Inorganica Chimica Acta, 175 (1990) 217-229

217
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Abstract

Methods for the synthesis of triangular thiohalogenide complexes of tungsten W,;S,X, (X=Cl, Br)
proceeding from metallic tungsten or WS; have been developed. Ways have been found for converting
these polymeric complexes to triangular W;S,X2~ complexes which preserve the architecture of the
Wi(3-S)(12-S,)s** cluster fragment. Heating W5S,X, in a PPh,X melt or in concentrated acids HX
in the presence of Et,NX afforded PPh,* and Et,N* salts of W;S,Xs*~ (X=Cl, Br). The structure
of (Ph,P),W;S,Br, (IIT) was established by X-ray diffraction analysis. The crystals of IIl are orthorhombic,
a=18.082(2), b=25.834(3), c=27.370(2) A, Z=8, Pbca, R (R,)=0.049 (0.055). The Et,N* salt of
W,*S,Br,>~ has been obtained and a calculation of the normal vibrations has been performed for
W,S,Brs?~. Interaction of W5S,;Br, with a KNCS melt or an aqueous solution of (NH,).S, involves
transformation of the cluster fragment W,S,** to a W,S,** fragment to produce W;S,(NCS),*~ and
W3S4(S4)3(NH;)s*~ complexes. The structure of (NH,)(H)(H,0);W,S;6(NH,); (VI) was established by
X-ray diffraction analysis. The crystals of VI are trigonal, a =12.508(1), c=10.112(1) A, Z=2, P31c,

R (R.)=0.029 (0.033).

Introduction

The triangular thiohalogenide complexes of Mo
were obtained over 20 years ago upon heating MoX,
(n=2, 3) with sulfur at 350450 °C [1, 2]. In 1986
we proposed new routes for the synthesis of these
compounds proceeding from metallic molybdenum
or MoS; (eqns: (1)-(3)) [3].

3Mo + 7S +2Br, —> Mo, 5;Br1, (1)
3Mo+28,Cl, +3S —>Mo,S,Cl, @)
3MOS3 + 3Br2 _’M03S7Br4 + SzBrz (3)

Recent works indicated that the readily available
Mo;S,X, complexes are synthons for the preparation
of Mo,S;** [4-8] and Mo;S,**[5, 9, 10] complexes.
The chemistry of the triangular thiocomplexes of
tungsten is less developed than that of the analogous
thiocomplexes of Mo [11, 12] and it was therefore
of interest to study the possibility of obtaining W3S,X,
complexes and then to study their chemical properties
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with the aim of the synthesis of W5S;** and W,S,**
complexes.

In 1989 Cotton and co-workers prepared W,S,Bry
from the elements at 425 °C and determined the
structure of this polymeric complex Wj(gs-S)(p2-
S;)sBr;Bry, [10]. In the same year Saito and co-
workers obtained W,S,Cl, upon heating WCl, with
sulphur at 300 °C and employed this compound to
synthesize the octahedral W¢Sg(PEt;)s complex [13].

In the present work we discuss our results on the
synthesis of W,S;Br, and W,S;Cl; from metallic
tungsten and WS;. We employed these polymeric
compounds to obtain W3S,Xs2~ salts and to prepare
W3S4** complexes — W3S (NCS)s*~ and W;3S4(S4)s-
(NH;)5%".

Experimental

Materials and apparatus

Metallic tungsten with an average particle size of
13 pm was used in this work. Bromine was distilled
over P,O,0; S,Cl, over charcoal and sulfur. The
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solvents CHCl,;, CH,Cl, and CH;CN were distilled
over P,Oy,. The solution of (NH,),S, was obtained
by saturating a suspension of 20 g sulfur in 200 ml
of 25% NH; with H,S to complete dissolution of
sulfur. WS; was obtained by heating (NH,),WS,
under vacuum. The isotope-containing compounds
were prepared using sulfur containing 99.95% of *S
and molybdenum containing 95% of **Mo and **Mo.
All other reagents were used as received.

The TR spectra were recorded in KBr pellets or
in polyethylene on a IFS-113 Fourier spectrometer
(Bruker). The Raman spectra were obtained on a
DFS-24 spectrometer at an angle of 90° using 441.5
and 632.8 nm lines of He—Cd and He-Ne lasers,
respectively, for excitation. The UV-Vis spectra were
taken with a Specord spectrometer. To measure
magnetic susceptibility the Faraday method was used.

Tungsten and sulfur were determined gravime-
trically as WO; and BaSO,, respectively. All other
analyses were made in the laboratory of microanalysis
of the Institute of Organic Chemistry (Novosibirsk).
The analytical and spectroscopic data for W,;S;**
and W3S,** complexes I-VIII are listed in Table 1.

Syntheses

Preparation of W3S,Bry (1)

Tungsten (5.00 g, 27.2 mmol), sulfur (2.03 g, 63.3
mmol) and Br, (0.96 ml, 18.6 mmol) were heated
in an evacuated sealed quartz ampoule at 300 °C
for 48 h after which the mixture was thoroughly
stirred and heated for another 72 h. Then the ampoule
was opened, the solid washed with CHCI; and hot
benzene and dried under vacuum. Yield: 9.70 g of
I, 97%.

W,*S,Br, was obtained from *S in an analogous
manner.

Complex I was also formed upon heating 2.00 g
of WS; and 0.46 ml of Br, at 300 °C.

Preparation of W5S,Cl, (II)

WS; (2.00 g, 7.14 mmol) and PCls (1.49 g, 7.14
mmol) were heated in an evacuated sealed ampoule
at 180 °C for 6 h. Then the ampoule was opened
and the volatile reaction products were removed
under vacuum at 100 °C. The solid residue was then
sealed in an ampoule and heated for 48 h at 300
°C. Further treatment was as in the previous pro-
cedure. Yield: 1.85 g of II, 84%.

Preparation of (PPh,),WsS.Brg (III)

W3S5,Br, (5.00 g) was melted together with PPh,Br
(10.0 g) at 295-300 °C under argon. The cold melt
was washed with ethanol to remove PPh,Br and the
solid was extracted with hot acetonitrile. Addition
of ether to the solution produced 6.51 g of complex

III (75%), and upon addition of benzene to the
same solution the solvate IIT- C4Hg (77%) was formed.

Preparation of (Et,N),WS,Brs (IV)

W3S:Br, (0.95 g) was heated in 20 ml of concen-
trated HBr in the presence of 2.0 g Et,NBr. The
hot solution was filtered and cooled to —5 °C. After
an overnight standing the red crystalline solid was
washed with water, ether and dried under vacuum.
Yield: 0.51 g of IV, 38%.

