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Abstract 

In this article an overview is given on recent developments  in the chemistry of  organometall ic 
compounds  with an t imony-an t imony  bonds  or bonds  between ant imony atoms and elements 

of  the groups 14 and 16. © 1997 Elsevier Science S.A. 
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1. Introduction 

Developments in the field of organo antimony chemistry dealing with homonuclear 
bonds or heteronuclear bonds between Sb and elements of the groups 14 and 15 are 
discussed in this article. 

A simple approach for the existence of compounds with the Sb-Sb bond and 
tert.-stibines is to consider the structure of elemental antimony and to formally 
saturate the valences with organic substituents. The structure of antimony consists 
of layers of puckered six-membered rings with three short Sb-Sb bonds and three 
inter layer Sb...Sb contacts per antimony atom. The structures of a layer of the 
element and of organic derivatives with Sb--Sb bonds are depicted in Fig. 1. 

In the most trivial case, when one antimony atom is cut out of the lattice by 
adding three substituents R, a tert.-stibine, R3Sb results, and pyramidal environment 
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"~Sb f Sb'~ Sb f Sb"~Sb f Sb',~Sb f Sb "~Sb ~f  

Y Y Y Y I 
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Fig. 1. Structures of elemental antimony and of organic derivatives containing Sb(0), Sb(I) or Sb(II). 
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of the antimony atom is preserved. Since 1850, when the synthesis of triethylstibine 
was reported by L6wig and Schweizer, about 200 tert.-stibines with alkyl or aryl 
substituents have been reported. Only stibines with heavier group 14 or group 16 
element bonds will be discussed here. 

The number of known compounds decreases dramatically when Sb2 units are 
considered. The resulting structures are distibines, R2Sb-SbR2 that have been studied 
since the first decades of this century. About 25 derivatives with organic or organo- 
metallic groups R have now been synthesized. In recent years there has been 
considerable interest in this class of compounds mainly because some of the deriva- 
tives which are named thermochromic distibines, display unusual color changes on 
phase transitions. E.g. tetramethyldistibine is colorless in the gas phase, yellow in 
fluid states but red in the solid state close to the melting point of 18.5 °C. Cooling 
with liquid nitrogen brings the yellow color back. All the thermochromic distibines 
that have been characterized by X-ray analysis in the crystalline state, have structures 
where the substituents around the pyramidal antimony atoms adopt the anti confor- 
mation and where the distibine molecules are aligned to antimony chains through 
short intermolecular Sb.-.Sb contact distances. It is of interest to compare the known 
structures of the distibines with the environment of diantimony units in the lattice 
of elemental antimony. In both cases the conformation is all trans and the interlayer 
contacts in the element correspond to the intermolecular contacts that are character- 
istic for thermochromic distibines. 

Other structures that may be derived from elemental antimony and that have 
been realized as organoantimony derivatives are tristibines, R2SbSb(R)SbR2, tetra- 
stibines, R2SbSb(R)Sb(R)SbR2 and longer organoantimony chain compounds. 
However, the knowledge of these chain compounds is limited because they only 
exist in equilibria and have not been obtained in a crystalline state. More comprehen- 
sively characterized are the cyclohexastibines, (RSb)6 that reflect the structure of 
the element with respect to the chair conformation and the presence of short Sb..-Sb 
contacts between the rings. Sections of the antimony lattice that have not yet been 
reproduced in organoantimony compounds are the antimony skeletons of stibinostib- 
ines, (R2Sb)3Sb or bicyclic derivatives. 

A way to differentiate the antimony atoms of the distibines and polystibines 
depicted in Fig. 1 is to consider the formal oxidation numbers. They are calculated 
with the usual formalism where Sb is the electropositive partner and Sb-Sb bonds 
are not considered in the electron counting. Following this formalism distibines are 
Sb(II) compounds, cyclostibines are Sb(I) compounds, stibinostibines contain 
Sb(II) and Sb(0) whereas in bicyclic stibines Sb(I) and Sb(0) are incorporated. 

A consequence of the fact that all these compounds are derived from elemental 
antimony is that they all have the same type of central bonds, i.e. sigma single bonds 
between two antimony atoms bearing each a lone pair of electrons. For the bonding, 
sp 3 orbitals or 5p-orbitals with the lone pair in the 5s orbital may be used. This is 
the most common but not the only way of Sb-Sb-bonding. As in phosphorus 
chemistry [ 1 ] there are many more possibilities when three-, four- and five-coordinate 
(~) compounds of tri-, tetra- or penta- valent @) antimony are considered. Selected 
structural skeletons (A-H) are given in Fig. 2. 
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Fig. 2. Types of compounds with antimony-antimony bonds 

The type A corresponds to distibines. The types B and C have been realized in 
complexes like [Cr(CO)5],(Me2Sb-SbMe2) (n = 1, 2) where the antimony atoms act 
as donors to 16 electron fragments of transition metal complexes. An example of 
type D is the very remarkable distibabutadiene that has been recently reported. 
Type E considers the structure of a distibene. A related molecule, a stibaphosphene 
RSb = PR' has been prepared. Distibenes have been stabilized in transition metal 
complexes that may be described as compounds belonging to type F. Type G is 
present in structures containing Sb(III) both as a donor and as an acceptor. The 
reaction of PhzSbLi with Me3SbBr2 has been reported to give a compound of 
type H. But no structural data have been given. 

2. Organometallic compounds with bonds between antimony atoms 

2.1. Distibines 

The chemistry of thermochromic and non thermochromic distibines has been 
reviewed [2,3] a few years ago and therefore only recent developments since then 
are considered here. Tetramethyldistibine was the object of a study on the gas phase 
structure by UV photoelectron spectroscopy [4]. The spectra give evidence for the 
existence of gauche (12%) and anti conformers (88%) in the gas phase. 

Buchwald et al. [5] have reported the synthesis of octamethylbistibole and 2,2',5,5'- 
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tetrakis (trimethylsilyl)-3,Y,4,4'-tetramethylbistibole (Eq. (1)). 

R R R ~g I'NII'/NH3 ~S b~ 
2. ~ C l  

b--Ph 3. O~rcng2 = b--S 

R R R 

(1) 

R = Me, Me3Si 

Both derivatives show the typical colors of non thermochromic distibines. They are 
orange solids that melt to give identically colored liquids and orange/yellow 
solutions. 

Another recent development is the synthesis of R/SbSbR2, (R=Me3SiCH2) [6] 
by dehalogenation of RzSbBr according to Eq. (2). 

