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Highly Water-Soluble Carbaborane-Bridged Bis(glycophosphonates)
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A facile synthesis of carbaboranediyl-bis(glycophosphon-
ates) and corresponding phosphonothioates is presented.
These compounds show extraordinarily high water solubility
and low cytotoxicity.
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Introduction

To date, the treatment of malignant tumors is always ac-
companied by extremely negative side effects. One poten-
tially useful approach for the selective destruction of tumor
cells is boron neutron capture therapy (BNCT), a powerful
form of radiotherapy involving preferential incorporation
of 19B-containing compounds into tumor cells, followed by
irradiation of the tumor with thermal neutrons."!’ The high-
energy fission products that are formed on absorption of a
neutron allow selective destruction of the tumor cells with-
out affecting the surrounding healthy tissue. High and selec-
tive accumulation in tumor cells is one important require-
ment for a BNCT agent. For successful treatment, a con-
centration of 30 pug '°B per gram tumor must be achieved.
The main problem to date is the availability of boron com-
pounds that exhibit the necessary high selectivity, water sol-
ubility, and low toxicity in high concentrations.[”!

The synthesis and bioactivity studies of the first phos-
phorus-containing boron cluster compounds bearing phos-
phate and pyrophosphate moieties were reported by
Kaczmarczyk and Bechtold in 1975.13] However, these com-
pounds turned out to be highly toxic. Interestingly, some
simple carbaboranyl bis(phosphonates) exhibit high tumor
selectivity and can be used in the treatment of calcifying
tumors. Oligomeric phosphate diesters which contain closo-
or nido-carbaboranes show high accumulation in tumor tis-
sue in BALB/c mice bearing EMT6 tumors.¥! However,
comprehensive biological assessments of boron-containing
phosphonates as potential tumor-targeting agents in BNCT
are still rare.l”!
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Endogenous lectins are located on the surface of normal
and malignant cells and serve as specific receptors for medi-
ating endocytosis of glycoconjugates.! Transformation of
normal to malignant cells is often accompanied by modifi-
cation of the lectin composition and overexpression of cer-
tain lectins. For example, lactose-binding lectin (LBL) plays
an important role in the metastatic growth of tumors.l”l We
have therefore devised efficient syntheses for boron com-
pounds which provide a combination of tumor-targeting
systems: The use of phosphonato groups as phosphate
mimics and galactosyl groups for binding to lectins at the
surface of a tumor cell.’! The 6-position of the galactose is
usually involved in recognition in lectins, but for proof of
our general synthetic principlel®’ we synthesized galactosyl
derivatives connected via the 6-position to the phosphonate.

Results and Discussion

Carbaboranediyl-bis(glycophosphonates) were synthe-
sized according to the phosphoramidite method from a
meta- or para-carbaboranyl bis(phosphonite) and protected
galactose 2 and benzimidazolium triflate (BIT) as pro-
moter.

Synthesis of disodium salts 5 and 6 starts from meta-
carbaboranediyl bis(phosphonite) 1,7 which acts as a phos-
phoramidite analogue. Galactosylation of 1 with a slight
excess of protected galactose 2 and benzimidazolium triflate
led to the desired glycophosphonite derivative. Oxidation
of this intermediate with zerz-butyl hydroperoxide (TBHP)
yielded target bis(phosphonate) 3 which was previously re-
ported® to exhibit four signals in the 3'P{'H} NMR spec-
trum at 6 = 10.4 ppm corresponding to the four possible
stercomers. The phosphonate groups were deprotected
either with thiophenol/triethylamine/dioxane according to
the method developed by van Tamelen and Daub!'”! or by
using Me;SiBri!!l followed by aqueous hydrolysis. In our
hands the first method was found to be better, as it gave
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Scheme 1. Synthesis of the carbaborandiyl-bis(phosphonate) 5 and -bis(phosphonothioate) 6.

higher yields of 5. After phosphonate deprotection, the iso-
propylidene groups at the galactose moieties were cleaved
with trifluoroacetic acid/water (9:1).'?! After purification
by preparative HPLC, the bis(hydroxyphosphonate) was
converted into the desired disodium salt 5 by ion exchange
(see Scheme 1).

Phosphonates are usually stabilized against attack of
phosphatases.'*l However, there are also phosphonate es-
terases known that are able to cleave phosphonates.['4]
Therefore, we synthesized the bis(phosphonothioate) deriv-
ative 6. Galactosylation was performed as described for the
bis(phosphonate) 5.

Instead of TBHP a sulfurization agent is used in the oxi-
dation step. Elemental sulfur in combination with an amine
base is a simple and widely used reagent for this purpose,'>!
but in the case of carbaboranediyl-bis(phosphonites) this
led to excessive decomposition (*'P NMR spectroscopic
proof). Instead, 3H-1,2-benzodithiol-3-one 1,1-dioxide, the
so-called Beaucage reagent,!['9 is the sulfurization agent of
choice, because it leads smoothly to the bis(phosphonothio-
ate) derivative 4. The product exhibits four signals around
6 = 79.6 ppm in the 3'P NMR spectrum. Separation of the
stercomers was not possible. Deprotection of the dia-
stereomeric mixture was performed in analogy to the corre-
sponding bis(phosphonate) 5. Subsequent ion exchange led
to highly water-soluble compound 6.
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Spectroscopic Properties of 5 and 6

Both phosphorus atoms in 5 are nonchiral, because the
negative charge is delocalized. Therefore, one signal is ex-
pected in the 3'P NMR spectrum. Interestingly, two signals
are observed at 4.9 ppm. One reason might be formation of
micelles, as was observed for a lactosyl and a bis(glucosyl-
oxomethyl) carbaborane.l'”l To prove the existence of mi-
celles, a dilute solution of 5 (¢ = 3 X 10~* M) was prepared
to achieve a concentration below the critical micelle concen-
tration (CMC), at which the compound should occur in the
nonaggregated form. However, the 3'P{'H} NMR spec-
trum indicated no change in the ratio of the two signals.
Even if the CMC was not reached, a significant change in
the ratio of the signals would be expected. Thus, this result
indicates that no micelles are formed. Another possibility is
that the cluster may act as a conformational anchor, which
would allow formation of two possible arrangements of the
two phosphonate groups. While a high-temperature
SIP{'H} NMR spectrum of a solution of 5 shows only one
broad signal at 50 °C, this result does not definitively sup-
port the theory of the two conformers, as the line width
also increases at elevated temperature.

In the case of compound 6 cleavage of the methyl ester
led to a high field shift of about 18 ppm due to a thione-
thiol rearrangement. Because both phosphorus atoms in
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disodium salt 6 are chiral, in contrast to 5, the 3'P{'H}
NMR spectrum exhibits two signals, at op = 61.2 ppm. Due
to anomerization of the galactose moieties, a maximum of
16 possible stereomers would be expected theoretically. The
observation of only two signals is probably due to only
small magnetic differences between the epimers. For the
carbon atoms of the carbaborane core the '*C NMR spec-
trum shows a doublet with a !'Jep coupling constant of
110.5 Hz, which is about 20 Hz smaller than in the corre-
sponding bis(phosphonate) 5. This is a general observation
for thiophosphonates. Komarov et al. tried to explain the
phenomenon of a smaller 'Jep coupling constant in thio-
phosphoryl compounds in comparison with phosphoryl
compounds by theoretical calculations, but failed.['®]

Because of the anomerization of the galactosyl moieties,
the 13C and 'H NMR spectra of 5 and 6 exhibit signals for
the o and B forms, but only for the pyranosyl form of galac-
tose. The ratio between o and B forms was determined with
the integrateable '3*C NMR method, because the chemical
shifts of C-1a and C-1p are significantly different. Measure-
ment of the anomeric ratio by optical rotation angle was
impossible due to the small amounts of the substances
available. In the first step of the '*C NMR method, the
relaxation time 77 of the anomeric carbon atoms was deter-
mined to 375 ms and is therefore relatively short. On this
basis an inverse gated 'H-decoupling experiment was per-
formed.['] The ratio of o to B forms amounts is 33:67. In
galactose the o/f ratio (sum of the o vs. B forms of pyra-
noses and furanoses) is 33.5:66.4.[?%1 Taking the error mar-
gin into account, the anomeric ratio in 5 is identical with
that in galactose.

