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quite precipitously by 48 h to values that were one-third of
their peak value, while the normal brain and blood values
were low at the three time points (0.2-3.3 pg/g) except for
those animals that received the 1.0 mg dose. Their normal
brain values were higher at 0, 24 and 48 h (6.5, 10.1 and
3.0 pglg, respectively). Although the highest T:Br ratio
was seen with the dose of 0.5 mg at 48 h after adminis-
tration, the tumor boron concentration was low (16.8 ng/g).
Therefore, the most favorable values of tumor boron
(102.9 pg/g) and T:Br ratios for H,TCP were seen with this
dose at 24 h. In contrast, the tumor boron values for H,TBP
and H,DCP at the same time and dose were 61.9 + 164
and 35.6 £ 9.0 pg/g, respectively (Table 3). The highest
tumor boron concentration was seen 24 h following short
term (30 min) CED of H,TBP (140.3 £+ 70.9 pg), but as
indicated by the large SD, there was considerable animal to
animal variability. It should be noted that the T:Br boron
concentration ratios of the carboranylporphyrins were
markedly increased over those that we have observed fol-
lowing either i.v. or intracarotid (i.c.) administration of
BPA and BSH [43].

Boron neutron capture therapy

The carboranylporphyrins were administered 14 days fol-
lowing tumor implantation and BNCT was carried out 24 h
after termination of delivery. This was well tolerated and
weight loss in the first week was less than 20%, following
which the animals regained their weight. The estimated
physical radiation doses delivered to tamor, brain and
blood were calculated according to boron concentrations
summarized in Table 3. In contrast, following i.c. admin-
istration of the carboranylporphyrins no boron was detected
in samples of liver, spleen, kidneys, lungs and heart (data
not shown). The highest physical radiation doses delivered
to the tumor were 34.0 Gy for H,TBP, administered by
CED, and 25.4 Gy for H,TCP, administered by Alzet
pumps. The corresponding normal brain doses were 1.9 and
2.5 Gy, respectively (Table 3). The survival data following
BNCT are summarized in Table 4, and Kaplan-Meier
survival plots are shown in Figs. 2, 3 and 4. The MSTs
were 35.0 + 3.7 and 43.8 £ 10.0 days, respectively, for
rats that received H,TCP and H,TBP by Alzet pump
(Table 4). Animals that received H,TBP by Alzet pumps
had a significantly longer MST than those that received
H,DCP (P < 0.017). Further studies were carried out using
H,TBP at a dose of 0.2 mg, administered by CED, either
alone or in combination with i.v. BPA. The corresponding
MSTs were 33.8 + 3.1 and 42.8 + 9.0 days, respectively
(Table 4 and Fig. 3). As shown in Fig. 4, there were more
long term survivors among rats that received the combi-
nation of i.v. BPA and H,TBP, compared to those that
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Table 4 Survival times of F98 glioma bearing rats following i.c.
delivery of H,TCP and H,TBP by CED or osmotic pumps

Agent/route Survival time BILS®
N* Range Mean & SD Median Mean Median

H,TCP/pump 18 3041 35.0+3.7 36 496 60.0
H,TBP/pump 10 32-59 438 4+ 100 405 872 800
H,TBP/CED 10 30-3% 338 +£3.1 335 444 489
H,TBP/CED + iv. BPA 9 33-61 428+ %0 41 70.0 755
BPA/iv. 10 3348 398+ 16 395 59 58
Trradiated controls 9 24-31 27427 27 173 200
Untreated controls 10 21-29 234425 225 - -

* A total of either 0.2 mg of the compound was administered by CED for
30 min or 0.5 mg by Alzet osmotic pumps for 24 h. BNCT was initiated 24 h
after termination of either CED for Alzet osmotic pump infusion or 2.5 h after
iv. administration of BPA