2(Me3SiCH2)2SbBr + Mg ~ (Me3SiCH2)zSb - Sb(Me3SiCH2)2 + MgBr2 (2) 

The novel distibine is non thermochromic. At ambient temperatures it is a yellow, 
air sensitive oil that preserves this color on phase transition. The 1H-NMR spectrum 
at 25 °C in C6D 6 shows an AB spin system for the methylene protons of the organo 
substituent. This pattern indicates that the pyramidal structure is stable towards 
inversion. 

Another development with respect to thermochromism is the formation of the 
first distibine with organolead substituents [7] (Eq. (3), Eq. (4)). Elimination of 
Me3SiC1 from (Me3Si)3Sb and Me3PbCI gives (Me3Pb)3Sb as an intermediate that 
decomposes with formation of (Me3Pb)2Sb-Sb(PbMe3)2 and MeaPb-PbMe 3. The 
dilead compound was not isolated, instead Me4Pb and Pb were detected as decompo- 
sition products. 

(Me3Si)3Sb + 3Me3PbCI-*(Me3Pb)3Sb + 3Me3SiC1 (3) 

2 (Me3Pb)3Sb ~ (Me3Pb)4Sb 2 + (Me3Pb)2 (4) 

The novel distibine is red in the solid state but yellow in hydrocarbon solutions. 
It is remarkably stable as a solid but decomposes rapidly in solution. Similar solid 
state properties have also been observed for the lighter homologues of the type 
(Me3M)4Sb 2 (M=Si,  Ge, Sn), however these thermochromic distibines are much 
more stable in solution. The low stability of the lead analogue in solution makes 
the characterization difficult, and the solid state structure could not be determined. 
By analogy with the Si-, Ge- and Sn homologues [2,3] it is assumed that 
(Me3Pb)4Sb / adopts the anti conformation and is associated to linear chains through 
short intermolecular Sb-Sb contacts 
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2.2. Catena-polystibines 

Catena-polystibines, i.e. chain compounds with R2Sb end groups and RSb chain 
members form in equilibria mixtures of distibines and cyclostibines [8] (Eq. (5), 
Eq. (6)). 

R E S b  - S b R  2 + 1 / n ( R ' S b ) .  ~ R 2 S b  - S b ( R ' )  - S b R  2 ( 5 )  

R = M e ,  Et, Ph; R '=Et ,  nPr, n=5; R '=tBu,  (MeaSi)ECH , Mes, n = 4  

Ph2Sb - Sb(Et) - SbPh 2 + 1/5 (EtSb)5 ~ Ph2Sb-  Sb(Et) - Sb(Et) - SbPh 2 

(6) 

The catena tristibine Me2Sb-Sb(Me)-SbMe2 was first obtained by reduction of 
Me2SbBr and MeSbBr 2 with Mg in THF [8]. It only exists in presence of a large 
excess of Me2SbSbMe2. When the distibine is removed a longer chain compound, 
Me2Sb(SbMe)13SbMe2 is formed as a black shining solid [9]. The process is revers- 
ible, i.e. action of the distibine on the black chain compound gives the tristibine 
back (Eq. (7)). 

12Me/SbSbMe2 + MezSb(SbMe)13SbMe2 ~ 13MezSbSb(Me)SbMe2 (7) 

A combination of 1H-NMR-spectroscopy and mass spectrometry could be used for 
the identification of the novel catena stibines in the respective equilibria. None of 
them could be isolated in a pure crystalline state. 

2.3. Cyclostibines 

The most recent reviews in the field of monocyclostibines (RSb), [ 10,11 ] comprise 
reports on rings with the ring size n=3-6 .  Trimeric ions R3Sb ~- (R=alkyl )  have 
been detected by mass spectrometry. A trimer (RSb)3 has not yet been isolated and 
characterized by crystallography. However, the tricyclic tristibine RSb 3 
(R =CH3C(CH2)3) is known and fully characterized [12]. Tetramers protected by 
bulky substituents are known as all trans (RSb)4 (R=tBu,  Mes, (Me3Si)2CH) 
molecules. Pentamers (RSb)5 (with R = Et, nPr, nBu) exist in hydrocarbon solutions 
but polymerize in the absence of solvent. Examples of hexamers are the known 
solvates of phenyl antimony such as (PhSb)6" benzene and the tolylantimony deriva- 
tives. The syntheses of the series of crystalline samples of tolylantimony rings [13] 
was performed by oxidation of solutions of RSb(SiMe3)2 in toluene in the air 
(Eq. (8)). 

RSb(SiMe3)2 + 1/202 ~ 1/6(RSb)6 + (Me3Si)20 (8) 

R = o-, m-, p-Tol 

An analogous procedure had also been used for the syntheses of crystalline samples 
of (PhSb)6 and hence it appears that the oxidation of silylstibines is a general 
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method for aryl antimony ring syntheses. The o-tolyl and p-tolyl derivatives have 
been characterized by X-ray crystallography. The structures contain stacks of anti- 
mony six rings in the chair conformation with equatorial tolyl substituents. It has 
been mentioned above that the principal features of the ring geometry are analogous 
to the rings in the layers of elemental antimony. However, the bond lengths and the 
bond angles of the organoantimony rings are smaller than the corresponding parame- 
ters in the element. The interlayer contact distances in elemental antimony are 
considerably shorter than intermolecular Sb...Sb separations between ring molecules 
(see Table 1). 

Table 1 
Structural data of Sb 6 rings 

Sb-Sb Sb...Sb Sb-Sb-Sb Sb-Sb-C Ref. 
(pin) (pm) (deg) (deg) 

Element 291 336 95.6 - [73] 
(PhSb)6' C T H s  283.1-284.0(1) 419 86.4-93.9(1) 92.1-100.3(3) [44] 
(m-TolSb)6 282.8-283.4(1) 420 83.2-96.0(1) 89.8-99.6(3) [13] 
(o-TolSb)6 281.8-283.6(1) >440 85.5-99.4(1) 91.1-100.3(3) [13] 

The study of the IH-NMR spectra of benzene solutions that had been obtained 
from crystals of hexamers revealed that the hexameric structures are not preserved 
in solution but equilibrium mixtures of pentamers and tetramers result (Eq. (9). 

1/6 (RSb)6 (s) ~ 1/5 (RSb) 5 (soN) ~ 1/4 (RSb) 4 (SO1V) (9) 

R =Ph, 0-, m-, p-Tol; s = solid, solv = in solution 

The synthesis of red crystals of (MeaSiCH2Sb)n was achieved by dehalogenation 
of Me3SiCH2SbC12 with Mg in THF [14]. 