The "B NMR spectra only show one very broad signal
at 0 = —10.1 ppm. For a similar compound, namely, 1,2-
bis[(B-p-galactopyranosyl)-(1—4)-(B-D-glucopyranosyl)meth-
yl]-1,2-dicarba-closo-dodecaborane(12), two signals and for
a P-lactosyl-closo-ortho-carbaborane five signals, were re-
ported.l'”l Disubstitution, especially by sterically de-
manding groups like carbohydrate units, interrupts the sym-
metry of the electron density distribution of the cluster and
results in a broad signal.

Tetra-np-galactosylated Carbaboranediyl Bis(phosphonates)

To examine whether two sodium monogalactosyl phos-
phonate groups or two digalactosyl phosphonate moieties
are better for accumulation in tumor cells, the latter com-
pounds were also synthesized according to the protocol for
3 and 4. Therefore, a carbaboranediyl bis(phosphonite) pre-
cursor with four dimethylamido groups was needed. A two-
step synthesis of 7 was reported by Alexander and Schro-
eder'l in 1966 starting from a bis(dichlorophosphanyl)-
meta-carbaborane, which led to 7 after amination with di-
methylamine gas in nearly 30% total yield. The synthesis of
the analogous ortho-carbaborane derivative was reported by
Hill et al. in 1978 starting from dilithiated carbaborane and
bis(diamido)chlorophosphite.?? In a slightly modified pro-
cedure of the latter, the desired compound 7 can be ob-
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tained in 60% yield (see Scheme 2), which is an improved
yield and easier access than the two-step synthesis of Alex-
ander and Schroeder.

Me,N NMe,
H \P/
1.) 2.2 equiv. nBuLi
2.) 2.2 equiv. CIP(NMey),
Et,0 NMe,
H 2 -
NMe,

Scheme 2. Synthesis of 7.

Molecular Structure of 7

Compound 7 crystallizes in the triclinic space group P1
with four molecules in the unit cell. Only one of the two
molecules of 7 in the asymmetric unit is shown in Figure 1.
Selected bond lengths and angles are presented in Table 1.

Figure 1. Molecular structure of 7 (only one of the two independent
molecules is shown).

Table 1. Selected bond lengths and angles of 7 (data are shown for
only one of the two independent molecules).

Bond lengths [pm] Bond angles [°]

P(1) N(1)  167.3(1) N@2)-P(1)-N(1)  109.55(6)
P(1) N2)  167.8(1) NQ)-P(1)-C(1)  101.62(6)
P(1)-C(1)  189.7(1) N(1)-P(1)-C(1)  104.72(6)
P(2)N3)  167.1(1) N(3)-P(2)-N@4)  110.63(6)
P(2) N@)  168.6(1) N(3)-P(2)-C(2)  103.98(5)
P(2)-C2)  188.6(1) N@4)-P(2)-C(2)  101.31(5)

The P(1)-C(1) and P(2)-C(2) bond lengths are in the
range observed for similar ortho-carbaborane derivatives.**
Both phosphorus atoms have a pyramidal environment, and
the four nitrogen atoms are surrounded in a trigonal-planar
fashion by the methyl groups and the phosphorus atom.

Galactosylation of 7

Compound 7 was treated with an excess of six equiva-
lents of protected galactose 2 (i.e., 1.5equiv. per amido
group) and five equivalents of BIT according to the pro-
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cedure described above. Galactosylation proceeds very
slowly at room temperature, because of substitution at the
phosphorus atom with two highly sterically demanding
carbohydrate moieties and was completed only after five
days. Due to the low reaction rate, the intermediate steps
could be monitored by 3'P{'H} NMR spectroscopy (Fig-
ure 2).
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Figure 2. 3'P{'H} NMR spectra of the reaction mixture after 1, 2,
and 5d (in CH;CN).

After one day an intense signal at Jp = 80 ppm was ob-
served, which can be assigned according to the reaction
mechanism proposed by Noyori et al.l** to the tetraammo-
nium salt of 8 (Scheme 3). Noyori et al. reported that an
azolium complex such as 8, in the presence of a nucleophile
(e.g., a free OH group of a nucleoside) cannot be observed
in the 3'P{'H} NMR spectrum, and instead the signal of
the resulting product is seen. They postulated that conver-
sion of this azolium complex is faster than its formation. If
7 and an excess of BIT are dissolved in CD;CN, a signal at
op = 79 ppm results, which can be assigned to tetrabenzimi-

/>:( l/ Z/P\N
MezN\P/NMez

4CF,S05

dazolium-substituted carbaboranediyl bis(phosphonite) 8 in
accordance with the '"H NMR spectrum. We assume that
the observation of 8 also in the presence of a nucleophile
can only be explained by its much lower reactivity, in con-
trast to phosphoramidites used in oligonucleotide chemis-
try. Due to steric hindrance, monogalactosylated product 9
is formed, which gives rise to low-intensity signals at dp =
137 ppm. The very low concentration of 9 indicates that it
rapidly transforms into tetragalactosylated compound 10
(0p = 163 ppm).

After five days at room temperature the reaction was
complete, but a significant amount of side products was
formed. The reaction time could be reduced to three hours
by irradiation in a microwave oven. Oxidation with TBHP
and sulfurization with the Beaucage reagent led to bis(phos-
phonate) 11 in 30% yield and to bis(phosphonothioate) 12
in 13% yield, respectively. The yield of 12 is very low even
though 3'P NMR spectra of the reaction mixture show pre-
vailing formation of the bis(phosphonothioate) together
with a small amount of oxidized species 11. Additionally, a
mixed oxo/thiophosphonate derivative could be isolated in
9% yield by column chromatography. It was previously re-
ported that the reaction product of the Beaucage reagent is
a strong oxidizing agent.['®] We assume that this compound
reacts faster with the sterically constrained phosphorus
atoms than the sulfurization agent. Therefore, we used
bis[3-(triethoxysilyl)-n-propyl] tetrasulfide (TEST), which
was reported by Hayakawa et al.>> in 2005 as an alternative
to the Beaucage reagent, because it exhibits similar rates
but does not produce any oxidation reagent during the sul-
furization process. Unexpectedly, performing the reaction

e
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4 equiv. BIT 2 equiv. 2
_— /\NH / \
® 5 @
~NMe; 4 equiv. HNMe, _ -2 equiv. BI
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Scheme 3. Synthesis of tetragalactosylated compound 10.
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with TEST led to a yield of only 13%, too. Deprotection
of the galactosyl moieties in 11 and 12 with trifluoroacetic
acid at room temperature led to the highly water-soluble
compounds 13 and 14 (Scheme 4).

1y,
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i
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X
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HO OH
X 0-OH OH
HO I
HO O o—F—o OH
HO 7
P
v
HO. 0 \o
0
o)
HCuo \OH
OH
13: X=0
14: X =S OH OH

Scheme 4. Deprotection of 11 and 12.

Spectroscopic Properties of 13 and 14

Cleavage of the isopropylidene moieties led to an equilib-
rium between o and P forms of the galactosyl groups. The
four carbohydrate units can theoretically form 16 stereoiso-
mers. Anomerization induces chirality at the phosphorus
atoms, which results in the observation of several signals
in the 3'P{'H} NMR spectra, in contrast to the protected
compounds 11 and 12. For 13 three signals at 6 = 10.1 ppm
and for bis(phosphonothioate) 14 three signals at 6 =
78.4 ppm are observed (Figure 3). The '"H NMR spectra
show a characteristic multitude of multiplets. Only the an-
omeric protons can be assigned with certainty. The anom-
eric protons of bis(phosphonate) 13 exhibit a multiplet for
the B anomer at 6 = 4.56 ppm and a doublet at 6 =
5.24 ppm for the a anomer. The corresponding thio deriva-
tive 14 exhibits a very similar signal pattern. The detailed
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assignment of the signals in the '*C{'H} NMR spectra was
possible only in part, as the occurrence of stereomers led to
strong overlap of multiple signals. The carbon atoms of the
boron cluster can be identified due to their large coupling
constant to the phosphorus atoms ('Jcp is 136.4 Hz for 14
and 182.5 Hz for 13). The 'Jep coupling constant of the
bis(phosphonothioate) is about 46 Hz smaller than in the
corresponding bis(phosphonate). The anomeric carbon
atoms exhibit two signals in both compounds. Integration
of the signal intensity yields a:f ratios of 34:66 for 14 and
37:63 for 13. Considering the measurement error, the ratio
is similar to that of galactose. The ''B NMR spectra show
in both cases only one very broad signal.

