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Water-soluble p-boronophenylalanine (BPA) derivatives having cascade polyols, the monohy-
droxy derivative BPA(OH) (4), the dihydroxy analogue BPA(OH); (8), and the tetrahydroxy
analogue BPA(OH), (6), were synthesized in order to elucidate a relationship between the
molecular structures and the cellular uptake. Biological properties of these compounds in
addition to BPA (1) itself were investigated. Water solubility increased in the order of BPA <
BPA(OH) < BPA(OH): < BPA(OH),. Cytotoxicity to B-16 melanoma and TIG hybrobrast cells
decreased in the order of BPA > BPA(OH) = BPA(OH); > BPA(OH),. The cellular uptake by
both B-16 and TIG cells decreased in the order of BPA > BPA(OH) = BPA(OH); > BPA(OH),,
whereas the uptake ratio of B-16/TIG increased in the order of BPA < BPA(OH) < BPA(OH).
< BPA(OH),;. The latter ratio indicates the selectivity on the uptake by a cancer to normal

cell.

Introduction

p-Boronophenylalanine (1; BPA) is a 1B carrier
clinically used for boron neutron capture therapy (BNCT)
for melanoma cancer.! It is considered that BPA is an
analogue of phenylalanine or tyrosine, and incorporation
of BPA to melanoma cells is very brisk. In fact, some
successful results have been obtained clinically using
BPA as a 0B carrier.? A serious drawback associated
with the use of BPA is its low water solubility.® Thus,
administration of BPA is now carried out using an
aqueous solution containing excess of fructose* which
converts BPA to a mixture of water-soluble borate
complexes, 2.3 However, it is considered that in vivo 2
is immediately converted to BPA by the hydrolysis in
the presence of a huge amount of water (Scheme 1).3
Poor solubility in aqueous or biological media has been
an obstacle to the effective delivery of potentially useful
boron compounds, such as BPA, to the tumor site. We
have developed polyols of a cascade type, 3, as a water-
solubilizing element for BNCT.? Cascade polyols have
no asymmetric centers, so that no diastereoisomers are
formed when they are bonded to boron-containing
biologically active molecules. Furthermore, the number
of hydroxy groups can be managed at will; for example,
polyols having one, two, four, or eight hydroxy groups
are able to be prepared readily.® Accordingly, a sys-
tematic change of water solubility is attained using the
cascade polyols. It occurred to us that we may control
the water solubility of BPA by attaching the cascade
polyols, thereby elucidating relationship between the
molecular structures, water solubilities, cytotoxicities,
and cellular uptakes of BPA derivatives. A relationship
between the molecular structure and biological property
of a biologically active compound has been mentioned
frequently, but it seems that a clear-cut relationship has
been obtained in very few cases. We wich to report that
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Scheme 1. BPA and Its Fructose Complex
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there is a marked relationship between the molecular
structures of cascade polyol-attached BPA derivatives
and their biological properties: (i) as the water solubility
increases the cytotoxicity decreases, (ii) the cellular
uptake decreases as the water solubility increases, (iii)
the selectivity on the uptake by a cancer to normal cell
increases as the water solubility increases.

Results and Discussion

Synthesis of BPA Derivatives Bearing Cascade
Polyols. We designed BPA derivatives 4—6 in order
to obtain a potentially useful 9B carrier for melanoma
and to clarify a relationship between three biological
properties (water solubility, cytotoxicity, and cellular
uptake). 1,3-Bis(benzyloxy)-2-propanol (7a)® was con-
verted to the corresponding tosylate 7b upon treatment
with tosyl chloride/4-(dimethylamino)pyridine (DMAP)
in pyridine. Treatment of 7b with sodium azide in DMF
gave the azide derivative 7c. Reduction of 7¢ with
LiAlH, in ether afforded 2-amino-1,3-bis(benzyloxy)-
propane (7d); the overall yield of 7d from 7a was 95%.
Quite similarly, 1,3-bis(1,3-dibenzyl-2-glyceroxy)-2-pro-
panol (8a) was converted to the amine derivative 8d in
73% overall yield (Scheme 2). BPA was converted to
the Cbz-protected form 9, upon treatment with CbzCl
in aqueous NaOH solution, in 98% yield. Treatment of
9 with 2 equiv of N-methyldiethanolamine in DMF gave
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Scheme 2. Synthesis of Cascade Polyol Derivatives®
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2 (i) TsCl, DMAP in Py; (ii) NaN3 in DMF; (iii) LiAlH, in ether.
7a — 7d, 95%; 8a — 8d, 73%.

