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Two new octahedral rhenium cluster complexes,
[ReeS;0(3,5-Me,PzH)4]Br,-3,5-Me,PzH (1) and  [Reg.
Se;0(3,5-Me,PzH)6]Br,3,5-Me,PzH (2), with the organic li-
gand 3,5-dimethylpyrazole (3,5-Me,PzH), have been syn-
thesised by reaction of rhenium chalcobromides Css[Reg(1i3-
Q;Br)Brg] (Q = S, Se) with molten dimethylpyrazole. During
the reaction, all six apical bromine ligands of the cluster com-
plexes are substituted by the organic ligand, which is coord-
inated through the aromatic nitrogen atom N2. Additionally,
the inner ligand ps3-Br in the cluster core [Reg(is-Q;Br)|®* is
substituted by oxygen, giving cluster cores [Reg(ps3-Q;0)]**
with mixed chalcogen/oxygen ligands. Compounds 1 and 2
have been characterised by single-crystal X-ray diffraction
analysis. They are isostructural and crystallise with four for-

mula units in the unit cell. Absorption spectra and lumines-
cence characteristics of these two cluster compounds have
been investigated in methanol. Absorption starts below
400 nm. For both compounds, broad emissions were found.
The fluorescence decays of the two compounds follow a diex-
ponential decay behaviour. The main fluorescence intensity
decays have longer fluorescence lifetimes of 3.07 + 0.03 (1)
and 3.96 £ 0.02 ps (2). Studying the thermal stability of both
compounds in vacuo showed that the release of 3,5-dimethyl-
pyrazole ligands begins near 200 °C, and decomposition,
with the removal of 7 molecules of 3,5-Me,PzH, is complete
at 330 °C.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

The chemistry of the rhenium octahedral cluster com-
pounds with the cluster core {ResQs}>" (Q = S, Se) coordi-
nated by organic N- and P-donor ligands is in a stage of
rapid development.['"'* Such organic—inorganic hybrids
show interesting electronic, optical and structural proper-
ties. Synthetic strategies span both simple cluster modifi-
cation and more demanding programmed supramolecular
arrays. The latter includes hydrogen-bonded and metal-as-
sisted supramolecular networks based on rhenium clusters
possessing nicotinamide, isonicotinamide, 3,5-pyridined-
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icarboxylic acid and 4,4'-dipyridine as apical organic li-
gands. Furthermore, the dendritic encapsulation of rhenium
clusters by polyetheraryl dendrons having pyridine and pyr-
idone units at the focal point has been realised. In all, there
is an almost infinite variability regarding the structural
modification of such rhenium clusters. This provides the
opportunity to achieve properties useful for possible in vivo
applications. Thus, it is very appealing to develop metallic
drugs based on rhenium clusters. In this context, particu-
larly porphyrin and modified dendritic rhenium clusters
show promising luminescence properties for the develop-
ment of photosensitizers that could be applied to photodyn-
amic therapy.!'>!®l Furthermore, rhenium clusters may play
an important role as agents in photon activation therapy
(PAT).['] This relatively new treatment paradigm in cancer
therapy requires a sufficiently high density of metals in tar-
get regions. This could be achieved by organic-inorganic
rhenium cluster complexes.

Because of this background, we are especially interested
in an efficient synthetic procedure to introduce organic li-
gands into the rhenium cluster core. Thus, a new synthetic
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approach for grafting N-donor ligands to octahedral rhe-
nium cluster compounds has been developed. Here we re-
port the preparation and crystal structures of two new rhe-
nium  octahedral cluster complexes, [RegS,0(3,5-
Me,PzH)¢|Br>:3,5-Me,PzZH (1) and  [RegSe;O(3,5-
Me,PzH)¢]Br,-3,5-Me,PzH (2), which were synthesised by
the reaction of rhenium chalcobromides Css[Reg(is-
Q;Br)Brg] (Q = S, Se) with molten 3,5-dimethylpyrazole
(3,5-Me,PzH). The spectroscopic, photophysical and ther-
mal properties of these cluster compounds are also dis-
cussed.