® N is the number of animals per group

¢ Percent increased life span (%ILS) was defined relative to the mean and
median survival times of untreated controls
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Fig. 2 Kaplan-Meier survival plots for F98 glioma bearing rats
following Alzet pump delivery of H,TCP or H,TBP followed by
BNCT. Survival times in days after implantation have been plotted
for untreated animals (filled circle), radiation controls (open circle),
H,TCP (filled triangle) or H,TBP (open square)

received H,TBP alone (P < 0.001). The animals that
received of H,TBP by Alzet pump (Table 4 and Fig. 5) had
longer MSTs than those that received it by CED (43.8 vs.
33.8 days), demonstrating that Alzet pump delivery was
more effective than CED (P < 0.013). If the MSTs of
animals that received i.v. BPA are compared to those of
rats received H,TBP by either CED or Alzet pump using a
log-rank test, they were not significantly different from one
another (P = 0.38 and 0.16, respectively). The highest
%ILS (87.2%) was observed among those animals that
received H,TBP by osmotic pumps and this was equivalent
to the %ILS of animals that received H,TBP by CED and
iv. BPA (82.8%).
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Fig. 3 Kaplan-Meier survival plots for F98 glioma bearing following
CED of H,TBP followed by BNCT. Survival times in days after
implantation have been plotted for untreated animals (filled circle),
irradiation controls (open circle), H,TBP (filled square), i.v. BPA
(open diamond) and HyTBP plus BPA (filled diamond)
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Fig. 4 Kaplan-Meier survival plots for F98 glioma bearing rats
following either CED or Alzet pump delivery of H,TBP followed by
BNCT. Survival times in days after implantation have been plotted
for untreated animals (filled circle), radiation controls (open circle),
CED delivery of H,TBP (filled square), Alzet pump delivery of
H,TBP (open square)

Neuropathologic evaluation

The most notable histopathologic finding was the presence
of porphyrin laden macrophages and extracellular deposits
of porphyrins in the tumors of many of the rats that
received either H,TCP or H,TBP by either CED or Alzet
pump infusion (Fig. SA and B). As shown in Fig. 3B, this
material was bright orange in color and was easily dis-
cemible on H&E stained sections of the tumor. In most
instances, the appearance of the tumor in both treated and
untreated animals was similar to that previously described
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by us [39]. As previously described by one of us (RFB), the
tumor was composed of cells that varied in size and shape
from ovoid to fusiform, sometimes displaying a whorled
pattern of growth [42]. Frequently, there were microscopic
deposits of tumor cells invading the surrounding white
matter and a central zone of necrosis.

Discussion

Biodistribution studies demonstrated that high tumor boron
concentrations could be achieved by either short term
(30 min) CED or a 24 h infusion via Alzet osmotic pumps.
Based on these observations, therapy studies were carried
out using H,TCP and H,TBP as boron delivery agents.
A MST of 43.8 days was obtained using H,TBP, compared
to 35.0 days for H;TCP, both delivered by Alzet pumps,
and 39.8 days for i.v. BPA. Our results are in agreement
with those recently reported by Jori et al. [24, 48] who
observed that the tumor boron concentrations following i.t.
administration of H,TCP to C57B1/6 mice bearing s.c.
implants of the B16 melanoma were 10x greater than those
observed following i.v. injection (60 vs. 6 pg/g). However,
following BNCT the tumor growth delay was practically
identical for both groups. Although the tumor boron con-
centrations for the latter animals was not determined,
published data would suggest that it could have been in the
range of 10 pg/g [49]. Similarly, Shibata et al. [SO] have
reported a very modest increase in the MST of 9L glio-
sarcoma bearing rats that received a BSH-porphyrin com-
pound designated STA-BX900 (16.2 vs. 14.8 days and
12.8 days for irradiated and untreated control animals,
respectively).