RSbC12 + M g ~  1/n(RSb), + MgC12 (10) 

R = M%SiCHz, n = 4, 5 

The pattern of the 1H-NMR spectra in solution corresponds to an equilibrium 
between the tetramer and the pentamer. The pentamer had been previously detected 
among the decomposition products of Me3SiCHzSbH 2 [15]. A black solid product 
of the composition (M%SiCH2Sb)x also formed in this process or by reducing the 
corresponding dichloride with CpaCo. 

The first reductive method for the synthesis of aryl antimony rings is the reaction 
of arylantimony dichlorides with cobaltocene (Eq. (11)) [16]. 

3RSbC12 + 2Cp2Co ---, 1/n(RSb), + 2[CpCoz][RSbC13] (11) 

(R=Ph ,  o-, m-, p-Tolyl, n=4,  5 in solution) 
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This result is of interest because other reductive methods, e.g. the reaction of 
PhSbBr2 with Mg failed to give arylantimony rings and polymers formed instead [ 17]. 

For the characterization of the organoantimony rings and chains by 121Sb 
M6ssbauer spectroscopy [18], the well defined crystalline cycles (PhSb)6 and 
(tBuSb)4, the crystals ofp-tolylantimony that very likely consist of (p-TolSb)6, and 
black solid (EtSb)x of unknown stucture were studied. (EtSb)x is reversibly formed 
from solutions containing (EtSb)4 and (EtSb)5 when the solvent is removed. It is 
believed that this solid polymeric form of ethyl antimony consists of very large rings 
(x>>6). The M6ssbauer parameters of the antimony rings were measured and com- 
pared with the data of distibines, tert .-stibines and organo antimony(III) halides. 
All of the antimony ring compounds show similar parameters that are typical for 
the RSbSb2-type of coordination. M6ssbauer spectroscopy appears to be a useful 
method for characterization, even of those organoantimony rings that cannot be 
analyzed by X-ray diffractometry. 

2.4. Complexes  with S b - S b  bonded ligands 

The basic chemistry of distibines as ligands in the coordination sphere of transition 
metal carbonyl complexes was studied twenty years ago. More recently also crystal 
structures reveal three different types of coordination. Distibines may act as mono- 
dentate or as bidentate bridging ligands towards 16 electron metal carbonyl frag- 
ments. The third possibility, the fission of the Sb-Sb bond with formation of 
complexes containing bridging diorganoantimonido groups will not be discussed 
here. 

Complexes with the monodentate distibine ligand (1:1 complexes) represent Type 
B of Sb-Sb bonded species (cf. Fig. 2) with a ~3 )a Sb combined with a ~4, )5 Sb. 
The 16 electron ML, fragments are isolobal with chalcogen atoms. 

r (co), 
RzSb--SbR 2 R2Sb--SbR 2 

R = Me, Et, Ph; M = Cr, W [19] R = Et, tBu; M = Fe [20] 

The corresponding distibine oxides or sulfides of the type R2Sb-Sb(E)R 2 (E=  
O, S), are however unknown. Addition of chalcogens to distibanes leads to the 
formation of insertion products. 

Complexes of bidentate distibine ligands (1:2 complexes) are also known. 

R2Sb--Sbg 2 

R=tBu, Ph; M=Cr, W [19] 

R=Me,  Et; M=Cr,  W [22] 

R = Me, Ph; M = Mo [23] 

f X ~  (co  i 
R2Sb--SbR 2 R2Sb SbR 2 

R = M e  [20] R=Ph; X = B r ,  I [21] 
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The synthesis of these derivatives is straightforward. Photochemically generated 
solutions of M(CO)5(THF) (M=Cr,  Mo, W) in THF react with the solutions of 
the distibines in the appropriate molar ratio to give the corresponding 1:1 or 1:2 
complexes. For the formation of the iron or nickel carbonyl complexes, Fe2(CO)9 
or Ni(CO)4 was reacted with the distibine. 

Re2Br2(CO)6(Sb2Ph4) was formed from tetraphenyldistibine and 
Re2Br2(CO)6(THF)2. The complexes (CO)5M-Ph2SbSbPh2-M(CO)s (M =Cr [24], 
W [25]) have been characterized by X-ray crystallography. In the crystal there are 
centrosymmetric g-2-distibine pentacarbonyl-metalcomplexes in the an t i  conforma- 
tion. The structural parameters of the ligand including the conformation are similar 
to the geometry of solid distibine. On the contrary in Re2Br2(CO)6(Sb2Ph4) the 
distibine ligand adopts the syn  structure as a consequence of the positions of the 
coordination sites in the bridged ((Re (CO)3Br)2 fragment. Structural data of com- 
plexes with the tetraphenyldistibine ligand are given in Table 2. 

(co)~, ~a 

,,..;Sb--Sb 
Ph /" 
Ph" M(CO)5 

M = Cr, W 

.Sb-------sSb 

The first complexes with a cyclostibine ligand have been obtained by reactions 
between (THF)W(CO)5 and (tBuSb)4. The 1:2 complex has been characterized by 
X-ray diffraction [25]. The geometry of the (tBuSb)4 ligand is essentially preserved 
on complexation. The mean Sb-Sb and Sb-W bond lengths are 283.7 and 283.5 pm 
respectively. 

Table 2 
Structural parameters of tetraphenyldistibine complexes 

Sb-Sb Sb-M C-Sb-C Sb-Sb-C Ref. 
(pm) (pm) (deg) (deg) 

PhzSbSbPh z 283.7(1) - 94.4(2) 96.5,93.8 [27] 
[SbPh2Cr(CO)5]z 286.6(1) 262.6(1) 101.0(3) 98.7(2) [24] 
[SbPh2W(CO)5]2 286.1 (1) 274.9(1) 100.8(3) 99.2(2) [25] 
[SbPhzRe (CO)3Br]2 282.6(4) 272.6(3) 102.1 (1) 104.2(7) [21] 
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R , , ~ S b  Sb R R -"~S b ~  / Sb R 

//Sb R ~ Sb g S~x 

(co)sw w(co)5 w(co)5 

R = tBu, 1:2 complex 1:1 complex 

2.5. Organometallic anions with Sb-Sb  bonds 

A remarkable salt, Li(12-crown-4)2(SbaPh4)-THF [26], containing the first tri- 
nuclear organoantimony anion, has been obtained as a side product of the reaction 
of Ph3Sb with Li powder in THF. The salt is a dark red crystalline product. The 
crystal structure contains a bent Sb3 chain with two diphenyl antimony groups 
coordinated to a central antimony atom. The Sb-Sb bond length is 276.1(1)pm. 
This distance is very short for a Sb-Sb single bond (cf. Ph2Sb-SbPh2: Sb-Sb- 
distance=283.7 pm [27]). The Sb-Sb-Sb bond angle of 88.8(1) ° is surprisingly 
small too, bringing PhzSb groups to a Sb.-.Sb contact distance of 386.4(1)pm. 
Neither the reaction path leading to the formation of the anion nor the structural 
features are well understood. Further research in this field appears to be promising. 