Results and Discussion

Syntheses

As a general rule, rhenium cluster compounds containing
cluster cores {Re¢Qg}>" (Q = S, Se) and apical organic li-
gands have been prepared by solution chemistry. A disad-
vantage of solution chemistry in such syntheses is the rather
low rate of interaction and possible hydrolysis (in the case
of aqueous solutions or non-anhydrous organic solvents),
which limit synthetic resources for preparation of desirable
compositions. To overcome these difficulties, we employed
a new approach using molten ligands as reaction media for
the synthesis of cluster complexes with organic ligands. We
applied this method to the reaction of the rhenium cluster
compounds Cs;[Reg(113-Q;Br)Brg] (Q = S, Se) with 3,5-di-
methylpyrazole as the organic ligand. In the anionic rhe-
nium complexes [Reg(p3-Q-Br)Brg]’~ (Q = S, Se) used, the
octahedron Reg is surrounded by a cube of eight (13-Q,Br)
atoms (so-called “inner” ligands). Such an “octahedron
into cube” forms the cluster core {Req(n3-Q;Br)}3*. The six
apical positions in the cluster complexes [Reg(pts-
Q;Br)Brg]?~ are fully occupied by Br atoms, which are
called “outer” ligands. The outer bromide ligands in similar
complexes possess anticipated substitutional lability,
whereas inner ligands are bonded more strongly. So we ex-
pected that in reactions of these clusters with dimethylpyra-
zole, the apical ligands could be substituted by organic li-
gands without any change in the cluster core {Reg(ps-
Q;Br)} as the fundamental building block.

Experimental results show that indeed all apical Br atoms
are substituted by organic ligands. On the other hand, an
interesting feature of these reactions is an unexpected li-
gand exchange in the octahedral cluster core, namely the
replacement of the inner ps-Br ligand by an oxygen atom.
Such a substitution is rather unusual in the chemistry of
octahedral clusters. The possible source of oxygen for such
a substitution is the solvated molecules of H-O in the start-
ing complexes.

Few examples are known of the substitution of one or
two u3-Cl ligands by oxygen in the cluster core of octa-
hedral rhenium chalcohalide complexes, and examples of
ps-Br substitution with oxygen were not found in the litera-
ture. The complexes containing two O atoms in the cluster
cores {ResSe,0,Cl 14" 181 and {RegS¢0,}2" B! were ob-
tained starting from RegSesClyo and [RegS¢Clg]?~, respec-
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tively. Complexes with the cluster core {ResSsOCl,}>" con-
taining one O atom were obtained from the cluster anion
[RegSsClo]~.119721 There are two typical sources of oxygen
in these reactions: OSiMe;>!'"! or water. Water either came
from wet solvent!!®] or was added directly to the reaction
mixture.['82% Here we succeeded in the preparation of ox-
ochalcogenide complexes with a cluster core having the
composition {ResQ,0}>".

Structures

Compounds 1 and 2 have been characterised by single-
crystal X-ray diffraction. The compounds are isostructural.
The cluster cations [ReqQ,0(3,5-Me,PzH)¢*" (Q = S, Se)
contain the Reg octahedron residing in a Q0O pseudocube.
There is no disorder in the present structures: seven corner
positions of the Q,O cube are occupied exclusively by S (1)
or Se (2) atoms and one by an O atom. Due to the presence
of the O atom in the cluster core {ResQg}, the Reg octa-
hedrons in both compounds are slightly irregular. Re—Re
distances between Re atoms coordinated by the p;-O atom
are shorter than those for other Re atoms. Each Re atom is
coordinated by a 3,5-Me,PzH. The structure of a complete
molecule is shown in Figure 1. The Re—Re distances range
from 2.5210(7) to 2.5995(7) A in 1 and from 2.5465(13) to
2.6386(14) A in 2; the Re—Q distances range from 2.392(3)
t0 2.417(3) A in 1 and from 2.509(2) to 2.544(2) A in 2; the
Re—O distances range from 2.114(8) to 2.129(8) Ain1and
from 2.022(8) to 2.036(8) A in 2; the Re—N distances are
2.13(1)—2.16(1) (1) and 2.16(2)—2.21(2) A (2). The Re—O
distances in 1 are slightly longer than those found in (BuyN),-
[ResSsOCIg] [2.08(1)—2.09(1) A or (BuyN)4[(ReeSsO-
Cl,),0] (average Re—O: 2.087(6) A% and shorter than in
[ResScO»(PPr3)g][ResSsClg], where Re—O distances are in

