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Abstract: Two new thiostannates [Mn(en);[,Sn,Ss-2H,0 (en=ethylenediamine) (1) and [Mn(dien),],Sn,S¢ (dien=di-
ethylenetriamine) (2) have been prepared under mild solvothermal conditions and structurally characterized by X-
ray crystallography. Crystallographic data for 1: [Mn(en);],Sn,Ss-2H,0, M,=936.28, monoclinic P2/c, a=1.0129(3),
b=1.574 6(4), c=1.1524(3) nm, B=102.36(1)°, V=1.7955(8) nm?®, Z=2, D.=1.732 g-cm>, u(MoKa)=2.442 mm™,
F(000)=940, R=0.063 3, wR=0.0814; and for 2: [Mn(dien),],Sn,Ss, M,=952.32, monoclinic P2,/c, a=1.248 12(3), b=
0.93760(4), c=1.776 17(7) nm, B=121.752(2)°, V=1.767 5(1) nm®, Z=2, D,=1.789 g-cm=, u(MoK®)=2.479 mm™,
F(000)=956, R=0.0579, wR=0.137 4. In each complex [Sn,S¢]* anions is composed of two SnS, tetrahedra sharing
a common edge. In the complex 1 the transition metal Mn cations are coordinated each by three en ligands, while
in complex 2 the Mn cations are coordinated each by two dien ligands. The metal complex templates make a sig-

nificant influence on the arrangement of [Sn,Se]*~ anions in their crystal structures. CCDC: 246260, 246261.
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0 Introduction

During the past years the syntheses of new

chalcogenide solids such as thiogermanates and
thiostannates have received much attention¥. Various
synthetic routes have successfully been employed to
crystallize thiostannates. The starting phases are either
molten salts as in the case of NagSn,S;!"" and Na,Sn;S¢?,
aqueous solutions for Na,Sn,S¢+ 14H,0% and Na,SnS, -
14H,0", or organic solvent solutions as in the case of
(EtN)[Sn(S4)s]oalSn (S4)2(Se)los (EtuN=tetraethylammoni-
um)P. Solvothermal syntheses employed for the prepa-
ration of chalcogenides have seen a dramatic evolution
in the past few years. The low temperature environ-
ment and the dedicated use of suitable solvents are
thought to retain complex building units and facilitate
their controlled linkage. In practice, the result of a
solvothermal synthesis is barely predictable and obvi-
ously strongly influence of counterpart. On the other
hand, thiostannates containing a variety of anions like
isolated [Sn,Sel*~ dimmers™d, [Sn,S¢]* sheets!!l, [Sn;S,;]*

sheets ™, and [Sn,Ss]*” frameworks™ exhibit a rich
structure diversity based on tin sulfide.

Normally solvothermal syntheses are performed
The

[Sn,S¢]*~ compounds with transition-metal complex cat-

using organic molecules as structure-director.

ions acting as “template” are less explored. Bensch
et al. reported very recently four new compounds of
[Ni (en);],Sn,Sg, [Ni (dap);],Sn,Ss +2H,0 (dap =1,2-di-
aminopropane), [Co (tren);],Sn,S¢ and [Ni (tren);|,Sn,54

Y For an insight into

(tren=tris (2-aminoethyl)amine)!
the general structural chemistry of the thiostannates
new compounds must be synthesized and character-
ized. In this paper, the syntheses and structures of
two new complexes [Mn(en)s],- Sn,Ss- 2H,0 (1) and [Mn
(dien),},*Sn,S¢ (2) are reported, both of which contain
isolated anion of Sn,S¢ dimers and are templated by

Mn complex cations.

1 Experimental

1.1 Syntheses

Complex 1: The complex was prepared under
solvothermal conditions by reacting manganese (0.055
g, 1 mmol), tin (0.119 g, 1 mmol) and sulfur (0.096 g,
3 mmol). The reactants were loaded into a Teflon-

lined steel autoclave and 3 mL of 80% en aqueous

solution was added. The reaction took place at 453 K
for 5 d.
acetone. The title compound [Mn(en)s],*Sn,Sg+-2H,0 is

The product was filtered and washed with

unstable in air, and must be stored under nitrogen at-
mosphere. Found (%): C, 15.45; H, 5.78; N, 18.01; O,
3.37. Caled. for 1 (%): C, 15.39; H, 5.60; N, 17.95;
0, 3.42.

