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First example of the ribbed�functionalized iron(II) clathrochelate
with six pendante closo�borate substituents*
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The nucleophilic substitution of the reactive chlorine atoms of the n�butylboron�capped
hexachlorine�containing clathrochelate precursor with the thiol�terminated closo�decaborate
(PPh4)2[B10H9OCH2CH2OCH2CH2SH] in the presence of triethylamine afforded the closo�
decaborate�containing clathrochelate dodecaanion [Fe{[(B10H9OCH2CH2OCH2CH2S)2Gm]3�
(BBun)2}]12–, which was isolated in the form of its tetraphenylphosphonium and sodium salts.
The complexes obtained were characterized using elemental analysis, UV�VIS, 1H, 11B, and
13C{1H} NMR, and IR spectroscopies.
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Up to date, a number of pharmaceuticals have been
designed for the boron�neutron capture therapy (BNCT)
of cancer. However, most  of these compounds do not
satisfy the main requirements on the BNCT agents.1 High�
er polyhedral boron hydrides BnHn

2– (n = 6—12) and the
functionalized boron clusters are available, chemically
stable, and low�toxic compounds. Hence, the derivatives
of the decahydro�closo�decaborate (B10H10

2–) and do�
decahydro�closo�dodecaborate (B12H12

2–) anions seem to
be the most promising compounds for this type of the
radiotherapy.2—4

Earlier,5 we have performed a functionalization of the
macrobicyclic dichlorine�containing clathrochelate pre�
cursor Fe[Bd2(Cl2Gm)(BF)2] (Cl2Gm2– is dichlorogly�
oxime dianion) with the amine�terminated closo�do�
decaborate anion [B12H11NH2]2– as the nucleophilic
agent, which resulted in the formation of the closo�do�
decaborate�containing clathrochelate dianion [Fe{Bd2�
[Cl(B12H11NH)Gm](BF)2}]2–. It should be noted that
only the monofunctionalized product of the nucleophilic
substitution has been formed even in the presence of an
excess of the nucleophilic agent. We also have observed
that the closo�borate mono� and dianions with HO, HS,
and H2N groups attached inherently to the polyhedral
framework are the unefficient nucleophilic agents for the

functionalization of these clathrochelate precursors. This
result can be explained by the steric hindrances induced
by repulsion between the bulky negatively charged
closo�borate substituents in the same ribbed chelate �di�
oximate fragment.

Results and Discussion

As it has been found earlier,6 the alkyl� and arylthi�
olate anions are the most suitable for the ribbed function�
alization of the halogen�containing tris�dioximate clath�
rochelate precursors by their nucleophilic substitution. In
the present study, we performed the nucleophilic substitu�
tion of the reactive chlorine atoms of the hexachlorine�
containing macrobicyclic complex Fe[(Cl2Gm)3(BBun)2]
with the spacer�containing closo�decaborate fragments
using the thiol�terminated closo�decaborate dianion.
The reaction of this clathrochelate precursor with the di�
anion [B10H9OCH2CH2OCH2CH2SH]2– in acetonitrile
in the presence of triethylamine as a strong organic base
for the deprotonation of the thiol group afforded the hy�
brid fully functionalized product, viz., the hexa�closo�de�
caborate iron(II) clathrochelate (Scheme 1). The synthe�
sis of the complex (PPh4)12[Fe{[(RS)2Gm]3(BBun)2}]
(R is the CH2CH2OCH2CH2OB10H9

2– dianion) was per�
formed under argon to prevent the oxidation of the re�
sulting closo�decaborate�containing thiolate anions to the
corresponding disulfide and at low temperature to avoid
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the side composition of the clathrochelate framework in
the presence of the strong base. The reaction of this inter�
mediate tetraphenylphosphonium salt of the clathrochelate
dodecaanion with NaBPh4 gave the hybrid complex
Na12[Fe{[(RS)2Gm]3(BBun)2}], which was characterized
using elemental analysis, UV�VIS, 1H, 11B, and 13C{1H}
NMR, and IR spectroscopies. The resulting product de�
monstrates very high solubility in water, and this allows us
to study its biological activity as a precursor of the anti�
viral and antitumor drug candidaty, in particular, for the
BNCT treatment.

