reactivity of diethyl phosphonate 9 under standard
desilylation conditions. While TMS halides (e.g;, TMSBr,
TMSCI) are well-established for mild deprotection of phospho-
nate alkyl esters,?*> their application in boron-containing
systems remains unexplored. Treatment of 9 with TMSBr in
anhydrous dichloromethane efficiently cleaved the ethyl
groups via sequential nucleophilic displacement, generating a
transient silyl phosphonate intermediate. Subsequent hydro-
lysis under controlled acidic conditions (pH 4-5, H,O/THF)
afforded the corresponding phosphonic acid in 98% yield. The
reaction mixture was adjusted to pH 9 prior to lyophilization,
preserving the benzoxaborole scaffold.

Additionally, TMSCI] with Nal (in situ generation of TMSI)
also effected mono dealkylation of 9 (75% yield) to furnish 10.
Both phosphonic acid derivatives were synthesized to systema-
tically assess (i) the influence of ionizable phosphonic acid
groups on the pK, of the benzoxaborole moiety, (ii) diol-
binding affinity via Alizarin Red S/dopamine titration, and (iii)
oxidative stability under physiological conditions."®

Physicochemical measurements
pK, studies

The physicochemical behavior of the synthesized phosphorus
substituted benzoxaboroles (1, 9-11) was examined first by sys-
tematic investigation of their pK, values, focusing on the ioniz-
able boron and phosphorus functionality. These compounds
feature distinct Lewis and Brensted acidic sites: (i) the benzox-
aborole moiety (B-OH) and (ii) the phosphonic/phosphinic
acid group (P-OH).

The coordination state of boron—whether sp® (trigonal
planar) or sp® (tetrahedral)—fundamentally governs the reac-
tivity and stability of boronic acids. In their native sp*-hybri-
dized form, boronic acids exhibit electrophilic character due to
the vacant p orbital, transitioning to an sp>-hybridized state,
enabling interactions with nucleophiles such as diols or

which drive inhibition, sensing  and
2,8,10,18,20,22,36

amines,
catalysis.

Prior studies report pK, values of 6-9 for arylboronic acids,
7-8 for benzoxaboroles.’’*® Phosphonic acids exhibit two
ionizable functionalities. The first deprotonation typically
occurs at a pK, of 1.5-2.0, while the second deprotonation
occurs at a higher pK,, generally in the range of 5.0-7.0.>*"*! In
contrast, H-phosphinic acids, which contain only one ioniz-
able functionality, display a single pK, value typically in the
range of 1.5-2.0.>>*" The pK, investigation would provide
insight into the proximity effects of the different ionisable
functionality.

Solutions of each compound (10 mM) were adjusted to pH
3-10 by titrating deuterated HCl and NaOH (1 M and 5 M). 'H,
"B and *'P NMR spectra were recorded for each compound
ranging from pH values 3-10 (Fig. 5). For each 'H spectrum,
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the least ambiguous signal was chosen to determine the
chemical shift at that pH, which was then plotted against the
pH. For 'B and *'P spectra only one signal was observed,
which was plotted similarly. Using a non-linear fit (Grafit,
Erithacus Software) yielded the pK, values of each compound.
Due to the use of deuterated solutions a correction factor of
0.42 was applied to all obtained values to yield the pK, in
H20.42_44

Compound 9 (Fig. 5A), contains only a single Lewis acidic
group, the boronic acid. All three nuclei exhibited the same
pK, of 5.77 (Table 1), indicating that nuclei remote from the
boron atom report the ionization change. This compound is
the most acidic benzoxaborole evaluated, herein, and is one of
the more acidic benzoxaboroles reported.*®

Compound 1 (Fig. 5B) contains, in addition to the ionizable
benzoxaborole, one ionizable group on the phosphinic acid,
which has a pK, around 2 for a phosphorus(i) species. Given
the pH range examined, this phosphinic acid would remain
ionized throughout our study. Thus, the change in phosphorus
chemical shift reports on the ionization at boron. The 'H and
3P NMR measurements resulted in essentially identical pK,
values (7.7) whilst the boron pK, was determined to be 7.3.
However, given the difficulty assigning chemical shifts to the
boron resonance either side and at neutral pH, due to the
broad signal, rationalizing the discrepancy between the ''B
and 'H/'P data using chemical inference is likely
inconsequential.