the boronate 10 in which the B(OH): group was pro-
tected by the N-methylethanolamine moiety. Reaction
of 10, without isolation and purification, with ethanol-
amine in the presence of HOBt (N-hydroxybenzotri-
azole) and EDC (ethyl-N,N-(dimethyl-3-aminopropyl)-
carbodiimide)® afforded 11, which was transformed to
the monohydroxy borophenylalanine derivative 4, BPA-
(OH), upon hydrogenation with Pd(OH);—C catalyst
(Scheme 3). The overall yield of 4 from 9 was 28%.
Treatment of 10 with 7d under the same conditions as
above (HOBt—EDC) produced 12 in 95% yield.” It
should be noted that the use of N-methyldiethanolamine
protection for the B(OH): group is essential to obtain a
high chemical yield in the condensation step with 7d.
The direct reaction of 8 with 7d in the presence of
HOBt—EDC gave 12 in lower yield (48% yield). Per-
haps, the coordination of a nitrogen lone pair to boron
stabilizes the boronate group, avoiding the nucleophilic
attack of the amine to the boron atom, and thereby the
condensation proceeds effectively.® Removal of the Cbz
and Bn groups from 12 using Hy/Pd(OH);—C afforded
5, BPA(OH), in 56% yield. The similar procedure was
used for the condensation of 10 with 8d. Without
purification, 18 was converted to 6 upon hydrogenation.
The tetrahydroxy BPA derivative 6, BPA(OH)y, was
obtained in 37% overall yield from 9.

Biological Properties. (1) Water Solubility. The
water solubilities of BPA itself, BPA(OH), BPA(OH),,
and BPA(OH), are shown in Table 1. It is apparent that
BPA(OH), is about 150 times more water-soluble than
BPA itself (entry 4 vs 1).

(2) Cytotoxicity (Survival ratio of cells). The
cytotoxicities of BPA(OH), toward B-16 melanoma cells
and TIG-1-20 hybrobrast cells (human fetal lung normal
cells) are shown in Table 2, although the data are not
I1Csp values but survival ratio of cells. B-16 cells were
chosen as a model of tumor cells and TIG as a model of
normal cells.? The ICso values of BPA were 8.6 x 1073
and 2.2 x 1078 M for B-16 and TIG, respectively.
Obviously, BPA is far less toxic than 1-carbonyl-3-(2-
methylaziridino)-2-propanol (MACB)®2 and 5-carbora-
nyluridine (5-B10U),%® whose ICso values to B-16 cells
were of the order of 107® and 1075 M, respectively. The
newly synthesized compounds BPA(OH), (n =1, 2, and
4) were much less toxic than BPA, and large amounts
of the compounds were needed to measure those ICsg
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values; for example, the growth inhibition of B-16 cells
with BPA(OH); did not reach 50% even under 1.8 x 10~2
M concentration. Accordingly, for convenience sake, the
survival ratios of the cells were obtained by counting
numbers of living cells after incubating the cells under
the same concentration (1.5 x 10~3 M) of the boron
compounds (see the Experimental Section) (Table 2).
Needless to say, the ratio is 100% if the cells are
incubated in the absence of boron compounds (entry 1).
It is clear that the toxicity of the boron compounds
toward both B-16 and TIG decreases in the order of BPA
> BPA(OH) = BPA(OH); > BPA(OH)s. Very interest-
ingly, selective toxicity to B-16 cells was observed in the
case of BPA(OH), (n = 1, 2, and 4), although the extent
of the selectivity was not large.