15.0 14.0 13.0 12.0 1.0 10.0 9.0 8.0 7.0 6.0 5.0ppm

855 84.5 835 825 81.5 805 795 785 775 765 755 745 735 725 ppm

Figure 3. 3'P{'H} NMR spectra of the protected compounds 11
and 12 in CDCl; and the deprotected compounds 13 and 14 in
D,0.

para-Carbaborane-Containing Bis(glycophosphonate)

For future studies on the influence of the isomeric carba-
borane core on the biological activity, the para-carbaborane
analogue of 7 was synthesized according to the procedure
described for 7. Compound 15 was obtained as a crystalline
solid in 55% yield. The compound crystallizes in the mono-
clinic space group P2,/n with two molecules in the unit cell.
The crystal structure is shown in Figure 4, selected bond
lengths and angles are presented in Table 2.

Figure 4. Molecular structure of 15.
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Table 2. Selected bond lengths and angles of 15.

Bond lengths [pm] Bond angles [°]

P(1) N(1)  166.8(1) N(1)-P(1)-N(2) 110.29(5)
P(1)NQ2)  167.1(1) N(1)-P(1)-C(1) 101.65(6)
P(1)-C(1)  189.0(1) N(2)-P(1)-C(1) 103.26(5)

The molecule lies on an inversion center. The P(1)-C(1)
and the P(2)-C(2) bond lengths are in the same range as in
the meta-carbaborane derivative 7 and similar ortho-carba-
borane derivatives.[**!

Compound 15 was treated with an excess of protected
galactose 2 under microwave conditions. Interestingly, the
reaction proceeds faster than with meta-carbaborane ana-
logue 7. We suppose that this is mainly due to the lesser
steric interaction of the four galactosyl moieties than in the
meta-carbaborane derivative. Additionally, the less pro-
nounced electron-withdrawing character in comparison
with the ortho- and meta-carbaboranes may also play a role.
To support this hypothesis, theoretical calculations on this
phenomenon are underway and will be presented elsewhere.
After oxidation and isolation, the galactosyl moieties of in-
termediate compound 16 were deprotected with 90% tri-
fluoroacetic acid to yield highly water-soluble target com-
pound 17 in 33% yield (Scheme 5). In general the NMR
spectra show no differences in comparison to the spectra of

MezN\P /N Me;
/ F,\
Me,N NMe,
15

1.) 6 equiv. 2, 5 equiv. BIT
2.) 3 equiv. tBuOOH

(0]
\0>\
TFA/H,0 (9:1) \a>
30 minr.t.
- 8 acetone
HoHO OH OH

Scheme 5. Synthesis of para-carbaborane-containing bis(glyco-
phosphonate) 17.
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13 with the exception of the !B NMR spectrum, which
shows a sharp doublet with a 'Jgy coupling constant of
151.2 Hz.

Water Solubility of the Bis(glycophosphonates)

The water solubility of all compounds reported herein
was determined and found to be high in comparison with
D-galactose. The values for the glycophosphonate deriva-
tives are shown in Table 3. Due to the relatively small
amounts available, the values could not be determined with
precision and are therefore rounded. The disodium salts ex-
hibit the highest water solubility among these compounds
of 910 (5) and 830 g/L (6). These absolute values are higher
than for p-galactose (650 g/L). However, the molar solubili-
ties of about 1.35 (5) and about 1.18 mol/L (6) are lower
than that of galactose (3.6 mol/L). Due to the missing ionic
part of the molecules, tetragalactosyl-substituted com-
pounds 13 and 14 are less water-soluble. In general, all thio
derivatives show lower solubility than their phosphonate
counterparts. This is especially the case for the tetragalacto-
syl compounds, whereby bis(phosphonothioate) 14 exhibits
only half the water solubility of corresponding bis(phos-
phonate) 13. The para-carbaborane unit was reported to be
the most lipophilic in the series of carbaborane isomers.*!
Therefore, lower water solubility of 17 was expected. Inter-
estingly, the para-carbaborane cage seems to have little in-
fluence on the water solubility when 17 is compared with
meta-carbaborane analogue 13. It can be concluded that in
general the combination of an ionic phosphonato group
and carbohydrate moieties provides high water solubility of
the extremely hydrophobic carbaborane moieties, which is
crucial for a proposed application in BNCT.

Table 3. Water solubility of 5, 6, 13, 14, 17.

Compound Water solubility®
g/L mol/L

5 910 1.35
6 830 1.18
13 790 0.83
14 380 0.39
17 780 0.81
D-galactose 650 3.6

[a] Values for the carbaborane derivatives could not be precisely
determined and are rounded. The error margin is ca. =10 g/L.

A detailed report on the biological properties will be
given elsewhere.

Conclusions

We have developed a facile synthesis of meta- and para-
carbaborane-containing bis(glycophosphonates) with one
and two galactosyl moieties at the phosphorus atoms. These
compounds exhibit high water solubility in comparison
with D-galactose and, as will be reported elsewhere, low
cytotoxicity even in millimolar concentrations, and they are

Eur. J. Org. Chem. 2009, 6301-6310



Highly Water-Soluble Carbaboranes

Eur

therefore excellent candidates for further biological studies
with potential applications in BNCT.

Experimental Section

General: Standard Schlenk and vacuum-line techniques were em-
ployed for all manipulations of air- and moisture-sensitive com-
pounds. The NMR spectra were recorded with a Bruker AVANCE
DRX 400 spectrometer: 'H NMR (400.13 MHz): internal standard
solvent, external standard TMS in the case of organic solvents and
DSS [Na(Me;SiCH,CH,CH,S05)] in the case of water. >'P NMR
(161.98 MHz): external standard 85% H;PO,. '3C NMR
(100.16 MHz): internal standard solvent, external standard TMS
in the case of organic solvents or DSS for water, ''B NMR
(128.38 MHz): external standard BF;OEt,. The solvents were
dried and saturated with nitrogen. 1,2:3,4-di-O-isopropylidene-o-D-
galactose (2) is commercially available from Sigma-Aldrich and
was dried under vacuum for several hours before preparing a stock
solution in dry acetonitrile. 3H-1,2-Benzodithiol-3-one 1,1-dioxide
was purchased from Alfa Aesar. The syntheses of 1 and 3 were
recently reported.[”) Benzimidazolium triflate was synthesized ac-
cording to a modified literature procedure:[*”! benzimidazole was
dissolved in dichloromethane and cooled to 0 °C. An equimolar
amount of trifluoromethanesulfonic acid (distilled prior to use) was
added slowly under vigorous stirring. After complete addition, the
purple salt was isolated by filtration, washed with dichloromethane,
and dried in high vacuum at 50 °C overnight; m.p. 216-217 °C
(ref.271 188-190 °C).

The mass spectra were recorded with a Bruker Daltonics 7 Tesla
APEX 1II spectrometer (ESI) or on a Finnigan MAT MAT8200
spectrometer (EI). The reported masses refer to the most intense
peak of the isotopic boron pattern. Column chromatography was
performed on silica gel 60 (230 =400 mesh). For detection of
carbohydrates a 1:10 mixture of concentrated phosphoric acid in
ethanol was used. Visualization of boron compounds was achieved
with a 2% solution of PdCl, in methanol. Preparative HPLC was
performed on a ProntoSIL® 120-10 C8 ace-EPS column (Knauer)
with a flow rate of 25 mL/min. Elemental analyses were performed
with a VARIO EL (Heraeus). Microwave reactions were performed
in a microwave oven from Mikrowellen Labor Systeme GmbH at
normal pressure.

