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Octahedral Hexahydroxo Rhenium Cluster Complexes [ResQg(OH)g]*(Q = S,
Se): Synthesis, Structure, and Properties
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Two novel rhenium cluster compounds, Ky[RegSg(OH)g]
-8H,0 (1) and K4[RegSeg(OH)g]-8H,O (2), containing octahe-
dral cluster chalcogenide anionic complexes [RegQg(OH)g]*"
with terminal hydroxo ligands have been synthesized by the
reaction of RegQgBr; (Q = S, Se) with molten KOH. Two chal-
cohalide compounds, one known (Csy[RegSgBrg]-2H,O, 3)
and another new (Csj[RegSegClg]-2H,0, 4), were prepared
by reactions of 1 and 2 with CsX and HX (X = Br, Cl) in an
aqueous solution. Compounds 1, 2, and 4 have been charac-
terized by the single-crystal X-ray diffraction method. Com-
pounds 1 and 2 are crystallized in triclinic space group P1
with one formula unit in the cell of dimensions a =

8.4936(8) A, b = 89101(11)A, ¢ = 10.5940(13)A, a =
77.935(11)°, ff = 75.933(9)°, y = 71.244(10)°, V = 728.9(1) A3
(compound 1) and a = 8.613(1)A, b = 8.996(1)A, ¢ =
10.057(1) A, a = 78.587(2)°, ff = 77.811(2)°, y = 71.728(2)°, V
= 715.9(2) A3 (compound 2). Compound 4 crystallizes in the
monoclinic space group P2;/n with two formula units in the
cell of dimensions a = 9.819(3) A, b = 12.9254)A, ¢ =
11.756(4) A, = 113.38(3)°, V = 1369.6(8) A3. Compounds 1
and 2 display luminescent properties.

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

Introduction

The chemistry of octahedral rhenium cluster complexes
with cluster core {ReqQs}?* (Q =S, Se, Te) is in a stage of
rapid development.[' Some solids like ResQgX5 (Q =S, Se;
X = Cl, Br)l or RegTe, 5! containing similar cluster cores
prepared by high temperature solid-state reactions are char-
acterized by extended intercluster bonding. A large number
of articles have appeared within the last few years that have
reported the preparation of molecular cluster complexes of
the ResQgL¢ type (L = Cl, Br, I, or different organic li-
gands).™ One way of preparing molecular cluster com-
plexes is the excision reaction through interaction of poly-
meric solids such as RegQgX, or RegTe s with molten salts.
A similar strategy for the preparation of chalcocyanide
complexes [ResQs(CN)g]* by reactions of RegTe;s or
RegQsX, with molten KCN have been used earlier.’] Very
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recently we suggested molten KOH as a new reaction me-
dium: the reaction of RegSegBr, with molten KOH at
280 °C results in formation of the unusual cluster core
{RegSes04}1%", found in Cs;(H30)[ReeSes04Cl¢]5-4H,0.10
Further investigation of reactions of RegQgX, with molten
KOH results in the preparation of three new cluster com-
pounds: K4[ReSg(OH)6]8H,0 (1), K4[RegSes(OH)g]-8H,O
(2), and Cs;[ResSesClg]2H,O (4), and one known:
Cs4[ResSgBrg]-2H,0 (3). All new compounds were charac-
terized by X-ray single-crystal analysis.

Results

Syntheses

Compounds 1 and 2 containing hexahydroxo complexes
[ResQs(OH)¢]* (Q = S, Se) were obtained from RegSgBr,
(for 1) and RegSegBr, (for 2) in molten KOH at 280 °C and
200 °C respectively in open vessels following recrystalli-
zation of the compounds from water. The only rhenium oc-
tahedral cluster complex with OH™ groups as terminal li-
gands, [RegSg(OH),(H,0),]-12H,0, was described earlier.!”]
Compounds 3 and 4 were obtained from aqueous solutions
of compounds 1 and 2 by adding CsX and HX and further
crystallization. Crystals of diamagnetic compound 3 are
orange. Paramagnetic compound 4 crystallizes from the
solution as black crystals.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3945
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Structures