Ph Sb ..Ph 
P h ~ ' s b /  ~ S ( ~  Ph 

2.6. Compounds with dative Sb-Sb  bonds 

Tert.-stibines, R3Sb are donor molecules that coordinate easily to acceptors like 
transition metal carbonyls or halides. When stibines coordinate to antimony halides 
compounds with dative Sb--*Sb bonds result. The term dative bond [28] implies that 
the formation of the donor acceptor complex is reversible and species with paired 
electrons result on dissociation. In contrast, the dissociation of a "normal" Sb-Sb 
sigma bond would result in the formation of a RESb. radical. As a general trend it 
was assumed that dative bonds have often less than half of the bond strength of 
covalent bonds for the same pair of atoms. Stable adducts between Sb-donor and 
Sb-acceptor molecules have been reported by Summers and Sisler [29] in 1969. The 
reaction of MeaSb with SbI 3 gave SbI 3 • SbMea (m.p. 91-92 °C). 

Recently the structure of the related adduct, MeaSb-SbIa.THF [30] has been 
investigated by X-ray diffractommetry. The adduct forms centrosymmetric dimers. 
The acceptor antimony atoms have octahedral coordination with trimethylstibine 
and THF in trans positions and iodine atoms in cis positions. The two octahedra 
share an edge formed by two bridging iodine atoms. The length of the coordinative 
Sb-Sb bond is very close to the normal single bond distance (cf. MeESbSbMe2, 
Sb-Sb 283.8(1)pm [31]). A related adduct is MeaSb' SbMeI2 [32]. The structure 
is described as a centrosymmetric dimer of tetragonal pyramids (ql octahedra) with 
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iodine atoms in bridging positions. Again the coordinative Sb-Sb bond compares 
well with the Sb-Sb single bond length in Me2SbSbMez. The adducts are not stable 
in solution or in the gas phase [33]. 

Me3Sb THF 
I- .I.. .I 

"~ Sb .... Sb 

THF SbMe3 

Sb-Sb 284.30(10) Sb-I 279.6-355.8 Sb-O(THF) 285.0pm 

Me 

I . . . . . .  I . . . . . .  SbMe3 

" ~ ' g b ' "  . . . . . . . . . . . . . .  Sb~[" 

Me 

Sb-Sb 285.9(1) Sb-I 291-348pm 

Not only monostibines but also distibines may act as donors in reactions with 
organoantimony halide acceptors forming trinuclear adducts containing two Sb-Sb 
bonds. The ionic compound [Me2Sb-SbMe2-SbM%] [Me2SbBr2] [34] is formed 
from dimethylantimony bromide and tetramethyldistibine (Eq. (12)) as the first 
example of such a trinuclear adduct. 

MezSbSbMe2 + 2Me2SbBr ~ [ MezSb - SbMe2 - SbMez][M%SbBr2] (12) 

In the solid state the adduct is sufficiently stable for X-ray analysis. The cation is a 
bent symmetric chain of Me2Sb units with a tetrahedral coordination of the central 
antimony atom. The Sb-Sb distances are shorter than the Sb-Sb single bond lengths 
in tetramethyldistibine. The formation of [MezSb-SbMe2-SbMez][MezSbBr2] in 
solution is reversible. NMR spectra of a mixture of tetramethyldistibine and dimethy- 
lantimony bromide do not show the two singlet peaks of the components but a 
broad signal in between. This result indicates a rapid migration of the MezSb groups 
between the adduct components. 

Me M~ 
Me "Sb ,Me 

Me ~ , , S b , /  ~ S ~ ' J  Me 

Sb-Sb 282.03(4)pm Sb-Sb-Sb 116.18(2) ° 
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2. 7. Compounds with two coordinate Sb 

In recent years two types of compounds containing bonds between two coordinate 
antimony atoms have been examined, namely distibenes RSb = SbR and a distibabu- 
tadiene R 'RC = Sb-Sb = CR'R. 

Attempts to obtain distibenes RSb = SbR by dehalogenation of organoantimony 
dihalides RSbC12 with bulky substituents (R = (Me3Si)zCH, (MeaSi)aC, 
2,4,6-tBu3C6H4) have not been successful. However the related phosphastibene 
RSb = P R '  (R = (Me3Si)2CH, R' = 2,4,6-tBu3C6H4) has been obtained. It is unstable 
in solution and decomposes with formation of the corresponding diphosphene [35]. 
Complexes that may be viewed to contain distibene ligands have however been 
prepared. [Fe(rl2-R2Sb2)(CO)4] R=(MeaSi )zCH [36] is a product of  the reaction 
of  RSbC12 with Na2[Fe(CO)4 ]. 

"""Sb Sb 

R = (Me3SihCH 

Sb-Sb 277.4(1)pm Fe-Sb-C(R) 107.5(1) ° Sb-Sb-C(g) 101.9 ° 

Another structurally characterized distibene complex is [W(rl2-R2Sb2)(CO)5] 
[W(CO)512 [37], a red crystalline air stable product (m.p. 110 °C dec.) from the 
reaction of PhSbC12 with Na2[W2(CO)lo]. 

w(co)5 

R ........ Sb / \Sb..-W(CO), 

(co) w / 

R = C6I-I5, Sb-Sb 270.6 pm 

A remarkable development is the synthesis of the distibabutadiene R ' R C =  
S b - S b = C R ' R  (R=Me3SiO,  R'=2,4,6-tBu3C6H2) by reaction of  R'COC1 with 
Li[Sb(SiMe3)2[DME)] [38]. 

R'RC 

~x~Sb Sb 

CR'R 

R = Me3SiO, R "= 2,4,6-tBu3C6H2 

Sb-Sb 277.4(1)pm Sb=C 205.6(10) pm C-Sb-Sb 94.7(3) ° 
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The distibabutadiene is a stable red crystalline compound with little air sensitivity. 
The Sb-Sb distance is shorter than in PhzSb-SbPh 2 (283.7(1)pro). This may be a 
consequence of a delocalisation of the rc bonds leading to a partial double bond 
character of the central antimony-antimony bond and/or it may indicate that the 
radii of sp 2 antimony atoms are smaller than of sp 3 antimony atoms. 

