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Boron phenylalanine is one of the lead drug candidates in the field of Boron Neutron Capture Therapy.
Its inherent low toxicity allows large doses to be administered, but this makes it important to identify,
rationalise and quantify impurities. Here we report a chromatographic assay method, the conditions
under which the parent compound is unstable, and the suggested degradation mechanisms.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Boron neutron capture therapy (BNCT) is a two stage cancer
treatment [1] comprising of initial tumour loading with a boron-
10 containing compound followed by localised neutron beam
irradiation. The resulting boron neutron capture leads to sponta-
neous a-particle emission, destroying the immediate surrounding
tumour. Therapeutically the concentration of boron-10 needs to be
as high as possible, so large doses of loading agent are required
to ‘saturate’ the tumour. Cancer Research UK is currently clini-
cally investigating the use of boron phenylalanine, BPA (Fig. 1) for
the treatment of glioma. The authors conducted analytical method
development and stability testing for the BPA, but because of the
large doses the characterisation of impurities becomes a key issue.
Other chromatographic methods for BPA have been published [2,3],
but in addition to our method we also report the outcomes of forced
degradation and long terms stability studies, as well as suggested
mechanistic pathways. The authors believe this information is
important for establishing BPA synthesis and purification schemes,
storing BPA long term and ‘solution handling’ during quantifica-
tion assays. Both tyrosine and phenylalanine have been reported
as impurities by previous workers [4], and while both have low
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toxicities, the large BPA doses (potentially >50 g) mean impurity
‘control’ and ‘quantification’ are pertinent clinical issues.

2. Materials and methods
2.1. Chemicals

Mobile phase components were HPLC grade or better and were
purchased commercially. Degradation reagents were laboratory
grade or better and were purchased commercially. Water for injec-
tion (WFI) was supplied by Baxters (Newbury, UK). BPA and its syn-
theticintermediates - (2-(4-Bromophenyl)-[1,3]dioxane (BrPD); 4-
Formylbenzeneboronic acid (FBBA); 2-tert-Butoxycarbonylamino-
3-[4-(5,5-dimethyl-[1,3,2]dioxaborinan-2-yl)-phenyl]acrylic acid
methyl ester (BDPA) — were supplied by Hammercap Medical AB
(Sweden).

2.2. HPLC method

HPLC assays were performed on Surveyor HPLC systems
(Thermo, Hemel Hempstead, UK). Mobile phase A was trifluo-
roacetic acid:water:methanol (0.1:85:15, v/v/v), mobile phase B
was methanol. The mobile phase gradient was 100% A for 9 min, lin-
ear increase to 100% B at 27 min, followed by 17 min equilibration
at 100% mobile phase A. Flow rate was 1.0 ml/min over a Luna C18
15cm x 4.6 mm id (Phenonenex, Maccelesfield, UK) held at 25°C.
Detection wavelengths were 230, 256 and 270 nm. Nominal work-
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Fig. 1. Mechanistic pathway showing the oxidative degradation of BPA to tyrosine.

ing concentration (NWC) for the BPA, tyrosine and phenylalanine
was set to 0.5 mg/ml, 5 wg/ml and 5 pg/ml respectively, with final
samples prepared in 100 mM acetic acid. In the case of drug prod-
uct, mannitol had no effect on BPA peak area response. Response
factors (RF), where quoted, are calculated by linear gradients and
expressed in units of Pa ml/ng. An example trace is shown in Fig. 2.

2.3. Sample preparation and degradation assays

BPA drug product was generated by freeze drying BPA
(100 mg/ml) with mannitol (110 mg/ml), pH adjusted to 8.0+£0.1
in WFI, with sample vials being incubated in the dark at 4, 25 and
40°Cfor several months. BPAraw powder was incubated in the dark
at 25°C, 40°C and 55°C, without further processing. BPA forced
degradation tests were performed using BPA dissolved in 100 mM
NaOH, 100 mM HCI or 5% FeCl3 and these samples were incubated
at 55 °Cfor 24 h. ABPA solution in 6 mM H; 0, sample was prepared
immediately prior to HPLC analysis.

3. Results and discussion
3.1. Separation

BPA and tyrosine are quantified at 230 nm with retention times
of 5.3 and 4.5 min respectively. Phenylalanine elutes at 11.0 min
and is quantified at 256 nm. (See Fig. 2.) BrPD and FBBA are detected
at 256 nm and elute at 17.3 and 23.7 min respectively. BDPA is
detected at 270 nm, but co-elutes with FBBA. The BPA peak gives

peak purity values of >0.997 under forced degradation and control
conditions.