The data for X-ray crystallographic analysis (Table 4) were col-
lected with an Oxford Diffraction CCD Xcalibur-S diffractometer
(data reduction with CrysAlis Pro?® including the program
SCALE3 ABSPACK*! for empirical absorption correction) using
Mo-K, radiation (4 = 71.073 pm) and w-scan rotation. The struc-
tures were solved by direct methods, and the refinement of all non-
hydrogen atoms was performed with SHELXL-97.13% H atoms were
located on difference Fourier maps calculated at the final stage of
the structure refinement. Structure figures were generated with OR-
TEPBU

CCDC-724122 (for 7) and -724123 (for 15) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccde.cam.ac.uk/data_request/cif.

Disodium Bis(6-deoxy-D-galactopyranos-6-yl) [1,7-Dicarba-closo-
dodecaborane(12)-1,7-diyl]bis(phosphonate) 5): Thiophenol
(0.25mL, 2.4 mmol) and triethylamine (0.5 mL, 3.6 mmol) were
added to a stirred solution of 3 (213 mg, 0.26 mmol) in dioxane
(1 mL). The reaction mixture was stirred at room temperature for
1 h, then the solvent was evaporated and a 1:1 (v/v) mixture of
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Table 4. Crystallographic data of 7 and 15.
7 15
CioH34B1oN4P; CioH34B1oN4P;

Empirical formula

Formula weight 380.45 380.45

T [K] 130(2) 130(2)
Crystal system triclinic monoclinic
Space group Pl P2,/n

a [pm] 1047.5(1) 1177.64(3)

b [pm] 1450.0(4) 788.73(1)

¢ [pm] 1592.4(2) 1237.09(2)

a [°] 112.52(2) 90

AN 90.03(1) 107.608(2)

7 [°] 103.52(2) 90

¥ [nm?] 2.1614(7) 1.09522(4)

Z 4 2

Peated [Mgm 3] 1.169 1.154
w#(Mo-K,) [mm '] 0.204 0.201

F(000) 808 404

No. of reflns. collected 64811 15874
R1/wR2 [I>20(1)] 0.0349/0.0772 0.0335/0.0935
R1/wR2 (all data) 0.0621/0.0879 0.0468/0.0984

ethyl acetate and water was added to the residue. The phases were
separated and the aqueous solution stirred with Amberlite IR-120
ion exchanger (H* form, 20 mL) for 50 min. The resin was filtered
off and washed three times with 20 mL of water. The combined
extracts were evaporated to dryness, and then 90% trifluoroacetic
acid (2 mL) was added and the resulting solution stirred for 40 min
at room temperature. The mixture was evaporated to dryness and
the residue purified by preparative HPLC on a ProntoSIL® column
(gradient CH3CN/H,0, 80:20 in 30 min to CH;CN/H,O0, 0:100; g
= 8.2 min). Appropriate fractions were collected and the solvents
evaporated to dryness and the remaining aqueous solution was
concentrated and then lyophilized several times. The white powder
was dissolved in water (15 mL) and stirred with Amberlite IR-120
ion exchanger (Na* form, 10 mL) for 48 h. The resin was removed
by filtration and washed with water. Lyophilization yielded the
product (136 mg, 77.8%) as a pale yellow powder. '"H NMR (D,0):
0 =1.6-3.4 (br. m, 10 H, BjoH,), 3.33 (m, 2 X0.67 H, 2-H), 3.51
(d, 3Jyu = 9.4 Hz, 2X0.67 H, 3B-H), 3.67 (m, 2x0.67 H, 58-H),
3.72 (m, 4 X0.33 H, 3a-H and 40-H), 3.82 (m, 2 H, 20-H + 4B-H),
3.88 (m, 4 H, CH,-O, o + f form), 4.04 (s, 2X0.33 H, 50-H), 4.45
(d, 3Jug = 8.0 Hz, 2X0.67 H, 1B-H), 5.11 (s, 2 0.33 H, la-H)
ppm. C{!H} NMR (D,0): 6 = 64.7 (*Jcp = 6.4 Hz, C-6B), 65.2
(3Jep = 6.0 Hz, C-6a), 68.1 (C-2a), 68.2 (C-4P), 68.7 and 68.9 (C-
30 and C-4a), 69.3 CJcp = 6.8 Hz, C-5a), 71.7 (C-2B), 71.8 (d, Jcp
= 154.6 Hz, C,BoH,g), 72.5 (C-3B), 73.6 (*Jcp = 7.0 Hz, C-3B),
924 (C-1u), 96.5 (C-1B) ppm. *'P{'H} NMR (D,0): § = 4.9 (s)
ppm. "B NMR (D,0): § =-10.0 (br. s, 10 B, C,B8,0H 0, 'y n.d.)
ppm. IR (KBr): ¥ = 3426 (vs) (OH), 2919 (w) (CH), 2610 (m) (BH)
cm . MS (ESI positive, CH;CN): m/z = 695.1 [M + Na]*, 674.1
[M + H]*. C14H3,B(Na,0,6P,-2H,0 (708.46): caled. C 23.73, H
5.12; found C 23.33, H 5.10.

0,0''-Bis(1,2:3,4-di- O-isopropylidene-6-deoxy-o-D-galactopyranos-
6-y1)-0',0""'-Dimethyl (Rp;,Sp:Rp2,Sp2)-[1,7-Dicarba-closo-
dodecaborane(12)-1,7-diyl]bis(phosphonothioate) (4): Compound 2
(8.0 mL, 6.40 mmol, 0.8 M solution in acetonitrile) and benzimid-
azolium triflate (1.42 g, 5.30 mmol) were added to a solution of 1
(0.75 g, 2.12 mmol) in acetonitrile (20 mL). The reaction mixture
was stirred for 3 h at room temperature. Conversion was monitored
by 3'P NMR spectroscopy. Then powdered Beaucage reagent
(0.90 g, 4.49 mmol) was added and stirring was continued for 2 h
at room temperature. The reaction mixture was diluted with ethyl
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acetate (30 mL) and extracted with brine (3 X 30 mL). The organic
layer was dried with anhydrous MgSQO,, and the solvent removed
under reduced pressure. The honey-like residue was purified by
chromatography on silica gel with ethyl acetate/cyclohexane (1:2).
The product was obtained as a white foam (0.88 g, 48.9%). R
(ethyl acetate/cyclohexane, 1:2) = 0.63. Due to the diastereomeric
mixture all signals in the 'H and '3C{'H} NMR appear twice. 'H
NMR (CDCly): 6 = 1.33 (s, 12 H, CH3), 1.43 (s, 6 H, CH;), 1.54 (s,
6 H, CH3), 1.6-3.5 (br. m, 10 H, ByyH)), 3.77 (d, 3Jyp = 14.4 Hz, 6
H, POCH;), 4.0 (m, 4 H, CH,0), 4.11 (m, 2 H, 5-H), 4.20 (m, 2
H, 4-H), 4.31 (m, 2 H, 2-H), 4.62 (m, 2 H, 3-H), 5.53 (m, 2 H, 1-
H) ppm. BC{'H} NMR (CDCly): § = 24.4-26.9 (CH3;), 54.8 (d,
2Jep = 6.5 Hz, OCH3), 67.3 (OCH,, 2Jcp n.d.), 70.3 (C-2), 70.5 and
70.7 (C-3 and C-4), 70.8 (C-5, 3Jcp n.d.), 73.9 (d, Jep = 132.4 Hz,
C,B1oHjp), 70.3-70.8 (OCH), 96.2 (C-1a), 108.5-109.6 (Cgyar from
isopropylidene) ppm. 3'P{'H} NMR (CDCl;): § = 79.46 (s), 79.52
(s), 79.75 (s), 79.83 (s), (4 stereomers) ppm. "B NMR (CDCls): 6
=28 (br. s, 2 B, C,B,0H o, 'Jgy n.d.), 9.9 (br. s, 8 B, C,B,0H,,,
'Jgu n.d.) ppm. IR (KBr): ¥ = 2989 (m), 2936 (w) (C-H), 2620 (m)
(B-H) cm!'. MS (ESI positive in CH;CN): m/z = 872.33 [M +
Na]*. C,3Hs4B19014P5S; (848.91): caled. C 39.62, H 6.41; found C
38.04, H 6.21.