Figure 1. Structure of the cluster cation [ResQ;0(3,5-Me,PzH)g]*"
[Q = S (1), Se (2)]; all hydrogen atoms are omitted for clarity
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the range 2.192(11)—2.226(11) A.13 The Re—O distances in
2 are the shortest among all known compounds of this type.
Average Re—O distances in o- and B-(PryN),[ResSe;0,Clg]
are equal to 2.083(14) and 2.094(19) A, respectively.!'8]
There are two types of Br atoms in the structure: one bro-
mine atom, Brl, is connected by hydrogen bonds to one
cluster (Br---H—N distances are 3.25 and 3.31 Ain 1 and
3.24 and 3.28 A in 2) (Figure 2, a), whereas the other one,
Br2, is bridged between two cluster czoitions with Br--H—N
distances ranging from 3.41 to 3.68 A in 1 and from 3.43
to 3.66 A in 2 to form extended chains along the a-axes
(Figure 2, b). Both compounds have additional noncoordi-
nated molecules of 3,5-Me,PzH.

Figure 2. Connection of cluster cations with Br™ anions in com-
pounds 1 and 2: a) location of Brl; b) location of Br2 bridging
cluster units; hydrogen bonds are denoted by dotted lines; all sulfur
and oxygen atoms of the cluster core are omitted for clarity

Absorption Spectra and Luminescence Characteristics

Solutions (1.0X107> M) of the two compounds were pre-
pared in methanol. Absorption spectra were recorded in the
wavelength range from 190 to 500 nm. The absorption of
light starts at around 400 nm. For compound 1, absorption
maxima were located at 221, 247, 272, 294 and 321 nm.
Compound 2 had absorption maxima at 211, 241, 260, 277,
294 and 338 nm (Figure 3).
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Figure 3. Absorption spectra of [ResS,0(3,5-Me,PzH)¢]|Br;3,5-
Me,PzH (1) and [RegSe;O(3,5-Me,PzH)¢]Br,+3,5-Me,PzH (2)

For excitation of the luminescence, a Nd:YAG laser with
fourth harmonic generation (266 nm) was used. To avoid
destruction of the compound, the applied laser energy was
set to be less than 300 pJ per pulse. The emission spectra
were recorded in the wavelength range 560—785 nm. For
both compounds broad emission spectra were found. The
light emission of 2 was shifted about 30 nm to the red, rela-
tive to 1. Figure 4 shows the emission spectra of the two
compounds in methanol solution. Both emission spectra
were fitted with two Gaussian peaks (Table 1). For the de-
termination of the fluorescence decay constants, the fluor-
escence intensity was integrated in the wavelength range
from 560 to 785 nm. The resulting fluorescence decay as a
function of the increasing time between the laser pulse and
the detection of the fluorescence is shown in Figure 5. The
derived fluorescence decay times are summarised in Table 1.
For compound 1, the longer fluorescence decay time corre-
sponds to 84.0% of the fluorescence intensity at time ¢ = 0,
and for compound 2 to 72.5%. Compound 2 shows a some-
what longer fluorescence decay time than 1. However, the
two Gaussian emission distributions found for each com-
pound do not show any remarkable difference in their flu-
orescence decay behaviour.

