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Oxonium derivatives of closo-decaborate
in reactions with sulfur-containing nucleophiles
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The reaction of the [B,Hy0,C4Hg] ™, [B;qHyOC4H;]™, and [B,(HyOCsH ]~ anions with
negatively charged S-nucleophiles, such as SH-, SCN—, and S,0;2~, resulted in the ring
opening of the cyclic substituent and the formation of derivatives with the terminal thiol,
thiocyanate, and thiosulfate groups. The structures of the products were confirmed by the IR,

mass, and 'H, B, and '3C NMR spectra.
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fur-containing group.

Derivatives of closo-borate anions with attached cyclic
exo-polyhedral oxonium type substituents react with nu-
cleophiles giving the compounds with functional group
separated from the cluster by the alkoxy spacer.1=7 This
method for the boron clusters modification are of signifi-
cant interest for the synthesis of novel boron-containing
compounds for boron neutron capture therapy (BNCT),
because the boron framework is separated from the func-
tional groups and does not affect them. Therefore, ordi-
nary chemical reactions can be used for the modifications
of these functional groups. Thus, the closo-borate deriva-
tives with terminal nucleophilic groups could be linked to
biologically active substances (proteins, lipids, nucle-
otides), which will provide directed biological transport of
boron-containing substances to the tumor cells.

It is known that sulfur-containing derivatives of closo-
borates can be successfully used for BNCT.8 The S-deriv-
atives of closo-decaborates with functional groups sepa-
rated from the boron cluster by the spacer could also be of
large importance as the separation of the functional group
significantly affected the reactivity of the [B;yH;o]?~ de-
rivatives.

The present work is devoted to study of the reactions of
closo-decaborate oxonium derivatives with negatively
charged S-nucleophiles, such as SH=, SCN—, 82032—.

Results and discussion
The reactions of [B;yH¢O0,C4Hg]™, [B;(HyOC4Hg]™,

and [B;(HyOCsH (]~ with negatively charged S-nucleo-
philes resulted in derivatives 1—9 with attached nucleo-

philic group (see Experimental). On Scheme 1, these re-
actions are shown on the example of compound 10 (the
[B;oHqO,C4Hg]™ anion). Sodium hydrosulfide, sodium
thiosulfate and potassium thiocyanate were used as nu-
cleophiles. In polar aprotic solvents with excellent metal-
cation coordination ability, for example DMSO, these salts
form very weakly solvated anions SH—, 82032—, and SCN—,
respectively, which are very effective nucleophiles.®

The resulting compounds with mixed cations (the com-
pounds of the type 11—13, see Scheme 1) were converted
into water insoluble tetraphenylphosphonium salts. Thus,
the thiol and thiosulfate derivatives were directly isolated
from the reaction mixtures (compounds of the type 1 and 2).
In the case of thiocyanate derivatives, the treatment of the
reaction mixtures with Ph,PCl resulted in inseparable mix-
tures of the target compounds with tetraphenylphospho-
nium thiocyanate. Therefore, for the isolation of the tar-
get compounds, their cesium salts (compounds of the
type 14) were obtained, which were then converted to
tetraphenylphosphonium salts. All reactions provided the
target compounds in high yields (88—96%).

Thus, the derivatives with sulfur-containing substitu-
ents separated from the boron cluster by the alkoxy spacer
were synthesized. The reactions were monitored by the IR
spectroscopy. The IR spectra of the products exhibited the
characteristic shift of the absorptions bands of the stretch-
ing vibrations of the C—O bonds to the shorter wavenum-
bers by 40—50 cm™! due to the breaking of one of the
C—O bonds in the oxonium substituent and the formation
of the alkoxy chain. Moreover, the IR spectra of the iso-
lated compounds contained the absorption bands charac-
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teristic of the attached functional groups. For example,
the IR spectra of the thiocyanate derivatives contained the
absorption bands at 2150, 2128, and 2108 cm™!, which
were attributed to the stretching vibrations of the C=N
bond. This set of vibrations corresponded to the terminal
thiocyanate group.19

The ring opening of the cyclic substituent was even
more clearly demonstrated by ''B NMR spectroscopy.
The ''B NMR spectra of all synthesized compounds are
almost identical; the nature of the nucleophilic group has
little effect on the pattern of the spectra. The change in the
character of substituent on the equatorial boron atom upon
the reaction led to the change in the positions of all signals
in the spectra. The signal for the ipso-boron atom (struc-
ture A, atom B(2)), which was observed at § 6.1 in the
starting compound, shifted to the weaker field and nearly
overlaps with the signal for the neighboring apical boron
atom. The signal for another apical boron atom shifted to
the stronger field. The spectral pattern in the strong fields
was also changed: the ''B NMR spectrum exhibited the
separate signal, which was attributed to four boron atoms
neighboring the substituted position (B(3), B(5), B(6),
B(9)), and two signals for three opposite boron atoms
(B(4), B(7), B(8)).