The structures of the cluster anions [ReqQg(OH)¢*,
where Q = S (1) or Se (2) (Figure 1), are similar to the well-
known octahedral complexes of [ResQgL¢]* type with L =
Cl, Br, I, CN". There is a nearly regular Reg octahedron
residing inside a Qg (S, Se) cube with the distances Re-
Re in the range 2.5906(9)-2.5846(8) A (1) and 2.6085(6)—
2.6155(6) A (2) and Re—(u3-Q) in the range 2.407(4)-
2.420(3) A (1) and 2.527(1)-2.545(1) A (2). Six terminal
OH ligands are coordinated to Re atoms with bond lengths
Re-O 2.07(1)-2.09(1) A (1) and 2.081(6)-2.088(6) A (2).
Whereas the Re-Re and Re—(p3-Q) bond lengths increase
in the order ResSg < RegSeg, the Re—O bond lengths do
not appear to vary.

Figure 1. View of the cluster anion [Reg(j15-S)s(OH)e]* in 1. Dis-
placement ellipsoids are drawn at the 50% probability level.

Compound 4 was studied by single-crystal X-ray analy-
sis; the structure of compound 3 was described earlier.[®!
The structure of the oxidized cluster anion [RegSegClg]*~
(Figure 2) is also similar to the well-known octahedral com-
plexes [ResQgL¢]* where L is a typical acidoligand (CI,
Br, I, CN"). In the cluster core {ResSeg} there is a system
of Re-Re and Re—(u3-Se) bonds, with lengths in the range
2.606(1)-2.615(1) A and 2.497(3)-2.525(3) A, respectively.
Six terminal Cl™ ligands are coordinated to Re atoms with
bond lengths of 2.414(7)-2.427(6) A.

To confirm the presence of OH™ groups in the com-
pounds, a solid-state NMR investigation has been carried
out at 180 K for K4[ResQs(OH)¢]-8H,0. The wide-line 'H
NMR spectrum was recorded by sweeping the frequency in
the neighborhood of 22.8 MHz using a home-made NMR
spectrometer with signal accumulation. The experimental
NMR spectrum is simulated reasonably by two spectral
lines (Figure 3). One line is a classic Pake’s line with the
parameters: a = 23.0£0.5 kHz and 8, = 7.4£0.1 kHz; these
parameters are typical characteristics for H,O without self-
diffusion.[) The other line is a single one, which can be
attributed to H atoms of OH ™ groups. This line is simulated

3946 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. View of the cluster anion [Reg(ps-Se)sClg]*~ in 4. Dis-
placement ellipsoids are drawn at the 50% probability level.

by the Gaussian function with f, = 7.5+0.1 kHz.['% The
ratio of the integral intensities of the two lines (/5/I}) is R
= 0.36+0.02, which is very close to the composition of
K4[RegSs(OH)4]-8H,0. Analogous results were obtained for
K4[ReeSeg(OH)]-8H,O: a = 24.5+0.5kHz and S, =
9.3%0.1 kHz; , = 8.4+0.1 kHz and R = 0.30+0.02.

simulated spectrum
(the sum of H O and OH model spectra)

experimental spectrum OH"

T T T T T S —
-25 0 25 50 75
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f =
-75 -50

Figure 3. Experimental '"H NMR absorption at 180 K for K4[Reg-
Sg(OH)e]-8H,0 and the calculated spectra for H,O and OH™ and
their sum. For K4[ResSes(OH)s]-8H,O the figure is analogous.

The most interesting feature of compound 4 is the oxid-
ized state of the cluster core {RegSeg}>*, where the number
of cluster valence electrons is equal to 23. It is known that
diamagnetic complexes [RegQgL¢]* containing 24 valence
electrons in the Reg cluster can be transformed into 23-elec-
tron paramagnetic [RecQsL¢]*~ forms. The stability of a sul-
fur-containing complex in comparable experimental condi-
tions can be explained by its higher electrochemical poten-
tial in the redox process. For example, it is known that for
chalcocyanide complexes [RegQg(CN)¢]* the electrochemi-
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cal potentials of a similar one-electron oxidation reaction
are in decreasing order as S > Se > Te; thus for aqueous
solutions E,,, are equal to 1.07, 0.82, and 0.53 V respec-
tively for sulfur-, selenium-, and tellurium-containing com-
plexes.'!) Thus, a selenium-containing cluster anion can be
oxidized in aqueous solutions rather easily.