However, since the tumor boron concentrations were so
much higher following either CED or infusion by Alzet
pumps than those obtained with other boron compounds, it
was puzzling why the survival data were similar to those
obtained with BPA, which had a much lower tumor boron
concentration. Histopathologic examination of brains from
tumor bearing, BNCT treated rats revealed that in most
animals there were large numbers of porphyrin containing
macrophages (Fig. 5A and B) indicating that in reality the
tumor cell uptake was much lower than would have been
predicted, based on the tumor boron values determined by
DCP-AES. This provides an explanation as to why the
survival data were similar to those obtained with BPA,
despite the seemingly high “tumor” boron concentrations.
One possible explanation for the high uptake of the carb-
oranylporphyrins by macrophages and the relatively low
uptake by tumor cells could be related to their propensity to
form aggregates when high concentrations are solubilized
in water. This problem could be obviated by initially dis-
solving them in dimethylsulfoxide (DMSO) and then
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‘Fig. 5 A Low power photomicrograph from the brain of a BNCT

treated, F98 glioma bearing rat following administration of H; TBP by

CED.. There are large numbers of pbrphyrin laden ‘macrophages

diluting it down to 1% DMSO. Theoretically, bystander
killing might occur if the '°B containing macrophages were
adjacent to tumor cells. However, the potential lethality of
‘the alpha particles produced as a result of the **B(n,«)'Li
capture ‘feaction would be much less than if they ‘were
produced within the tumor cells: Although CED has been
effective in improving the distribution of a variety of

-agents in rats with brain tuiniors; its effectivenessin humarns:

‘has been: much more problematic 35, 36] However; as
‘demonstrated. in’ the present study, direct ic. dehvery of
therapeutic agents, which bypass the BBB, results in much
higher concentrations in the brain tumor and concomitantly
‘lower concentrations in extracranial sites'thereby reducing
‘systemic toxicity.

Ozawa et al. [30 31], as well as we [37], have observed
‘that CED and Alzet pump infusion resulted in significantly
higher tumor and lower normal brain boron concentrations:
than those obtained. following systemic administration.
‘They were the first to: teport that CED s1gmﬁcantly
increased the tumor uptake of two boronated porphyrins,
designated TABP-1 and BOPP, although no BNCT studies:

‘cellular a.nd subcellular [o]s
and. carboranyl nucleosides [54]. The challenge will be
synthesize and evaluate ‘non-toxic carboranylporphynns
with improved water solubility, which attain high in vive

were: carried out. As: shown by us in the present studies,-

although CED of the ¢arboranylporphyrins has solved the.

problem of high extracranial tissue uptake by the liver and

spleen, the seemingly hlgh tumor boton- values did not
-accurately reflect the true tracellular uptake of the com-
pounds. Direct i.c. adminisiration. appears {0 be. the- pre-
«ferred route ‘of administration. for the presently available
carboranylporphyrins.: However, in¢réasing their intracel-
'luIa:r localization and homogcneous distribution depend on
their physzco—chemlcal propemes and mechanism ‘of

delivery, which could improve.their therapeutic efficacy.

‘Therefore, we currently are synthesizing compounds with
enhanced tumor cell uptake. In addition, it-would be. highly

advantageous: to -have tumor selective compounds that

readily- cross. the BBB, and that could be -administéred
systemically and attain. high tumor and low normal brain
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(arrows). B High power photomicrograph. showing porphyrin' laden
macrophages. Thede photos weré taken at the time: of death of the
animal at which time they had progressively growing brain tumors

and extracranial tissue concentrations. It is noteworthy that
in vitro sstudies on. the -cellular uptake of H;TCP studies
with the murine B16 melanoma [24, 48] cells and HZTBP

'w1th ‘human T98 ghoblastoma ccHs [28] demotistrated

intracellular fluorescence of cells that had been incubated
with:these compounds. Despite: their tetra-anionic nature,
they were able to penetrate plasma membranes to a ceértain

‘extent, and may not have: formed aggregates, thereby pro-

ducing intense eellular fluoreseence.