(3) Cellular Uptake. Incorporation of each 1°B
carrier in the cells was measured by using the ICP-AES
method.?2 The cells [(4.5—5.0) x 106] were incubated
for 1-24 h with Eagle-MEM medium containing 2 mM
BPA(OH), (n =0, 1, 2, and 4). The solubility of BPA-
(OH), in this medium was greater than 2 mM (cf. Table
1), but the concentration was adjusted to 2 mM for the
purpose of comparison with other carriers. Since BPA
itself was less soluble, BPA-HCl was used, and the
concentration was adjusted to 2 mM. At 3, 12, and 24
h, the cells were washed three times with PBS-(—) (Ca-
and Mg-free phosphate-buffered saline, 5 mL) and
processed for boron measurement by ICP. The results
are summarized in Figure 1. Boron incorporation
increased, as time went on, regardless of the cells and
the boron carriers. The cellular uptake of BPA(OH),
by B-16 melanoma cells was greater, at any times, than
that by TIG normal cells. This observation seems to
be a reflection of the fact that B-16 is a cancer cell and
TIG is a sort of normal cell; the growth of B-16 is more
rapid than that of TIG. The cellular uptake at 24 h is
shown in Figure 2. It is clear that, as the water
solubility of BPA(OH), increases, the boron incorpora-
tion decreases irrespective of B-16 melanoma and TIG
hybrobrast cells. A very interesting phenomenum on
the selectivity of the cellular uptake is observed in
Figure 2. Apparently, the boron uptake ratio of B-16
to TIG cells in the case of BPA(OH), is greater than the
ratio in the case of BPA. Figure 3 shows a relationship
between the water solubility of BPA(OH), and the boron
uptake ratio of B-16 to TIG cells. The selectivity
increases as the water solubility increases. This seems
to be a promising result because the selective uptake
by a cancer cell may be enhanced with the increase of
water solubility.

Direct correlations. between the cellular uptake at 24
h (the intracellular molar concentration of BPA(OH),
with cell survival ratio are shown in Figure 4 (for B-16)
and Figure 5 (for TIG). Since it was demonstrated that
the cellular uptake of the compound decreased based
on its increased hydrophilicity, there appeared to be a
relationship between increased hydrophilicity of the
compound and decreased cytotoxicity. This may be
directly related to the intracellular concentration of the
compound alone. We assumed that the boron concen-
tration determined by the ICP method would be roughly
similar to the intracellular concentration. Figure 5
shows that the survival ratio of TIG increases with the
decreases of boron concentration. Although the rela-
tionship shown in Figure 4 is not straightforward in
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Scheme 3. Synthesis of BPA Derivatives Bearing Cascade Polyols®
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Table 1. Water Solubility of BPA(OH),*

entry BPA(OH), solubility at room temp (M)
1 BPA (1) 7.7+£0.1x 1073
2 BPA(OH) (4) 6.0+0.1x 101!
3 BPA(OH); (5) 6.6+0.1x 101!
4 BPA(OH), (6) 1.20 £ 0.05

@ The ICP-AES method was used for the measurement.
Table 2. Survival Ratio of the Cells

survival ratio (%)

entry compound B-16 TIG
1 - 100+ 3 100+ 3
2 BPA (1) 20+1 201
3 BPA(OH) (4) 602 66 + 2
4 BPA(OH); (5) 602 71+2
5 BPA(OH), (8) 62 £ 2 73+2

comparison with that in Figure 5, the survival ratio of
B-16 increases, more or less, with the decrease of boron
concentration. Accordingly, the results obtained here
suggest how important the compound’s hydrophilic
properties are in determining its cytotoxicity.

Conclusion

We have clarified, for the first time, a relationship
between the water solubility, cytotoxicity, and cellular
uptake of BPA(OH), (n =0, 1, 2, and 4). As the water
solubility increases, the cytotoxicity to and the cellular
uptake by both B-16 and TIG cells decrease. However,
the selectively of the uptake by B-16 increases as the
water solubility increases. Accordingly, it is expected
that a water-soluble BPA derivative may provide a
better result in vivo in an actual neutron irradiation
experiment. In fact, a distinctly improved therapeutic
effect of 1°B-enriched BPA(OH)s, as compared to the

[YBIBPA—fructose complex, in neutron capture therapy
of malignant melanoma in hamsters (NCI-245) was
observed.l® After 18 days, the tumor volume was
decreased to approximately 18% by using [’BIBPA-
(OH)g, whereas it was decreased to approximately 50%
by using the [1'BIBPA—fructose complex. We have been
able to determine the cellular uptake by using ICP and
boron element!! and thus clarify a relationship between
the molecular structure and biological properties. Per-
haps, the relationship obtained here provides a sugges-
tion to ones who want to know the ability of the cellular
uptake of some biologically important molecules.