Proceeding from W3**S,Br,, (Et,N),W;**S;Br was
obtained by an analogous procedure.

Preparation of (E¥,N),W3S,Clg (V)

WS; (0.98 g, 1.51 mmol) and S,Cl, (0.46 g, 3.41
mmol) were heated at 320 °C for 48 h in an evacuated
sealed quartz ampoule. The ampoule was then ope-
ned, the solid treated with CHCl; and CH;CN and
dried under vacuum. The brown powder was boiled
with 50 ml of concentrated HCI in the presence of
2.0 g of Et,NBr. The red solution was evaporated
before the onset of crystallization and kept overnight
at —5 °C. Yield: 0.05 g of complex V, 3%.

Reaction of (Et,N),W3S,Clg with PhyP

To a solution of (Et;N),W;3S,Clg (9.3 mg) in 25
mi of CH3CN 5.9 mg of Ph;P were added. The initial
red colour of the solution immediately changed to
greenish-blue. The electronic spectrum of this so-
lution shows a band at 610 nm (870) which is in
good agreement with the values reported for different
W3S, compounds [13-15].

Reaction of Mo and Mo with S and Br,

A mixture of **Mo (0.15 g), '®Mo (0.16 g) with
Br; (0.18 ml) and S (0.24 g) was heated at 300 °C
for 48 h and then treated as described in ref. 3.
The IR and Raman spectra of this sample were not
a superposition of those of the individual **Mo5S,Br,
and °Mo,S,Br, [16].

Attempt at the preparation Mo,W;_,S,Br,

heterometallic clusters

An equimolar mixture of Mo (0.26 g) and W (0.50
g) or WS; (0.62 g) and MoS; (0.40 g) with stoi-
chiometric quantities of corresponding reagents was
heated for 72 h under the conditions identical to
those described above for the synthesis of the in-
dividual W3S,Br,. The red-brown solids produced
were washed with methylene chloride and hot ben-
zene and dried in vacuo.

The vibrational spectra of these solids showed the
presence of only homometallic Mo;S;Br, and W,S,Br,
in both cases.
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Additionally, the treatment of these solids with
HBr/Et,NBr lead to a mixture of (Et,N),W;S;Br,
and (Et,N),MoS,Brs (Raman); the use of (NH,),S,
with subsequent treatment with concentrated HCI
produced Mo,S,Cl¢*~ (identified as the Ph,P* salt
[17]) and WsS,**(aq.) [18, 15]. Melting with KNCS
produced only W;S,(NCS),°~ (see ‘Experimental’
below).

Preparation of (NH.)(H)(H,0)3W354(54)3(NH3)3

(VD)

A solution of (NH,),S, (20 ml) was added to
W3S;Brs (0.22 g) and the mixture was kept for a
week at room temperature without stirring. The black
crystalline solid was filtered and washed with alcohol
and hot benzene. Yield: 0.22 g of complex VI, 90%.
Xm= —262 cm’/mol.

Preparation of WiS4(aq)**

Complex VI (0.25 g) was treated with 5 ml of
boiling concentrated HCI. The solution was filtered
while hot and the blue solution was chromatographed
on DOWEX-50WX2. The violet band was eluted
with 0.2 M HCI. According to the elemental analysis
data the W/S ratio was 3/3.98+0.03. Yield:
W,S4(aq)*™, 56%.

Preparation of (EtyN)sW3S«(NCS), (VII) and

CssW3S4(NCS)y (VIIT)

Complex I (8.00 g) was heated in 40 g of a KNCS
melt at 200-220 °C under stirring for 30 min. The
cold melt was treated with 2X50 ml of water and
the resulting green solution was added dropwise to
a solution of Et,NBr (25 g) in water (50 ml). The
precipitated green solid was filtered and washed with
water, alcohol and ether. The material was recrys-
tallized by diffusing ether vapours into a CH;CN
solution of the complex. Yield: 12.12 g of complex
VII, 89%.

Addition of CsCl to an aqueous solution of
W;S4(NCS)g®> ™ at —5 °C leads to the crystallization
of complex VIII in a 56% yield.

Crystal structure determination

The crystal structures were determined by X-ray
diffraction analysis. The experiments were performed
on an automated ‘Hilger-Watts’ diffractometer at 20
°C, Mo Ka radiation, graphite monochromator. A
0/20 scan technique was used, 268<60°. The correc-
tions for absorption were made with the DIFABS
program [19]. The structures were solved by direct
methods and refined by block-diagonal least-squares
methods using the anisotropic approximation for all
non-hydrogen atoms. The calculations were perfor-

med on the Eclipse $/200 computer with INEXTL
programs [20].

The single crystals of III were obtained by diffusing
benzene vapours into an acetonitrile solution of the
complex. The crystals of I, C,HxBrsWsP.S,, are
orthorhombic, a=18.082(2), b=125.834(3),
¢=27.370(2) A, Z=8, space group Pbca, 4758 in-
dependent reflections with I>2¢(I). The hydrogen
atoms of III are placed into calculated positions with
a fixed B,,=7 A? and were not refined. The final
R was 0.049 (R, =0.055). The coordinates of the
non-hydrogen atoms of IIl are given in Table 2.

Single crystals of VI were selected from the reaction
mixture. The crystals of VI are trigonal, a =12.508(1),
¢=10.112(1) A, V=1370.0 A3 space group P3lc,
Z =2, 1174 independent reflections. A total of 1101
observed reflections with 7>20 was used in the
calculation. The cationic fragment of four light atoms
in a special position on axis 3 has been revealed in
a difference synthesis and included into the refi-
nement with anisotropic thermal parameters. The
H atoms have not been revealed. In the final result,
R=0.029, R, =0.033 from 1021 reflections with/ > 4¢.
The coordinates of the atoms of VI are given in
Table 3.

Results and discussion

Preparation Of W3S7Br4 (I) and W3S7CI4 (II)

The synthesis in ampoules from elements has been
used to obtain a series of cluster chalcohalogenides
of molybdenum and niobium [3, 21-23]. These me-
thods allow the preparation of pure compounds
including isotope-containing ones. In the case of
tungsten, reaction (4) at 425 °C produced W;S;Br,
[10], with a structure analogous to that of Mo;S,Cl,
[24].