The formation of the oxidized anion [RegSesClg]>~ was
confirmed by both X-ray analysis (by determination of
number of cations in the structure) and magnetic measure-
ments, which showed paramagnetic behavior with one un-
paired electron per cluster (see Supporting Information).
Simple and high-yield synthesis of this compound opens a
path for preparing other compounds containing an oxidized
paramagnetic cluster complex. This is rather useful, because
oxidized clusters are the most proper starting compounds
for the preparation of Reg complexes with organic ligands
in comparison with rather inert 24-electron complexes.

As seen from our experiments, the hexahydroxo com-
plexes [RegQg(OH)g]* are good precursors for different re-
actions. They can be transformed into neutral aqua-hy-
droxo complexes of the type [ResQgz(OH),(H,0),]-nH-0.
Reactions with halide ions give chalcohalide complexes
[Re¢Qglg] where L = Cl, Br, I; in principle, a similar ap-
proach for synthesis of chalcohalide complexes may be ap-
plied for different variations of p5-S or ps-Se in the cluster
core with terminal CI, Br, or I ligands. Here we have synthe-
sized only the combinations of S/Br and Se/Cl as the most
evident samples in the structure analysis. Beside the substi-
tution of terminal OH~ groups in [ResQg(OH)g]* it is pos-
sible to substitute inner p3;-Q ligands in the cluster core.
The first example of a similar reaction is preparation of the
compound Cs;;(H30)[ResSe;04Clg)5-4H,0, containing the
cluster core {ResSe,O4}.[ In contrast to easy substitution
of terminal OH groups, which is performed in solution, the
substitution of inner ps-Q ligands in the cluster core re-
quires higher temperatures: for example, substitution of se-
lenium with oxygen was carried out in molten KOH at
280 °C. Finally, selenium-containing complexes can be con-
verted easily in solution in oxidized form.

Luminescence Properties

Luminescence properties of solid samples of 1 and 2 were
recorded at room temperature in wavelength range from 500
to 700 nm. Upon excitation at 440 nm, solid samples of 1
and 2 display photoluminescence with A, at 618 and
635 nm, respectively (Figure 4). The luminescence spectra
of aqueous solutions for both compounds are very sim-
ilar.['?]

Electronic Structure

The optimized calculated values of the geometric para-
meters of the [RegQgL¢]” complexes are in good qualitative
agreement with X-ray experimental data. The highest occu-
pied molecular orbitals (HOMO) of diamagnetic [Res-
Ss(OH)6]* and [RegSeg(OH)g]* complexes are very much

Eur. J. Inorg. Chem. 2005, 3945-3949 www.eurjic.org
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Figure 4. Electronic absorption spectra (at the left) of solids K-
[ResSg(OH)4]-8H,O (thin line), K4[ResSeg(OH)]-8H,O (bold line),
and their aqueous solutions (dots a and b), and emission lumines-
cent spectra (on the right) of solids K4[ResSg(OH)g] (thin line) and
K4[RegSeg(OH)g] (bold line). Spectral intensities are normalized.
Vertical lines show the forbidden transitions.

alike (Figure 5). The electronic structure of the HOMO
(2le,) in the [RegSg(OH)g]* cluster anion in general terms
corresponds to the quantum calculations of the electronic
structure of related complexes, [RecQsLg]* with Q = S, Se
and L = Cl, Br, I, CN.["3l The highest occupied orbitals,
18t5, and 24e,, in the [ResSes(OH)q]* cluster anion have
an energy separation of 0.0015eV. The use of the SAOP
GGA functional!'¥ revealed that the energy separation is
0.019 eV. In this case it is difficult to predict which one of
these orbitals is HOMO in reality. It is interesting to note
that this is the first example when the HOMO of ResQgLg
complexes has a t,, symmetry. The LUMO of both clusters
have the symmetry eg [22eg (S) and 25eg (Se)]. The similar
result for HOMO may be an artifact, but it challenges fur-
ther wide theoretical and experimental investigations. In
particular, it is well known that luminescent properties of
[RecQsLg]* complexes are determined by the frontier or-
bital symmetry.l'3 For these complexes the HOMO (eg)—
LUMO (a;, or t;,) transitions are characterized as forbid-
den electronic dipole transitions. If the HOMO has t,, sym-
metry, the HOMO-LUMO transition is allowed and
decreasing luminescent excitement may be expected. As can
be seen from the luminescent properties of 1 and 2 (Fig-
ure 4), this prediction takes place here. Notice that the re-
lated complexes [ResSes(CN)¢]* showed much stronger
emissions than [RegSg(CN)g]*.[1%)