The 1H and 13C{1H} NMR spectra of an acetonitrile
solution of the hybrid closo�decaboratoclathrochelate
Na12[Fe{[(RS)2Gm]3(BBun)2}] contain the signals of the
protons and carbon atoms of the closo�decaborate�con�
taining spacer substituents in the ribbed chelate fragments
of its clathrochelate framework, as well as the signals of
the apical n�butyl groups. The number and the position of
the signals in these spectra as well as the ratios of their
integral intensities in the 1H NMR spectrum confirmed
the composition of the hybrid closo�decaboratoclathro�
chelate obtained and the C3�symmetry of its molecule (this
axis is passing through the apical capping boron atoms
and the encapsulated iron(II) ion). The 11B{1H} NMR
spectrum of this hybrid complex is characteristic of the
closo�decaborate compounds with the only equatorial sub�
stituent in the boron cluster. In the absence of broadband
boron—hydrogen spin�spin decoupling, all the signals ob�

served are split into the symmetric doublets, except that
for the signals of the low�field boron atom and those of the
cross�linking RBO3 groups.

The IR spectrum of the sodium salt of the closo�de�
caborate iron(II) clathrochelate contains, along with the
bands of the C=N, N—O, and B—O stretching vibraitons
of the clathrochelate framework, the highly intensive bands
of the B—H stretching and B—B—H bending vibrations
characteristic of the closo�decaborate�containing ribbed
substituent.7

The UV�VIS spectrum of methanol solution of the
hybrid complex contains two highly intensive bands
(  5•103 mol–1 L cm–1) in the visible range assigned to
the charge transfer FedL*, with the substantially long�
wave�shifted maxima (by approximately 55 nm) in com�
parison with the spectrum of its hexachlorine�containing
clathrochelate precursor.6 The UV range of its spectrum
contains three bands from 220 to 300 nm assigned to one
,* transitions in the highly �conjugated �dioximate
chelate fragments of the macrobicyclic framework.

The electrochemical characteristics of the hybrid
closo�decaborate iron(II) clathrochelate obtained were
studied by cyclic voltammetry (CV). All the peaks ob�
served in its cyclic voltammograms is characteristic of the
diffusion�controlled current processes. Two waves in the
anodic ranges is observed: first of them is a partially re�
versible multielectron wave at Ер = 400 mV (Fig. 1) where�
as second weak one appears at Ер = 1150 mV (in the case

Scheme 1

i. [B10H11OCH2CH2OCH2CH2SH]2–, NEt3, MeCN.
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of the potential scan ring up to 2000 mV). This CV pattern
is explained by the one�electron oxidation of six decabo�
rate dianions at the potential of the first wave, which is
responsible for the multielectron character of this process.
The shift of the oxidation potentials of the decaborate
dianiones compared with those earlier�reported in the
studies8,9 may be explained by a formation of the ionic
associates of the clathrochelate dodecaanion with sodium
ions in acetonitrile solution. The second oxidation wave
may be associated as with the Fe2+/3+ redox process on
the encapsulated metal ion as with the subsequent oxida�
tion of the products resulted from the oxidation at the first
potential.

The cathodic range of this CV for the iron(II) closo�
borateclathrochelate obtained contains a multielectron
wave at Ер = –1500 mV assigned to the reduction of the
closo�borate fragments of their ribbed substituents.

The parameters of the 57Fe Mössbauer spectrum of the
clathrochelate (PPh4)12[Fe{[(B10H9OCH2CH2OCH2�
CH2S)2Gm]3(BBun)2}] (the isomeric shift (IS) is
0.36 mm s–1 and the quadrupole splitting (QS) is
0.53 mm s–1) are characteristic of the low�spin iron(II)
complexes possess a geometry intermediate between a tri�
gonal prism (the distortion angle  = 0) and a trigonal
antiprism ( = 60). Based on the QS value and a concept
of the partial quadrupole splitting,10 we deduced the dis�
tortion angle of the N6�coordination polyhedron of an
encapsulated iron(II) ion (approximately 25).