Compound 10, a monoethyl phosphonate with a phos-
phorus(v) oxidation state, was found to be the least acidic ben-
zoxaborole, with pK, values ranging from 8.2 to 8.5. As with 1
and 11, interpretation is complicated by discrepancies
between the ''B and *'P NMR data - likely due to challenges
in assigning the broad "B chemical shifts. The substantial
increase in pK, by more than two pH units between 9 and 10 is
attributable to the ionization already present on the phos-
phorus(v) species (Table 1).

Compound 11 (Fig. 5C) features two ionizable phosphorus
(v) groups in addition to the benzoxaborole scaffold. pkK,
values were determined to be between 6.32 and 6.62.
Counterintuitively, the acidity of 11 sits between that of 10 and
9. Two molar equivalents of deuterated HCl and NaOH were
consumed during this ionization, indicating that both the
phosphonate and benzoxaborole were ionized, again the broad
B NMR signals precluded determination of the order of
ionization at boron or phosphorus.

Table 1 pK, values determined from pH titration experiments using
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Taken together, these pK, findings demonstrate that the
nature of the phosphoryl functionality modulates the benzoxa-
borole ionisation over 2.5 pH units, providing a new mecha-
nism to tune the acidity of the benzoxaborole.

Diol binding studies

Investigations into the ability of the phosphorus-substituted
benzoxaboroles to bind diols commenced with an Alizarin Red
S (ARS) binding assay, first developed by Wang and
Springsteen to measure association constants of boronic acids
with diols.""*”*> Thus, solutions of ARS (0.1 mM, in PBS 0.1
M, pH 7.4) were titrated with boronic acid derivatives
(0.05-2 mM in 0.1 M PBS, pH 7.4). Binding interactions were
monitored via UV-Vis spectroscopy by observing a shift in
absorbance from 520 nm to 460 nm, causing a visible colori-
metric shift from red to yellow. Association constants (K,) were
calculated from data at 460 nm using Thordarson’s
approach*®*” as we have undertaken previously.*®*°

The ARS binding assay demonstrated diol-binding inter-
actions between the benzoxaboroles and ARS, with the magni-
tude of binding varying significantly depending on the benzox-
aborole (Table 2). The two control compounds, phenylboronic
acid and benzoxaborole, bound with significant affinity, con-
sistent with literature reports.*>>° Of the phosphorus-substi-
tuted benzoxaboroles, the most potent was 1, the phosphorus
() derivative, with an affinity approximately 1/3 that of ben-
zoxaborole. The next most potent was 9, the phosphorus(v)
diethyl ester derivative, with an affinity of 1/6 that of benzoxa-
borole. 10 and 11 did not demonstrate any interaction with
ARS under these assay conditions. This result seemed counter-
intuitive, given that both the more sterically hindered 9, and
the less sterically hindered 1, showed binding, despite the
phosphoryl functionality being on the opposite side of the
benzoxaborole ring. Both 10 and 11 have anionic charge
associated with them at physiological pH (through the phos-
phonic acid), and potentially there could exist an electrostatic
repulsion between the phosphonic acid and the sulfonic acid
present on ARS. Few reports describe the ARS assay involving
methylene-substituted benzoxaboroles, and potentially this
indicates that there are limitations to the utility of the ARS
assay.

Table 2 UV-Vis association constants, K, for the binding of boronic
acids to ARS and dopamine, and oxidative deboronation constants®

b Oxidation
NMR spectroscopy™ Compound K. (ARS) (M) K, (DA)(M™Y)  kops (M1 s7)
Compound 1H NMR 11g NMR 31p NMR PBA 3230 £ 610 130.66 £ 5.22 2.4 £0.19
Benzoxaborole 3200 + 1300 297.78 £ 6.14 2.6+0.14
1 7.68 +0.03 7.280 = 0.027 7.69 £ 0.03 1 1010 = 370 1270 £ 170 0.81 + 0.13
9 5.77 £ 0.09 5.77 £ 0.08 5.76 + 0.08 9 590 + 150 1130 £ 110 0.395 + 0.087
10 8.46 + 0.08 8.20 £ 0.09 8.51+£0.11 10 b 540 = 39 1.615 £ 0.033
11 6.44 + 0.05 6.32 +0.11 6.619 + 0.061 11 b 486 £ 19 2.459 + 0.094

“Errors represent mean + standard deviation. ? Correction of 0.42 pH
units applied to account for D,0.****

This journal is © The Royal Society of Chemistry 2025

“ Errors represent mean + standard deviation. ” No absorbance change
was observed, thus no association constant was calculated.
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Fig. 6 Binding equilibria between benzoxaborole derivatives and (A) Alizarin Red S and (B) dopamine. Binding studies were carried out in 0.1 M PBS

(pH 7.4).