Experimental Section

Materials. 'H- and 3C-NMR spectra were recorded on a
JEOL EX-270 spectrometer. The chemical shifts were ex-
pressed in parts per million downfield from tetramethylsilane
as internal or outer standard. IR spectra were taken with a
Hitachi 215 spectrometer or a Perkin Elmer 1600 FT-IR
spectrometer. Elemental analyses were carried out with a
Yanaco CHN recorder MT-3 spectrometer. Column chroma-
tography was performed on Merck Kiesel gel (230—400 mesh).
Pyridine (Py) was distilled over KOH. Dimethylformamide
(DMF) was treated by Dowex 50 (H* form) and then dried over
barium oxide and distilled.’? Ether was distilled over ben-
zophenone sodium prior to use. Perfect removal of water from
cascade polyols and their boron derivatives was not easy.
Accordingly, some elemental analysis data are based on the
molecular formula containing (H:0),

Source of Cells. B-16 melanoma cells (B-16) and TIG-1-
20 hybrobrast cells (TIG) were obtained from Cancer Cell
Repository, Research Institute for Tuberculosis and Cancer,
Tohoku University.

Synthesis of 2-Amino-1,3-bis(benzyloxy)propane (7d).
A mixture of 1,3-dibenzylglycerol (7a) (20.07 g, 73.69 mmol)
and p-TsCl (21.25 g, 111.5 mmol) in pyridine (25 mL) in the-
presence of DMAP (1.82 g, 14.90 mmol) was stirred for 21 h
at room temperature. To the mixture was added an aqueous
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Figure 3. Relationship between water solubility and boron
uptake.

3 N HCI solution (150 mL) at 0 °C, and the product was
extracted with three portions of ether. The combined organic
layers were washed with saturated aqueous NaHCOj3 solution
and brine, dried over MgSO,, and concentrated in vacuo. The
tosylate 7b, thus obtained, was used for further manipulation
without purification.

A mixture of 7b and sodium azide (9.63 g, 148.1 mmol) in
DMF (50 mL) was stirred for 5 h at 100 °C. The resulting
mixture was cooled to room temperature, the reaction quenched
with water, and the mixture extracted with three portions of
ether. The combined organic layers were washed with brine,
dried over MgSO,, and concentrated in vacuo to give the azide
7c, which was used for the next step without purification.

To a solution of 7¢ in ether (400 mL) was added dropwise a
solution of lithium aluminum hydride (5.63 g, 148.3 mmol) in
ether (180 mL) and the mixture was stirred for 3 h at 0 °C.
The reaction was quenched with ethyl acetate/water, and the
resulting suspension was filtered. The filtrate was dried over

o0il (19.08 g, 70.32 mmol, 95% overall yield from 7a): IR (neat)
3370, 3030, 2860, 2350, 1585, 1495, 1450, 1360, 1320, 1260,
1200, 1090, 1050, 920, 860, 735, 695, 610 cm™!; 'H-NMR
(CDCly) 6 7.24-7.39 (m, 10H, aromatics), 4.51 (s, 4H,
CsH,CH,0-), 3.52 (dd, JJ = 9.1, 4.8 Hz, 2H, CsH,CH,0-CH3-),
3.41 (dd, J = 9.1, 6.6 Hz, 2H, C¢H,CH20-CH3-), 3.23 (tt, J =
6.6, 4.8 Hz, 1H, H,N-CH-), 1.79 (brs, 2H, H3N-); *C-NMR
(CDCl;) 6 138.2 (aromatics), 128.3 (aromatics), 128.1 (aromat-
ics), 127.6 (aromatics), 73.3 (benzylics), 72.6 (methylenes), 51.0
(methylene at amino group). Anal. Caled for Ci;Hz 05N, --
(H2O)428: C, 73.17; H, 7.83; N, 5.02. Found: C, 73.17; H, 7.60;
N, 5.06.