3W+ 7S +2Br, — W35;Br, €))
1

We prepared W;S;Br, from elements at 300 °C.
It should be noted that the large energy of the W
crystal lattice determines its low reactivity, and ob-
taining samples containing no metal tungsten requires
a prolonged heating of 70 to 100 h. The degree of
crystallinity of the resulting product is not high.
Complex I of a poor crystallinity is also produced
in a high yield by reaction (5)

3WS, + 3Br;, ———> W,S,Br, + S,Br; ()

Attempts to obtain single-phase W,S,Cls samples
proceeding from W and S,Cl; were not successful.
Tungsten thiochloride (II) containing a small amount
(about 5%) of unidentified phases has been obtained



TABLE 2. Atomic coordinates ( X 10° for C and X 10* for
remaining atoms) and By, for III

Atom x y z B,
w(1) 271(1) 4075(1) 555(1) 2.38(2)
Ww(2) —-993(1) 4094(1) 1106(1) 2.50(2)
W(3) —939(1) 3522(1) 262(1) 2.53(3)
Br(11) 1498(2) 3649(1) 823(1) 4.16(9)
Br(12) 1231(1) 4752(1) 172(1) 3.23(8)
Br(21) —1055(2) 3705(1) 1977(1) 4.67(9)
Br(22) —1912(2) 4773(1) 1506(1) 4.52(9)
Br(31) —1003(2) 2524(1) 256(1) 4.38(8)
Br(32) —1698(2) 3419(1) —560(1) 4.29(9)
S(1) —395(4) 4842(2) 784(2) 3.2(2)

S(2) 171(4)  4538(3)  1355(2)  3.4(2)
S(3) —1814(4)  4193(2) 432(2)  3.1(2)
S(4) —2032(4)  3545(2) 818(2)  3.4(2)
S(5) —331(4) 4164(2) —218(2)  27(2)
S(6) 268(4)  3504(2) —173(2)  33(2)
S(7) —237(4)  3365(2) 975(2)  3.2(2)
P(1) 553(4)  2643(3)  3454(2)  3.4(2)
P(2) 698(5) 6199(3)  3490(3)  4.2(2)
c(Q) 101(2)  267(1) 401(1)  3.6(8)
@) 154(2)  235Q1) 416(1)  6(1)
o)) 190(2)  236(1) 459(1)  8(Q1)
C(4) 1772)  270(1) 489(1)  8(1)
c(5) 123(2)  302(2) 481(1)  11(2)
C(6) 85(2)  304Q1) 434(1) 70
) -34(2)  288(1) 352(1)  3.4(8)
C(8) -70(2)  322(1) 317(1) 7))
c9) ~145(2)  337(1) 323(1)  8(1)
C(10) —183(2)  324(1) 363(1) (1)
c(11) -152(2)  291(1) 397(1)  5.3(9)
C(12) -80(2)  273(1) 391(1)  5.3(9)
c(13) 58(1)  198(1) 330(1)  3.4(8)
c(14) 115(2)  177() 304(1)  7(1)
c@s) 1252)  117(1) 298(1)  8(1)
C(16) 72(2) 92(1) 321(1)  9(1)
c(17) 142)  108(1) 345(1)  8(1)
c(18) 6(2)  164(1) 349(1)  6(1)
C(19) 104(1)  299(1) 300(1)  33(7)
C(20) 159(2)  335(1) 310(1)  4.2(9)
C(21) 193(2)  366(1) 274(1)  5.4(9)
C(22) 169(2)  364(1) 226(1)  5.2(9)
C(23) 116(2)  328(1) 215(1) (1)
C(24) 81(2)  296(1) 251(1)  5.3(9)
C(25) 126(2)  670(2) 311(1)  9(1)
C(26) 156(3)  717(1) 326(2)  14(2)
c@ 194(2)  746(1) 297(2)  11(2)
C(28) 199(3)  732(1) 249(2)  16(2)
C(29) 1792)  697(2) 228(1)  13(2)
C(30) 136(2)  651(2) 259(2)  12(2)
C(31) 122(2)  6141) 407(1)  5(1)
C(32) 198(2)  605(1) 404(1)  8(1)
c(33) 242(2)  596(1) 443(1)  10(1)
C(34) 206(3)  602(1) 486(1)  11(2)
C(35) 125(2)  612(1) 492(1)  8(1)
C(36) 81(2)  618(1) 449(1)  6(1)
C(37) —20(2)  649(1) 360(1)  4.4(9)
C(38) —27(2)  705(1) 365(1)  6(1)
C(39) -97(2)  723(1) 374(1)  6(1)

(continued)
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TABLE 2. (continued)

Atom x y z B
C(40) —-157(2) 692(1) 377(1) 6(1)
C(41) —160(2) 640(1) 372(1) 9(1)
C(42) -90(3) 617(1) 364(1) 10(1)
C(43) 63(2) 555(1) 324(1) 4.2(9)
C(44) 105(3) 517(1) 343(1) 9(1)
C(45) 95(2) 470(1) 324(1) 12(2)
C(46) 48(2) 459(1) 284(1) 10(2)
C(47) 6(2) 496(1) 269(1) 8(1)
C(48) 13(2) 547(1) 286(1) 7(1)

TABLE 3. Atomic coordinates (X 10° for W and x10*
for remaining atoms) and equivalent isotropic thermal
parameters B, for VI

Atom x y z B,

w —52479(5) —29997(5) —25498(0) 1.29(2)
S(1) —3766(4) —1485(4) —4179(4) 2.2(1)
S(2) —1975(4) —1085(4) —3691(4) 2.6(1)
S(3) —1983(4) ~998(4) —-1681(4) 2.7(1)
S4) —3434(4) -2731(4) —1233(4) 2.4(1)
S(5) —5278(3) —1549(4) —-1172(4) 1.8(1)
S(6) —6667 —3333 —4285(5) 1.52(9)
X(1) —5772(12) —505(11) —3719(13) 2.4(4)
X(2) — 6667 —3333 —7887(27) 6.7(7)
X(@3) —3674(22) —1544(17) —7799(22) 7.9(9)

at 300 °C from the product of the interaction, at

180 °C, of the equimolar quantities of WS; and PCls
(eqn. (6))
WS, + PClg

(1) 180 °C
_—
(2) 300 *°C

W;S,ClL 6
I

According to the X-ray structural data for W,S,Br,
[10] the W,;S,** cluster fragments are linked to
polymeric zigzag chain via halogen bridging atoms:
W,S,Br,Br,,. The thiochloride complex II appears
to have an analogous structure. Such a polymeric
structure of the compounds determines their chemical
behaviour; both I and II are insoluble in organic
solvents and non-volatile. In order for the polymeric
W3S,X, complexes to be the starting materials in
the chemistry of triangular thiocomplexes of tungsten
it is necessary to find reagents which are capable,
in the interaction with them, of destroying the po-
lymeric structure while preserving the cluster frag-
ments. It has been shown by us earlier that the
polymeric Mo;S,X, in a PPh,X melt could be conver-
ted to the salts (PPh,);Mo0,;S;Xs (X=Cl, Br) [6].
The structure of (PPh,),Mo;S,Cls has been esta-
blished by X-ray structural analysis [25]. The po-
lymeric NbS,Cl, in a KNCS melt gives K,Nb,S,(NCS)g
[26]. The interaction of MosS;X, with an aqueous
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solution of (NH,),S, provides a convenient route to
(NH,);Mo,S,5-2H,0 [7, 8].