3.2. Quantification

BPA linearity and repeatability at both wavelengths was shown
to have R? > 0.99, with %RSD < 0.55% over 80-120% of the BPANWC:
the RF’s at 230 nm and 256 nm were 33.4 and 17.2 respectively. The
tyrosine linearity and repeatability at 230 nm was shown to have
R?>0.99, with %RSD < 0.1% over 25-200% of the tyrosine NWC and a
RF of 28.8. The phenylalanine linearity and repeatability at 256 nm
was shown to have R? >0.98, with %RSD < 12% over 25-200% of the
phenylalanine NWC and a RF of 0.883. All three synthetic impurities
were detectable at concentrations of 0.5 pg/ml (or 0.1% of the BPA
NWC) both in the presence and absence of BPA, and neither BrPD,
or a FBBA/BDPA combination were observed in the available BPA
samples.

3.3. Degradation

As a raw powder, BPA is stable, producing no detectable degra-
dation when stored at 55 °C for 6 months, or 40°C for 12 months.
BPA was also observed to be stable in acidic and FeCl; solutions
(the latter testing metal-catalysed degradation). BPA degradation
to tyrosine was observed under alkali and oxidative conditions and
in the latter case this occurred extremely rapidly (mass balance was
observed). BPA/mannitol lyophilised drug product showed a slow,
temperature dependent degradation to phenylalanine, generating
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Fig. 2. A typical chromatographic trace of BPA, showing low levels of tyrosine and phenylalanine impurities.
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Fig. 3. Mechanistic pathway showing the mannitol-mediated degradation of BPA to phenylalanine.

approximately 1% of phenylalanine (with respect to BPA mass) at
40°C over 6 months.

3.4. Degradation mechanisms

3.4.1. Acidic degradation

Aryl ring systems, especially electron-rich boronic acids, are
reported to undergo protodeborylation under aqueous acidic con-
ditions [5,6]. However, the observed levels of BPA stability shown
here may be due to the thermal and acidic conditions employed in
this study being appreciably milder than those used previously.

3.4.2. Oxidative degradation

Oxidative degradation of boronic acids in aqueous hydrogen
peroxide is a well known and quantified process, widely accepted
to proceed through the mechanistic pathway delineated in the
scheme shown in Fig. 1 [5,7,8]. An initial co-ordination of the per-
oxide (either as the neutral species, followed by proton loss, or
as the anionic form), initiates the donation of a lone pair into the
empty p-orbital of the electron-deficient boron, forming the borate
species. Subsequent aryl migration promotes the loss of hydroxide,
which can then co-ordinate back into the neutral boron species and
facilitates the release of tyrosine and boric acid.

3.4.3. Alkaline degradation

The observed degradation of BPA to tyrosine in aqueous alkaline
solutions is a process which has some previous literature prece-
dent for aryl boronic acids [9,10]. The actual process involved in
this transformation and the mechanistic detail has as yet not been
elucidated, though previous reported examples indicate that the
transformation is accelerated by the exposure of the alkaline solu-
tion to air, suggesting that an oxidative process is responsible.
Having stated all of this, protodeborylation of the aryl boronic acid
is by far the most common outcome under aqueous alkaline con-
ditions, i.e. the formation of the parent arene [5,11].

3.4.4. Solid state mannitol degradation

The observation that lyophilised BPA/mannitol samples par-
tially degraded to phenylalanine when stored for long periods of
time is considered consistent with literature precedent (relating
to storage in fructose [3]). It is suspected that the observed pro-
todeborylation is occurring in a stepwise process (similar to that
envisaged as part of acid-promoted hydrolysis). More generally,
boronic acids are known to form boronate esters as an equilibrium
process; as water is removed from the system, the equilibrium is
pushed towards the condensed boronic ester [9]. In this case the
equivalent boronic mannitol ester is expected to form (see the
mechanistic scheme shown in Fig. 3). Previous studies by Kulvik
et al. [4] and Shull et al. [12] have shown than under dehydrating
conditions BPA readily forms thermodynamically favoured borate
esters with fructose. Since mannitol is a polyol (or reduced sugar) in
its open-chain alcohol form, the free hydroxyl sites could feasibly
form a similar borate arrangement [13-15]. The subsequent borate
is then suspected of undergoing a rate-limiting hydrogen transfer
and fast elimination to gradually form phenylalanine [16-18].

4. Conclusions

With large doses of BPA being administered to cancer patients,
both accurate quantification and ‘chemical control’ of impurity
levels (even of low toxicity impurities such as tyrosine and pheny-
lalanine) are important objectives. The chromatographic method,
storage conditions and mechanistic schemes presented here play
crucial roles in achieving those goals.

In this study we have shown that while the reductive stability
of BPA is consistent with early reports [5], the alkali, oxidative and
acidic degradation mechanisms are more unexpected. This study
demonstrates that workers using alkaline solutions to assist BPA
dissolution should only do so under mild and controlled conditions.

The degradation of BPA/mannitol lyophilised samples is
reported and discussed. Importantly, for other researchers, the long
term stability of the raw BPA powder is also reported.
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