2.8. Compounds with five coordinate Sb 

Several trinuclear organoantimony compounds of the type R2Sb-Sb(R~)-SbR2, 
R = Ph, Tol; R' =Ph, Tol, Me have been reported from reaction of R2SbLi with 
R~SbBr2 in a 2:1 molar ratio [39]. The result is surprising because the formation of 
a mixture of R3Sb and R2SbSbR 2 could have been expected. The novel tristibines 
have been characterized by molecular weight determination. Crystallographic data 
have not been reported. 

3. Compounds with bonds between Sb and Si, Ge, Sn, or Pb 

Known types of compounds with bonds between Sb and the heavier group 14 
elements are: 

(R3M)3Sb R'(R3M)2Sb R2(R3M)Sb 
(R3M)eSb-Sb(MR3)2 Li(R3M)2Sb 
M = Si, Ge, Sn, Pb 
The reactions leading to these derivatives have been covered in 1988 [40]. A 

comprehensive review dates back as far as 1969 [41]. 

3.1. Syntheses 

A method that has been used frequently in our laboratory for the synthesis of 
(Me3Si)3Sb is the reaction of Li3Sb with M%SiCI in diethylether. The yield of 76% 
as reported by Amberger and Salazar [42] has been obtained when the original 
prescription was carefully followed. The corresponding Ge, Sn or Pb compounds 
form [7] in good yield by the exchange reaction (Eq. (13). The lead compound is 
however unstable at ambient temperature. 

(Me3Si)3Sb + 3Me3MCI~(Me3M)3Sb + 3Me3SiC1 (13) 

M = Ge, Sn, Pb 

Recently (Me2PhSi)3Sb has been prepared [43] in 35% yield by the reaction of 
"Na3Sb" (generated in situ) and chlorodimethylphenylsilane in tetrahydrofuran at 
reflux temperature. Compounds of the type RSb(SiMe3)2 ( R = P h  [44], o-, m-, p- 
Tol [13]) are formed in 65% yield in the reaction of RSbBr2 with Mg and 
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Me3SiC1 in THF. 

RSbBr2 + Mg + 2Me3SiC1 ~RSb(SiMe3)2 + 2MgBrC1 (14) 

R=Ph ,  0-, m-, p-Tol 

Exchange reactions of p-TolSb(SiMe3)2 with Me3MC1 ( M = G e ,  Sn) give the 
corresponding Ge or Sn derivatives [45]. 

R(MeaSi)2Sb + 2Me3MCI~R(MeaM)2Sb + 2MeaSiC1 (15) 

M = Ge, Sn; R = p - T o l  
Derivatives of the type R2SbMMe3 (M=Si ,  Ge, Sn) [46] have been prepared 20 

years ago by reaction of a solution of Ph2SbLi in THF with MeaMC1. 

Ph2SbLi + Me3MCI--}Ph2SbMMe3 + LiC1 (16) 

M = Si, Ge, Sn 

3.2. Reactions of tert.- organometalstibines 

All the tert.-organometalstibines are air sensitive compounds. (Me3Si)aSb 
is self-igniting when exposed to the atmosphere on paper. Air oxidation in solu- 
tion gives (MeaSiO)3Sb [44]. The formation of distibines of the type 
(Me3M)2Sb-Sb(MMe3)2 is achieved when excess tert.-organometalstibines react 
with air in absence of solvent. 

2(Me3M)3Sb + 1/202 -*(Me3M)2Sb- Sb(MMe3)2 + (MeaM)20 (17) 

M = S i  [471, Ge [47], Sn [481. 
The reaction of (Me3Si)3Sb with MeLi in 1,2-dimethoxyethane gives 

(MeaSi)2SbLi' DME and Me4Si [49]. (Me3Si)/SbSb(SiMe3)2 is obtained in excellent 
yield by reaction of (Me3Si)/SbLi' 2THF and BrCHzCH2Br [50]. The coordination 
chemistry of (Me3M)3Sb has been studied in the seventies and complexes of the 
type (MeaM)3SbM'(CO), (M=Si ,  Ge, Sn, M'=Cr ,  Mo, W, n=5  [51], [52]; M =  
Si, Ge, M' = Fe, n = 4 [ 53 ]; M = Si, Ge, Sn, M' = Ni, n = 3 [ 54]) have been synthesized. 
The silylstibine complexes (Me3Si)3SbM(CO)5 initiate the polymerization of tetra- 
hydrofuran [52] and cannot be prepared by the usual exchange reaction between 
(THF)M(CO)5 and the silylstibine ligand in THF. Photolyses of M(CO)6 in petro- 
leum ether in the presence of (Me3Si)3Sb gave however the expected 1:1 complexes. 
An unusual result had the reaction of (Me3Sn)3Sb with Fe2(CO)9 giving 
(MeaSn)zFe(CO)4 and Sb instead of the expected stannylstibine complex [53]. 

Reactions of RSb(MMe3)2 (R=Ph ,  Tol; M=Si ,  Ge, Sn) with air give 
(Me3M)20 and organoantimony rings (RSb),. However, the analogous reaction of 
tBuSb(SiMe3)z with air fails to give the known (tBuSb), ring. Instead tBuOOtBu 
and (Me3Si)2SbSb(SiM%)2 are formed [17]. 
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3.3. S tructures  

Little is known about the structures of organometalstibine derivatives. Although 
the vibrational data of  (H3Si)3Sb had initially been assigned to a planar arrangement 
[55] it was demonstrated that these data are also in accordance with a pyramidal 
SbSi3 framework [56]. The structure of (H3Si)3Sb has not yet been proven unambigu- 
ously from the gas phase parameters determined by electron diffraction [43]. 
However the vibrational data for (Me3M)3Sb (M = Si [56 ], Ge, Sn [51 ]) have been 
interpreted in favor of a pyramidal structure. 

There are very few single crystal X-ray diffraction data available for organometals- 
tibines. The structure of  the first t er t . -organometa ls t ib ine  (Me2PhSi)3Sb [43] has 
been reported very recently, and Si3Sb skeleton is pyramidal. The crystalline organo- 
metaldistibines [(Me3M)/Sb]2 ( M = S i ,  Ge, Sn) adopt the anti  conformation 
with a pyramidal environment at the antimony atom. The structure of 
(Me3Si)2SbLi. DME contains (SbLi)x chains with the antimony atoms in the center 
of  a distorted tedrahedron formed from two Si and two lithium atoms. Structural 
parameters of organometal stibines are listed in Table 3. 

