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Summary

Boron neutron capture therapy for patients with mucosal
melanomas in the head-and-neck

BNCT is one of high-LET radiation therapies that
has a selective damaging effect on tumors. We treated
7 patients with mucosal melanomas in head-and-neck.
Four patients showed CR by 6 months and 2 patients
PR by 3 months after treatment. BNCT was a promis-
ing treatment for achieving local control of mucosal
melanomas without serious adverse effects.

Norimasa Morita et al
Department of Otolaryngology
Kawasaki Medical School
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ARTICLE INFO ABSTRACT

Keywords:

Boron cluster containing L-¢-amino acid
Dodecaboratethio-L-amino acid

New boron amino acid for BNCT

A convenient and simple synthetic method of dodecabnratethlo-c.-ammo acid, a new class of tumon-seekmx
on carrier for BNCT, was acc 1 >-cl
(S-cyanoethyl-'°BSH, ['°B;;H >~ SCH;CH,CN) and bromo-t-a-amino acids by nearly one step S-alkylation.
An improved synthesis of S-cyanoethyl-'°BSH, a key starting compound for S-alkylation, was also
performed by Michael addition of '°BSH with acryronitrile in high yield. Four kinds of new dodecabor-

d from S

atethio-i-amino acids were obtained in optically pure form without the need for any optical resolution.

© 2011 Published by Elsevier Ltd.

1. Introduction

Boron-containing 1-amino acids are worthwhile synthetic
targets due to their potential biological activities, particularly
with respect to the boron-neutron capture therapy (BNCT). In
many tumor tissues, i-amino acid transport is enhanced to
guarantee the multiplication of tumor cells compared with
normal tissues (Endou and Kanai, 1999). Therefore, various
boron-containing o-amino acids that are closely similar in struc-
ture to the usual amino acid such as p-boronophenylalanine (BPA)
and o-carboranyl-glycine, have been synthesized and evaluated
(Varadarajan and Hawthorne, 1991; Srivastsva et al., 1997).
However, such boron-containing amino acids have low water-
solubility associated with poor bioavailability as disadvantages.

Recently, Gabel et al. reported that the synthesis of a new
class of water soluble a-amino acids in racemic states, which
contained the dianionic dodecaboratethio (['°By,H;4]~-S-) unit
from undecahydro-closo-dodecaborate (BSH) by stepwise alky-
lation using bromoalkyl-N-aceto-amidomalonate derivatives
followed by decarboxylation and hydrolytic deprotection
(Slepukhina and Gabel, 2006). However, these methods have
not been entirely satisfactory, particularly for large amount
preparation owing to multiple steps, and for racemic form of
the target amino acids.

Here, we describe an efficient route for the simple synthesis of
optically pure dodecaboratethio-L-amino acids 1-4 (Fig. 1) as
illustrated in the schemes.

* Corresponding author.
E-mail address: yOshi_hattori@riast.osakafu-u.acjp (Y. Hattori).

0969-8043/$ - see front matter © 2011 Published by Elsevier Ltd.
doi:10.1016/j.apradiso.2011.03.042

2. Material and method
2.1. General

"H NMR spectra were measured on a JMTC-400/54/SS (400 MHz,
JEOL Ltd., Tokyo, Japan) spectrometer. The chemical shifts in "H NMR
are given in & values from TMS used as internal standard. Optical
rotations were measured on a Jasco P-2200 polarimeter (JASCO Co.,
Tokyo, Japan). Electron spray ionization time of flight mass spectra
(ESI-TOF MS) was obtained on a Nanofrontier LD (Hitachi High-
Technologies Corporation, Tokyo, Japan). '°BSH was provided by
Stella Pharma Corporation (Osaka, Japan).

2.2. Synthesis of bis-tetramethyl S-(¢ hyl)-
thioundecahydro-closo-dodecaborate (2) by Michael addition

To a solution of "°BSH.2NMe, (1.00 g, 3.20 mmol) and 1N NaOH
aq. (3.20 mL, 3.20 mmol) in H,0 (20 mL) was added acrylonitrile
(255 mg, 4.80 mmol) at room temperature. After stirring for 3 h,
the reaction mixture was washed with EtOAc (20 mL x 3), and the
aqueous layer was concentrated in vacuo. The residual solid was
recrystallized from H,O to give 2 as colorless crystal (1.08 g, 92%):
mp 280-285°C, '"H NMR (400 MHz, D;0) & 0.7-1.5 (11H, m,
198,,H,,), 2.56 (2H, m, CNCH,CH,S-), 2.65 (2H, m, CNCH,CH,S-),
3.10 (24H, s, -N*+(CHs)a).