Therefore, we found that the functionalized closo�de�
caborate dianion with spacer thiol�terminated substituent
is an efficient nucleophilic agent for the synthesis of the
hybrid polytopic ribbed�functionalized closo�borate clathro�
chelates. For the first time, the hexasulfide iron(II) clathro�

chelate fully functionalized (with closo�decaborate frag�
ments) was obtained and characterized. This complex is
soluble in water and seems to be the promising compound
for BNCT treatment.

Experimental

The clathrochelate precursor Fe[(Cl2Gm)3(BBun)2] and the
initial closo�borate�containing thiol were obtained as described
previously.6,11

Analytical data (C, H, and N contents) were obtained with
a Carlo Erba model 1106 microanalyzer. The iron content was
determined spectrophotometrically.

The 1H, 11B, and 13C NMR spectra were recorded from
CD2Cl2 and CD3CN solutions on Bruker AC�200Р and Avance
400 FT spectrometers.

The IR spectra (KBr pellets) in the range of 400—4000 cm1

were recorded with a Perkin—Elmer FT�IR Spectrum BX II
spectrophotometer.

The UV�VIS spectra of the solutions of the complexes in
CH3CN were recorded in the range of 200—800 nm with a Per�
kin—Elmer Lambda 9 spectrophotometer. The individual Gaus�
sian components of these spectra were calculated using the
SPECTRA program.

The 57Fe Mössbauer spectrum was obtained with an NP�255
(Hungary) spectrometer with a constant acceleration mode. The
spectrum was collected with a 256�multichannel amplitude ana�
lyzer. The isomeric shift was measured relative to sodium nitro�
prusside and an �Fe foil was used for the velocity scale calibra�
tion; 57Co in a rhodium matrix at 298 K was used as the source.
The minimal absorption line�width in the spectrum of a stan�
dard sample of sodium nitroprusside was 0.24 mm s–1.

Dodeca(sodium)(12+)4,5,11,12,17,18�hexa[2�(2�closo�de�
caboratoxyethoxy)ethylthio]�1,8�dibutyl�2,7,9,14,15,20�hexa�
oxa�3,6,10,13,16,19�hexaazabicyclo[6.6.6]eicosa�3,5,10,12,
17,19�hexaene�1,8�diborato(14–)iron(2+). The complex
Fe[(Cl2Gm)3(BBun)2] (0.18 g, 0.3 mmol) and an excess of
Ph4PCl (1.35 g) were dissolved in acetonitrile (7 mL) under
argon, and this solution was cooled to –10 C. Then a solution of
(Ph4P)2[B10H9OCH2CH2OCH2CH2SH] (2 g, 2.2 mmol) and
triethylamine (0.31 mL, 2.2 mmol) in acetonitrile (9 mL) cooled
to –10 C was added to the reaction mixture. The reaction mix�
ture was left at 4 C for 7 days, then stirred at room temperature
for 1 h, and evaporated to a half�volume (approximately 8 mL).
Then water (50 mL) was added and the oily residue formed was
dissolved in dichloromethane (20 mL). The extract formed was
washed with water (50 mL), dried with CaCl2, and evaporated to
a small volume (approximately 3 mL). Then an excess of hexane
was added and the red�orange precipitate formed was filtered
off. The precipitate was dissolved in a minimal volume of aceto�
nitrile and its acetonitrile solution was used for the chromato�
graphic separation on silica gel (SPH�300 15�cm column, eluent:
CH2Cl2—CH3CN 8 : 5 mixture). The elute, containing the tar�
get product, was collected and rotary evaporated to dryness. The
resulting oily residue was dried in vacuo, washed with diethyl
ether and hexane, and again dried in vacuo. The yield of
the intermediate tetraphenylphosphonium salt (PPh4)12[Fe�
{[(B10H9OCH2CH2OCH2CH2S)2Gm]3(BBun)2}] was 0.85 g
(50%). Found (%): C, 65.30; H, 6.32; N, 1.02; B, 10.93; Fe, 0.85;
S, 3.02. C326H360N6B62FeO18P12S6. Calculated (%): C, 65.91;