The structures of the synthesized compounds were also
confirmed by the data from the 'H NMR spectra. Thus
the 'H NMR spectra of the starting anion
[B;yHyO,C4Hg]~ (compound 10) contained two triplet
signals for the o~ and B-protons of the CH,-groups at § 4.6
and 4.2, respectively. The spectra of the synthesized com-
pounds exhibited significant changes. Thus the 'H NMR

spectra of the [B;yHyOCH,CH,0CH,CH,SH]?>~ anion
(compound 1), contained four triplet signals at & 4.0
(a-CH,), 3.9 (B-CH,), 3.7 (y-CH,), and 3.2 (3-CH,)
along with the broadened singlet signal for the proton of
the SH-group at § 2.9. The pattern of the 13C NMR spec-
tra of the compounds synthesized changed significantly as
compared with that for the starting compounds. For ex-
ample, the 13C NMR spectra of the [B;,HyO,C4Hg]~ an-
ion (compound 10) exhibited two singlet signals for the
o~ and B-C atoms of the methylene groups at & 58.2 and
80.8, respectively, while the 13C NMR spectra of the thiol
derivative (compound 2) contained four singlet signals for
the nonequivalent C atoms of the alkoxy chain at & 38.3
(8-CH,), 68.6 (a-CH,), 69.7 (y-CH,), and 72.7 (B-CH,).
The 'H and 13C spectra of the compounds synthesized
are differ in the general pattern of the spectra and the
chemical shifts due to the influence of the terminal nu-
cleophilic groups.

The terminal functional groups were also indentified
by the mass spectrometry (ESI/MS), which provided the
molecular weights for all compounds synthesized. Typi-
cally, the anion part of the mass spectra contained the in-
tensive peaks attributed to [PhyP™ + (B;(HqO,C4HgNu)?~|~
and [H* + (B,yHg0,C,HgNu)>7]~.

In summary, it was shown that the negatively charged
ions, SH™, 82032—, and SCN™, can act as effective
nucleophiles in the reactions with [B;,HyOC4Hg]™,
[B;oHyO,C4Hg]~, and [ByHyOCsH 4]~ in DMSO. The
ring opening of the cyclic substituent and addition of the
S-nucleophile could be regarded as a novel effective meth-
od for the functionalization of the closo-borates.

Experimental

The substituted derivatives of closo-decaborate 1,
[Ph,P]B;yHyOC,Hg (15), and [Ph4P]B,(HyOCsH;, (16) were
prepared in accordance with the known methods.4 1,4-Dioxane
and terahydrofuran were purified by the known procedure.!l
Potassium hydrosulfide was prepared by the known method.-12
DMSO, KOH, KSCN, Na,S,03, CsF, and Ph,PCl with assay
>99% were used as purchased.
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The IR spectra were recorded on an Infralum FT-02 Fouri-
er-transform IR spectrometer in the range of 7000—300 cm™!
with the resolution of 1 cm~!. The samples were prepared as
suspensions in Nujol (Aldrich) or fluorinated oil (Fluorolube,
Merck). The 'H, 13C, and "B spectra were recorded on a Bruker
AC-200 instrument employing the deuterium resonance of the
solvent as the lock signal. The chemical shifts are given relative
to SiMe, ('H and '3C) or boron trifluoride etherate ('!'B). The
mass spectra (ESI) were run on a Bruker Esquire 3000 plus
mass spectrometer (Electrospray Voltage +(—)4500 V). Acetoni-
trile or a mixture acetonitrile—water (1 : 1) were used as sol-
vents. Average analytical concentration of the sample was
1.00+0.20 mg mL—!.

Tetraphenylphosphonium 2-[2-(2-mercaptoethoxy)ethoxy]-
nonahydro-closo-decaborate (1) (the signs for the atoms in
[B,oHOy(CH,),0(CH,),SH]?*~ (A) are given above). A solution
of compound 10 (1.09 g, 2 mmol) and NaSH (0.11 g, 2 mmol) in
DMSO (20 mL) was shaken for 24 h. The resulting solution was
poured into the aqueous solution of PhyPCl (0.75 g, 2 mmol),
the precipitate that formed was filtered off and dried in desiccator
over P,0s. Yield 1.67 g (96%). IR (KBr), v/cm~': 2452 (v(B—H));
1104 (8(B—B—H)); 697 (8(B—B—B)); 1008 (v(C—0)); 2686
(v(C—H), S—CH,); 1420 (8(C—H), S—CH,). 'H NMR
(CD3CN), & 0.60—2.10 (m, 9 H, B;yHy); 2.9 (s, SH); 3.2
(t, 3-CH,); 3.7 (t, v-CH,); 3.9 (t, B-CH,); 4.0 (t, a-CH,).
13C {{H} NMR (CD;CN), &: 38.3 (5-CH,); 68.6 (a-CH,); 69.7
(y-CH,); 72.7 (3-CH,). "B NMR (CD;CN), &: —1.5 (s, B(2));
—2.5 (d, B(10)); —6.1 (d, B(1)); —23.7 (d, B(3), B(5), B(6),
B(9)); —29.8 (d, B(7), B(8)); —33.9 (d, B(4)). MS (ESI),
m/z (anion): 238.19 [M — 2 Ph,P* + H*]; 577.23 [M — Ph,P*];
m/z (cation): 339.10 [Ph,P*].