Sb 

lvle2rhSi 
S~Cle2Ph 

e3 MMe 3 

M ~  S'b" Sb 

MMe~ ]VlMe~ 

M = Si~ G-e, Sn 

Me3Si..,, //"SiMe3 

\ jSb 
ti \ 

Table 3 
Distances and angles in structures of organometalstibine derivatives 

Compound M Sb-M M-Sb-M Ref. 
(pm) (deg) 

( Me2 PhM )3 Sb Si 255.43 ( 8 )-256.19 ( 8 ) 99.81 ( 3 )- 100.76 ( 3 ) [43 ] 
(Me3M)2SbLi - DME Si 253.2( 1 ) 94.2( 1 ) [49] 
( Me3M )4Sb2 Ge 259.4 94.46 ( 3 ) [ 50 ] 
(Me3M)4Sb 2 Ge 262.4(1)-263.6(1) 93.23(4) [47] 
(Me3M)4Sb2 Sn 278.9 ( 1 ) 280.5 ( 1 ) 91.9 ( 1 ) [74, 75 ] 
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4. Organometallic compounds with bonds between Sb and O, S, Se, Te 

The following types of compounds are discussed here: 
(RSbE),, (RzSbhE, [(R2Sb):E3]2 
Sb(ER)3, R2SbER, RSb(ER)2 
E = Chalcogen 
Some of these derivatives are cyclic, and have recently been reviewed [11 ]. Since 

then progress has been achieved in the field of (RSbE), derivatives. The hydrolysis 
of RSbC12 [R=(Me3Si)2CH ] with aqueous KOH gave [(R)SbO], . In the crystal, 
this oxide adopts a tetrameric structure (n=4) containing a boat shaped eight 
membered Sb40 4 ring. The tetrameric unit is not preserved in benzene solution. 
The 1H-NMR data support a trimeric structure with a Sb303 ring and the substitu- 
ents in cis-trans positions [57]. The analogous (RSbE), (E = S, Se, Te) compounds 
have been synthesized by the reaction of the corresponding sodium chalcogenides 
with RSbCI2 [R = (Me3Si)2CH]. However, the crystal structures of these derivatives 
are not known. The aH-NMR data suggest the presence of dimers and trimers in 
solution [58]. 

R j ~ . ~ S b  

R/Sb 0 

Compounds of the type R2Sb-E-SbRz are formed by oxidation of distibines 
(Eq. (18)), 

R2SbSbR2 + E~R2SbESbR 2 (18) 

E =  1/202, 1/8S8, 1/xSex, 1/xTex 

or by hydrolysis of R2SbX compounds. Some of these compounds show thermochro- 
mic behavior. For a recent review see Ref. [59]. 

The electroreduction of (Ph2Sb)20 gives Ph2Sb-. However, the other product of 
reduction, namely PhzSbO-, was not detected by voltammetry [60]. 

Ph2SbOSbPh 2 + 2e- --~Ph2Sb- + Ph2SbO- (19) 

A recent result features the reactivity of Me2SbOSbMe2. This monoxide reacts with 
Me2SbBr with formation of colorless crystals of [(MeaSb)30]Br [61]. The 
crystal structure contains an oxonium salt with trigonal planar geometry around 
oxygen. 
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Me 

/ J  .Me 
SbS ~.Sb 

Me-- !b 

Sb-O 211.6(1) Sb-O-Sb 119.9(1) ° 

Derivatives of the type [(R/Sb)2E3] 2 (R = Ph, o,p-Tol) have been obtained by air 
oxidation of distibines or by a rearrangement process during the oxidation of 
RSb(SiMe3)2 [62]. The crystal structure consists of polynuclear molecules: The 
analogous phenyl compound has been obtained before by the reaction of Ph3Sb 
with H20 2 [63]. 

R2 

R2Sb--O O~SbR2 

R2 

A compound of the type Sb(ER)3 has been prepared by reaction of elemental 
antimony with dimethyldiselenide. In the crystals of Sb(SeMe) 3 [64] the molecules 
have a trigonal pyramidal skeleton formed by the heavy atoms. They are associated 
through short intermolecular Sb-..Se contacts with distances of 355-366 pm. 

H 3 C , .  j S b  ,CH3 / ....... . /  
"se(3) 

Se(2) 

\ c H 3  

Sb-Se 256.8(1) - 258.8(1) pm Se-Sb-Se 82.5(IF 102.1(1) ° 

Compounds of the type Me2SbEMe (E=S,  Se, Te) are formed by exchange 
reaction of MeEEMe with Me2SbSbMe/. The molecular structure of two of these 
derivatives (E=S,  Se) has been determined by gas phase electron diffraction [65]. 
The data show that the predominant conformer is one where the dihedral angle ~b 
defined by the E-C bond, the Sb-E bond and the presumed direction of the lone 
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pair at the Sb atom falls in the range -45  to +45 ° (syn-conformer: ~b=0°). The 
presence of the anti conformer (4) = 180 °) has been excluded. The Sb-S and Sb-Se 
bond distances are 241.4(8) and 255.5(3)pm, respectively. The reaction of 
Me2SbSbMe2 with RSSR (R=P(S)Me2) gives Me2SbSP(S)Me2 [66]. The crystal 
structure contains molecules with an arrangement of the MezSb-S-P unit that 
is also close to syn conformation (~b=34.3(4)°). The molecules build polymeric 
chains through intermolecular Sb...S contacts. The related compound 
p-Tol2Sb-SP(S)Et2 was obtained from p-Tol2SbCl and NaSP(S)Et2 [67]. The crys- 
tals contain molecules in the syn conformation that are associated to dimers trough 
Sb...S contacts. The phenyl derivative Ph/SbSP(S)Ph z [68] possesses a related 
structure with association of the molecules to dimers. The dihedral angles q~ of some 
derivatives R2Sb-E-R' are given in Table 4. Despite the differences in structures 
and phases that lead to different intra or intermolecular interactions, it appears that 
with one exception the molecules or molecular fragments adopt conformations 
close to a syn arrangement. However, the available data are too limited to establish 
a general trend and more analytical and theoretical work seems to be necessary in 
this field. 

c .  

/Sb E 
CH 3 NCH3 CH 3 

sya anti 
tO = 0 ° q~ = 180 ° 

//S~p(CH3h 
¢/ 

..... 7 s \  s 

c~3 cH3 

Sb-S 255.5(2) Sb--.S 382.2(2) Sb-.-S' 315.8(2)pm 

p-T,ol /~Tol 
\ /  
/ S b  ..... 

S ""S% 

/ ,PEt2 
/ 

S .... / S  )sb 
p-Tol ~To l  

Sb-S 248.5(3), 250.9(3) Sb...S 331.8(3), 355.6(3)pm 
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Table 4 
Conformations of derivatives R2Sb--E-R' 

51 

R E R' 4" (deg) Phase Ref. 