Synthesis of 2-Amino-1,3-bis(1,3-dibenzyl-2-glycer-
oxy)propane (8d). A mixture of 8a (10.267 g, 17.09 mmol)
and p-TsCl (4.896 g, 25.68 mmol) in pyridine (6.5 mL) in the
presence of DMAP (0.428 g, 3.50 mmol) was stirred for 17 h
at room temperature. The usual workup gave 8b. A mixture
of 8b and sodium azide (3.379 g, 51.98 mmol) in DMF (20 mL)
as stirred for 5 h at 120 °C, giving 8¢. To a solution of 8¢ in
ether (50 mL) was added dropwise a solution of lithium
aluminum hydride (1.00 g, 26.35 mmol) in ether (20 mL), and
the mixture was stirred for 3 h at 0 °C. The usual workup
afforded 8d as a colorless oil (7.457 g, 12.43 mmol, 73% overall
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Figure 5. Relationship between cellular uptake at 24 h and
cell survival ratio of TIG: (@) BPA, (@) BPA(OH), (a) BPA-
(OH),, and (m) BPA(OH)..

. yield from 8a): IR (neat) 3380, 3030, 2860, 2360, 1910, 1870,
1810, 1585, 1495, 1455, 1410, 1365, 1310, 1250, 1205, 1100,
735, 700, 610 cm™!; 'H-NMR (CDCls) ¢ 7.21-7.35 (m, 20H,
aromatics), 4.50 (s, 8H, C¢H,CH30-), 3.43—3.74 (m, 14H, C¢H -
CH;0-CH;- and CéH,CH,OCH;CH-O-), 3.14 (tt, J = 6.7, 4.9
Hz, 1H, HoN-CH-), 1.90 (brs, 2H, H:N-); 3C-NMR (CDCl3) 6
138.1 (aromatics), 128.3 (aromatics), 127.7 (aromatics), 127.5
(aromatics), 78.4 (-HC-O-), 73.2 (benzylics), 72.6 (methylenes),
51.3 (HoN-C-). Anal. Caled for Cs7H4506N:: C, 74.10; H, 7.56;
N, 2.34. Found: C, 74.18; H, 7.38; N, 2.34.

Preparation of Cbz-BPA (9). To an aqueous NaOH
solution (15%, 10 mL) of (+)-BPA (4.33 g, 20.72 mmol) were
added CbzCl (4.5 ml, 31.5 mmol) and aqueous NaOH (15%, 6
mL) at 0 °C, and the mixture was stirred for 5 h at room
temperature. The resulting solution was extracted with ether
to remove excess CbzCl. To the aqueous layer was added
aqueous HCI (12 N, 12 mL) at 0 °C, and the product was
extracted with three portions of ethyl acetate. The organic
layers were washed with brine, dried over MgSO,, and
concentrated in vacuo to give 9 as a white solid (6.99 g, 20.37
mmol, 98% yield): IR (KBr) 3300, 1725, 1685, 1610, 1565, 1365,
1275, 1240, 1160, 1125, 1055, 755, 700, 645 cm™!; 'H-NMR
(CD3OH) 6 7.59 (br, 2H, aromatics of -B-C(CHCH),C-), 7.15—
7.35 (m, TH, B-C(CHCH); C- and C¢H-), 5.05 (d, J = 12.8 Hz,
1H, C¢Hs-CH;-), 4.99 (d,J = 12.8 Hz, 1H %, C¢Hs-CH3-), 4.33
(dd, J = 9.5, 5.0 Hz, 1H, HN-CH-CO,H), 3.20 (dd, J = 13.8,
5.0 Hz, -B-C¢H,4-CH>-), 2.93 (dd, J = 13.8, 9.5 Hz, 1H, -B-Cc¢H,-
CH;-); 3C-NMR (CD;0D) 6 175.9 (C=0), 159.1, 141.3, 138.9,
135.7,130.3, 130,2, 129,7, 129.4, 68.2 (HN-CH-CO.H), 57.4 (-B-
Ce¢H;-CHy-) 39.4 (C¢Hz-CHy-). Anal. Caled for Ci17HsN1BOg:
C, 59.50; H, 5.29; N, 4.08. Found: C, 59.48; H, 5.30; N, 4.18.