In the present work we have studied the interaction
of the same reagents PPh,Br, KNCS and (NH,).S,
with W,;S,Br, and obtained a series of triangular
W;S;** and W,3S,** complexes.

Preparation of W3S:Xe*~ (X=Cl, Br) salts
We have found that I interacts with PPh,Br in a
melt (eqn. (7))

W;S,Br, +2PPh,Br — (PPh,), W;S,Br, &)

This method is, however, not universal and cannot
be used for obtaining salts with other organic cations,
since the latter either have low melting points or
decompose upon heating. To obtain Et,;N™ salts of
W;S;Bre°~ (and equally of W,S,Cl¢~ and
Mo;S,X6>7) it is necessary to boil the starting po-
lymers M;S,X, (M=Mo, W; X=Cl, Br) in concen-
trated HX acids in the presence of Et,NX. The
yields of these reactions are, as a rule, not high,
not exceeding 40% and amounting sometimes only
to several percent. We have not succeeded in finding
a correlation between the history of the polymeric
M,S,X, (temperature, procedure and time of the
synthesis) and their reactivity. It can be expected
that the more is the degree of crystallinity and
polymerization of M3;S,X, the less reactive is the
compound. ThesaltsIII-V are air-stable and soluble
in a series of organic solvents (CH,CN, CH,CI,,
DMF) which enables their chemical properties to
be easily studied.

Structure of (Ph,P),WsS,Brs (III)

Figure 1 shows the structure of the W;S;Brs®~
anion of ITI. The bond lengths and the valence angles
of this anion are shown in Table 4. It has been
proved by means of X-ray structural analysis that
anion III is isostructural with the W;S;Brs fragment

Fig. 1. Structure of the W,S;Brs?~ anion.

of the chain polymer I [10]. The anion W,S;Bre2~
contains 48 cluster valence electrons and conforms
to the EAN rule. The average W--W distance is
2.739(2) A. The complex is diamagnetic, suggesting
the formation of single W-W bonds in the W, triangle.
There are two types of bromine atoms. For bromines
lying on the same side of the W; triangle as the u;-
S ligand (Br(11), Br(21), Br(31)), the average W-Br
distance is 2.583(3) A which is somewhat smaller
than the W-Br bond length for the rest of the
bromines, 2.661(3) A. This can be explained by sterical
factors associated with the p,-S, effect. These ligands
are inclined to the W; plane so that the S(2), S(4)
and S(6) atoms are practically in this plane (Table
5). No substantial non-valence interactions were
found in the structure of IIL

Vibrational spectra of WsS.Brgt™

Figure 2 shows vibrational spectra of
(Et,N),W,S;Brs. (Et,N),W,;*S;Brg was obtained
using the above procedures and its IR and Raman
spectra were studied. For W,S,Brs®~ a calculation
of the normal vibrations has been performed using
the following vibrations: I'=10A,(IR, Ra-
man) +4A, + 14E(IR, Raman). The experimental ba-
sis for the calculations was formed by: (i) vibrational
frequencies in IR and Raman spectra; (ii) isotope
shifts on going from W3*S;Brg?~ to W;*S;Brs’~;
(iii) a comparison between the vibrational spectra
of M;S;Xs*~ (M=Mo, W; X=Cl, Br).

Table 6 lists the force constants; Table 7 sum-
marizes the experimental and calculated frequencies
of the normal vibrations for W5S,Brs>~ and the shifts
in these frequencies upon isotope exchange. Table
8 shows the distribution of the potential energy
among the groups of equivalent vibrational coor-
dinates. The results for W,S,Brg>~ are in good agree-
ment with the results of an earlier calculation of
the normal vibrations for MosS,Clg®™ [17],
Mo03S,Se;sClg?~ [28] and M03S«(S,)s>~ [8]. The fre-
quencies 558 and 552 cm~! are due to the S-S
valence vibrations of the u,-S; ligands. The 449 cm ™!
frequency is one of the most characteristic and results
from the vibrations involving p3-S.

Interaction of I with (NH,),S,. Chemical properties
of complex VI

The interaction of W,S;Br, with (NH,),S, leads
to conversion of W5S,** to W;S,** and formation
of the complex W55,(S,);(NH;),*~ (VI) whose struc-
ture has been determined by X-ray structural analysis.
This result indicates a high lability of the equatorial
sulfurs of the asymmetrically coordinated p,-S, li-
gand. Although the formal result of the interaction
of Mo3S,Cl,; and Mo3S;Br, with (NH,),S, is the
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Bond lengths (A)
W(1)—W(2)
W(1)—W(3)
W(1)—Br(11)
W(1)—Br(12)

W(D—S(1)
W(1)—S(2)
W(1)—S(5)
W(1)—S(6)
W(1)—S(7)
W(2)—wW(3)

W(2)—Br(21)
W(2)—Br(22)
W(2)—S(1)
W(2)—S(2)

Bond angles (°)

W(2)W(1)W(3)
W(2)W(1)Br(11)
W(2)W(1)Br(12)
W(2)W(1)S(1)
W(2)W(1)S(2)
W(2)W(1)S(5)
W(2)W(1)S(6)
W(2)W(1)S(7)
W(3)W(1)Br(11)
W(3)W(1)Br(12)
W(3)W(1)S(1)
W(3)W(1)S(2)
W(3)W(1)S(5)
W(3)W(1)S(6)
W(3)W(1)S(T)
Br(11)W(1)Br(12)
Br(11)W(1)S(1)
Br(11)W(1)S(2)
Br(11)W(1)S(5)
Br(11)W(1)S(6)
Br(11)W(1)S(7)
Br(12)W(1)S(1)
Br(12)W(1)S(2)
Br(12)W(1)S(5)
Br(12)W(1)S(6)
Br(12)W(1)S(7)
S(1)W(1)S(2)
S(1)W(1)S(5)
S(1)W(1)S(6)
S(HW(1)S(7)
S(2)W(1)S(5)
S(2)W(1)S(6)
S(2)W(1)S(7)
S(5)W(1)S(6)
S(5)W(1)S(7)
S(6)W(1)S(7)
W(L)W(2)W(3)
W(1)W(2)Br(21)
W(1)W(2)Br(22)
W()W(2)S(1)
W()W(2)S(2)
W(1)W(2)S(3)
W(1)W(2)S(4)