Complex 2: The complex was prepared by the
similar procedure except 3 mL of 30% dien aqueous
solution was used instead and the reaction took place
at 423 K for 10 d.

washed with acetone.

The product was filtered and
Unlike to 1, 2 is stable in air.
Found (%): C, 20.31; H, 5.63; N, 17.68. Calcd. for 2
(%): C, 20.18; H, 5.50; N, 17.65.
1.2 Crystal structure determination

A colorless block crystal with dimension of 0.09
mm X 0.10 mm X 0.12 mm of 1 and a colorless
platelet crystal with dimensions of 0.06 mm x 0.18
mm X 0.30 mm of 2 were respectively sealed into
glass capillary and used for measurement of precise
cell constant and intensity data collection. Diffraction
data were collected on a Rigaku Mercury CCD diffrac-
tometer for 1 and on a Siemens Smart CCD diffrac-
tometer for 2 with graphite monochromated MoKa ra-
diation (A=0.071 073 nm) by using w scan technique
at 293 K. 11962 reflections were measured in the
range of 3.28° to 25.02° for 1 and 4 887 reflections
were measured in the range of 2.35° to 24.98° for 2.
Crystal Clear softwarell was used for data reduction
of 1 and Siemens SAINT12 software was used for data
reduction of 2. Empirical absorption corrections SAD-
BAS13 for 2 based on measurements of equivalent
reflections were applied. For 1, 2 343 reflections with
I>20(I) out of 3 148 unique reflections (R;,=0.066 8)
were considered as observed. For 2, 2 072 reflections
with 1>20 (I) (Ry,=

0.050 8) were considered as observed. The structures

out of 3 038 unique reflections

were solved by the direct method using the Siemens
SHELXTLTM Version 5 package of crystallographic

¥4, The difference Fourier maps based on

software !
these atomic positions yield the other non-hydrogen
atoms. Hydrogen atoms of en and dien in the present
complexes were added according to the theoretical
models. Hydrogen atoms of water molecules in 1 were
located from the difference Fourier syntheses and re-

fined isotropically with the O-H distances fixing at
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0.095 nm. The structures were refined using a full-ma-
All non-hydrogen
atoms were refined anisotropically. For 1, the final
R =2 I(IF,-IF1)/ X 1F)=0.063 3, wR,=[ X w(F2~F)(w
(F2)H)"™=0.081 4 with 171 parameters, w=1/[0*(F})+
(0.020 7P)?] where P=(F?+2F2/3], S=1.071, (A/0),=
0.001, maximum and minimum peaks in final differ-

ence map: 584 and —817 e-nm™. For 2, the final R =
0.0579, wR,=0.137 4 with 172 parameters, w=1/[c>
(F)+(0.090 OP)’] where P=(F+2F2/3], S=0.982, (A/
0)mx=0.001, maximum and minimum peaks in final
difference map: 729 and -763 e-nm™.

CCDC: 246260, 246261.

trix least-squares refinement on F”.

2 Results and discussion

The selected bond lengths and bond angles are

listed in Tables 1 and 2 for 1 and 2, respectively.
X-ray crystallography reveals that 1 consists of
two template [Mn(en);]** cations, discrete [Sn,Se]*~ an-

ions, and two lattice water molecules, as shown in
Fig.1. The crystal structure of 2 contains two template
[Mn (dien),]** cations and discrete [Sn,Sg]*”

shown in Fig.2. In both complexes the cations occupy

anions, as

general positions whereas the anions are located at a
crystallographic inversion center.