2.3. Synthesis of dodecaboratethio-t-amino acids (1a-d)

The mixture of bis-t hyl, S~{(cy iyl)thio-
undecahydro-closo-dodecaborate (2, 027 mmol) and w-bromo-i-
amino acids 3a-d (041 mmol) in dry MeCN (7 mL) under argon
atmosphere was refluxed for 12 h, and the reaction mixture was

Please cite this article as: Kusaka, S., et al., Synthesis of optically active dodecaborate-containing 1-amino acids for BNCT. Appl. Radiat.

Isotopes (2011), doi:10.1016/j.apradiso.2011.03.042
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concentrated in vacuo. The residual solid was suspended in acetone
(30 mL), and the suspension was filtrated by suction to remove the
insoluble solid. To the filtrate was added 10% tetramethylammonium
hydroxide in MeOH (028 mmol) at 0 “C, and the mixture was stirred
for 30 min at the same temperature. The collected precipitate by
filtration was washed quickly with acetone (30 mL). After dissolving
with water, the aqueous solution was passed through an ion-
exchange column (Amberlite IR-120, H* form). The neutralized
filtrate with NaOH was chromatographed using of ODS column to
give pure dodecaboratelthio-i-amino acids 1a=d.

2.3.1. (R)-2-Amino-3-(dodecaboranylthio)pro-panoic acid
disodium salt (1a)

'H NMR (D,0); 0.75-1.80 (11H, m, '°By;Hy4), 2.52-2.66 (2H,
m, 3-CHy), 3.80 (1H, m, 2-CH); ESI-TOF MS (neg.): found m/z
2745 [M+Na]~ (calcd. for CsH19B12NO,S+Na: 274.2).

2.32. (S)-2-Amino-4-(dodecaboranylthio)butyric acid disodium salt (1b)

'H NMR (D,0); 0.75-1.60 (11H, m, !°By;Hyy), 1.91-2.03
(2H, m, 3-CHy), 2.43 (2H, m, 4-CHy), 3.62 (1H, m, 2-CH); [}’
-1.93 (c 0.505, H,0); ESI-TOF MS (neg.): found m/z 288.2
[M+Na]~ (calcd. for C4Hyq'°B1,NO,S+Na: 288.3).

2.3.3. (S)-2-Amino-5-(dodecaboranylthio)pentanoic acid disodium
salt (1c)

TH NMR (D,0); 0.75-1.50 (11H, m, '°By;Hyy), 1.50 (2H, m,
4-CH,), 1.60-1.80 (2H, m, 3-CHy), 2.37 (2H, m, 5-CH,), 3.30 (1H,
m, 2-CH): [«]%® —2.06 (c 0.515, H20); ESI-TOF MS (neg.): found
m/z 302.6 [M+Na]~ (calcd. for CsHzq '°B12NO,S+Na: 302.3).

1a-d
an=1, b:n=2,
cn=3, dn=6

Fig. 1. Dodecaboratethio-1-amino acids.

NHz'HCI (HBr)

3a-d

r o B'\en/?\cozu G

2.3.4. (S)-2-Amino-5-(dodecaboranylthio)oc-tanoic acid
disodiumsalt (1d)

"H NMR (D;0); 0.75-1.60 (11H, m, "°B12Hq1), 1.21-1.41(4H, m,
4-CH,, 5-CHy), 1.41 (2H, m, -6-CHy), 1.70(4H, m, 3-CH,-, 7-CHy),
2.34 (2H, t, J=7.3 Hz, 8-CH,), 3.57(1H, m, 2-CH); [}’ —1.96
(c 0.515, H;0); ESI-TOF MS (neg.): found m/z 3445 [M+Na]~
(calcd. for CgHa7 '°B12NO,S+Na: 344.3).

3. Results and discussion

In our initial attempt we employed direct alkylation of '*BSH
with @-bromo-i-amino acid to prepare mono-S-alkyl'°BSH, how-
ever, the inseparable mixture of mono- and di-S-alkyl adducts were
invariably formed. After several unsuccessful trials, we employed
stepwise alkylation method using S-cyanoethyl-'°BSH (2), a key
intermediate in this synthesis, according to the reported method
(Gabel et al., 1993).