Condensation of Cbz-BPA (9) with 7d. A mixture of
N-methyldiethanolamine (1.6 mL, 13.9 mmol) and 9 (2.150 g,
6.27 mmol) was stirred for 10 min at room temperature in
DMF (10 mL). To the mixture were added 7d (2.036 g, 7.50
mmol), N-hydroxybenzotriazole (1.464 g, 9.56 mmol), and
ethyl-N,N-(dimethyl-3-aminopropyl)carbodiimide (EDC) (1.529
g, 7.98 mmol), and the mixture was stirred for 13 h at room
temperature. The resulting mixture was poured into an
aqueous 3N HCIl solution (75 mL), and the product as extracted
with three portions of ethyl acetate. The combined organic
layers were washed with brine, dried over MgSO4 and
concentrated in vacuo. The residue was purified by silica gel
column chromatography using chloroform/methanol (50/1) as
an eluent, giving 12 as a white solid (3.540 g, 5.93 mmol, 95%
yield): IR (KBr) 3300, 3040, 2880, 2360, 1700, 1655, 1610, 1520,
1420, 1385, 1260, 1100, 735, 700 cm~!; 'H-NMR (CDsOD) ¢
7.48 (d, J = 7.5 Hz, 2H, -B-C(CHCH).C-), 7.15—7.37 (m, 17H,
-B-C(CHCH);C- and 3 x CgHS5-), 5.03 (d, J = 12.4 Hz, 1H,
CeH;CH>-), 4.97 (d, J = 12.4 Hz, 1H, C¢H;CH3-), 4.35—4.51
(m, 5H, C¢HsCH;-, C¢HsCH2-, and -CH:-O-), 4.17 (m, 1H,
Ce¢H:;CH>-), 3.53 (d, J = 5.0 Hz, 2H, -CH,-0-), 3.43 (dd, J =
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9.2, 5.0 Hz, 1H, -NDCH-), 3.34 (m, 1H, DN-CH-COND-), 3.04
(dd, J = 13.6, 6.8 Hz, 1H, -B-C¢H,-CH,-), 2.86 (dd, J = 13.6,
8.1 Hz, 1H, -B-C¢Hs-CH,-). Anal. Caled for C3H37N5°BO7:
C, 68.46; H, 6.25; N, 4.70. Found: C, 68.69; H, 6.04; N, 4.63.

Synthesis of 5. A mixture of 12 (4.10 g, 6.87 mmol),
ethanol (40 mL), and an aqueous HCI solution (12 N, 2 mL)
was stirred in the presence of suspended Pd(OH),—C (2.50 g)
for 37 h at room temperature under a hydrogen atmosphere.
The resulting suspension was filtered to remove the palladium
catalyst. The filtrate was concentrated in vacuo, giving a
hydrogen chloride salt of 5, which was passed through the
Dowex 50W-X2 (50—100 mesh) cation exchange gel using
water as an eluent to remove chloride anion, and then, an
aqueous 1 N ammonium hydroxide solution was used as an
eluent. The product was purified by HPLC (Shim-pack; PREP-
ODS, 20.0 mm i.d. x 25 cm; flow rate = 5 mL/min, ¢tg = 90
min, eluted with methanol/water = 1/9) to give 5 as a white
solid (1.088 g, 3.86 mmol, 56% yield): IR (KBr) 3355, 3060,
2945, 1655, 1610, 1560, 1430, 1350, 1165, 1090, 930, 815, 665
cm™!; 'H-NMR (D;0) 6 7.57(d, J = 7.4 Hz, 2H, -B-C(CHCH),C-
), 714 (d, J = 74 Hz, 2H, -B-C(CHCH),C-), 3.73 (m, 1H, ND-
CH-), 3.62 (dd, J = 7.5, 6.3 Hz, 1H, D;N-CH-COND-), 3.49
(dd, J = 11.1, 5.0 Hz, -CH,-PO-), 3.39 (dd, J = 11.1, 6.1 Hz,
-CH,-0-), 3.21 (d, J = 5.5 Hz, 2H, -CH»-0-), 2.90 (4, J = 13.1,
6.3 Hz, 1H, -BC¢H4-CH,-), 2.82 (d, J = 13.1, 7.5 Hz, 1H,
-BCeH4-CH,-); 13C-NMR (CDCl3) 6 175.6, 138.8, 134.6, 129.9,
61.6, 57.0, 53.9,40.8. Anal. Caled for C,;5H190:NYB-(H20)-1 0:
C, 54.75; H, 6.51; N, 10.64. Found: C, 54.83; H, 6.63; N, 10.65.