In order to determine whether the benzoxaborole 10 and 11
bound a representative diol, an alternative binding assay was
devised utilizing dopamine (Fig. 6 and Table 2). Dopamine
(DA) contains a catechol functionality, similar to that of ARS,
and also a primary amine that is protonated at physiological
pH, ensuring aqueous solubility. Thus, dopamine was
switched for ARS, and titrated with increasing concentrations
of phosphorus-substituted benzoxaboroles.

Association constants for dopamine-boronic acid complexes
were again calculated via the Thordarson method using the
270 nm absorbance maximum observed in UV-Vis spectra
(200-400 nm). To correct for background absorbance, refer-
ence spectra (200-400 nm) of each boronic acid compound
and dopamine (10 mM stock) were acquired. The absorbance
of the free, diluted boronic acid present in the complex solu-
tions was subsequently calculated from these reference
spectra, thus accounting for dilution and background absor-
bance. With this assay, all six compounds demonstrated
binding (Table 2). Phenyl boronic acid and benzoxaborole
bound with approximately 100 M~" to dopamine. Whereas 9,
by contrast, bound with approximately 4 times the affinity of
benzoxaborole. The greatest affinity was observed with 1, with
an order of magnitude greater affinity than phenyl boronic
acid or benzoxaborole. Notably 10 demonstrated binding in
this assay, with an affinity twice that of phenyl boronic acid,
whilst 11 also demonstrated binding, with a affinity compar-
able to that of 10. Given that 11 has two formal negative
charges, whereas 10 has only one at the pH of the assay, the
electrostatic interaction between the protonated ammonium
ion in dopamine and the phosphonic acid does not signifi-
cantly enhance binding.

Our UV-titrations demonstrate that the magnitude of ben-
zoxaborole - diol binding is maximal in the presence of

8296 | Org. Biomol. Chem., 2025, 23, 8291-8300

either a phosphorus(m) species appended to the benzoxabor-
ole or in the presence of a phosphorus(v) non-charged phos-
phonate. However, upon ionization of the phosphorus(v)
species, there is a reduction in the magnitude of diol
binding.

Further evidence for the binding of benzoxaborole deriva-
tives to dopamine was obtained from 'H and *'P NMR spec-
troscopy under physiological conditions (0.1 M PBS, pH 7.4,
Fig. 7) by measuring the spectra in the presence and absence
of dopamine. In these NMR assays, all compounds qualitat-
ively demonstrated diol binding. Specifically, for compound
9, dopamine binding induced a downfield shift of the
characteristic methylene doublet from 5.45 ppm to 5.56 ppm
in the "H NMR spectrum (Fig. 7A and B). Additionally, a sig-
nificant upfield shift from 26.0 ppm to 24.8 ppm was
observed in the *'P NMR spectrum upon dopamine binding
(Fig. 7A and B). These NMR spectral changes corroborate the
binding interactions observed by UV-Vis spectroscopy for the
phosphorus(v) phosphonate. Changes to the chemical shift
of the methylene protons and *'P nucleus were observed for
1 (Fig. 7C-E), with a 1:1 complex (Fig. 7D) demonstrating a
slow-exchange equilibrium resulting in equimolar intensities
for free and bound complexes. Although compounds 10 and
11 did not show observable binding to ARS and exhibited
less potent binding affinity for dopamine, changes in the "H
and *'P spectra upon dopamine addition confirmed their
interaction. Upon addition of dopamine, the methylene
protons in 10 (Fig. 7F and G) exhibited a chemical shift
change and a measurable change to the *'P signal was also
observed, consistent with complex formation. The methylene
protons in 11 were obscured by the residual HOD signal.
Therefore we focused our attention on the aromatic region,
where as a result of dopamine addition, a new resonance

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Change in chemical shift for *H and *'P NMR for benzoxaborole
derivatives upon dopamine binding in PBS 0.1 mM, pH 7.4. (A) 9 (0.01 M)
with dopamine (0.02 M), (B) 9 (0.01 M), (C) 1 (0.01 M) with dopamine
(0.02 M), (D) 1 (0.01 M) with dopamine (0.04 M), (E) 1, (F) 10 (0.01 M)
with dopamine (0.02 M), (G) 10, (H) 11 (0.01 M) with dopamine (0.02 M),
(1) 11 (0.01 M).

appeared at 7.40, concomitant with a decrease in the signal
at 7.74 (Fig. 7H and I). Thus, changes to the 'H and *'P
spectra of these compounds function as a readout for the
binding interaction between the diol and benzoxaborole.