Ph O SbPh 2 43.3,6.8 Crystal [ 76 ] 
Me S Me 17(10) b Gas [65] 
Me Se Me 21 (9)~ Gas [65] 
MeSe Se Me 31.5(1), 73.2(1), 169.6(1) Crystal [64] 
p-Tol S P(S)Et 2 13.5(4), 21.0(4) Crystal [67] 
Me S P(S)Me 2 34.3(4) Crystal [66] 

a For a definition of q~ see text. 
b Syn conformer, mole fraction 79( 11 )%. 
° Syn conformer, mole fraction 97(6)%. 

Compounds of the type RSb (ER)2 have been obtained by rearrangement processes 
of R2SbER type compounds at elevated temperature [69]. 

2RESbER ~R3Sb + RSb(ER)2 (20) 

R = Me, Et; E = S,  Se, Te 
Another way is the reaction of a cyclostibine, (RSb), with a dichalcogenide. 

(RSb)n + R'EER'~RSb(ER~2 (21) 

R=Et ,  R '=Me,  Ph, p-Tol, E=Se,  Te [70]; R=MeaSiCH 2, R'=p-Tol, E=Te  [13] 
Attempts to determine the solid state structure of these derivatives have not been 

successful. 
On the contrary the structures of compounds of the type R3Sb(ER')2 E = O  [71 ], 

S [72]; R = C H 3 ,  R'=P(S)Ph2 have been determined by X-ray diffractommetry. The 
coordination at antimony is trigonal bipyramidal in the case of the oxo derivative 
with the methyl carbon atoms in equatorial and the oxygen atoms in apical positions. 
The sulfur compound displays a different coordination mode. When the weak 
intramolecular Sb...S interactions are considered, the coordination number at the 
antimony atom increases from five to seven. [ 19, 20, 22, 23] 

s T 
O 

.,,..,,CH 3 

H3C Sb 
. .~CH 3 

O 

"~pph 2 

Sb-O 211.4(5), 210.7(5) 
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/~ ph2 

~ S  
S ....... ] ...... CH 3 

H3C ---~,'~Sb..~CH3 

PPh 2 

Sb-S 261.1(5) Sb...S 374.4(8), 383.9(8)pm 

References 

[1] L. Lamand+ K. Dillon, R. Wolf, Phosphorus, Sulfur, and Silicon, 103 (1995) 1; short version: Main 
Group Chemistry News 3 (1995) 18. 

[2] A.J. Ashe III, Adv. Organomet. Chem. 30 (1990) 77. 
[3] H.J. Breunig, The Chemistry of Organic Arsenic, Antimony, and Bismuth Compounds, S. Patai 

(Ed.), J. Wiley, Chichester, 1994, pp. 441-456. 
[4] B. Sztfiray, A. Nagy, L. Szepes, H.J. Breunig, J. Organometal. Chem. 515 (1996) 249. 
[5] R.E.v.H. Spence, D.P. Hsu, W.M. Davis, S.L. Buchwald, Organometallics 11 (1992) 3492. 
[6] H.J. Breunig, R. Kaller, A. Silvestru, Phosphorus, Sulfur, and Silicon 91 (1994) 165. 
[7] M. Ares, H.J. Breunig, M. Denker, Phosphorus, Sulfur, and Silicon 102 (1995) 287. 
[8] M. Ates, H.J. Breunig, K. Ebert, S. Gtilec, R. Kaller, M. Dr/iger, Organometallics 11 (1992) 145. 
[9] H.J. Breunig, M. Denker, K.H. Ebert, J. Organometal. Chem. 470 (1994) 87. 

[10] H.J. Breunig, The Chemistry of Organic Arsenic, Antimony, and Bismuth Compounds, S. Patai 
(Ed.), J. Wiley, Chichester, 1994, pp. 563-577. 

[11] H.J. Breunig, Main Group Metal Chemistry 16 (1993) 143. 
[12] J. Ellermann, E. K6ck, H. Burzlaff, Acta Cryst. C 41 (1985) 1437. 
[13] H.J. Breunig, K.H. Ebert, S. Gtilec, J. Probst, Chem. Ber. 128 (1995) 599. 
[14] A. Silvestru, H.J. Breunig, K.H. Ebert, R. Kaller, J. Organometal. Chem. 501 (1995) 117. 
[15] D.G. Hendershot, A.D. Berry, J. Organometal. Chem. 449 (1993) 119. 
[16] H.J. Breunig, K.H. Ebert, J. Probst, Y. Mourad, Y. Mugnier, J. Organometal. Chem. 514 (1996) 149. 
[17] H.J. Breunig, T. Severengiz, Z. Naturforsch. 37b (1982) 395. 
[18] G. Alonzo, N. Bertazzi, H.J. Breunig, K.H. Ebert, Hyperfine Interactions 90 (1994) 505. 
[19] H.J. Breunig, W. Fichtner, Z. Anorg. Allg. Chem. 454 (1979) 167. 
[20] H.J. Breunig, W. Fichtner, T.P. Knobloch, Z. Anorg. Allg. Chem. 477 (1981) 126. 
[21] I. Bernal, J.D Korp, F. Calderazzo, R. Poli, D. Vitali, J. Chem. Soc., Dalton Trans. (1984) 1945. 
[22] H.J. Breunig, W. Fichtner, T.P. Knobloch, Z. Anorg. Allg. Chem. 445 (1978) 215. 
[23] H.J. Breunig, W. Fichtner, Z. Anorg, Allg. Chem. 477 (1981) 119. 
[24] J.v. Seyerl, G. Huttner, Cryst. Struct. Comm. 9 (1980) 1099. 
[25] H.J. Breunig, J. Pawlik, Z. Anorg. Allg. Chem. 621 (1995) 817. 
[26] R.A. Bartlett, H.V. Rasika Dias, H. Hoppe, B.D. Murray, M.M. Olmstead, P.P. Power, J. Am. 

Chem. Soc. 108 (1985) 6921. 
[27] K.v. Deuten, D. Rehder, Cryst. Struct. Comm. 9 (1980) 167. 
[28] A. Haaland, Angew. Chem. 101 (1989) 1017; Angew. Chem. Int. Ed. Engl. 28 (1989) 992. 
[29] J.C. Summers, H.H. Sisler, Inorg. Chem. 9 (1970) 862. 
[30] M. Denker, Ph.D. thesis, Bremen, 1996. 
[31] O. Mundt, H. Riffel, G. Becker, A. Simon, Z. Naturforsch. 39b (1984) 317. 
[32] H.J. Breunig, M. Denker, K.H. Ebert, J. Chem. Soc. Chem. Commun. (1994) 875. 
[33] H.J. Breunig, K.H. Ebert, S. Gt~lec, M. Dr~iger, D.B, Sowerby, M.J. Begley, U. Behrens, 

J. Organometa]. Chem. 427 (1992) 39. 



tLJ. Breunig, R. R6sler / Coordination Chemistry Reviews 163 (1997) 33 53 53 

[34] H.J. Breunig, M. Denker, E. Lork, Angew. Chem. 108 (1996) 1081; Angew. Chem. Int. Ed. Engl. 
35 (1996) 1005. 