Synthesis of 4. A mixture of N-methyldiethanolamine (1.9
mL, 16.55 mmol) and 9 (2.561 g, 7.46 mmol) was stirred for
10 min at room temperature in DMF (10 mL). To the mixture
was added ethanolamine (0.50 g, 8.28 mmol), N-hydroxyben-
zotriazole (1.701 g, 11.11 mmol), and EDC (1.782 g, 9.30 mmol),
and the mixture was stirred for 20 h at room temperature.
The resulting mixture was poured into aqueous 3 N HCI (75
mL) solution, and the product was extracted with three
portions of ethyl acetate. The combined organic layers were
washed with brine, dried over MgSO,, and concentrated in
vacuo. The residue was purified by a short silica gel column
chromatography using chloroform/methanol (50/1) as an elu-
ent. The product 11 was obtained as a white solid.

A solution of 11 dissolved in ethanol (100 mL) and aqueous
HCI solution (12 N, 0.34 mL, 4.08 mmol) was stirred in the
presence of suspended Pd(OH),—C (2.50 g) for 1 h at room
temperature under a hydrogen atmosphere. The usual workup
gave crude product, which was purified by HPLC (Shim-pack;
PREP-ODS, 20.0 mm i.d. x 25 c¢m; flow rate = 5 mL/min,
eluted with methanol/water = 1/9) to give 4 as a white solid
(1.088 g, 2.09 mmol, 28% yield): IR (KBr) 3355, 2400, 1650,
1560, 1430, 1385, 1350, 1055, 670 cm™!; 'H-NMR (D20).6 7.62
(d, J = 7.4 Hz, 2H, -B-C(CCHCH),C-), 7.18 (d, J = 7.4 Hz,
2H, -B-C(CHCH),C-), 3.65 (dd, J = 7.2, 6.9 Hz, 1H, D;N-CH-
COND-), 3.45 (dt, J = 11.5, 5.9 Hz, 1H, -COND-CH_-), 3.37
(dt, J = 11.5, 5.9 Hz, 1H, -COND-CHy), 3.15 (t, J = 5.9 Hz,
2H, -CH;-0D), 2.93 (dd, J = 13.8, 6.9 Hz, 1H, -BC¢H,-CH}3-),
2.87 (dd, J = 13.8, 7.2 Hz, 1H, -BC¢H,-CHj-); 3C-NMR (D20)
0175.4,138.5,133.5,128.7, 59.7, 55.9, 41.0, 40.0. Anal. Caled
for C1H704N1°B-(H50)-029: C, 54.84; H, 6.47; N, 10.66.
Found: C, 54.83; H, 6.63; N, 10.65.

Synthesis of 6. A mixture of N-methyldiethanolamine (2.1
mL, 18.29 mmol) and 9 (2.852 g, 8.31 mmol) was stirred for
10 min at room temperature in DMF (10 mL). To the mixture
were added 8d (5.460 g, 9.10 mmol), N-hydroxybenzotriazole
(1.913 g, 12.49 mmol), and EDC (1.995 g, 10.40 mmol), and
the mixture was stirred for 20 h at room temperature. The
resulting mixture was poured into an aqueous 3 N HCl
solution (100 mL), and the product was extracted with three
portions of ethyl acetate. The combined organic layers were
washed with brine, dried over MgSO,, and concentrated in
vacuo. The residue was purified by a short silica gel column
chromatography using chloroform/methanol (30/1) as an elu-
ent, giving 13.