2.738(1)
2.735(2)
2.582(3)
2.680(3)
2.406(7)
2.503(6)
2.393(6)
2.480(6)
2.352(6)
2.744(1)
2.589(3)
2.655(3)
2.386(7)
2.492(7)

60.19(4)
124.63(8)
138.07(7)

54.8(2)

56.6(2)

96.0(2)
116.8(2)

54.5(2)
123.22(8)
138.19(7)

96.2(2)
116.7(2)

55.0(1)

56.7(2)

54.7(2)

80.43(9)
135.1(2)

91.0(2)
133.1(2)

88.7(2)

82.2(2)

83.5(2)

94.4(2)

83.4(2)

94.4(2)
162.6(2)

48.7(2)

85.5(2)
134.4(2)
108.7(2)
134.0(2)
171.1(2)

85.3(2)

49.1(2)
109.3(2)

85.9(2)

59.84(4)
122.41(8)
139.59(8)

55.5(2)

56.9(2)

95.5(2)
116.5(2)

W(2)—S(3)
W(2)—S(4)
WQR)—S(7)
W(3)—Br(31)
W(3)—Br(32)
W(3—S(@3)
WE—S4)
WQE)—S(5)
W(3)—S(6)
W(3)—S(7)
S(1)—S(2)
SG3)—S(4)
§(5)—S(6)

S(1YW(2)S(7)
S(2)W(2)S(3)
S(2)W(2)S(4)
SQQIW(2)S(7)
S(3)W(2)S(4)
SBRYW(2)S(7)
S(4)W(2)S(7)
W(1)W(3)W(2)
W(1)W(3)Br(31)
W(1)W(3)Br(32)
W(1)W(3)S(3)
W(1)W(3)S(4)
W(1)W(3)S(5)
W(1)W(3)S(6)
W(1)W(3)S(7)
W(2)W(3)Br(31)
W(2)W(3)Br(32)
W(2)W(3)S(3)
W)W (3)S(4)
W(2)W(3)S(5)
W(2)W(3)S(6)
W)W(3)S(7)
Br(31)W(3)Br(32)
Br(31)W(3)S(3)
Br(31)W(3)S(4)
Br(31)W(3)S(5)
Br(31)W(3)S(6)
Br(31)W(3)S(7)
Br(32)W(3)S(3)
Br(32)W(3)S(4)
Br(32)W(3)S(5)
Br(32)W(3)S(6)
Br(32)W(3)S(7)
S3)W(3)S(4)
SG3)W(3)S(5)
S(3)W(3)S(6)
S(3)W(3)S(7)
S(AW(3)S(5)
S(4)W(3)S(6)
S(A)W(3)S(7)
S(5)W(3)S(6)
S(5)W(3)S(7)
S(6YW(3)S(7)

2.384(6)
2.484(7)
2.355(7)
2.585(3)
2.649(3)
2.395(7)
2.495(7)
2.388(6)
2.487(7)
2.363(6)
2.027(9)
2.021(9)
2.027(9)

109.3(2)
133.5(2)
171.6(2)
85.5(2)
49.0(2)
109.32)
86.2(2)
59.97(4)
124.09(8)
135.76(8)
95.3(2)
116.3(2)
55.2(1)
56.5(2)
54.42)
122.87(8)
138.64(8)
54.8(2)
56.4(2)
96.0(2)
1163(2)
54.3(2)
82.56(9)
134.1(2)
89.6(2)
135.4(2)
91.0(2)
81.9(2)
84.0(2)
96.3(2)
80.8(2)
92.6(2)
164.3(2)
48.8(2)
84.6(2)
133.3(2)
108.6(2)
133.1(2)
171.1(2)
85.8(2)
49.1(2)
109.1(2)
85.5(2)

(continued)
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TABLE 4. (continued)

Bond angles (°)

W()W(2)S(7) 54.4(2)
W(3)W(2)Br(21) 124.50(8)
W(3)W(2)Br(22) 136.54(8)
W(3)W(2)S(1) 96.4(2)
W(3)W(2)S(2) 116.7(2)
W(3)W(2)S(3) 55.2(2)
W(3)W(2)S(4) 56.7(2)
W(3)W(2)S(7) 54.6(2)
Br(21)W(2)Br(22) 81.41(9)
Br(21)W(2)S(1) 132.4(2)
Br(21)W(2)S(2) 87.9(2)
Br(21)W(2)S(3) 136.7(2)
Br(21)W(2)S(4) 92.1(2)
Br(21)W(2)S(7) 81.6(2)
Br(22)W(2)s(1) 84.2(2)
Br(22)W(2)S(2) 96.3(2)
Br(22)W(2)S(3) 81.8(2)
Br(22)W(2)S(4) 92.0(2)
Br(22)W(2)S(7) 162.8(2)
S(1)W(2)S(2) 49.0(2)
S(1)W(2)S(3) 84.8(2)
S(1)W(2)S(4) 133.6(2)

W(1)S1)W(2) 69.7(2)
W(1)S(1)S(2) 68.1(3)
W(2)S1)S(2) 68.2(3)
W(1)S2)W(2) 66.5(2)
W(1)S(2)S(1) 63.2(3)
W(2)S(2)S(1) 62.7(3)
W(2)S(3)W(3) 70.1(2)
W(2)S(3)S(4) 68.1(3)
W(3)S(3)S(4) 68.2(3)
W(2)S(4)W(3) 66.9(2)
W(2)S(4)S(3) 62.9(3)
W(3)S(4)S(3) 63.0(3)
W(1)S(5)W(3) 69.8(2)
W(1)S(5)S(6) 67.7(3)
W(3)S(5)S(6) 68.0(3)
W(1)S(6)W(3) 66.8(2)
W(1)S(6)S(5) 63.2(2)
W(3)S(6)S(5) 62.9(2)
W1)S(HW(2) 71.1(2)
W(1)S(7)W(3) 70.9(2)
W(2)S(T)W(3) 71.1(2)

TABLE 5. Deviation of the W,S,Brs2” atoms from the
plane of the three W atoms

Atom Deviation (A)
Br(11) -1.972(3)
Br(12) 1.365(3)
Br(21) —1.996(3)
Br(22) 1.361(3)
Br(31) —1.993(3)
Br(32) 1.406(3)
s(1) 1.636(6)
S(2) ~0.131(7)
S(3) 1.646(6)
S(4) —0.099(6)
S(5) 1.639(6)
S(6) —0.127(6)
S(7) —1.748(6)
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Fig. 2. IR and Raman spectra of (Et,N),W,S,Brg.

replacement of the halogenide ligands by disulfide
ones to form MosS;;2” [7], an analysis of these
reactions by vibrational spectroscopy using >S isotope

TABLE 6. Force constants in Wi(3-S)(12-S,)3Bré2~

Bond Force constant (mdyn/A)
W-wW 12
W—u5-S(7) 2.0
W-p2-5(2) 1.5
W-p2-S(1) 1.8
W-Br(11) 1.3
W-Br(12) 1.4
S(1)-5(2) 24

has shown that the exchange involves also the sulfurs
of the w,-S, ligand, with only the MosS,** core
remaining intact [8] (eqn. (8))

(NH1)28: + H20
Mo;**S,Br,

Mo (15-2*S)(12-248.S.)3(S2):2 ™ (8)

Complex VI represents a black crystalline substance
moderately soluble in water and polar solvents from
which it cannot, however, be isolated without de-
composition.