Diastereomeric Mixture of Disodium O,0O'’-Bis(6-deoxy-D-galacto-
pyranos-6-yl) [1,7-Dicarba-closo-dodecaborane(12)-1,7-diyl]bis(phos-
phonothioate) (6): Triethylamine (1 mL, 7.2 mmol) and thiophenol
(0.5 mL, 4.9 mmol) were added to a stirred solution of 4 (846 mg,
1 mmol) in dioxane (2 mL). The reaction mixture was stirred at
room temperature for 1 h. Then all volatile materials were evapo-
rated, and ethyl acetate was added to the resulting residue to re-
move thiophenol (evaporates azeotropically with ethyl acetate). The
oily residue was dissolved in dichloromethane (50 mL) and stirred
with Amberlite IR-120 ion exchanger (H* form, 50 mL) for 50 min.
The resin was filtered off and washed three times with dichloro-
methane (50 mL). The combined extracts were evaporated to dry-
ness and the remaining residue dissolved in trifluoroacetic acid
(4 mL, 90% in water) and stirred for 40 min at room temperature.
The reaction mixture was evaporated to dryness and the residue
purified by prparative HPLC on a ProntoSIL® column (gradient
CH;CN/H,0O, 80:20 in 30 min to CH3;CN/H,O, 0:100; x =
11.0 min). Appropriate fractions were collected and concentrated
in vacuo. The residue was lyophilized several times. The resulting
white powder was dissolved in water (15 mL) and stirred with Am-
berlite IR-120 ion exchanger (Na* form, 10 mL) for 36 h. The resin
was filtered off and washed three times with water (10 mL). The
aqueous solution was lyophilized to yield the product as a pale
yellow powder (260 mg, 36.9%). 'H NMR (D,0): 6 = 1.6-3.4 (br.
m, 10 H, BoHy), 3.48 (m, 2X0.67 H, 2p-H), 3.67 (m, 2 0.67 H,
3B-H), 3.79 (m, 2x0.67 H, 5B-H), 3.86 (m, 4 X0.33 H, 30-H and
4a-H), 3.88 (m, 2 H, 2a-H + 4f3-H), 3.99-4.14 (m, 6 H, CH,0, «
+ B form, 50-H), 4.61 (d, 3Jyy = 8.0 Hz, 2X0.67 H, 1B-H), 5.25
(m, 2Xx0.33 H, la-H) ppm. *C{'H} NMR (D,0): 6 = 64.5 (*Jcp
= 6 Hz, C-6B), 65.1 (3Jcp = 5.7 Hz, C-60), 68.3 (C-2a), 68.4 (C-
4B), 68.9 and 69.1 (C-3a and C-4a), 69.3 (CJcp = 6.7 Hz, C-5a),
71.9 (C-2B), 72.7 (C-3B), 73.6 (*Jcp = 8.3 Hz, C-5P), 78.2 (d, Jcp =
110.5 Hz, C,BoH ), 92.4 (C-1a), 96.5 (C-1B) ppm. 3'P{'H} NMR
(D,0): § = 61.2 (s), 61.3 (s), (stereomers) ppm. ''B NMR (D,0):
6 =-10.2 (br. s, 'Jgy n.d., 10 B, C,B,,H;,) ppm. IR (KBr): ¥ =
3424 (vs) (O-H), 2611 (m) (B-H) cm'. MS (ESI positive in
CH;CN): m/z = 728.1 [M + Na]*. C4H3,B;(Na,O4P,S, (704.56):
caled. C 23.87, H 4.58; found C 23.21, H 4.58.

1,7-Bis|bis(dimethylamidophosphonito)]-1,7-dicarba-closo-dodecabo-
rane(12) (7): nBuLi (7.0 mL, 14.0 mmol, 2.0 M solution in n-hexane)
was added to a cooled solution (ice bath) of meta-carbaborane
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(1.0 g, 6.94 mmol) in diethyl ether (25 mL). The solution was
warmed to room temperature and stirred for 2 h. The dilithiocarba-
borane suspension was slowly added with a cannula to a cooled
solution (ice bath) of bis(dimethylamido)chlorophosphite (2.16 g,
14.02 mmol) in diethyl ether (15 mL). The reaction mixture was
stirred for 30 min at 0 °C and at room temperature overnight. Lith-
ium chloride was filtered off and the diethyl ether was removed
under reduced pressure. The residue was extracted with n-hexane
(50 mL) and the extract stored at —18 °C. The product was obtained
as colorless crystals (1.58 g, 60%); m.p. 77-79 °C. 'H NMR
(CDCly): 6 = 2.56 [d, 3Jyp = 9.6 Hz, 24 H, N(CHs),], 2.0-4.3 (br.
m, 10 H, BoH,o) ppm. *C{'H} NMR (CDCls): § = 41.8 [d, *Jcp
= 21.2 Hz, N(CHj;),], 80.5 (d, 'Jep = 73.3 Hz, C,B;oH () ppm.
SIP{'H} NMR (CDCls): 6 = 105.4 (s) ppm. ''B NMR (CDCl5): §
= 1.0 (br. d, Jgy = 144.0 Hz, 2 B, C,B,0H,¢), 6.3 (d, 'Jgy =
132.2 Hz, 3 B, C,B,0H ), -7.0 (d, 'Jgy = 112.3 Hz, 3 B, C,B,0H ),
~10.1 (d, "Jgu = 173.0 Hz, 2 B, C,B;oH}) ppm. IR (KBr): ¥ =
2999 (w), 2974 (w), 2886 (s), 2837 (m), 2792 (m) (C-H), 2635 (w),
2603 (s), 2576 (s) (B-H), 1477 (m), 1448 (m) (C-H) cm!. MS (EI
positive, 14 eV): m/z (%) = 380.1 (100) [M]*, 336.1 (15) [M —
NMe,]*, 294.1 (1.7) [M — 2 NMe,]*, 119.0 (12) [P(NMe,),]".

1,12-Bis|bis(dimethylamidophosphonito)]-1,12-dicarba-closo-dodeca-
borane(12) (15): nBuLi (2.9 mL, 6.96 mmol, 2.4 M solution in »n-
hexane) was added to a cooled solution (ice bath) of para-carbabor-
ane (0.5 g, 3.47 mmol) in diethyl ether (15 mL). The solution was
warmed to room temperature and stirred for 2 h. The dilithiocarba-
borane suspension was slowly added with a cannula to a cooled
solution (ice bath) of bis(dimethylamido)chlorophosphite
(0.92 mL, 6.96 mmol) in diethyl ether (15 mL). The reaction mix-
ture was stirred for 30 min at 0 °C and at room temperature over-
night. Lithium chloride was filtered off and the diethyl ether was
removed under reduced pressure. The remaining residue was ex-
tracted with n-hexane (25 mL) and the extract was stored at —18 °C.
The product was obtained as colorless crystals (0.72 g, 55%); m.p.
155-156 °C. '"H NMR (CDCly): 6 = 2.50 [d, *Jyp = 9.6 Hz, 24
H, N(CHs;),], 2.0-3.7 (br. m, 10 H, B,oH,0) ppm. *C{'H} NMR
(CDCly): 6 = 41.4 [d, 2Jcp = 21.9 Hz, N(CH3),], 88.9 (d, Jep =
74.6 Hz, C,B,oH,o) ppm. 3'P{'"H} NMR (CDCly): 6 = 107.1 (s)
ppm. "B NMR (CDCl;): § = ~11.7 (d, 'Jgy = 161.0 Hz, 10 B,
C,B0Hjo) ppm. IR (KBr): ¥ = 3018 (w), 2972 (w), 2883 (s), 2835
(m), 2798 (m) (C-H), 2604 (s), 2582 (s) (B-H) cm'. MS (ESI posi-
tive, CH3CN): m/z (%) = 381.3 [M + H]*. C;oH34B10N4P; (380.46):
caled. C 31.56, H 9.00; found C 31.29, H 9.06.