Oxidative stability

The final physicochemical property investigated was that of
susceptibility towards oxidation. Oxidative deboronation
involves ROS-mediated cleavage of carbon-boron bonds, yield-
ing alcohols and boric acid, while protodeboronation entails
base-induced proton transfer without oxidation.'®*" Oxidative

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Oxidation of benzoxaborole derivatives containing a phosphorus
() and phosphorus(v) Functionality.

processes dominate in biological systems, whereas protodebor-
onation is favored in electron-deficient or sterically hindered
boronic acids under alkaline conditions.'”**

To assess the oxidative stability of the boronic acid deriva-
tives under physiological conditions, time-dependent degra-
dation studies were conducted under controlled oxidative con-
ditions (Fig. 8)."® Solutions of the boronic acids (0.25-1.0 mM)
were treated with hydrogen peroxide (5 mM) in aqueous buffer
(PBS, pH 7.4), and the oxidation process was monitored via
UV-Vis spectroscopy by tracking the characteristic absorbance
increase at 270 nm, corresponding to the formation of pheno-
lic oxidation products. The reaction kinetics were analyzed by
measuring the time-dependent increase of absorbance over a
time interval of 6 min.

This methodology enabled quantitative comparison of oxi-
dative stability across the boronic acid series. The data provide
the first insight into phosphorus(v) or (m) features that
enhance or mitigate oxidative susceptibility in organoboron
compounds. All of the compounds were subject to deborona-
tion (benzoxaborole ring cleavage) under assay conditions.
This was confirmed through inspection of 'B NMR spectra
and the formation of boric acid. The phosphorus-substituted
benzoxaboroles were more oxidatively stable than either ben-
zoxaborole or phenyl boronic acid (Table 2). The rates of oxi-
dative deboronation spanned an order of magnitude for the
four compounds. We initially hypothesized that the phos-
phorus(in)-containing derivative might undergo oxidation to a
phosphorus(v) species in addition to deboronation (Fig. 8).
However, our data indicated that there was no phosphorus(ur)
oxidation during the assay. The "B NMR indicated deborona-
tion, whilst the *'P spectrum of the oxidized compound
remained essentially unchanged at 23.7 ppm (dd, ‘Jpy = 525.63
Hz, Fig. 9A, C and S60), even under prolonged exposure to
hydrogen peroxide. The presence of a doublet-of-doublets in
the *'P (H-coupled) spectrum confirmed that the phosphorus
(u1) moiety remained intact (Fig. 9B). Compound 9 was the
most resistant to oxidative deboronation. This stability may be
attributed to the absence of ionizable phosphoryl functionality
and the significant steric bulk provided by the two ethyl esters.
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Fig. 9 Oxidation of 1 as observed by B and *P NMR. Top spectra: oxi-
dized 1, bottom spectra 1; (A) *'P (H-decoupled), (B) *'P (H-coupled),
and (C) !B NMR spectra.

The next most stable compound was the phosphorus(iur)
derivative, with the least steric bulk around the phosphorus
atom. The next most stable was 10, with a single ethyl ester at
phosphorus. The most reactive was 11, the doubly ionized
phosphonic acid, with comparable oxidative deboronation to
PBA and benzoxaborole. This demonstrates that charge
around the phosphorus atom does not protect the benzoxabor-
ole from oxidative deboronation.

Oxidative stability towards deboronation has been demon-
strated through two different approaches with these phos-
phorus-substituted  benzoxaboroles. The phosphorus(v)
species, as a diethyl ester derivative, offers significant stability
in comparison to benzoxaborole. Alternatively, the phosphorus
(mr) species also provides oxidative stability, and is, under the
assay conditions, resistant to oxidation at phosphorus.