We have shown earlier [17] that the interaction
of Mo;S,5~ with HX (X=Cl, Br, I) can provide a
convenient method for obtaining thiohalide
complexes M03S;X¢*~. Interacting HCI with VI pro-
duces a blue solution which can be purified chro-
matographically. The UV spectrum of the eluate
indicates the presence of W3S,** chromophor and
is in a good agreement with that given by Shibahara
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TABLE 7. Experimental (Et,;N* salt) and calculated vibrational frequencies of W,S,Brs>~ and their shifts upon isotope

exchange
Vep (cm™Y) Veare (cm™Y) Av for W5*28,Brs?~ and W,*S,Brg?~
Exp. Calc.
180, Raman 182 0 0.5
210, Raman, IR 209 2 1.5
223 6.4
230 6.2
235, Raman, IR 235 0 1.0
289 6.7
293, Raman, IR 294 9 8.2
302 52
309, Raman, 1R 309 7 6.7
320, Raman, IR 319 7 6.2
335, Raman 337 8 8.7
372, Raman 370 8 8.8
449, Raman, IR 449 11 12.0
550, Raman 552 16 16.0
560, Raman, IR 558 17 16.3

TABLE 8. Distribution of the potential energy (%) among the groups of equivalent vibrational coordinates

Bands (cm™!) wW-w Wp5-5(7) W-pp-S(1) W-p12-S(2) W-Br(11) W-Br(12) S-S
119, A, 67 0 0 4 1 18 0
182, A, 0 3 4 2 61 30 0
209, E 3 2 7 7 27 54 0
223, A, 0 0 65 35 0 0 0
230, E 1 5 80 8 1 4 1
235, A, 22 0 0 9 17 52 0
289, E 1 14 9 70 4 2 0
294, A, 1 1 75 3 2 0 18
302, A, 0 0 44 56 0 0 0
309, E 1 75 7 1 1 5 0
319, E 3 0 68 10 0 0 19
337, E 0 1 13 80 2 0 4
370, A, 2 2 14 72 2 0 7
449, A, 1 97 0 0 0 1 0
552, E 0 0 12 11 0 0 77
558, A, 0 0 11 14 0 0 75

et al. for W;3S,(H,0)s** [11]. Our attempts to isolate
from these solutions thiohalogenide complexes
W,S,Xs°~ with different cations (Cs*, bpyH™,
EtCOONH,; ", Et,N™) were not successful. The split-
ting off of the S, ligands also occurs in HBr medium,
HF/NH,F and in cold concentrated H,SO,. However,
the reaction is not of a general character, VI is stable
towards CH;COOH, CF;COOH and H;PO,.

The thermal decomposition of VI under vacuum
at 380 °C has produced X-ray amorphous WS, with
a rather high specific surface area (44 m?%g).

Interaction of W3S,Br, with KNCS
W,S5Br, quickly dissolves in a KNCS melt giving
it a green colour. Treatment of the melt with water

and Et,NBr or CsCl results in formation of the
corresponding QsW;S,(NCS); salts (VII, VIII). In
the extraction of the melt with benzene sulfur was
isolated. Shibahara et. al. described the synthesis of
W;S,(H,0)s** by the reduction of (NH,),WS, in
HCI from which the (bpyH)sW3S,(NCS)s-3H,O salt
in a 17% yield has been obtained and structurally
characterized [11].

Under the action of nucleophiles, such as CN™,
phosphines, or an ‘internal nucleophile’ —the ter-
minal S, ligand, the MosS,** clusters can produce
MosS.** [29].

It has also been found that the W,S,X¢* salts
interact with PPh; in a CH;CN solution to form
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blue solutions which showed an electronic spectrum
characteristic of a W5S,** chromophor

W3S7X62_ +3PPh3 b
W,Sy(solv)** +6X~ +3SPPh;  (9)

Thus, convenient methods for the synthesis of
W,S,** and W5S,** clusters both in aqueous and
non-aqueous media have been found which makes
possible a wide study of their chemical properties.

Structure of (NH,)(H)(H,0)sW5S:6(NH3)5 (VI)

The triangular anionic cluster Wi(us-S)(po-
$)3(S4)3(NH;)s*~ presented in Fig. 3, occupies in the
crystal a special position on axis 3 passing through
13-S(6) and the center of the W,-triangle perpen-
dicular to its plane. The cationic fragment of VI
occupies an analogous special position, i.e. the X(1)
atom on axis 3 in a planar-trigonal environment of
three X(2) atoms at a distance of 3.26(3) A. The
positions of all non-hydrogen atoms have been found
objectively but the nature of the light atoms X(1),
X(2) can only be suggested (see below).

The cluster fragment Ws(us-S)(pz-S)s** has a
structure typical of Mo and W derivatives. The W-W
distances of 2.784(1) A in the triangular framework
are close to the W-W distances of (bpyH)s-
WiS4(NCS)-3H,O [11], [W,S,Cl;(dmpe);]PFs-

s(1™)

H,0, [W;S,Cly(depe)s]PFs and [W,S,Hs(dmpe)]-
BPh, [12, 14]. The W=S(6) (2.379(4) A) and W-S(5)
(232 A (av.)) distances are close to the typical
separations for the corresponding bonds in W3S,**
derivatives which are 2.33-2.36 for W—p,-S and
2.28-2.31 A for W-u,-S [11, 12, 14]. Geometrical
parameters of the cluster compound VI are listed
in Table 9.

The coordination number of the tungsten atoms
in the anion with respect to the ligands (i.e. without
the metal-metal bonds) is equal to 6. The nitrogen
atoms of the NH; molecules lie opposite to the p,-
S ligands. A refinement of the preliminary structural
data [18] has led to close values of the W-S(1) and
W-S(4) bonds occupying cis (2.496(4) A) and trans
(2.505(5) A) positions, respectively, with respect to
the ps-S ligand. The average length of the terminal
W-S bond is 2.50 A. In the [(S)W(S)(ma-
$),W(S)(S4)]*~ cluster the separations between the
tungsten and the sulfur of the tetrasulfide ligand
are considerably smaller, 2.38-2.40 A [30]. The rea-
sons for the longer distances are not clear but it is
probably this bond lengthening that is responsible
for the easiness of the separation of the S,>~ ligands
in VI under the action of HX. The conformation of
the MS, metallocycles in VI correspond to a distorted
envelope (see torsion angles in Table 9). The pre-
liminary report of S-S bond alternation in VI [18]
has been confirmed.