Tetraphenylphosphonium 2-[2-(2-thiosulfatoethoxy)ethoxy]-
nonahydro-closo-decaborate (2). A solution of compound 10
(1.09 g, 2 mmol) and Na,S,0; (0.32 g, 2 mmol) in DMSO
(20 mL) was shaken for 24 h. The resulting solution was poured
into the aqueous solution of PhyPCI (1.5 g, 4 mmol), the precip-
itate that formed was filtered off and dried in desiccator over
P,0s. Yield 2.17 r (89%). IR (KBr), v/cm~!: 2452 (v(B—H));
1110 ((B—B—H)); 695 (8(B—B—B)); 1005 (v(C—0)); 1378,
1160 (v(S—0)). "B NMR (CD;CN), &: —1.8 (c, B(2)); —2.2
(d, B(10)); —6.4 (d, B(1)); —24.2 (d, B(3), B(5), B(6), B(9));
—29.6 (d, B(7), B(8)); —32.7 (d, B(4)).

Tetraphenylphosphonium 2-[2-(2-thiocyanatoethoxy)ethoxy]
nonahydro-closo-decaborate (3). A solution of compound 10 (1.09 g,
2 mmol) and KSCN (0.19 g, 2 mmol) in DMSO (20 mL) was
shaken for 24 h. The resulting solution was poured into a solu-
tion of CsF (0.61 g, 4 mmol) in MeOH, the precipitate that
formed was filtered off and washed with MeOH (2S50 mL). The
separated precipitate was dissolved in water and the resulting
solution was poured into a solution of PhyPCl (1.5 g, 4 mmol) in
water. The precipitate that formed was filtered off and dried in
desiccator over P,0s. Yield 1.64 g (95%). IR (KBr), v/cm~!:
2452 (v(B—H)); 1110 (8(B—B—H)); 704 (6(B—B—B)); 1009
(v(C—0)); 2130, 2117, 2108 (v(C—N)). ''BNMR (CD5CN), &:
—1.6 (s, B(2)); —2.4 (d, B(10)); —6.3 (d, B(1)); —23.7 (d, B(3),
B(5), B(6), B(9)); —29.5 (d, B(7), B(8)); —33.2 (d, B(4)).

Tetraphenylphosphonium 2-[4-mercaptobutoxy]nonahydro-
closo-decaborate, (Ph,P),[B;,HyO(CH,),SH] (4) was syn-
thesized analogously from PhyP[B;HyOC,Hg] (15) (1.06 g,
2 mmol) and NaSH (0.11 g, 2 mmol) in a yield of 1.62 g (95%).
IR (KBr), v/em™!: 2458 (v(B—H)); 1106 (§(B—B—H)); 701

(8(B—B—B)); 1005 (v(C—0)); 2690 (v(C—H), S—CH,); 1420
(3(C—H), S—CH,). 'H NMR (CD5CN), §: 0.60—2.10 (m, 9 H,
BigHyg); 1.49 (s, SH); 2.53 (q, v-CH,); 2.77 (q, B-CH,); 2.90
(t, -CH,); 3.51 (t, a-CH,). 13C {{H} NMR (CD;CN), &: 25.4
(y-CH,); 28.3 (3-CH,); 38.5 (5-CH,); 72.7 (a-CH,). ''B NMR
(CDsCN), &: —1.8 (s, B(2)); —3.2 (d, B(10)); —5.5 (d, B(1));
—23.7 (d, B(3), B(5), B(6), B(9)); —29.2 (d, B(7), B(8)); —34.2
(d, B(4)).