Tetrakis(1,2:3,4-di- O-isopropylidene-6-deoxy-a-D-galactopyranos-6-
yl) [1,7-Dicarba-closo-dodecaborane(12)-1,7-diyl]bis(phosphonate)
(11): Compound 2 (15.9 mL, 12.72 mmol, 0.8 M solution in aceto-
nitrile) and benzimidazolium triflate (2.84 g, 10.60 mmol) were
added to a solution of 7 (0.75 g, 2.12 mmol) in acetonitrile (20 mL).
The reaction mixture was heated in a microwave oven at 81 °C for
3 h. Then tert-butyl hydroperoxide (0.87 mL, 6.36 mmol, 70% in
water) was added and stirring was continued for 30 min at room
temperature. The reaction mixture was diluted with ethyl acetate
(30 mL) and extracted with brine (3 X 30 mL). The organic layer
was dried with anhydrous MgSO,, and the solvent was removed
under reduced pressure. The honey-like residue was purified by
chromatography on silica gel with ethyl acetate/cyclohexane (1:1).
The product was obtained as a white foam (1.88 g, 70.0%). Ry
(ethyl acetate/cyclohexane, 1:1) = 0.35. '"H NMR (CDCl;): 6 =
1.16-1.46 (m, 48 H, CH3), 2.0-3.4 (m, 10 H, C,BoH(), 3.64 (m,
8 H, CH,0), 3.79 (m, 4 H, 5-H), 4.20 (m, 4 H, 4-H), 4.25 (m, 4 H,
2-H), 4.54 (m, 4 H, 3-H), 5.47 (m, 4 H, 1-H) ppm. *C{'H} NMR
(CDCly): 6 = 24.9-25.9 (CH3), 66.9 (O-CH,, 2Jcp n.d.), 70.3 (C-2),
70.5 and 70.6 (C-3 and C-4), 71.3 (3Jcp n.d., C-5), 70.0 (d, Jep =
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185.2 Hz, C,BoHp), 96.1 (C-la), 108.5-109.4 (Cgyyar of isopro-
pylidene) ppm. 3P NMR (CDCl;): § = 9.3 (s) ppm. 'B NMR
(CDCl5): 6 = -9.3 (br. s, 'Jgy n.d., 10 B, C,B,0H,() ppm. IR (KBr):
¥ = 2988 (m), 2936 (m) (C-H), 2618 (m) (B-H) cm™!. MS (ESI
positive in CH3CN): m/z = 1296.57 [M + Na]*. CsoHggB;0O026P>
(1273.26): caled. C 47.17, H 6.81; found C 47.33, H 6.80.

Diastereomeric Mixture of Tetrakis(6-deoxy-D-galactopyranos-6-yl)
[1,7-Dicarba-closo-dodecaborane(12)-1,7-diyl]bis(phosphonate) (13):
Compound 11 (1.62 g, 0.77 mmol) was dissolved in trifluoroacetic
acid (4 mL, 90% in water) and stirred at room temperature for
45 min. Then the trifluoroacetic acid was removed under reduced
pressure and the resulting residue purified by preparative HPLC on
a ProntoSIL® column (gradient CH;CN/H,O, 80:20 over 30 min
to CH3CN/H,0, 0:100; g = 4.8 min). Appropriate fractions were
collected and concentrated in vacuo. The residue was lyophilized
several times to yield the product as a white powder (464 mg, 38 %).
Due to the formation of stereomers all NMR signals occur mani-
fold. The signals of the proton and carbon atoms of the galactopyr-
anosyl moieties could not be assigned with certainty. 'H NMR
(D50): 6 = 1.6-3.4 (br. m, 10 H, B,yH (), 3.48 (m, 4 X 0.67 H, 2-
H), 3.67 (m, 4X0.67 H, 3p-H), 3.82 (m, 4% 0.67 H, 5p-H), 3.86-
4.0 (m, 8X0.33 H + 4 H, 30-H + 40-H and 20-H + 4B-H), 4.30
(m, 12 H, CH,O0, a + B form, 5a-H), 4.56 (m, 3Jyy n.d., 4 X0.67
H, 1B-H), 5.24 (m, 4% 0.33 H, la-H) ppm. 3C{'H} NMR (D,0):
6 = 61.0 CJep nd., C-6B), 61.2 *Jcp n.d., C-60), 67.0 (d, "Jep =
182.5 Hz, C,BoHyy), 68.2-68.4 (C-20. + C-4p), 68.8 and 69.0 (C-
3a and C-4a), 69.3 (Jcp n.d., C-5a), 71.9 (C-2P), 72.7 (C-3B), 73.2
(CJep nd., C-5B), 92.4 (C-1a), 96.5 (C-1B) ppm. 3'P{'H} NMR
(D,0): several singlets between ¢ = 10.0 and 10.2 (stereomers) ppm.
1IB NMR (D,0): § = -9.7 (br. s, 'Jgy n.d., 10 B, C,B,0H;,) ppm.
IR (KBr): ¥ = 3421 (vs) (OH), 2921 (m) (CH), 2617 (m) (BH) cm™.
MS (ESI positive in CH3;CN): m/z = 976.3 [M + Na]*, 971.4 [M +
NH,]". Cy6Hs4B100,26P>*H,0 (970.76): caled. C 32.17, H
5.81;found C 32.14, H 5.81.
0,0',0'",0"""'-Tetrakis(1,2:3,4-di-O-isopropylidene-6-deoxy-o-D-ga-
lactopyranos-6-yl) [1,7-Dicarba-closo-dodecaborane(12)-1,7-diyl]bis-
(phosphonothioate) (12): Compound 2 (6.1 mL, 4.8§ mmol, 0.8 m
solution in acetonitrile) and benzimidazolium triflate (1.09 g,
4.06 mmol) were added to a solution of 7 (0.31 g, 0.81 mmol) in
acetonitrile (15 mL). The reaction mixture was heated in a micro-
wave oven at 81 °C for 3 h. Then powdered Beaucage reagent
(0.35 g, 1.75 mmol) was added and stirring was continued for 2 h
at room temperature. The reaction mixture was diluted with ethyl
acetate (20 mL) and extracted with brine (3 X 20 mL). The organic
layer was dried with anhydrous MgSO,, and the solvent was re-
moved under reduced pressure. The residue was purified by
chromatography on silica gel with ethyl acetate/cyclohexane (1:2).
Further purification was achieved by preparative RP-HPLC
(CH;CN 100%; tg = 8.7 min). The product was obtained as a white
foam (0.14 g, 13%). Ry (ethyl acetate/cyclohexane, 1:2) = 0.29. 'H
NMR (CDCly): 0 = 1.12-1.48 (m, 48 H, CH3), 2.0-3.4 (m, 10 H,
C5ByoHp), 3.93 (m, 8 H, CH,0), 4.10 (m, 4 H, 5-H), 4.15 (m, 4
H, 4-H), 4.22 (m, 4 H, 2-H), 4.53 (m, 4 H, 3-H), 5.45 (m, 4 H, lo-
H) ppm. *C{'H} NMR (CDCls): § = 24.3-26.1 (CH3), 66.0-70.6
(m, C-6, 3XOCH), 73.9 (d, "Jep = 134.2 Hz, C,B|oH (), 96.1 (C-
la), 108.7-109.4 (Cyuar of isopropylidene) ppm. *'P{'H} NMR
(CDCl5): 6 = 77.8 (s, br) ppm. "B NMR (CDCls): § = -9.9 (br. s,
1Jgy n.d., 10 B, C,B,0H o) ppm. IR (KBr): ¥ = 2989 (m), 2936 (m)
(C-H), 2620 (m) (B-H) cm™'. MS (ESI positive in CH;CN): m/z =
1328.53 [M + Na]*. CsoHgB10024P5S5 (1305.39): caled. C 46.00,
H 6.64;found C 46.42, H 6.66.