Fig. 3. Structure of the W;S((NH;);>~ anion.
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TABLE 9. Bond lengths, bond angles and torsion angles in W;3S;4(NH;),2~

Bond lengths (A)

W—W' 2.7836(9)
wW—wW" 2.7836(8)
W—S5(1) 2.496(4)
W—S(4) 2.505(5)
W—S(5)’ 2.303(4)
W—S(5) 2.337(4)
Bond angles (°)

W'WS(1) 98.9(1)
W'WS(4) 140.2(1)
W'WS(5Y 53.7(1)
W'WS(5) 98.7(1)
W'WS(6) 54.20(8)
W'WX(1) 140.0(4)
WWS(1) 135.6(1)
WWS(4) 133.9(1)
WWS(5) 99.5(1)
WWS(5) 52.6(1)
WWS(6) 54.20(8)
WWX(1) 93.2(4)
S(1)WS(4) 88.3(1)
S(1)WS(5) 95.7(1)
S(1YWS(5) 161.8(1)
S(1)WS(6) 81.5(1)
S(HwX(1) 79.4(4)
S(4)WS(5) 86.7(1)
Torsion angles (°)

S(4)WS(1)S(2) 8.0(3)
WS(1)S(2)S(3) —39.8(2)
S(1)S(2)S(3)S(4) 57.7(3)

W—S(6) 2.379(4)
wW—X(1) 2.27(1)
S(1)—S(2) 2.096(7)
S(2)—S(3) 2.036(6)
S(3)—S(4) 2.065(6)
X(2)—X(3) 3.26(3)
S(4)WS(5) 81.3(1)
S(4)WS(6) 164.1(1)
S(4)WX(1) 79.8(4)
S(5)WS(5)’ 98.6(1)
S(5)WS(6) 106.2(1)
S(5)WX(1) 165.8(4)
S(5) WS(6) 105.2(1)
S(5)'WX(1) 84.1(4)
S(6)WX(1) 86.3(4)
WS(1)S(2) 109.0(2)
S(1)S(2)S(3) 102.4(3)
S(2)S(3)S(4) 100.8(3)
WS(4)S(3) 106.6(2)
WS(5)W* 73.7(1)
WS(6)W’ 71.59(9)
WS(6)W* 71.59(9)
X(3)X(2)X(3) 119.9(8)
X(3)X(2)X(3) 119.9(8)
S(2)S(3)S(4)W -53.3(2)
S(3)S(4)WS(1) 25.8(3)

The presence of the cluster of three strongly
absorbing W atoms made it difficult to identify the
light atoms X(1)-X(2) in the cation and NH; in the
anion by a least-squares refinement or from the
positions of the H atoms. A hypothetical composition
[W3S16(H,0)3][(NH,);HSO;] is discussed in ref. 18.
Further refinement allowed unambiguous location
of the light atoms in the cationic part of VI, but
their nature can only be suggested from the values
of the interatomic distances.

The X(1)-X(2) (3.26(3) A) distances considerably
exceed the usual lengths of the OH...O bonds in
hydrated oxonium cations (2.2-2.7 A) and are so-
mewhat longer than the N...O distance in systems
with a NH...O hydrogen bond (2.8-2.9 A) [31]. On
the other hand, the weak hydrogen bond involving
the ammonium cation varies over a wide range of
interatomic distances. Thus in the structure of am-
monium hydrate NH;-3H,0 the N...O distances are
3.21-3.29 A [31] whereas in a series of complexes
of the ammonium cation with crown ethers they are
in the range 2.9-3.2 A [32, 33]. Taking into account

the possibility of a disordering of the X (1) and X(2)
atoms in the highly symmetrical structure of VI (as
indirectly suggested by the high values of the thermal
parameters of these atoms), the cationic part of VI
can be tentatively interpreted as a hydrated am-
monium ion [(NH,)(H,0);™".

For re-formulating the ligand in W3S,(S4);Ls?~ as
NH; and not as H,O the following considerations
were used: (i) analysis for nitrogen indicates a rather
large content of the element; (ii) the 1228 c¢cm™!
band in the IR spectrum of VI can be attributed to
the vibrations of coordinated ammonia [34]; (iii) the
length of the terminal W-L bond 2.27 A markedly
increases as compared with the usual W-O lengths
for the H,O ligands in the trinuclear clusters, contai-
ning the p3-O bridges W;(u3-0),(RCO0)s(H,0),**
(n=1, 2) (2.09-2.18 A) [35]. This is in agreement
with the increased value for the nitrogen covalent
radius as compared with oxygen. The W-N bond
length in VI is in agreement with that in
W(CPh)(CO).py,Br; (av. 2.27 A) [36] and with Mo-N
in the cubane-like cluster Mo;FeS (NH;),(H,0)**
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(av. 2.27 A) [15]. Considering the closeness of the
metallic radii of Mo (1.40 A) and W (1.41 A), the
anion VI can be thought to contain ammonia mo-
lecules as ligand L.

The proposed preliminary identification of the light
atoms in the cation must lead to an odd number
of electrons in the cluster. There are no S-H vi-
brations in the IR spectra of VI. To explain the
diamagnetism it is necessary to assume either the
presence of a hydride ligand in the anion with the
trinuclear W; cluster or localization of an ‘extra’
proton on one of the X(2) atoms. Transformation
of one aqua-ligand X(2)H; to the oxonium ion must
then lead to actual distortions of the symmetrical
structure of the cationic aggregate VI, i.e. to a disorder
of the X(2) atoms in the highly symmetrical structure
of VI. The above mentioned lengthening of the
X(1)-X(2) distance compared with the usual H...O
bond length can be considered as an indirect evidence
for the latter assumption.

Attempt of the synthesis of heterometallic
W;_.Mo.S-Bry clusters

With convenient synthesis methods of W,S,Br,
and Mo,S,Br, from metals or MS; at hand, we have
attempted to synthesize heterometallic thiobromide
clusters containing Mo and W atoms in one triangle.
The following synthetic result formed the basis for
formulating such an experiment: the interaction of
a mixture of Mo and '"Mo isotopes with sulfur
was observed to afford a mixed-isotope triangular
complex (eqn. (10))

Mo + Mo + S + Br, —
2Mo;-,'®Mo,S;Br,  (10)

This was concluded from a comparison of the
vibrational spectra of a sample prepared by eqn.
(10) and of samples which were certainly known to
be *Mo03S,Br, and ®Mo,S,Br, [16]. It appears, that
the Mo;S;Br, synthesis from metallic Mo proceeds
via mononuclear compounds.