Fig. 1. Cyclic voltammogram (CV) of an acetonitrile solution of
the hybird complex Na12[Fe{[(B10H9OCH2CH2OCH2CH2S)2�
Gm]3(BBun)2}] with a potential scan to 600 mV; the inset shows
a fragment of the anodic branch of the CV curve from 0 to 600 mV
(the concentration of the clathrochelate was 1 mmol L–1,
200 mV s–1, Pt, versus Ag/AgCl/KCl).
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H, 6.11; N, 1.41; B, 11.28; Fe, 0.94; S, 3.24. 1H NMR (CD2Cl2),
: –0.6—1.5 (m, 9 H, B10H9); 0.48 (br.s, 4 H, CH2B); 0.71 and
1.20 (two br.s, 8 H, CH3CH2CH2); 0.98 (s, 6 H, CH3); 3.21
(m, 48 H, OCH2CH2O + CH2S + OCH2CH2S); 7.60 (m, 240 H,
Ph). 13C{1H} NMR (CD2Cl2), : 13.9 (s, CH3); 15.9 (s, CH2B);
25.6 and 26.0 (two s, CH3CH2CH2); 34.4 (s, CH2S); 65.5
(s, OCH2CH2S); 69.9 and 76.6 (two s, OCH2CH2O); 146.6
(s, C=N); 130.6 (s, ortho�CPh); 134.3 (s, meta�CPh); 135.7
(s, para�CPh). 11B NMR (CD2Cl2), : –2.4 (B(2), B(10));
–5.4 (B(1)); –6.1 (RBO3); –24.0 (B(3), B(5), B(6), B(9)); –29.4
(B(7), B(8)); –34.4 (B(4)).

The tetraphenylphosphonium salt (Ph4P)12[Fe{[(B10H9O�
CH2CH2OCH2CH2S)2Gm]3(BBun)2}] obtained was dissolved
under heating in ethanol—1,2�dichloroethane 2 : 1 mixture
(150 mL). Then NaBPh4 (0.6 g) was added, and the reaction
mixture was cooled to room temperature. The (Ph4P)[Ph4B]
precipitate formed was filtered off, and the filtrate was evaporat�
ed to dryness. The yield of the complex Na12[Fe{[(B10H9OCH2�
CH2OCH2CH2S)2Gm]3(BBun)2}] was 0.25 g (82%). Found (%):
C, 21.47; H, 5.89; N, 3.88; Fe, 2.74. C38H120N6B62FeNa12O18S6.
Calculated (%): C, 21.29; H, 5.60; N, 3.92; Fe, 2.61. 1H NMR
(CD3CN), : –0.7—1.5 (m, 9 H, B10H9); 0.67 (br.s, 4 H, CH2B);
0.95 (s, 6 H, CH3); 1.43 (br.s, 8 H, CH3CH2CH2); 3.33 and 3.55
(two br.s, 24 H, OCH2CH2O); 3.40 (br.s, 12 H, CH2S); 3.71
(br.s, 12 H, OCH2CH2S). 13C{1H} NMR (CD3CN), : 13.8
(s, CH3); 17.1 (s, CH2B); 25.7 and 26.7 (two s, CH3CH2CH2);
33.48 (s, CH2S); 69.0 (s, OCH2CH2S); 69.5 and 71.2 (two s,
OCH2CH2O); 147.7 (s, C=N). 11B NMR (CD3CN), : –2.7
(B(2), B(10)); –5.7 (B(1)); –6.6 (RBO3); –24.1 (B(3), B(5),
B(6), B(9)); –29.8 (B(7), B(8)); –34.3 (B(4)). IR (KBr)/cm–1:
2464 (B—H); 1152 (B—B—H); 712 (B—B—B); 913 v(N—O),
1099m v(B—O), 1579 v(C=N). UV�VIS (CH3OH), max/nm
(•10–3 mol–1 L cm–1): 226 (42), 267 (8.4), 294 (4.7), 392 (1.9),
489 (4.8), 507 (4.9).