Our data provide a cautionary note-that high “tamor™
boron concentrations do not necessarily mean that the
boron: delivery agent is localized within tamor cells. In the

future;, we plan to carry out studies using secondary ion
mass spectrometry - (SIMS) [51] to’ obtain quantitative data

on the boron. concentrations of individual ‘tumor cells in
tissue.sections. This method has been used to determine the
calization of BPA [52]; BSH [53]

tumor cell uptake following: either systemic: mjectlon or
direct ‘f.c. administration. Based on the studies of Ozawa
et al: [3 31], Jori, et al. [48] ‘and. ourselves, it ‘can be

concluded -that these compounds. are: a. class of boron

delivery agents that warrant further investigation.
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Néw boron amino acid for BNCT

‘A convenient and. simple syn[henc triethod of dodecaboratethio-1-amino acid, a new class 6f tumor- seeking:
boron ‘catrier for: BNCT, was -accomplished from S-cyanoethylthioundecahydro-closo-dodecaborate
(S-cyanoethyl-"°BSH, [*%BysHy¢ 1>~ SCH,CH,CN) and bromo--¢-arnino 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 10BSH. with actyronitrile in ‘high yield: Four kinds:of hew dodecabor-

atethno—r. amino acids were obtained in optically ptire form without the. need for any opncal resolution:

.@2011 Elsevier Ltd. All rights reserved.

1. Introduction

Boron-containing ‘1-amine. acids are ‘worthwhile synthetic
targets due to their potenitial biological activities, pamcularly
with respect to the boron-neutron capture therapy {(BNCT). Ini
many tumcr tlssues. L—am]no acxd transport 15 enhanced tu
normal tissues (Endou and Kanal 1999) Therefore. various'
‘boron-contammg o-arning:acids that are closely similar-in struc-
ture tothe usual amino acid:such as:;p-boronophenylalanine (BPAY
and. o-carboranyl-glycine, have been synthesized and evaluated
f(VaradaraJan and Hawthorne; 1991; Srivastsva et al, 1997).
However, such borori- containing ‘amino acids have low water-
solublllty associated wi ‘poor bivavailabilityas disadvantages.

Recently, Gabel et aI reported that the synthesxs of a new

contamed the dlamomc dodecaboratethlo ([‘0812H11}2~‘-S-) unit
from undecahydro-closo=dodecaborate (BSH) by stepwise: alky-
lation using bromoalkyl-N—aceto aniidonialonate  dérivatives
followed by decarboxylation and hydrolytic deprotection
(Slepukhina and :Gabel, 2006). However, these methods have
not been entirely satlsfactory, parucularly for large amoeunt
preparation owing to multiple steps; and :for racemic fornt of
the target.amino acids.

Here, we describe an efficierit route for the sxmple synithesis of
optically. pure dodecaboratethio-L-amino. acids 1=4 (Fig: 1) as
illustrated in the schemes,

“*Corresponding atthor:
Email: address: yOshi hattori@riastosakafi-uiacjp (Y. Hattori)

0069-8043/$ --see front matter ©.2011 Elsevier Ltd. All nghts reserved,
doix10. 1016/j. apradise.2011:03.042

2. Material and methed.
2.1, General’

TH NMR spectra were measured on a JMTC-400/54/SS (400 MHz,

;]EOL'Ltd‘ Tokyo, Japan) spectrometer. The chemical shifts in "H NMR
-are given in & values from TMS used as-internial standard: Optical

fotations were rneasured on.a Jasco P-2200 polanmeter UASCO Co,
Tokyo, Japan} Electron spray-jonization time of flight mass-spectra
(ESETOF WIS} was obtained on -a Nanofrontier LD (Hitachi® High-

“Techniologies Corporation, Tokyo, Japan). "°BSH was provided by
‘Stella Pharma Corporation (Osaka, Japan).

2.2 Synthesis of bts-teframefhyfammmomum S-({cyanoethyl)-
thioundecahydro-closo-dodecaberate (2) by: Michae!. addition

To a'solution of '°BSH.2NMe, (1.00 g, 3.20 mimol} and 1N NaOH

'aq.(3.20.ml, 320 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 % 3), and the
‘aqueous layer was: concentrated in vacuo. The residual solid was

recrystalhzed from H,0 to give.2-as colorléss crystal (1,08 g; 92%):
; *°c ’H NMR (400MH2, DZO) 5 0.7-1.5 (11H m,
3,10 (2.4H s ‘-N*‘(,CHB)‘;)

2.3. Synthesis of dodecaboratethio-t-amino acids (Ta—-d)

The mixture of bis-tetramethylammmonium: S-(cyancethyl)thio-

-undecahydro-closo-dodecaborate (2, .0.27mmol} and w-bromo-1-

amino acids 3a-d (041 mmol) in dry MeCN (7mL) under argon
atmosphere was ‘refluxed for 12 h; and the reaction ‘mixfure was
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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 (0.28 mmuol) 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 R-120, H* form). The neutralized
filtrate with NaOH was chromatographed using of ODS column to
give pure dodecaboratelthio-L.-amino acids 1a-d.