Tetraphenylphosphonium 2-[4-thiosulfatobutoxy]nonahydro-
closo-decaborate, (PhyP);[B;(HyO(CH,)4S,05] (5) was synthe-
sized analogously from salt 15 (1.06 g, 2 mmol) and Na,S,04
(0.32 g, 2 mmol) in a yield of 2.19 g (88%). IR (KBr), v/cm™L:
2450 (v(B—H)); 1102 (3(B—B—H)); 695 (8(B—B—B)); 1005
(v(C—0)); 1381, 1164 (v(S—0)). 'THNMR (CD;CN), &: 0.60—2.10
(m, 9 H, ByyHy); 1.17 (q, 8-CH,); 1.36 (g, B-CH,); 2.70
(t, a-CH,); 2.94 (t, 8-CH,). 13C {{H} NMR (CD;CN), &: 29.4
(1-CH,); 30.5 (B-CH,); 61.7 (a-CH,); 72.5 (-CH,). !B NMR
(CDsCN), &: —1.7 (s, B(2)); —3.0 (d, B(10)); —5.4 (d, B(1));
—23.5 (d, B(3), B(5), B(6), B(9)); —28.9 (d, B(7), B(8)); —34.1
(d, B(4)).

Tetraphenylphosphonium 2-[4-thiocyanatobutoxy]nonahydro-
closo-decaborate, (Ph,P),[B,,HyO(CH,),SCN] (6) was synthe-
sized analogously from salt 15 (1.06 g, 2 mmol) and KSCN
(0.19 g, 2 mmol) in a yield of 1.68 g (96%). IR (KBr), v/cm™L:
2452 (v(B—H)); 1108 (3(B—B—H)); 704 (8(B—B—B)); 1009
(v(C—0)); 2130, 2115, 2108 (v(C=N), S—C=N). 'H NMR
(CDsCN), 8: 0.60—2.10 (m, 9 H, ByHy); 1.17 (q, v-CH,); 1.36
(q, B-CHy); 2.70 (t, a-CH,), 2.94 (t, B-CH,). 3C {{H} NMR
(CDsCN), &: 31.2 (0-CH,); 35.8 (B-CH,); 58.0 (8-CH,); 72.7
(y-CH,); 100.3 (—S—C=N). ''B NMR (CD;CN), &: —1.7
(s, B(2)); —3.0 (d, B(10)); —5.4 (d, B(1)); —23.5 (d, B(3), B(5),
B(6), B(9)); —28.9 (d, B(7), B(8)); —34.1 (d, B(4)).

Tetraphenylphosphonium 2-[4-mercaptopentoxy]nonahydro-
closo-decaborate, (Ph,P),[B;,HyO(CH,)sSH] (7) was synthe-
sized analogously from PhyP[B;,HqOCsH (] (16) (1.09 g,
2 mmol) and NaSH (0.11 g, 2 mmol) in a yield of 1.56 g (93%).
IR (KBr), v/em™!: 2456 (v(B-H)); 1106 (8(B—B—H)); 701
(8(B—B—B)); 1005 (v(C—0)); 2690 (v(C—H), S—CH,); 1415
(3(C—H), S—CH,). "BNMR (CD5CN), &: —1.6 (s, B(2)); —3.0
(d, B(10)); —5.5 (d, B(1)); —23.8 (d, B(3), B(5), B(6), B(9));
—29.1(d, B(7), B(8)); —34.4 (d, B(4)).

Tetraphenylphosphonium 2-[4-thiosulfatopentoxy]nona-
hydro-closo-decaborate, (Ph,P);[B;,HqO(CH,)sS,05] (8) was
synthesized analogously from salt 16 (1.09 g, 2 mmol) and
Na,S,05 (0.32 g, 2 mmol) in a yield of 2.16 g (88%). IR (KBr),
v/em~1: 2450 (v(B—H)); 1102 (§(B—B—H)); 695 (3(B—B—B));
1005 (v(C—0)); 1380, 1164 (v(S—0)). ''B NMR (CD5CN), &:
—1.6 (s, B(2)); —3.2 (d, B(10)); —5.5 (d, B(1)); —23.6 (d, B(3),
B(5), B(6), B(9)); —28.8 (d, B(7), B(8)); —34.1 (d, B(4)).

Tetraphenylphosphonium 2-[4-thiocyanatopentoxy]nona-
hydro-closo-decaborate, (Ph P),[B,HyO(CH,);SCN] (9) was
synthesized analogously from salt 16 (1.09 g, 2 mmol) and KSCN
(0.19 g, 2 mmol) in a yield of 1.63 g (94%). IR (KBr), v/cm™!:
2452 (v(B—H)); 1108 (8(B—B—H)); 704 (8(B—B—B)); 995
(v(C—0)); 2128, 2110, 2108 (v(C=N)). ''B NMR (CD;CN), &:
—1.6 (s, B(2)); —3.3 (d, B(10)); —5.5 (d, B(1)); —23.6 (d, B(3),
B(5), B(6), B(9)); —28.8 (d, B(7), B(8)); —34.1 (d, B(4)).
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