Diastereomeric Mixture of 0,0',0'',0'"'-Tetrakis(6-deoxy-D-galac-
topyranos-6-yl) [1,7-Dicarba-closo-dodecaborane(12)-1,7-diyl|bis-
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(phosphonothioate) (14): Compound 12 (460 mg, 0.35 mmol) was
dissolved in trifluoroacetic acid (4 mL, 90% in water) and stirred
for 45 min at room temperature. Then trifluoroacetic acid was re-
moved under reduced pressure and the resulting residue purified
by preparative HPLC on a ProntoSIL® column (gradient CH;CN/
H,O0, 80:20 over 30 min to CH3;CN/H-O, 0:100; tz = 4.8 min). Ap-
propriate fractions were collected and concentrated in vacuo. The
residue was lyophilized several times to yield the product as a white
powder (yield 184 mg, 53%), Due to the formation of stereomers,
all NMR signals occur manifold. The signals of the proton and
carbon atoms of the galactopyranosyl moieties could not be as-
signed with certainty. '"H NMR (D,0): 6 = 1.65-3.30 (br. m, 10 H,
BoH o), 3.37 (m, 4% 0.67 H, 2B-H), 3.53 (m, 4X0.67 H, 3B-H),
3.71 (m, 4 X0.67 H, 5B-H), 3.75-3.95 (m, 8 X0.33 H + 4 H, 3a-H
+ 40-H and 20-H + 2B3-H), 4.20 (m, 12 H, CH,0, a +  form, 5a-
H), 4.47 (m, 3Jyy n.d., 4X0.67 H, 1B-H), 5.14 (m, 4 X 0.33 H, la-
H) ppm. BC{'H} NMR (D,0): § = 65.9 (m, 2Jcp n.d., C-6B), 67.0
(m, 2Jep n.d., C-6a), 67.9-69.3 (m, C-50, C-3a, C-4a, C-20, C-4B),
71.7 (C-2B), 72.7 (C-3B), 73.3 (3Jcp = 7.4 Hz, C-5B), 73.7 (d, 'Jcp =
136.4 Hz, C,B;oH (), 92.3 (C-1a), 96.5 (C-1B) ppm. 3'P{'H} NMR
(D,0): several singlets between ¢ = 78.3 and 78.5 (stereomers) ppm.
"B NMR (D,0): 6 = -9.7 (br. s, 'Jgy n.d., 10 B, C,B,0H,) ppm.
IR (KBr): ¥ = 3405 (vs) (OH), 2920 (m) (CH), 2619 (m) (BH) cm.
MS (ESI positive in H,O/MeOH): m/z = 1008.3 [M + Na]*; 1003.3
[M + NH4]*. Cy6Hs4B10024P5S;5 (984.88): caled. C 31.71, H 5.53;
found C 31.55, H 5.51.

Tetrakis(1,2:3,4-di- O-isopropylidene-6-deoxy-a-D-galactopyranos-6-
yD) [1,12-Dicarba-closo-dodecaborane(12)-1,12-diyl]bis(phosphonate)
(16): Compound 2 (15.9 mL, 12.72 mmol, 0.8 M solution in acetoni-
trile) and benzimidazolium triflate (2.84 g, 10.6 mmol) were added
to a suspension of 15 (0.72 g, 1.98 mmol) in acetonitrile (20 mL).
The reaction mixture was heated in a microwave oven for 3 h at
81 °C. Then tert-butyl hydroperoxide (0.87 mL, 6.36 mmol, 70% in
water) was added and the reaction mixture stirred for 30 min at
room temperature. The reaction mixture was diluted with ethyl ace-
tate (30 mL) and extracted with brine (3 X 30 mL). The organic
layer was dried with anhydrous MgSQO,, and the solvent removed
under reduced pressure. The residue was purified by chromatog-
raphy on silica gel with acetone/n-pentane (1:1). Further purifica-
tion was achieved by preparative HPLC under isocratic conditions
(100% CH3CN, tg = 8.0 min). Appropriate fractions were com-
bined and the solvent removed under reduced pressure to give the
product as a white foam (0.83 g, 34.5%), Ry (ethyl acetate/cyclohex-
ane, 1:1) = 0.35. '"H NMR (CDCls): § = 1.16-1.46 (m, 48 H, CH3),
2.0-3.4 (m, 10 H, ByyH,0), 3.64 (m, 8 H, CH,0), 3.79 (m, 4 H, 5-
H), 4.20 (m, 4 H, 4-H), 4.25 (m, 4 H, 2-H), 4.54 (m, 4 H, 3-H),
5.47 (m, 4 H, 1-H) ppm. C{'H} NMR (CDCl;): § = 24.9-25.9
(CH3), 66.9 (3Jcp n.d., O-CH,), 70.3 (C-2), 70.5 and 70.6 (C-3 and
C-4), 71.3 (Jcp nd., C-5), 70.0 (d, "Jep = 185.2 Hz, C,B oH (),
96.1 (C-1a), 108.5-109.4 (Cquare of isopropylidene) ppm. *'P NMR
(CDCl3): 6 = 9.3 (s) ppm. "B NMR (CDCl;): § = ~12.7 (br. d,
Jgn = 123.4 Hz, 10 B, C,B,,H;,) ppm. IR (KBr): v = 2988 (m),
2936 (m) (C—H), 2618 (m) (B-H) cm™'. MS (ESI positive in
CH;CN): m/z = 1296.57 [M + Na]*. CsoHgsB0O26P> (1273.26):
caled. C 47.17, H 6.81; found C 47.21, H 6.79.

Diastereomeric Mixture of Tetrakis(6-deoxy-D-galactopyranos-6-yl)
[1,12-Dicarba-closo-dodecaborane(12)-1,12-diyl]|bis(phosphonate)
(17): Compound 16 (0.48 g, 0.31 mmol) was dissolved in trifluoro-
acetic acid (4 mL, 90% in water) and stirred at room temperature
for 45 min. Then trifluoroacetic acid was removed under reduced
pressure and the resulting residue purified by preparative HPLC on
a ProntoSIL® column (gradient CH3;CN/H,0, 80:20 over 30 min
to CH3CN/H-0, 0:100; rzg = 5.1 min). Appropriate fractions were
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collected and concentrated in vacuo. The residue was lyophilized
several times to yield the product as a white powder (98 mg, 33%).
Due to the formation of stereomers, all NMR signals occur mani-
fold. The signals of the proton and carbon atoms of the galactopyr-
anosyl moieties could not be assigned with certainty. 'H NMR
(D50): 6 = 1.6-3.4 (br. m, 10 H, ByyH,(), 3.45 (m, 4X0.67 H, 2-
H), 3.61 (m, 4 X0.67 H, 38-H), 3.82 (m, 4 X 0.67 H, 53-H), 3.88 (s,
8 0.33 H, 30-H + 40-H), 3.94 (m, 8 X 0.33 H, 2a-H + 4B-H), 4.30
(m, 12 H, CH,0, o + B form, 5a-H), 4.54 (d, 3Jyy = 7.45 Hz,
4x0.67 H, 1B-H), 5.23 (s, 4 0.33 H, 1a-H) ppm. *C{'H} NMR
(D>0): 6 = 67.6 ((Jcp n.d., C-6B), 68.0 *Jcp n.d., C-6a), 68.19—
68.23 (C-2a + C-4P), 68.5 and 68.8 (C-3a. and C-4a), 69.0 (3Jcp
n.d., C-5a), 71.7 (C-2B), 72.6 (C-3B), 73.1 (Jcp n.d., C-5B), 76.0 (d,
UJep = 182.0 Hz, C5B1oH (), 92.4 (C-1a), 96.5 (C-1B) ppm. 3'P{'H}
NMR (D,0) several singlets between ¢ = 10.75 and 10.90 (ste-
reomers) ppm. ''B NMR (D,0): 6 = -12.8 (br. d, /gy = 151.2 Hz,
10 B, C,B;0H}p) ppm. IR (KBr): v = 3418 (vs) (OH), 2918 (m)
(CH), 2626 (m) (BH) cm™!. MS (ESI positive in CH;CN): m/z =
9753 [M + Na]*, 499.2 [M + 2Na]**. C,6Hs40,6P,B;¢4H,0
(1024.81): caled. C 30.47, H 6.10; found C 30.10, H 6.12.