Conclusions

We successfully developed a versatile one-pot methodology for
the synthesis of benzoxaborole derivatives incorporating phos-
phorus(ur) directly from hypophosphorus acid. The reaction
demonstrated broad substrate scope including electron-donat-
ing, electron-withdrawing, or halogen substituents on the aro-
matic ring. Products were isolated in good yield and purity
without necessitating chromatography. From pK, titrations,
the 'H, 'B and *'P NMR nuclei directly report the pK, of the
benzoxaborole. The pK, values spanned 2.5 pH units, indicat-
ing that the choice of phosphoryl substituent appended to the
benzoxaborole greatly influences the acidity.

All phosphorus(i) or phosphorus(v)-substituted benzoxabor-
oles demonstrated diol binding through UV-Vis titrations and
'H and *'P NMR equilibria, with the choice of phosphoryl sub-
stituent influencing the magnitude of binding. The interactions
observed herein were more significant than those between
boronic acids and phosphate as investigated by James and co-
workers.>® All phosphorus-substituted benzoxaboroles demon-
strated enhanced oxidative stability, with the most resistant
compound being an order of magnitude more stable than either
benzoxaborole or phenyl boronic acid. The phosphorus(ur) func-
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tionality remained resistant towards oxidation under the con-
ditions, demonstrating utility for biological systems.

Collectively, this work establishes new synthetically accessi-
ble water-soluble phosphorus(m) or phosphorus(v) phos-
phorus-substituted benzoxaboroles platforms with tuneable
properties, enabling future applications in chemical biology,
sensing, and therapeutic development.

Author contributions

E. O.: investigation, methodology, data curation, writing orig-
inal  draft, formal analysis, supervision. M. Bu.:
investigation. D. L. ]J.: conceptualization, resources, supervi-
sion, writing - review and editing.

Conflicts of interest

There are no conflicts to declare.

Data availability

The materials, methods and data supporting this article have
been included as part of the SI: synthetic details and physico-
chemical data. See DOI: https://doi.org/10.1039/d50b01146a.

Acknowledgements

This work was supported, in part, by funding from the Natural
Sciences and Engineering Research Council of Canada
(NSERC) and the Canadian Institutes of Health Research
(CIHR).

References
1 R. J. Grams, W. L. Santos, I. R. Scorei, A. Abad-Garcia,
C. A. Rosenblum, A. Bita, H. Cerecetto, C. Vifias and

M. A. Soriano-Ursua, The Rise of Boron-Containing
Compounds: Advancements in Synthesis, Medicinal
Chemistry, and Emerging Pharmacology, Chem. Rev., 2024,
124(5), 2441-2511.

2 D. G. Hall, Boronic Acids: Preparation, Applications in
Organic Synthesis and Medicine, Wiley, 2011.

3 J. Adams, V. J. Palombella, E. A. Sausville, J. Johnson,
A. Destree, D. D. Lazarus, J. Maas, C. S. Pien, S. Prakash
and P. J. Elliott, Proteasome Inhibitors: A Novel Class of
Potent and Effective Antitumor Agents, Cancer Res., 1999,
59(11), 2615-2622.

4 F. L. Rock, W. Mao, A. Yaremchuk, M. Tukalo, T. Crépin,
H. Zhou, Y.-K. Zhang, V. Hernandez, T. Akama, S. J. Baker,
J. J. Plattner, L. Shapiro, S. A. Martinis, S. J. Benkovic,
S. Cusack and M. R. K. Alley, An Antifungal Agent Inhibits

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5ob01146a
https://doi.org/10.1039/d5ob01146a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ob01146a

Open Access Article. Published on 19 August 2025. Downloaded on 2/10/2026 6:08:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

10

11

12

13

14

15

16

17

18

an Aminoacyl-tRNA Synthetase by Trapping tRNA in the
Editing Site, Science, 2007, 316(5832), 1759-1761.

Z. Chu, Q. Xu, Q. Zhu, X. Ma, J. Mo, G. Lin, Y. Zhao, Y. Gu,
L. Bian, L. Shao, J. Guo, W. Ye, ]J. Li, G. He and Y. Xu,
Design, Synthesis and Biological Evaluation of Novel
Benzoxaborole Derivatives as Potent PDE4 Inhibitors for
Topical Treatment of Atopic Dermatitis, Eur. J. Med. Chem.,
2021, 213, 113171.