[35] A.H. Cowley, J.G. Lasch, N.C. Norman, M. Pakulski, B.R. Whittlesey, J. Chem. Soc. Chem. 
Commun. (1983) 881. 

[36] A.H. Cowley, N.C. Norman, M. Pakulski, D.L. Bricker, D.H. Russell, J. Am. Chem. Soc. 107 
(1985) 8211. 

[37] G. Huttner, U. Weber, B. Sigwarth, O. Scheidsteger, Angew. Chem. 94 (1982) 210; Angew. Chem. 
Int. Ed. Engl. 21 (1982) 215; Angew. Chem. Suppl. (1982) 411. 

[38] P.B. Hitchcock, C. Jones, J.F. Nixon, Angew. Chem. 107 (1995) 522; Angew. Chem. Int. Ed. Engl. 
34 (1995) 492. 

[39] N.K. Jha, P. Sharma, J. Chem. Soc. Chem. Commun. (1992) 1447. 
[40] H.J. Breunig, in: J.J. Zuckerman (Ed.), Organic Reactions and Methods, Vol. 7, VCH 

Verlagsgesellschaft, Weinheim, 1988, p. 71. 
[41] H. Schumann, Angew. Chem. 87 (1969) 970; Angew. Chem. Int. Ed. Engl. 8 (1969) 937. 
[42] E. Amberger, R.W. Salazar, J. Organometal. Chem. 8 (1967) 111. 
[43] A. Sladek, H. Schmidbaur, Chem. Ber. 128 (1995) 565 and references therein. 
[44] H.J. Breunig, A. Soltani-Neshan, K. H/iberle, M. Dr/iger, Z. Naturforsch. 41b (1986) 327. 
[45] H.J. Breunig, R. Kaller, Phosphorus, Sulfur, and Silicon 88 (1994) 275. 
[46] H.J. Breunig, T.P. Knobloch, Z. Anorg. Allg. Chem. 446 (1978) 119. 
[47] S. Roller, M. Dr~tger, H.J. Breunig, M. Ates, S. Gt~lec, J. Organometal. Chem. 378 (1989) 327. 
[48] H.J. Breunig, Z. Naturforsch. 39b (1984) 111. 
[49] G. Becket, A. Miinch, C. Witthauer, Z. Anorg. Allg. Chem. 492 (1982) 15. 
[50] G. Becker, H. Freudenblum, C. Witthauer, Z. Anorg. Allg. Chem. 492 (1982) 37. 
[51] H. Schumann, H.J. Breunig, U. Frank, J. Organometal. Chem. 60 (1973) 279. 
[52] H.J. Breunig, W. Fichtner, J. Organometal. Chem. 222 (1981) 97. 
[53] H.J. Breunig, Polyhedron 3 (1984) 757. 
[54] H. Schumann, H.J. Breunig, J. Organometal. Chem. 76 (1974) 225. 
[55] G. Davidson, L.A. Woodward, E.A.V. Ebsworth, G.M. Sheldrick, Spectrochim. Acta, Part A 23 

(1967) 2609. 
[56] H. Btirger, U. Goetze, W. Sawodny, Spectrochim. Acta, Part A. 26 (1970) 671. 
[57] H.J. Breunig, M.A. Mohammed, K.H. Ebert, Z. Naturforsch. 49b (1994) 877. 
[58] M.A. Mohammed, K.H. Ebert, H.J, Breunig, Z. Naturforsch. 51b (1996) 149. 
[59] H.J. Breunig, S. Gtilec, in: B. Krebs (Ed.),Unkonventionelle Wechselwirkungen in der Chemic 

Metallischer Elemente, VCH, Weinheim, 1992, pp. 218 230. 
[60] Y. Mourad, Y. Mugnier, H.J. Breunig, M. Ates, J. Organometal. Chem. 398 (1990) 85. 
[61] H.J. Breunig, M.A. Mohammed, K.H. Ebert, Polyhedron 13 (1994) 2471. 
[62] H.J. Breunig, T. Krtiger, J. Probst, unpublished results. 
[63] J. Bordner, G.O. Doak, T.S. Everett, J. Am. Chem. Soc. 108 (1986) 4206. 
[64] H.J. Breunig, S. Gtilec, B. Krebs, M. Dartmann, Z. Naturforsch. 44b (1989) 1351. 
[65] A. Haaland, H.P. Verne, H.V. Volden, H.J. Breunig, S. Giilec, Z. Naturforsch. 48b (1993) 1065. 
[66] K.H. Ebert, H.J. Breunig, C. Silvestru, I. Haiduc, Polyhedron 13 (1994) 2531. 
[67] C. Silvestru, I. Haiduc, R. Kaller, K.H. Ebert, H.J. Breunig, Polyhedron 12 (1993) 2611. 
[68] C. Silvestru, L. Silaghi-Dumitrescu, I. Haiduc, M.J. Begley, M. Nunn, D.B. Sowerby, J. Chem. Soc., 

Dalton Trans. (1986) 1031. 
[69] H.J. Breunig, S. Gi~lec, Z.Naturforsch. 43b (1988) 998. 
[70] H.J. Breunig, S. Gtllec, R. Kaller, Phosphorus, Sulfur, and Silicon 67 (1992) 33. 
[71] C. Silvestru, I. Haiduc, K.H. Ebert, H.J. Breunig, D.B. Sowerby, L Organometal. Chem. 468 

(1994) 113. 
[72] C. Silvestru, D.B. Sowerby, I. Haiduc, K.H. Ebert, H.J. Breunig, Main Group Metal. Chem. 17 

(1994) 505. 
[73] A.F. Wells, Structural Inorganic Chemistry, 5th ed., Clarendon Press, Oxford, 1984. 
[74] S. Roller, M. Drager, H.J. Breunig, M. Ates, S. Gialec, J. Organometal. Chem. 329 (1987) 319. 
[75] G. Becker, M. Meiser, O. Mindt, J. Weidlein, Z. Anorg. Allg. Chem. 569 (1989) 62. 
[76] J. Bordner, B.C. Andrews, G.G. Long, Cryst. Struct. Comm. 3 (1974) 53. 