Fluorescence intensity / A.U.
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Figure 4. Emission spectra of [Re¢S;0(3,5-Me,PzH)¢]|Br>:3,5-

Me,PzH (1) and [RegSe;O(3,5-Me,PzH)4|Br,3,5-Me,PzH (2) in
methanol
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Table 1. Fluorescence spectroscopic data

Compound Fluorescence decay time [us]/
Fluorescence emission maxima [nm]
1 0.61+0.06/632.4 (49%) 3.07+0.03/692.8 (51%)
2 0.490.02/650.0 (24%) 3.96+0.02/688.3 (76%)
3.5x10*
3.0x10°1%
4 | ".
5 2.5x10 o s
< 2.0x10 o se
2
2 1.5x10*
8
= 1.0x10°1
5.0x10°
0.0, .= P
0 5000 10000 16000

Delay time / ns

Figure 5. Fluorescence decay of [RegS,0(3,5-Me,PzH)¢]|Br,:3,5-
Me,PzH (1) and [RegSe;O(3,5-Me,PzH)g|Br,-3,5-Me,PzH (2) in
methanol

The emissive properties of these clusters could be used in
photodynamic therapy. This phenomenon will be the sub-
ject of our future investigations.

Thermal Properties

Studying the thermal stability of both compounds in va-
cuo showed that the release of 3,5-dimethylpyrazole ligands
begins near 200 °C; decomposition with complete removal
of 7 mol-equiv. of 3,5-Me,PzH is finished at 330 °C; how-
ever, it is not possible to mark out separate steps of mass
loss on the TG curve.

Conclusion

An  original method for the synthesis of
organic—inorganic rhenium cluster compounds has been
demonstrated using the molten organic ligand 3,5-dimeth-
ylpyrazole as the reaction medium for the replacement of
the apical bromide atoms in the cluster core. Two new octa-
hedral rhenium cluster complexes, having the composition
[ResS,0(3,5-Me,PzH)4|Br,+3,5-Me,PzH and [ResSe,O(3,5-
Me,PzH)¢]Br,+3,5-Me,PzH, were synthesised in a high yield
and their structures have been solved and refined. An inter-
esting feature of the chemistry of these compounds is the
unexpected ligand exchange in the octahedral cluster core
{Reg(13-Q7Br)}3*, namely the replacement of the inner -
Br~ ligand by an oxygen ion O?~, which results in the for-
mation of the cluster core {Reg(n3-Q,0)}>". Such a substi-
tution is rather unusual in the chemistry of octahedral clus-
ters. The cluster compounds investigated show promising
spectroscopic and photophysical properties. The great vari-
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ety of organic ligands grafting on the cluster core offers
abundant opportunities to modify the spectroscopic and
photophysical properties, and the organic shell can make
the cluster molecule bioavailable. In this nexus, coupling of
target-seeking biomolecules to the cluster moiety seems to
be an interesting line of future research. Such
organic—inorganic hybrids have great inherent potential as
diagnostically and therapeutically relevant compounds.

Experimental Section

Materials and Syntheses: All reagents were used as purchased.
Css[Reg(13-Se;Br)Brg]'H,O  was prepared as  described.l??]
Css[Reg(13-S;Br)Brg]-H,O was synthesised similarly. Microanalyses
for C, H, N, S were performed at the Laboratory of Microanalysis
of Vorozhtsov Institute of Organic Chemistry, Siberian Branch
RAS with a Vario EL from Elementar Analysensysteme GmbH.
FTIR: Bruker IFS-85, Perkin—Elmer 1760X. UV/Vis spectra were
recorded in methanol solution with a Cary 5G spectrophotometer
(Varian). Emission spectra of these solutions were obtained by use
of time-resolved laser-induced fluorescence spectroscopy (TRLFS).
The setup is described elsewhere.[>>) For excitation, a diode-pumped
Nd:YAG laser with fourth harmonic generation (266 nm) was used
(DIVA 1I; Soliton). The repetition rate was 20 Hz and the energy
of the laser was set to be 300 pJ per pulse. Thermal properties were
studied using Thermoanalyser TA-7000 in vacuo in the tempera-
ture interval 25—500 °C with a rate of about 10 K/min.