In 1, the Mn atom is surrounded by six N atoms
from three crystallographically independent neutral en
which function as bidentate ligands to form
five-membered chelate rings, with the Mn-N bond
lengths ranging from 0.222 3(2) to 0.231 2(2) nm to

give a distorted octahedral environment.

ligands,

The signifi-

cant distortion of the Mn octahedron in 1 is reflected

Table 1 Selected bond lengths (nm) and bond Angles (°) of complex 1
Sn(1)-S(1) 0.245 1(1) Mn(1)-N(11) 0.227 1(2) Mn(1)-N(15) 0.222 3(2)
Sn(1)-8(2) 0.234 7(1) Mn(1)-N(12) 0.229 4(3) Mn(1)-N(16) 0.231 2(2)
Sn(1)-S(3) 0.234 1(1) Mn(1)-N(13) 0.225 9(2)
Sn(1)-S(1)" 0.244 6(1) Mn(1)-N(14) 0.230 1(3)
S(1)-Sn(1)-S(2) 112.1(1) N(11)-Mn(1)-N(13) 166.7(1) N(13)-Mn(1)-N(14) 76.0(1)
S(1)-Sn(1)-S(3) 113.1(1) N(11)-Mn(1)-N(14) 91.6(1) N(13)-Mn(1)-N(15) 95.2(1)
S(2)-Sn(1)-S(3) 113.8(1) N(11)-Mn(1)-N(15) 90.4(1) N(13)-Mn(1)-N(16) 90.6(1)
S(1)a-Sn(1)-S(1) 92.6(1) N(11)-Mn(1)-N(16) 102.4(1) N(14)-Mn(1)-N(15) 94.8(1)
S(1)a-Sn(1)-S(2) 112.3(1) N(12)-Mn(1)-N(13) 99.4(1) N(14)-Mn(1)-N(16) 163.5(1)
S(1)a-Sn(1)-S(3) 111.1(1) N(12)-Mn(1)-N(14) 97.5(1) N(15)-Mn(1)-N(16) 76.7(1)
Sn(1)a-S(1)-Sn(1) 87.4(1) N(12)-Mn(1)-N(15) 162.8(1)
N(11)-Mn(1)-N(12) 77.3(1) N(12)-Mn(1)-N(16) 94.0(1)
Symmetry transformations used to generate equivalent atoms: * —x+2, —y, —z+1.
Table 2 Selected bond lengths (nm) and bond angles (°) of complex 2
Sn(1)-8(1) 0.247 9(1) Mn(1)-N(11) 0.228 7(2) Mn(1)-N(22) 0.238 4(3)
Sn(1)-8(2) 0.234 8(1) Mn(1)-N(12) 0.234 9(3) Mn(1)-N(24) 0.224 6(2)
Sn(1)-S(3) 0.234 0(1) Mn(1)-N(14) 0.227 1(3)
Sn(1)-S(1)" 0.249 2(1) Mn(1)-N(21) 0.228 5(3)
S(1)-Sn(1)-S(2) 111.8(1) N(11)-Mn(1)-N(14) 100.2(1) N(14)-Mn(1)-N(21) 96.7(1)
S(1)-Sn(1)-S(3) 111.8(1) N(11)-Mn(1)-N(21) 91.0(1) N(14)-Mn(1)-N(22) 164.0(1)
S(2)-Sn(1)-S(3) 114.8(1) N(11)-Mn(1)-N(22) 94.0(1) N(14)-Mn(1)-N(24) 92.3(1)
S(1)-Sn(1)-S(1)" 90.4(1) N(11)-Mn(1)-N(24) 158.2(1) N(21)-Mn(1)-N(22) 75.6(1)
S(2)-Sn(1)-S(1)" 112.1(1) N(12)-Mn(1)-N(14) 77.5(1) N(21)-Mn(1)-N(24) 105.3(1)
S(3)-Sn(1)-S(1)" 113.6(1) N(12)-Mn(1)-N(21) 163.8(1) N(22)-Mn(1)-N(24) 76.6(1)
Sn(1)-S(1)-Sn(1) 89.6(1) N(12)-Mn(1)-N(22) 113.5(1)
N(11)-Mn(1)-N(12) 75.5(1) N(12)-Mn(1)-N(24) 90.1(1)