A mixture of 18, ethanol (40 mL), and an aqueous HCl
solution (12 N, 2 mL) was stirred in the presence of suspended
Pd(OH),—C (2.50 g) for 37 h at room temperature under a
hydrogen atmosphere. The usual workup gave crude 6. The
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crude product was purified by HPLC (Shim-pack; PREP-ODS,
20.0 mm id. x 25 cm; flow rate = 5 mL/min, eluted with
methanol/water = 1/9) to give 6 as a white solid (1.321 g, 3.068
mmol), 37% yield): IR (KBr) 3360, 2875, 2360, 1655, 1560,
1480, 1435, 1350, 1110, 1075, 820, 665 cm ™!, 'H-NMR (D;0) 6
7.65(d, J = 7.4 Hz, 2H, -B-C(CHCH),C-), 7.20 (d, J = 7.4 Hz,
2H, -B-C(CHCH):C-), 3.95 (m, 1H, ND-CH-), 3.73—3.69 (m,
15H, DoN-CH-COND-, -CH-O- x 1, -CH,-O- x 5, and -CH-O-
x 3), 83.11 (dd, J = 10.1, 5.9 Hz, 1H, -CH,-0-), 290 (d, J =
13.2, 5.6 Hz, 1H, -BC¢H,-CH-), 2.82 (d, J = 13.2, 9.0 Hz, 1H,
-BCsH,-CH;-); 13C NMR (CDCls) 6 175.6, 138.8, 133.7, 128.8,
127.0, 80.9, 68.6, 67.8, 60.5, 60.4, 60.2, 56.0, 49.0, 40.1. Anal.
Caled for C12H;905N°B-(H20)-100: C, 52.55; H, 7.10; N, 6.81.
Found: C, 52.85; H, 6.93; N, 6.82.

Water Solubility. Enough amounts of the boron com-
pounds were added to pure water. The mixture was stirred
for 12 h at 20 °C, and a saturated solution of each boron
compound was obtained. Undissolved boron compounds were
filtered through a membrane filter. The concentration of boron
atom of each saturated solution was obtained by using ICP-
AES. Three replications of each experiment were carried out.
Values are represented as mean + SE. '

Determination of Survival Ratio. The boron compounds
(70 umol) were dissolved in 7 mL of Eagle-MEM medium . The
mixture was filtered via a membrane filter and sterilized. The
filtrate (3 mL) and the suspension of the cells in Eagle-MEM
medium (10% FCS, 1 x 10° cells/mL, 1 mL) were placed in a
Falcon 3002 culture dish (60 mm diameter) and diluted with
same medium to set the concentration of the boron compound
at 1.5 x 1072 M. The suspension was cultured for 3 days at
37 °C under a 5% carbon dioxide atmosphere. Skim of the
resulting suspension was removed. The remaining cells were
treated by trypsin, and the number of living cells was counted.
The observed value was divided by the number of the standard
system, in which no boron compound was added. Three
replications of each experiment were carried out. Values are
represented as mean + SE.

Boron Incorporation into B-16 and TIG. B-16 cells were
cultured in Falcon 3025 dishes (150 mm diameter). When the
cells were grown to fill the dish, the cell number was counted
(5.0 x 108 cells/dish). One dish was for a control experiment.
The boron compounds (2 mM) were added to the dishes. The
cells were incubated for 3, 12, and 24 h at 37 °C under a 5%
carbon dioxide atmosphere. After skim of the suspension was
removed, the remaining cells were washed with three portions
of Ca- and Mg-free phosphate-buffered saline (PBS-(—); 4mL),
collected by rubber policeman, digested with 7 mL of 60%
HC10,—30% H:0; solution, and decomposed for 1 h at 70 °C.
After the filtration with a membrane filter (Millipore; 0.22 um),
the boron concentration was determined by using ICP-AES
(Shimazu, ICP-1000-I1II). The boron concentration of the
control experiment was subtracted from the boron concentra-
tions of the cells of each dish. In the case of TIG-1-20 cells, a
similar procedure was used. Three replications of each experi-
ment were carried out. Values are represented as mean +
SE.
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