[ResS,0(3,5-Me,PzH)4|Br,-3,5-Me,PzH (1) and [RegSe;O(3,5-
Me,PzH)4|Br,:3,5-Me,PzH (2): Synthetic procedures for both
compounds were analogous. Crystals, suitable for X-ray structure
determination, were separated manually from the reaction mixture.
For preparation of 1, Cs;ResS;Br,sH,O (0.2 g, 0.0863 mmol) and
3,5-dimethylpyrazole (0.2 g, 2.08 mmol) were heated in a sealed
glass ampoule at 200 °C for 2 d. The ampoule was cooled at a rate
of about 20 °C/h, then the excess of dimethylpyrazole was removed
by washing with diethyl ether. CsBr, formed during the reaction,
was removed by washing with water. Yield 95% (180 mg,
0.0819 mmol). Compound 2 was prepared in the same way:
Cs3ReqSe;BrsH,O (0.2 g, 0.0756 mmol) was heated with 3,5-di-
methylpyrazole (0.2 g, 2.08 mmol). Yield: 93% (177 mg,
0.0703 mmol). C35Hs¢BroN4OReqS; (1) (2190.44): caled. C 19.2,
H 2.6, N 9.0 S, 10.2; found C 19.0, H 2.6, N 89, S 10.1.
C;35Hs56BroN ,ORegSe; (2) (2518.68): caled. C 16.7, H 2.2, N 7.8;
found C 16.8, H 2.1, N 7.7. The IR spectra (400—4000 cm~!) of 1
and 2 show all the peaks expected for 3,5-Me,PzH. In the spectrum
of 1 the peak at 415 cm™~! was assigned to Re—(ps-S) vibration.

Structure Determination: Single-crystal X-ray diffraction data were
collected with the use of graphite-monochromatised Mo-K,, radi-
ation (A = 0.71073 10%) at 293 K with a Bruker SMART dif-
fractometer, equipped with a CCD area detector. The structures
were solved by direct methods using SHELXS-90? and refined
with SHELXL-97.>4 An empirical absorption correction (W-scan)
was applied. All non-hydrogen atoms were refined anisotropically.
In both structures there are 65 crystallographically independent
non-hydrogen atoms which reside at general positions. The posi-
tions of hydrogen atoms were calculated corresponding to their
geometrical conditions and refined using the riding model. CCDC-
231769 (1) and -231770 (2) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.uk/data request/cif.
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1: Orange block, crystal dimensions 0.03 X 0.04 X 0.04 mm, ortho-
rhombic, space group P2,2,2,, Z = 4, a = 11.4967(7) A, b =
14.7903(9) A, ¢ = 32.109(2) A, V = 5459.8(6) A3 (T = 293(2) K),
Pealed. = 2.664 gem™!, 1= 15.02mm™!, 23730 measured reflec-
tions, 7849 independent (R;,; = 0.0561), R(F) = 0.0332 for 7166
reflections with F; = 40(F,,) and R, (F?) = 0.0742 for all inde-
pendent reflections. The absolute structure was established by use
of the Flack parameter, which is close to 0.

2: Orange block, crystal dimensions 0.03 X 0.045 X 0.055 mm,
orthorhombic, space group P2,2,2,, Z = 4, a = 11.473(4) A, b=
14.885(5) A, ¢ = 32.902(12) A, and V = 5619(3) A3 [T = 293(2)
K], peatea. = 2.977 gem™ !, 1 = 18.872 mm™!, 33397 measured re-
flections, 12747 independent (R;,; = 0.1355), R(F) = 0.0669 for
9338 reflections with Fy; = 40(F,;,;) and R, (F?) = 0.1693 for all
independent reflections. The absolute structure was established by
use of the Flack parameter, which is close to 0.

Acknowledgments

This research was supported by INTAS (grant 00-00689) and by
the Séachsisches Staatsministerium fir Wissenschaft und Kunst,
Aktenzeichen: 4-7531.50-04-844-03/7. The authors thank also the
DLR Internationales Biiro des BMBF (WTZ Project RUS 01/241)
for support.

11 J. C. P. Gabriel, K. Boubekeur, S. Uriel, P. Batail, Chem. Rev.
2001, /01, 2037—-2066.

2l H. D. Selby, B. K. Roland, Z. P. Zheng, Acc. Chem. Res. 2003,
36, 933—-944.