General Procedure for Determination of Water Solubility: De-
pending on the amount available, 10-20 mg of compound 5, 6, 13,
14, or 17 was placed in an Eppendorf tube. Then, 2 pL of water
was added and the mixture shaken manually. This procedure was
repeated until the substance was completely dissolved.

Acknowledgments

We thank Dr. Karl-Heinz Hellwich from the Beilstein Institute,
Frankfurt/Main, Germany, for supplying the systematic names of
the carbohydrate-containing compounds. We thank Prof. Dr. Ste-
fan Berger, Dr. Matthias Findeisen, and Dr. Lothar Hennig for
their help with the NMR spectra, especially with the integrateable
13C NMR spectra. We thank the highly motivated student BSc
Michael Zahn for his support with syntheses.

[1] a) M. F. Hawthorne, Angew. Chem. Int. Ed. Engl. 1993, 32,
950-984; b) A. H. Soloway, W. Tjarks, B. A. Barnum, F.-G.
Rong, R. F. Barth, I. M. Codogni, J. G. Wilson, Chem. Rev.
1998, 98, 1515-1562; c¢) J. F. Valliant, K. J. Guenther, A.S.
King, P. Morel, P. Schaffer, O. O. Sogbein, K. A. Stephenson,
Coord. Chem. Rev. 2002, 232, 173-230.

[2] M. FE Hawthorne, M. W. Lee, J. Neurooncol. 2003, 62, 33-45.

[3] R.A. Bechtold, A. Kaczmarczyk, J Med. Chem. 1975, 18,
371-376.

[4] M. W. Lee, K. Shelly, R. R. Kane, M. F. Hawthorne, Advances
in Neutron Capture Therapy 2006, Proceedings of ICNCT-12,
Chemistry and Pharmacy (Eds.: Y. Nakagawa, T. Kobayashi,
H. Fukuda), 2006, p. 234-236.

[5] W. Tjarks, R. F. Barth, J. H. Rotaru, D. M. Adams, W. Yang,
R. G. Kultyshev, J. Forrester, B. A. Barnum, A. H. Soloway,
S. G. Shore, Anticancer Res. 2001, 21, 841-846.

[6] a) M.S. Wadhwa, K. G. Rice, J Drug Target 1995, 3, 111-
127; b) H. Lis, N. Sharon, Chem. Rev. 1998, 98, 637-674; c) N.
Yamazaki, S. Kojima, N. V. Bovin, S. André, S. Gabius, H.-J.
Gabius, Adv. Drug Delivery Rev. 2000, 43, 225-244,

6310

WWW.eurjoc.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[71 B. Dean, H. Oguchi, S. Cai, E. Otsuji, K. Tashiro, S. Hako-
mori, T. Toyokuni, Carbohydr. Res. 1993, 245, 175-192.

[8] S. Stadlbauer, E. Hey-Hawkins, Patent DE 10 2007 038 930.4.

[9] S. Stadlbauer, P. Welzel, E. Hey-Hawkins, Inorg. Chem. 2009,
48, 5005-5010.

[10] G. W. Daub, E. E. van Tamelen, J. Am. Chem. Soc. 1977, 99,
3526-3528.

[11]C. E. McKenna, M. T. Higa, N. H. Cheung, M.-C. McKenna,
Tetrahedron Lett. 1977, 2, 155-158.

[12]a) A. Milius, J. Greiner, J. G. Riess, Carbohydr. Res. 1992, 229,
323-336; b) F. Guillod, J. Greiner, J. G. Riess, Carbohydr. Res.
1994, 261, 37-55; ¢) F. Guillod, J. Greiner, J. G. Riess, Chem.
Phys. Lipids 1995, 78, 149-162.

[13]1R. Engel, Chem. Rev. 1977, 77, 349-367.

[14]S. J. Kelly, L. G. Butler, Biochem. Biophys. Res. Commun. 1975,
66, 316-321.

[15]W. 1. Stec, G. Zon, W. Egan, B. Stec, J. Am. Chem. Soc. 1984,
106, 6077-6079.

[16]a) R. P. Iyer, L. R. Philipps, W. Egan, J. B. Regan, S. L. Beauc-
age, J Org. Chem. 1990, 55, 4693-4696; b) R.P. Iyer, L. R.
Philipps, W. Egan, J. B. Regan, S. L. Beaucage, J. Am. Chem.
Soc. 1990, 112, 1253-1254.

[17] G. B. Giovenzana, L. Lay, D. Monti, G. Palmisano, L. Panza,
Tetrahedron 1999, 55, 14123-14136.

[18] V. Ya. Komarov, V. 1. Zakharov, Yu. V. Belov, B. 1. Ionin, Zh.
Obshch. Khim. 1980, 50, 1262-1269.

[19]S. Berger, S. Braun, 200 and more NMR experiments, Wiley-
VCH, 2004.

[20] Y. Zhu, J. Zajicek, A. S. Serianni, J. Org. Chem. 2001, 66, 6244—
6251.

[21]1R. P. Alexander, H.-J. Schroder, Inorg. Chem. 1966, 5, 493-495.

[22] W. E. Hill, L. M. S. Trivino, Inorg. Chem. 1978, 17, 2495-2498.

[23]a) S. Stadlbauer, R. Frank, I. Maulana, P. Lonnecke, B. Kirch-
ner, E. Hey-Hawkins, Inorg Chem. 2009, 48, 6072-6082; b)
V. P. Balema, S. Blaurock, E. Hey-Hawkins, Polyhedron 1999,
18, 545-552; ¢) R. Kivekds, R. Sillanpéi, F. Teixidor, C. Vinas,
R. Nunez, M. Abad, Acta Crystallogr., Sect. C 1995, 51, 1864
1868; d) F. Teixidor, C. Vinas, R. Benakki, R. Kivekis, R. Sil-
lanpaa, Inorg. Chem. 1997, 36, 1719-1723.

[24] Y. Hayakawa, R. Kawai, A. Hirata, J.-I. Sugimoto, M. Ka-
taoka, A. Sakakura, M. Hirose, R. Noyori, J. Am. Chem. Soc.
2001, 723, 8165-8176.

[25] M. Hyodo, Y. Sato, S. Yamashita, A. Hattori, E. Kambe, M.
Kataoka, Y. Hayakawa, Tetrahedron 2005, 61, 965-970.

[26]a) S. Sjoberg, J. Carlsson, H. Ghaneolhosseini, L. Gedda, T.
Hartmann, J. Malmquist, C. Naeslund, P. Olsson, W. Tjarks,
J. Neuro-Oncol. 1997, 33, 41-52; b) Z.J. Lesnikowski, J. Shi,
R. F. Schinazi, J. Organomet. Chem. 1999, 581, 156-169.

[271Y. Hayakawa, M. Kataoka, R. Noyori, J. Org. Chem. 1996, 61,
7996-7997.

[28] CrysAlis Pro, data collection and data reduction software
package, Oxford Diffraction Ltd.

[29] SCALE3 ABSPACK: Empirical absorption correction using
spherical harmonics.

[30] SHELX97 [includes SHELXS97, SHELXL97]: G. M. Sheld-
rick, 1997. SHELX97, Programs for Crystal Structure Analysis
(release 97-2), University of Gottingen, Germany.

[31]ORTEP3 for Windows: L.J. Farrugia, J Appl Crystallogr.
1997, 30, 565.

Received: July 20, 2009
Published Online: November 9, 2009

Eur. J. Org. Chem. 2009, 6301-6310