Symmetry transformations used to generate equivalent atoms: *

—x, =y, =%
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in the axial trans-N-Mn-N angles with the range of
162.8(1)°~166.7(1)°. The configuration of the en rings
in [Mn(en);]** is A(888) or A(AAN) according to Saito’s
description™. However, in 2, the Mn atom is coordi-
nated by six N atoms from two crystallographically in-
dependent dien ligands with the Mn-N bond lengths
between 0.224 6(2) and 0.238 4(3) nm. The severe dis-
tortion of the Mn octahedral environment in 2 is
also manifested by the axial trans-N-Mn-N angles
varying from 158.2(1)° to 164.0(1)°. Hexacoordinated
[M(dien),]** (M=transition metal)

known for a long time!"*", and three possible geomet-

cations have been

ric isomers of the cations (mer, s-fac, and u-fac) were

161831 However, the single crystal

[M (dien),]

intensively studied!

structural characterization of complexes

Fig.1 ORTEP drawing of complex 1 with ellipsoids
drawn with 30 % probability level

Hydrogen atoms are omitted for clarity.

Fig.2

ORTEP drawing of complex 2 with ellipsoids

drawn with 30% probability level

Hydrogen atoms are omitted for clarity.

[MoS;] and [M(dien),]M0,0,S,] containing [Mn(dien),**
The

[Mn (dien),]** cation in 2 shows the unsymmetrical fa-

with three forms has been recently reported ™.

cial (u-fac) geometry. The Mn-N bond distances of
[Mn(en);** in 1 and [Mn(dien),]** in 2 are in the nor-
mal range as found in the literature™,

The [Sn,Se]* anions in 1 and 2 are formed by two
edge-sharing SnS, tetrahedra (Fig.3). The terminal Sn-
St distances, ranging from 0.234 1(1) nm to 0.2347(1)
nm in 1 and 0.234 0(1) nm to 0.234 8(1) nm in 2, are
obviously shorter than the bridging Sn-Sb  bond
lengths which are in the range 0.244 6(1)~0.245 1(1)
nm in 1 and 0.247 9(1)~0.249 2(1) nm in 2. The St-
Sn-St angle is 113.79(3)° in 1 and 114.78(3)° in 2,
while the Sb-Sn-Sb angle is 92.62 (3)° in 1 and
90.41(3)° in 2,
ideal value of 109.5°.
hedra forming
The Sn-S distances and Sb-Sn-Sb angles found in the

title compounds match well with other compounds
[1027~30]

which deviate significantly from the
As a result the two SnS, tetra-

[Sn,S¢]*~ anions are serious deformed.

containing [Sn,Se]*~ anions In all examples of
dimer [M,Qq]"” with M being a main group metal and
Q=S, Se and Te, the terminal M-Qt distances are
shorter than the M-Q, bridging bond B!. In addition,
the Q,-M-Q, and the Qt-M-Qt angles show a signifi-

cant deviation from 109.5°.

Fig.3 Polyhedral diagram of [Sn,Ss]*

Unlike [Ni(en);],Sn,S,'", which crystallizes in the
orthorhombic centrosymmetric space group Pbca, both
1 and 2 crystallize in the monoclinic crystal system
with space group P2/c. In both complexes the [SnyS¢]*
anions are located in the midpoint of the b axis and ¢
In 1 the [Mn(en)s]**

cations and water molecules are located between the

axis with different direction.

anions. The sulfur atoms S2 and S3 of [Sn,S¢]*" anion
acts as hydrogen acceptor to form intermolecular hy-
drogen bond with O atom of H,0 molecule (Table 3).
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Table 3 Hydrogen bond distances (nm) and bond angles (°) of complex 1

Distance / (nm)

Angles / (°)