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

'H NMR (D;0); 0.75-1.80 (11H, m, !°By3H;¢), 2.52-2.66 (2H,
m, 3-CH,), 3.80 (1H, m, 2-CH); ESI-TOF MS (neg.): found m/z
274.5 [M+Na]~ (calcd. for CsHI9B,,NO,5+Na: 274.2).

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

'H NMR (D,0); 0.75-1.60 (11H, m, '°By;H;;), 1.91-2.03
(2H, m, 3-CH,), 2.43 (2H, m, 4-CH,), 3.62 (1H, m, 2-CH); [«]%®
—1.93 (c 0505, H,0) ESI-TOF MS (neg.): found mjz 288.2
[M+Na]~ (calcd. for C4Hqq '°B;,NO,5+Na: 288.3).

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

'H NMR (D,0); 0.75-1.50 (11H, m, '°By5H;,), 1.50 (2H, m,
4-CH,), 1.60-1.80 (2H, m, 3-CH,), 2.37 (2H, m, 5-CH,), 3.30 (1H,
m, 2-CH); [¢]3® —2.06 {c 0.515, H,0); ESI-TOF MS (neg.): found
m/z 302.6 [M+Na]~ (caled. for CsH,q 1°B{,NO,S+Na: 302.3).

-
l ja/sf/r\cozH
n S

2Na*
1a-d

i g
o

an=1, b:n=2,
en=3, dn=6

Fig. 1. Dodecaboratethio-t-amino acids.

2.34. (S)-2-Amino-5-(dodecaboranylithio)oc-tanoic acid
disodiumsalt (1d)

'H NMR {D,0); 0.75-1.60 (11H, m, '°B;5H;¢), 1.21-1.41(4H, m,
4-CH,, 5-CH,), 1.41 (2H, m, -6-CH,), 1.70(4H, m, 3-CH,-, 7-CH,),
2.34 (2H, t, j=7.3 Hz, 8-CH,), 3.57(1H, m, 2-CH); [«]F® —1.96
{c 0.515, H,0); ESI-TOF MS (neg.): found mfz 344.5 [M+Na]~
(calcd. for CgHa7 *°B1aNO2S+Na: 344.3).

3. Results and discussion

In our initial attempt we employed direct alkylation of '°BSH
with w-bromo-L-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 bromoe-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-i-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
-bromo-1-amino acids bearing (L}-configuration were obtained

? SH Z s;(\c "
0g~” 0~
£~ BrCH,CH,CN 7 L
——

+
CN
e g

2NMe,* 2NMe,"
1 5
>
og /s\/\CN

d
[P T

2NMes” {@: "BH

2

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

CN
2 [—— s NH,-HCI (HBr) o /) NH,.HCI (HBr)
Nog” \/\CN Br T (@) 103/8* F (), {0)
COZH —_— CO,H —  4a.d
n n -
2NMe, 3ad 2NMe,*
2
4a-d:
,’_;-:76-3"1-]—5 an=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,
¢} amberlite IR-120 {(Na+)

Scheme 1. Simple and efficient synthesis of dodecaboratethio -t-amino acids (1a-d).
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2NMeg*
1 2

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-.-
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 (MesNOH) 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-i-amino acid by nearly one-step alkylation of
S-cyanoethyl BSH, with non-protected bromo-ir-amino acids in
moderate yields. In the present synthesis, an absolute configuration
of the starting bromo-r-amino acid is to be introduced to the final

amino acids in retention. We believe that this synthetic method
could be applied to another boron cluster containing optically active
amine acids, such studies being currently progress. Biological study
of the compounds obtained here is also now under investigation.
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