K. Messner, B. Vuong and G. K. Tranmer, The Boron
Advantage: The Evolution and Diversification of Boron’s
Applications in Medicinal Chemistry, Pharmaceuticals,
2022, 15(3), 264.

X. Zhang, G. Liu, Z. Ning and G. Xing, Boronic Acid-Based
Chemical Sensors for Saccharides, Carbohydr. Res., 2017,
452, 129-148.

V. V. Karnati, X. Gao, S. Gao, W. Yang, W. Ni, S. Sankar and
B. Wang, A Glucose-Selective Fluorescence Sensor Based on
Boronicacid-Diol Recognition, Bioorg. Med. Chem. Lett.,
2002, 12(23), 3373-3377.

D. G. Hall, Boronic Acid Catalysis, Chem. Soc. Rev., 2019,
48(13), 3475-3496.

W. L. A. Brooks, C. C. Deng and B. S. Sumerlin, Structure-
Reactivity ~ Relationships in  Boronic  Acid-Diol
Complexation, ACS Omega, 2018, 3(12), 17863-17870.

G. Springsteen and B. Wang, Alizarin Red S. as a General
Optical Reporter for Studying the Binding of Boronic Acids
with Carbohydrates, Chem. Commun., 2001, (no. 17), 1608—
1609.

K. Ngamdee, T. Noipa, S. Martwiset, T. Tuntulani and
W. Ngeontae, Enhancement of Sensitivity of Glucose
Sensors from Alizarin-Boronic Acid Adducts in Aqueous
Micelles, Sens. Actuators, B, 2011, 160(1), 129-138.

L. Terriac, J.-J. Helesbeux, Y. Maugars, J. Guicheux,
M. W. Tibbitt and V. Delplace, Boronate Ester Hydrogels for
Biomedical Applications: Challenges and Opportunities,
Chem. Mater., 2024, 36(14), 6674-6695.

R. Smoum, A. Rubinstein, V. M. Dembitsky and
M. Srebnik, Boron Containing Compounds as Protease
Inhibitors, Chem. Rev., 2012, 112(7), 4156-4220.

D. M. Volochnyuk, A. O. Gorlova and O. O. Grygorenko,
Saturated Boronic Acids, Boronates, and Trifluoroborates:
An Update on Their Synthetic and Medicinal Chemistry,
Chem. - Eur. J., 2021, 27(62), 15277-15326.

P. A. Cox, A. G. Leach, A. D. Campbell and G. C. Lloyd-
Jones, Protodeboronation of Heteroaromatic, Vinyl, and
Cyclopropyl Boronic Acids: pH-Rate Profiles, Autocatalysis,
and Disproportionation, J. Am. Chem. Soc., 2016, 138(29),
9145-9157.

J. Labutti, I. Parsons, R. Huang, G. Miwa, L.-S. Gan and
J. S. Daniels, Oxidative Deboronation of the Peptide
Boronic  Acid Proteasome Inhibitor = Bortezomib:
Contributions from Reactive Oxygen Species in This Novel
Cytochrome P450 Reaction, Chem. Res. Toxicol., 2006, 19(4),
539-546.

B. J. Graham, I. W. Windsor, B. Gold and R. T. Raines,
Boronic Acid with High Oxidative Stability and Utility in

This journal is © The Royal Society of Chemistry 2025

19

20

21

22

23

24

25

26

27

28

29

30

31

View Article Online

Paper

Biological Contexts, Proc. Natl. Acad. Sci. U. S. A., 2021,
118(10), €2013691118.

I. M. Kolthoff, The Lewis and the Bronsted-Lowry
Definitions of Acids and Bases, J. Phys. Chem., 1944, 48(1),
51-57.

G. F. Whyte, R. Vilar and R. Woscholski, Molecular
Recognition with Boronic Acids—Applications in Chemical
Biology, J. Chem. Biol., 2013, 6(4), 161-174.

A. Adamczyk-Wozniak, M. Jakubczyk, A. Sporzynski and
G. Zukowska, Quantitative Determination of the Lewis
Acidity of Phenylboronic Catechol Esters—Promising
Anion Receptors for Polymer Electrolytes, Inorg. Chem.
Commun., 2011, 14(11), 1753-1755.