Atom invovled

Olw-H Olw:---S Olw-H---S
O1W-HIW---S2 0.094 7(6) 0.227 0(5) 0.319 0(2) 163.7(1)
O1W-H2W---S3 0.094 9(6) 0.224 7(6) 0.317 4(2) 164.9(2)

In 2 the [Mn(dien),]** cations are located between the
anions and no hydrogen bonds exist. It is obvious that
the arrangement of [Sn,S,J*~ anions is caused by the
influence of the cations as well as by the interactions

between cationic and anionic species.
References:

[1] Krebs B, Schiwy W Z. Anorg. Allg. Chem., 1973,398:63~71

[2] Jumas J C, Philippot E, Maurin M. J. Solid State Chem., 1975,
14:152~159

[3] Krebs B, Pohl S, Schiwy W. Z. Anorg. Allg. Chem., 1972,393:
241~252

[4] Schiwy W., Pohl S., Krebs B. Z. Anorg. Allg. Chem., 1972,
402,77~86

[5] Miiller A, Schimanski J, Romer M, et al. Chimica, 1985,39:
25~27

[6] Jiang T, Ozin G A, Bedard R L. Adv. Mater., 1994,6:860~
865

[7] Jiang T, Ozin G A, Bedard R L. Adv. Mater., 1995,7:166~
170

[8] Liao J H, Varotsis C, Kanatzidis M G. Inorg. Chem., 1993,32:
2453~2462

[9] Jing L, Chen Z, Wang R ], et al. Coord. Chem. Rev., 1999,
190~192:707~735

[10]Behrens M, Scherb S, Nither C et al. Z. Anorg. Allg. Chem.,
2003,629:1367~1373

[11]Rigaku, CrystalStructure Version 3.10, Rigaku Corporation
and Rigaku/MSC, 2002.

[12]Siemens, SAINT Software Reference Manual, Siemens Energy
& Automation Inc., Madison, Wisconsin, USA, 1994.

[13]Sheldrick G M. SADABS, Absorption Correction Program,

University of Goeltingen, German, 1996.

[14]Siemens, SHELXTLTM Version 5 Reference Manual, Siem-
ens Energy & Automation Inc., Madison, Wisconsin, USA,
1994.

[15]Saito Y. Inorganic Molecular Dissymmetry, Springer-Verlag:
Berlin, 1979:56~59

[16]Searle G H, Lincoln S F, Keene F R et al. Aust. J. Chem.,
1977,30:1221~1228

[17]Mann F G. J. Chem. Soc., 1934:466~474

[18]Keene F R, Searle G H. Inorg. Chem., 1972,11:148~156

[19]Yoshikawa Y, Yamasaki K. Bull. Chem. Soc. Jpn., 1972.45:
179~184

[20]Searle G H, House D A. Aust. J. Chem., 1987,40:361~374

[21]Mukherjee A K, Korner S, Ghosh A, et al. J. Chem. Soc.,
Dalton Trans., 1994:2367~2371

[22]Stephens F S. J. Chem. Soc., 1969:883~890; Stephens F S.
J. Chem. Soc., 1969:2233~2239

[23]Harada K. Bull. Chem. Soc. Jpn., 1993,66:2889~2899

[24]Ellermeier J, Bensch W. Monatsh. Chem., 2002,133:945 ~
957

[25]Chen Z, Wang R J. Wuli Huaxue Xuebao(Acta Phys. -Chim.
Sin.), 1999,15:1070~1075

[26]Li J, Chen Z, Emge T J, Yuen T, Proserpio D M. Inorg. Chim.
Acta, 1998,273:310~315

[27]Loken S, Tremel W Z. Anorg. Allg. Chem., 1998,624:1588~
1594

[28]Liao J H, Kanatzidis M G. Chem. Mater., 1993,5:1561~

[29]Li J, Marler B, Kessler H, Soulard M, Kallus S Inorg. Chem.,
1997,36:4697~4701

[30]Krebs B, Pohl S, Schiwy W. Angew. Chem., 1970,9:897~
898

[31]Eulenberger G. Monatsh. Chem., 1982,113:859~867