Gabel et al. have reported the stepwise synthesis of S-cya-
noethyl-'°BSH (2), a useful intermediate for alkylation, stating
from '°BSH and bromo-propionitrile by two steps sequence.
However, the overall yields were unsatisfactory.

We devised more efficient synthetic route based on hetero
Michael reaction as shown in Scheme 1-3. Thus, '°BSH was
treated with acrylonitrile in aqueous solution using sodium
hydroxide as a base to give pure S-cyanoethyl-'BSH (2) as solid
in 88% yields.

On the other hand, w-bromo-t-amino acids (3a-d), represented as
Br-(CH2)n-CH(NH,)COOH (n=1, 2, 3, 6), were prepared as hydro-
chloric or hydrobromic salts. Among them, (S)-2-amino-4-bromobu-
tyric acid (3b, n=2) was commercially purchased, and other
w-bromo-l-amino acids bearing (L)-configuration were obtained

z SH z Sl‘/\cN
1DB/ QDB/
BrCH,CH,CN \/c"

2NMe,* 2NMe,”
1 5
>
Nog-S~"eN
2NMe,"
2

Scheme 2. Stepwise synthesis of S-cyanoethyl BSH by alkylation.

CN

NH,.HCI (HBr)

L\ (b). ()
\H/\coan — S ad
n

2NMe,*

z-'— )

da-d:

a:n=1,b:n=2 ¢:n=3,d:n=6

Reagents and conditions: a) MeCN, reflux, 24h, b) Me,NOH, MeNH,, acetone, r.t., 30 min,
c) amberlite IR-120 (Na+)

Scheme 1. Simple and efficient synthesis of dodecaboratethio -i-amino acids (1a-d).

Please cite this article as: Kusaka, S,, et al., Synthesis of optically active dodecaborate-containing t-amino acids for BNCT. Appl. Radiat.
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z 2 amino acids in retention. We believe that this synthetic method
\B/SH /s\/\CN could be applied to another boron cluster containing optically active
amino acids, such studies being currently progress. Biological study
. X of the c C here is also now under investigation.
2NMe,* 2NMe," | @:BH]
1 2
Acknowledgments

Reagents and conditions: a) acrylonitrile, NaOH / H,0

Scheme 3. One step synthesis of S-cyanoethyl BSH by hetero Michael reaction.

according to the modified literature methods (Phadnis and Mugesh,
2005; Kanai et al., 1985; Watanabe et al., 2004), respectively.

General synthetic procedure for alkylation of 2 with bromo-i-
amino acids (3) is very simple as follows; a mixture of 2 and 3 in
acetonitrile was refluxed for one day, followed by condensation to
give conjugates (4), which was used to the next step without
further purification. Treatment of 4 in acetone with tetramethy-
lammonium hydroxide (Me4sNOH) in the presence of methyla-
mine furnished the target amino acid (1) in moderate yields. In
the case of 1a, the overall yields were poor (21%) due to its
lability. The purity and chemical structure of 1 were analyzed by
NMR, ESI-MS and capillary electrophoresis.

The biological activities of synthesized 1-amino acids 1b-d are
currently examined using cultivated tumor cells and animals
bearing B16 cancer cells.

4. Conclusions

We have accomplished the effective and simple synthesis of
dodecaboratethio-t-amino acid by nearly one-step alkylation of
S-cyanoethyl BSH, with ted bromo- ino acids in
moderate yields. In the present synthesis, an absolute cc ion

A part of this study is the result of “Studies on advanced boron
neutron capture therapy using accelerator-based neutron source”
carried out under the Strategic Promotion Program for Basic
Nuclear Research by the Ministry of Education, Culture, Sports,
Science and Technology of Japan.
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AE adverse event FEESR
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BNL | Brookhaven National Laboratory B KET N v 7 ~T L E SRR
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LET inear energy transfer B RZLF {5
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2.1. PEFREERECONT

ABFZESET MPM ISR 3 A2 RRT 5 THFRIBREOHEESIZ. Chadwick KX 59
WFZE (1932 46) 75DV 1936 FIKE AYEZEE Locher IZ X > THRANTREB ST
D FHETFOFTHIZRAF— 0.5eV LT T, FHA 0.025eV OB FHEF = RN —28 10keV
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