The calculated HOMO-LUMO energy gaps are 2.20 and
2.17 eV, the binding energies are —158.0 and —152.3 eV, and
ionization potentials (IP) are —6.1 and -5.9 eV for [Re¢-
Ss(OH)g]* and [ReeSeg(OH)g]* complexes respectively. (IP
= 4.5 eV for the [ResSesClg]* complex.) The charge distri-
bution of calculated octahedral clusters is presented in
Table 1.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3947
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Figure 5. The energy level diagram and schematic figures of MO calculated at the DFT level of theory for [ResSs(OH)¢]* and [RegSes-
(OH)¢]* complexes. The numbers and symmetry types of the calculated MOs are indicated. Numbers in brackets indicate the percentage
of the valent orbitals: 5d Re; 3p S; 4p Se; 2p O; and Is H, respectively. Arrows show the electronic forbidden (dotted lines) and allowed

(solid lines) transitions.

Table 1. The charge distribution in the [RecQgL¢]* (Q = S, Se; L
= OH, Cl) complexes.

Complex Re Q 0O; (Cl) H
[ResSs(OH)6l+ 0.118 -0.283 -0.447 0.039
[RegSes(OH)gl* 0.099 -0.276 -0.439 0.041
[RegSesClg]*~ 0.069 -0.115 -0.416 -
[RegSesClgl* 0.054 -0.179 -0.481 -

Experimental Section

ReSsBr, and RegSegBr, were prepared as described.”! All other
reagents were commercially available products of reagent grade
quality and were used as purchased. All experiments were per-
formed in an open vessel in air.

K4[ResSs(OH)6-8H,O (1) and K,[ResSeg(OH)g|-8H,O (2): Com-
pounds 1 and 2 were obtained by heating ResQgBr, (Q = S, Se)
(1 g) and KOH (1.5 g) at 280 °C (1) and 200 °C (2) in carbon glass
vessels for 30 min in air. After cooling, the resulting melt was
washed with /PrOH (3%X20 mL portions), dissolved in water
(30 mL), filtered, evaporated to 7 mL by heating, and cooled to
room temperature. After 12 h red crystals were filtered off and air-
dried. Yields: K4[ReeSs(OH)e]-8H,O (0.78 g, 66%), K4[RegSes(OH)g4]
8H,O (0.9g, 79%). Electron microprobe analysis (EMA):
K40ReeSs.0 (1), Kyg1ResSe7 .05 (2).

Cs4|ResSgBrg]-2H,0 (3) and Cs;z[ResSegClg|2H,0 (4): Compounds
3 and 4 were obtained by heating ResQgBr, (Q = S, Se) (1 g) and
KOH (1.5 g) at 280 °C (3) and 200 °C (4) in carbon glass vessels
for 30 min in air. After cooling, the resulting melt was washed with
iPrOH (3 %20 mL portions), dissolved water (50 mL), and filtered.

3948 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CsBr (1 g, for 3) or CsClI (1 g, for 4), and 10 mL of concentrated
HBr (for 3) or HCI (for 4) were added to the solutions and boiled
for 10 min. After this the solutions were filtered and evaporated to
20 mL and cooled to room temperature. After 12 h the orange crys-
tals of 3 or black crystals of 4 were filtered off and air-dried. Yields:
Csy[ReeSgBre]'2H,O (1.1 g, 70%); Cs;s[ResSesClg]-2H,O (0.91 g,
58%). EMA: Csy oResS7.93Bre.1 (3), Cs3 RegSes oClg (4).