We thank V. V. Novikov (A. N. Nesmeyanov Institute
of Organoelement Compounds of the Russian Academy
of Sciences) for performing the NMR study.

This study was financially supported by the Russian
Foundation for Basic Research (Project Nos 09�03�00540,
10�03�00397, 11�03�90458, 11�03�00986, and 11�03�
12117), the Russian Academy of Sciences (Programs of
the Division of Chemistry and Materials Science Nos 6

and 7 and Program of the Presidium of the Russian Acad�
emy of Sciences No. 7), and the Council on Grants at the
President of the Russian Federation (Program for State
Support of Leading Scientific Schools of the Russian
Federation and Young Scientists, Grants NSh 3321.2010.3
and MD 3876.2011.3).

References

1. 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.

2. M. V. Lisovskii, N. V. Plyavnik, G. A. Serebrennikova, E. A.
Malinina, K. Yu. Zhizhin, N. T. Kuznetsov, Zh. Neorg.
Khim., 2005, 50, 24 [Russ. J. Inorg. Chem. (Engl. Transl.),
2005, 50, 29].

3. K. Yu. Zhizhin, E. A. Malinina, L. V. Goeva, A. S. Chern�
yavskii, S. V. Ivanov, E. A. Luk´yanets, K. A. Solntsev, N. T.
Kuznetsov, Dokl. Akad. Nauk, 1997, 357, 206 [Dokl. Chem.
(Engl. Transl.), 1997, 357, 260].

4. I. B. Sivaev, V. I. Bregadze, Eur. J. Inorg. Chem., 2009, 143.
5. Ya. Z. Voloshin, O. A. Varzatskii, K. Yu. Zhizhin, N. T.

Kuznetsov, Yu. N. Bubnov, Izv. Akad. Nauk, Ser. Khim.,
2006, 21 [Russ. Chem. Bull., Int. Ed., 2006, 55, 22].

6. Y. Z. Voloshin, O. A. Varzatskii, T. E. Kron, V. K. Belsky,
V. E. Zavodnik, A. V. Palchik, Inorg. Chem., 2000, 39, 1907.

7. L. A. Leites, Chem. Rev., 1992, 92, 279.
8. C. K. Mann, K. K. Barnes, Electrochemical Reactions in Non�

aqeous Systems, Marcel Dekker, Inc., New York, 1970,
p. 434.

9. J. H. Morris, H. J. Gysling, D. Reed, Chem. Rev., 1985,
85, 51.

10. Y. Z. Voloshin, E. V. Polshin, A. Y. Nazarenko, Hyperfine
Interact., 2002, 141—142, 309.

11. E. Yu. Matveev, G. A. Razgonyaeva, V. N. Mustyatsa, N. A.
Votinova, K. Yu. Zhizhin, N. T. Kuznetsov, Izv. Akad. Nauk,
Ser. Khim., 2010, 544 [Russ. Chem. Bull., Int. Ed., 2010,
59, 545].

Received September 14, 2011;
in revised form November 3, 2011


	First example of the ribbed�functionalized iron(II) clathrochelatewith six pendante closo�borate substituents
	Abstract

	Results and Discussion
	Experimental
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 25
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
    /CourierA
    /CourierA-Bold
    /CourierA-BoldOblique
    /CourierA-Oblique
    /MathFont1
    /NewStandardA
    /NewStandardA-Bold
    /NewStandardA-BoldItalic
    /NewStandardA-Italic
    /NewtonC
    /NewtonC-Bold
    /NewtonC-BoldItalic
    /NewtonC-Italic
    /PragmaticaC
    /PragmaticaC-Bold
    /PragmaticaC-BoldOblique
    /PragmaticaC-Oblique
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 202
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 202
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 610
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.48689
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.001 840.999]
>> setpagedevice