A different result is produced in the interaction
of a mixture of Mo and W with sulfur and bromine
or of a mixture of MoS; and WS, with bromine at
300 °C. The vibrational spectra of the resulting
products represent a superposition of the spectra of
individual M;S,;Br,. An additional evidence is pro-
vided by the results of the interaction of the products
of these reactions with HBr/Et,NBr resulting in the
crystallization of a mixture of (Et,N),;Mo0,S,Brs and
corresponding W salt in low yields. Melting together
with KNCS produced only W5S,(NCS),>~ salts. We
could not obtain heterometallic triangular thiocom-
plexes in all cases. This implies that under the reaction

conditions both metallic Mo and W, and a mixture
of MoS; and WS, react independently.

References

1 A. A. Opalowskii, V. Ye. Fedorov and K. A. Khal-
doyanidi, Dokl. Akad. Nauk SSSR, 182(1968) 1095.

2 V. Ye. Fedorov, A. P. Mazhara, V. K. Yewstafiev and
S. D. Kirik, Izv. Sib. Otd. Akad. Nauk. SSSR, Ser. Khim.,
14 (1978) 56.

3 V. Ye. Fedorov, Yu. V. Mironov, O. A. Kuzmina and
V. P. Fedin, Zh. Neorg. Khim., 31 (1986) 2476.

4 V. P. Fedin, S. P. Gubin, A. V. Mishchenko and V.
Ye. Fedorov, Koord. Khim., 10 (1984) 901.

5 V. Ye. Fedorov, A. V. Mishchenko and V. P. Fedin,
Russ. Chem. Rev. (Engl. Transl.), 54 (1985) 408.

6 A. V. Virovetz, Yu. L. Slovohotov, Yu. T. Struchkov,
V. Ye. Fedorov, N. G. Naumov, O. A. Geras’ko and
V. P. Fedin, Koord. Khim., 16 (1990) 32.

7 V. P. Fedin, O. A. Geras’ko, Yu. V. Mironov and V.
Ye. Fedorov, Zh. Neorg. Khim., 33 (1988) 2846.

8 V. P. Fedin, B. A. Kolesov, Yu. V. Mironov and V.
Ye. Fedorov, Polyhedron, 8 (1989) 2419.

9 T. Saito, N. Yamamoto, T. Yamagata and H. Imoto,
Chem. Lest., (1987) 2025.

10 F. A. Cotton, P. A. Kibala, M. Matusz, C. S. McCaleb
and R. B. W. Sangor, Inorg. Chem., 28 (1989) 2623.

11 T. Shibahara, K. Kohda, A. Ohtsuji, K. Yasuda and
H. Kuroya, J. Am. Chem. Soc., 108 (1986) 2757.

12 F. A. Cotton and R. Llusar, Inorg. Chem., 27 (1988)
1303.

13 T. Saito, A. Yoshikawa, T. Yamagata, H. Imoto and
Kei Unoura, Inorg. Chem., 28 (1989) 3588.

14 F. A. Cotton, R. Llusar and C. T. Eagle, J. Am. Chem.
Soc., 111 (1989) 4332.

15 T. Shibahara, H. Akashi and H. Kuroya, J. Am. Chem.
Soc., 108 (1986) 1342.

16 B. A. Kolesov, V. P. Fedin, O. A. Kuzmina and V.
Ye. Fedorov, Koord. Khim., 12 (1986) 1077.

17 V. P. Fedin, M. N. Sokolov, Yu. V. Mironov, B. A.
Kolesov, S. V. Tkachev and V. Ye. Fedorov, Jnorg.
Chim. Acta, 167 (1990) 39.

18 V. P. Fedin, M. N. Sokolov, O. A. Geras’ko, M. Sheer,
V. Ye. Fedorov, A. V. Mironov, Yu. L. Slovokhotov
and Yu. T. Struchkov, Inorg. Chim. Acta, 165 (1989)
25.

19 N. Walker and D. Stuart, Acta Crystallogr., Sect. A, 39
(1983) 158.

20 R. G. Gerr, A. 1. Yanowskii and Yu. T. Struchkov,
Kristallografia, 28 (1983) 1029.

21 H. Schafer and W. Beckmann, Z. Anorg. Allg. Chem.,
347 (1966) 231.

22 H. F. Franzen, W. Honle and H.-G. Schnering, Z.
Anorg. Allg. Chem., 497 (1983) 13.

23 J. P. Rannou and M. Sergent, C. R Acad. Sci., Ser.
C, 265 (1967) 734.

24 J. Marcoll, A. Rabenau, D. Mootz and H. Wunderlich,
Rev. Chim. Miner., 11 (1974) 607.

25 A. V. Virovetz, Proc. All-Union Stud. Conf. Chemistry,
Novosibirsk, 1988, p. 33.

26 A. V. Mishchenko, V. Ye. Fedorov, B. A. Kolesov and
M. A. Fedotov, Koord. Khimia, 15 (1989) 200.



27 L. A. Gribov and V. A. Dementyev, Computational
Methods and Algorithms in the Theory of Molecular
Vibrational Spectra, Nauka, Moscow, 1981.

28 V. P. Fedin, Yu. V. Mironov, M. N. Sokolov, B. A.
Kolesov, V. Ye. Fedorov, D. S. Yufit and Yu. T.
Struchkov, Inorg. Chim. Acta, 174 (1990) 275.

29 F. A.Cotton, R. Llusar, D. O. Marler and W. Schwotzer,
Inorg. Chim. Acta, 102 (1985) 125.

30 S. A. Cohen and E. 1. Stiefel, Inorg. Chem., 24 (1985)
4657.

31

33
34

35

36

229

I. Goldberg, Acta Crystallogr., Sect. B, 33 (1977) 472.
K. Jones, in J. C. Bailar (ed.), Comprehensive Inorganic
Chemistry, Vol. 2, Pergamon, Oxford, 11973, p. 224.
I. Goldberg, Acta Crystallogr., Sect. B, 31 (1975) 2592.
K. Nakamoto, Infrared and Raman Spectra of Inorganic
and Coordination Compounds, Wiley, New York, 4th.
edn., 1986.

A. Bino, F. A. Cotton, Z. Dori, M. Shaia-Gottlieb and
M. Kapon, Inorg. Chem., 27 (1988) 3592.

F. A. Cotton and W. Schwotzer, Inorg. Chem., 22 (1983)
387.