X-ray Crystallography: Single-crystal X-ray diffraction data were
collected on compounds 1, 2, and 4 with the use of graphite-mono-
chromated Mo-K,, radiation (4 = 0.71073 A) at 273 K (1 and 4)
and 170 K (2) with Enraf Nonius CAD4 (1), Bruker Smart CCD
with the operating program SMART (2) and Siemens P4 (4) dif-
fractometers. All structures were solved by direct methods by me-
ans of the SHELX-97 program set and were refined by full-matrix
least-squares techniques.'® An empirical absorption correction
was applied by measuring three azimuthal scan curves for com-
pound 1. Face indexed absorption correction was performed
numerically with the use of XPREP for compounds 2 and 4. The
program SADABS (4) was then employed to make incident beam
and decay corrections.

K4ResSg(OH)¢:8H,O (1): M 1776.26, crystal  size
0.25x0.20 X 0.15 mm, triclinic space group PI, a = 8.4936(8) A, b
=8.9101(11) A, ¢ = 10.5940(13) A, a = 77.935(11)°, = 75.933(9)°,
y = 71.244(10)°, V' = 728.9(1) A3, Z = 1, peatea. = 4.120 gem™3, 1 =
26011 mm™', 2 < 0 < 24.98°, T =293(2) K. Reflections: 2746 col-
lected, 2557 unique (R;,; = 0.0186), 2105 observed [ > 2a(])]; 158
parameters refined with R = 0.0439 [I > 2a(I)], wR, = 0.1218 (all
data), Gof = 1.032, residual electron density: +3.983, -2.509 eA3,

K4ResSeg(OH)'8H,O (2): (M 215 1 46), crystal size
0.12x0.06 x 0.02 mm, triclinic space group P1, « = 8.613(1) A, b =

www.eurjic.org Eur. J. Inorg. Chem. 2005, 3945-3949
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8.996(1) A, ¢ = 10.057(1) A, a = 78.587(2)°, p = 77.811(2)°, y =
71.728Q2)°, V = 715.9Q2) A3, Z = 1, peatea. = 4.990 gem3, u =
36.058 mm!, 2.09 < 6 < 28.20°, T' = 170(2) K. Reflections: 4461
collected, 3174 unique (R;,, = 0.0186), 2461 observed [I > 2a(])];
146 parameters refined with R = 0.0329 [/ > 20(])], wR, = 0.0941
(all data), Gof = 0.992, residual electron density: + 2.783,
~2.382eA

Cs;|ResSesClg'2H, O  (4): (M = 2396.34), crystal
0.24%x0.19%0.18 mm, monoclinic space group P2,/n, a =
9.819(3) A, b = 12.925(4) A, ¢ = 11.756(4) A, p = 113.38(3)°, V =
1369.6(8) A3, Z = 2, peatea. = 5.811 gem ™3, p = 41.554 mm !, 2.3 <
0 < 29.99°, T = 293(2) K. Reflections: 4202 collected, 3993 unique
(Rine = 0.0445), 2861 observed [I > 2a([)]; 116 parameters refined
with R = 0.0782 [I > 20(I)], wR, = 0.2203 (all data), Gof = 1.027,
residual electron density: + 5.211, -9.385 eA3.

size

Computational Details: Density functional calculations (DFT) were
carried out on [ResQg(OH)eJ* models using the ADF2002 code.!'4]
The local-exchange VWN correlation potential was used for the
local density approximation (LDA),['”) and Becke’s nonlocal cor-
rections to the exchange energy!'®! and Perdew’s nonlocal correc-
tions to the correlation energy were added.['” The zeroth-order rel-
ativistic approximation (ZORA) method was used to account for
the scalar relativistic effects.?”) The STO basic set without core
potentials was used for all atoms (ZORA/TZ2P). The octahedral
O, symmetry was imposed on the full geometry optimization of
the ground electronic states for [ResQs(OH)¢]* models, a prototype
of the analyzed clusters. Calculations of the electronic-binding en-
ergy have been performed for the reactions 6Re + 8Q + 60 + 6H
+ 4e — [RegQs(OH)g]*. The ionization potentials were computed
as the energy differences between the [ReQsLg]* and [ResQgLg]*,
IP = AE; — AE,. The atomic net charges for several [ResQg(OH)g]"
complexes have been obtained using the Hirshfeld analysis.*!]

Further details of the crystal structure investigations may be ob-
tained from the Fachinformationszentrum Karlsruhe, 76344 Egg-
enstein-Leopoldshafen, Germany, on quoting the depository CSD-
number filenames 415278 (for 1), 415279 (for 2), and 415280 (for
4).
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