S. D. Bull, M. G. Davidson, J. M. H. van den Elsen,
J. S. Fossey, A. T. A. Jenkins, Y.-B. Jiang, Y. Kubo,
F. Marken, K. Sakurai, J. Zhao and T. D. James, Exploiting
the Reversible Covalent Bonding of Boronic Acids:
Recognition, Sensing, and Assembly, Acc. Chem. Res., 2013,
46(2), 312-326.

C. Guyon, E. Métay, F. Popowycz and M. Lemaire,
Synthetic Applications of Hypophosphite Derivatives in
Reduction, Org. Biomol. Chem., 2015, 13(29), 7879-
7906.

J.-L. Montchamp, Recent Advances in Phosphorus-Carbon
Bond Formation: Synthesis of H-Phosphinic Acid
Derivatives ~ from  Hypophosphorous = Compounds,
J. Organomet. Chem., 2005, 690(10), 2388-2406.

F. Klivev, A. Kuznetsov, O. I. Afanasyev, S. A. Runikhina,
E. Kuchuk, E. Podyacheva, A. A. Tsygankov and D. Chusov,
Sodium Hypophosphite as a Bulk and Environmentally
Friendly Reducing Agent in the Reductive Amination, Org.
Lett., 2022, 24(42), 7717-7721.

P. Troupa, G. Katsiouleri and S. Vassiliou, Rapid and
Efficient Microwave-Assisted Hydrophosphinylation of
Unactivated Alkenes with H-Phosphinic Acids without
Added Metal or Radical Initiator, Synlett, 2015, (19), 2714~
2719.

L. Radtanajiravong, J. Peters, J. Hummell and S. Diez-
Gonzalez, Meyer-Schuster Rearrangement of Propargylic
Alcohols Mediated by Phosphorus-Containing Bregnsted
Acid Catalysts, Org. Biomol. Chem., 2022, 20(36), 7338-7342.
B. Kaboudin, H. Haghighat and T. Yokomatsu, A Novel
Method for the Separation of Bis(a-Hydroxyalkyl)
Phosphinic Acid Diastereoisomers via Formation of Novel
Cyclic Phosphinic Acids, J. Org. Chem., 2006, 71(17), 6604—
6606.

D. V. Moiseev, Phospha-Mannich Reactions of
Hypophosphorous Acid H3PO2, Phosphorus, Sulfur Silicon
Relat. Elem., 2025, 200(3), 197-250.

V. D. Romanenko and V. P. Kukhar,
Phosphonates: Synthesis and Biomedical Application,
Chem. Rev., 2006, 106(9), 3868-3935.

M. Kre¢merova, P. Majer, R. Rais and B. S. Slusher,
Phosphonates and Phosphonate Prodrugs in Medicinal
Chemistry: Past Successes and Future Prospects, Front.
Chem., 2022, 10, 889737.

Fluorinated

Org. Biomol. Chem., 2025, 23, 8291-8300 | 8299


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ob01146a

Open Access Article. Published on 19 August 2025. Downloaded on 2/10/2026 6:08:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

32

33

34

35

36

37

38

39

40

41

42

P. Kamath, R. Rajan, S. Deshpande, M. Montgomery and
M. Lal, An Efficient Synthesis of 3-Phosphorylated
Benzoxaboroles via the Pudovik Reaction, Synthesis, 2017,
(11), 2435-2442.

C. E. McKenna and J. Schmidhuser, Functional Selectivity in
Phosphonate Ester Dealkylation with Bromotrimethylsilane,
J. Chem. Soc., Chem. Commun., 1979, (no. 17), 739-739.

C. E. McKenna, M. T. Higa, N. H. Cheung and
M.-C. McKenna, The Facile Dealkylation of Phosphonic
Acid Dialkyl Esters by Bromotrimethylsilane, Tetrahedron
Lett., 1977, 18(2), 155-158.

Y. Machida, S. Nomoto and I. Saito, A Useful Method for
the Dealkylation of Dialkyl Phosphonates, Synth. Commun.,
1979, 9, 97-102.

J. W. Tomsho and S. ]J. Benkovic, Elucidation of the
Mechanism of the Reaction between Phenylboronic Acid
and a Model Diol, Alizarin Red S, J. Org. Chem., 2012, 77(5),
2098-2106.

J. Yan, G. Springsteen, S. Deeter and B. Wang, The
Relationship among pKa, pH, and Binding Constants in
the Interactions between Boronic Acids and Diols—It Is
Not as Simple as It Appears, Tetrahedron, 2004, 60(49),
11205-11209.