Bl A. Decker, F. Simon, K. Boubekeur, D. Fenske, P. Batail, Z.
Anorg. Allg. Chem. 2000, 626, 309—313.

“ H. D. Selby, Z. P. Zheng, T. G. Gray, R. H. Holm, Inorg. Chim.
Acta 2001, 312, 205—209.

BI' T. Yoshimura, K. Umakoshi, Y. Sasaki, S. Ishizaka, H. B. Kim,
N. Kitamura, Inorg. Chem. 2000, 39, 1765—1772.

1 Z. N. Chen, T. Yoshimura, M. Abe, K. Tsuge, Y. Sasaki, S.
Ishizaka, H. B. Kim, N. Kitamura, Chem. Eur. J. 2001, 7,
4447—4455.

Eur. J. Inorg. Chem. 2005, 657—661 www.eurjic.org

71 A. Ttasaka, M. Abe, T. Yoshimura, K. Tsuge, M. Suzuki, T.
Imamura, Y. Sasaki, Angew. Chem. Int. Ed. 2002, 41, 463 —466.

(81 B. K. Roland, C. Carter, Z. P. Zheng, J Am. Chem. Soc. 2002,
124, 6234—6235.

I H. D. Selby, P. Orto, Z. P. Zheng, Polyhedron 2003, 22,
2999—-3008.

01 R. Wang, Z. Zheng, J. Am. Chem. Soc. 1999, 121, 3549—3550.

I B. K. Roland, H. D. Selby, J. R. Cole, Z. Zheng, Dalton Trans.
2003, 4307—4312.

21 H. D. Selby, B. K. Roland, M. D. Carducci, Z. Zheng, Inorg.
Chem. 2003, 42, 1656—1662.

131 H. D. Selby, P. Orto, M. D. Carducci, Z. Zheng, Inorg. Chem.
2002, 41, 6175—61717.

(141 B. K. Roland, H. D. Selby, M. D. Carducci, Z. Zheng, J. Am.
Chem. Soc. 2002, 124, 3222—3223.

151 K. M. Kadish, K. M. Smith, R. Guilard in Handbook of Por-
phyrins and Related Macrocycles, vol. 6 (“Applications: Past,
Present and Future”), Academic Press, Burlington, MA, 2000,
p. 346.

161 M. B. Vrouenraets, G. W. M. Visser, G. B. Snow, G. A. M. S.
van Dongen, Anticancer Res. 2003, 23, 505—522.

171 B. Larsson, in Hadrontherapy in Oncology (Eds.: U. Amaldi, B.
Larsson), Elsevier, Amsterdam, Lausanne, New York, Shan-
non, Tokyo, 1994.

81 0. M. Yaghi, M. J. Scott, R. H. Holm, Inorg. Chem. 1992,
31, 4778—4784.

191'S. Uriel, K. Boubekeur, P. Batail, J. Orduna, E. Canadell, Inorg.
Chem. 1995, 34, 5307—5313.

291 F. Simon, K. Boubekeur, J. C. P. Gabriel, P. Batail, Chem. Com-
mun. 1998, 845—846.

211 A, Deluzet, R. Rousseau, C. Guilbaud, I. Granger, K. Boubek-
eur, P. Batail, E. Canadell, P. Auban-Senzier, D. Jerome, Chem.
Eur. J. 2002, 8, 3884—3900.

[221 S, S. Yarovoi, Y. V. Mironov, S. F. Solodovnikov, A. V. Virovets,
V. E. Fedorov, Mater. Res. Bull. 1999, 34, 1345—1351.

1231 G. M. Sheldrick, SHELXS-97, Program for the Refinement of
Crystal Structures, University of Goéttingen, Germany, 1997.

241 G. M. Sheldrick, SHELXL-97, University of Gottingen, Ger-
many 1997.

1251 G. Geipel, A. Brachmann, V. Brendler, G. Bernhard, H. Nits-
che, Radiochim. Acta 1996, 75, 199—204.

Received June 3, 2004
Published Online January 7, 2005

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 661