J. W. Tomsho, A. Pal, D. G. Hall and S. ]J. Benkovic, Ring
Structure and Aromatic Substituent Effects on the pKa of
the Benzoxaborole Pharmacophore, ACS Med. Chem. Lett.,
2012, 3(1), 48-52.

D. Koval, V. KaSicka, J. Jiracek and M. Collinsova,
Physicochemical Characterization of  Phosphinic
Pseudopeptides by Capillary Zone Electrophoresis in
Highly Acidic Background Electrolytes, Electrophoresis,
2003, 24(5), 774-781.

J. Dussart, N. Guedeney, ]. Deschamp, M. Monteil,
O. Gager, T. Legigan, E. Migianu-Griffoni and M. Lecouvey,
A Convenient Synthetic Route towards H-Bisphosphinates,
Org. Biomol. Chem., 2018, 16(38), 6969-6979.

D. Koval, V. KasSicka, ]J. Jiracek and M. Collinsova,
Determination of pKa values of diastereomers of phosphi-
nic pseudopeptides by CZE, Electrophoresis, 2006, 27(23),
4648-4657.

N. Mora-Diez, Y. Egorova, H. Plommer and P. R. Tremaine,
Theoretical Study of Deuterium Isotope Effects on Acid-

8300 | Org. Biomol. Chem., 2025, 23, 8291-8300

43

44

45

46

47

48

49

50

51

52

View Article Online

Organic & Biomolecular Chemistry

Base Equilibria under Ambient and Hydrothermal
Conditions, RSC Adv., 2015, 5(12), 9097-9109.

R. A. Robinson, M. Paabo and R. G. Bates, Deuterium
Isotope Effect on the Dissociation of Weak Acids in Water
and Deuterium Oxide, J. Res. Natl. Bur. Stand., Sect. A, 1969,
73(3), 299.

A. Krezel and W. Bal, A Formula for Correlating pKa Values
Determined in D,0O and H,O, J. Inorg. Biochem., 2004,
98(1), 161-166.

G. Springsteen and B. Wang, A Detailed Examination of
Boronic Acid-Diol Complexation, Tetrahedron, 2002, 58(26),
5291-5300.

D. Brynn Hibbert and P. Thordarson, The Death of the Job
Plot, Transparency, Open Science and Online Tools,
Uncertainty Estimation Methods and Other Developments
in Supramolecular Chemistry Data Analysis, Chem.
Commun., 2016, 52(87), 12792-12805.

P. Thordarson, Determining Association Constants from
Titration Experiments in Supramolecular Chemistry, Chem.
Soc. Rev., 2011, 40(3), 1305-1323.

A. Alkas, J. M. Kofsky, E. C. Sullivan, D. Nebel,
K. N. Robertson, C. J. Capicciotti, D. L. Jakeman,
E. R. Johnson and A. Thompson, BODIPYs a-Appended
with Distyryl-Linked Aryl Bisboronic Acids: Single-Step Cell

Staining and Turn-on Fluorescence Binding with
D-Glucose, Org. Biomol. Chem., 2024, 22(36), 7448-
7459.

C. J. OBrien, E. Ospanow, K. Reznikov, E. Soleimani,
M. Lanteigne, C. A. Tanner, B. A. Haltli G. 1. Dmitrienko,
K. N. Robertson and D. L. Jakeman, Amino-Acid Derived
Benzazaboroles: Structure and Function of a New Chemotype,
Org. Biomol. Chem., 2025, DOL: 10.1039/D50B00948K.

A. Adamczyk-Wozniak, K. M. Borys and A. Sporzynski,
Recent Developments in the Chemistry and Biological
Applications of Benzoxaboroles, Chem. Rev., 2015, 115(11),
5224-5247.

J. Lozada, Z. Liu and D. M. Perrin, Base-Promoted
Protodeboronation of 2,6-Disubstituted Arylboronic Acids,
J. Org. Chem., 2014, 79(11), 5365-5368.

L. I. Bosch, T. M. Fyles and T. D. James, Binary and Ternary
Phenylboronic Acid Complexes with Saccharides and Lewis
Bases, Tetrahedron, 2004, 60(49), 11175-11190.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/D5OB00948K
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ob01146a

	Button 1: 


