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A. INTRODUCTION 

Germanium, tin and lead possess a valence shell electronic configuration of 
ns2 np, npy , only Qvo electrons of which are used in bond formation in the 
+2 oxidation state. However, examples of derivatives with a coordination 
number of two are quite rare *, and almost unknown in the solid phase **, 
since the availability of energetically-accessible vacant np, and nd orbitais 
shows coordination numbers of up to twelve to be achieved. A second major 
factor which may be expected to influence the stereochemistries adopted by 
bivalent derivatives is the remaining lone pair of electrons. A priori, this may 
reside in the spherically-symmetric ns orbital or may exhibit stereochemical 
activity in a hybrid sp, or sp, d, orbital. Both types of behaviour are quite 
&early apparent from the availabIe structural data, which is collected together 
in this article. AIthough transition mete+MX, (M = Ge, Sn, Pb; X = halogen) 
derivatives have been excluded because of the controversy surrounding the 

* The metal(U) dihalides and dicylopentadienyls possess monomeric airgular structures in 
the vapour. 

** 5q-C~H#nC1 appears to be the oniy characterised example of twa-coordination in the 
solid if the 57pC?,H~ group is considered to occupy one coordination site. t 



nature of the Group IV metal in such compounds, an attempt has been made 
to keep the content otherwise comprehensive. 

B. HALIDES, HALIDE COMPLEXES AND COMPLEX IONS 

Qualitative information regarding the geometry of isolated MXa (M = Ge, 
Sn, Pb; X = Cl, Br) moIecuIes has been obtained from Raman studies of the 
matrix-isolated species in solid argon or nitrogen [ 11. The spectra obtained 
are fully consistent with the ‘bent’ structure deduced by Lister and Sutton 
[2] for the tii and lead dihahdes in the vapour phase using electron diffrac- 
tion techniques. A value of 95” for the vaience angle was found to satisfactori- 
ly rationatise the data in all cases. 

In the condensed phase, the structures of the dihalides and their hydrates 
are generally very complex. Germanium(I1) fluoride is a strongly fluorine- 
bridged poiymer (Fig. I), in which the structural unit is a trigonal pyramid 
consisting of three fluorine atoms at distances of l-79,1.91 and 2.09 fl from 
an apical germanium atom. The F-&e-F bond angles fah between 85.0 and 
91.6”. The further fluorine atom bridges adjacent germanium atoms to form 
infinite -F-Cc-F-Ce- chains. Neighbouring chains are themselves linked 
by the interaction of the fluorine atom at 1.79 a with the nearest germanium 
atom of an adjacent chain 2.57 a distant. Each metal atom has therefore 
four fluorine atoms in its coordination sphere [3]. Tin(D) fluoride crystahises 

Fig. 1. Projection of the structure of GeF2 along the b axis. (Reproduced by permission of 
the Chem. Sot.) 

Fig. 2. The environment of the tin atoms in orthorhombic SnF2. (Reproduced by permis- 
sion of Pergamon Press.) 
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in both monociinic and orthorhombic modifications [4]. The lattice of the 
former modification has been partly elucidated by Bergerhoff [ 5]_ The unit 
cell contains sixteen formula units of SnF, and the tin atoms occupy three 
crystallographically different sites. The structure of the ortborhombic modifi- 
cation is simpler. The tin atoms have a trigonal pyramidal coordination with 
two short (2.15 181) and one longer (2.45 A) Sn-F bond distances and bond 
angles in the range 83.3-93.3”) similar to that in germanium(I1) fluoride. How- 
ever, in tin(B) fluoride, three longer (>2.80 A) tin-fluorine interactions 
complete a distorted octahedral arrangement of fluorine atoms around the 
tin (Fig. 2) 161. At normal temperatures lead(B) fluoride crystal&es tith the 
cubic fiuorite lattice [ 71, but also forms a higher temperature orthorhombic 
modification with the PbClz lattice, as do SnC&, SnBrz and PbBr2 f8]. 
In this lattice, the metal atom is surrounded by nine halogen atoms for three 
different layers (Fig. 3). Six of the halogen atoms occupy apical positions of 
a trigonal prism about the metal, whilst a further three are disposed beyond 
the centres of the three prism faces. Examination of the available bond param- 
eter data for SnCIe [9] and PbCls [S] reveals that again the principal unit 
in the structure is the MX3 trigonal pyramid. Figure 4 shows a projection of 
the structure of SnCls along [OOl]. The tin atom at z = l/4 has three chlorine 
neighbours in the same plane at distances of 3.22, 2.66 and 3.30 A. The 
ch!orine atoms at the apices of the trigonal prism are located in the planes 
z = 3/4 (shaded atoms) and z = -l/4 at distances of 2.78,3.06 and 3.86 El. 
The metal therefore forms three fairly strong, four medium, and two weak 
interactions 191. The mixed halides SnICi, SnBrCl [lo], PbCiBr, PbClf and 

a 

t 

Fig. 3. Coordination of the metal in the PbClz-type lattice. 

Fig. 4. Projection of the structure of SnC12 along [OOl}. (Reproduced by permission from 
ref. 9). 
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PbI3rI i[ll] are ~orno~hous with SnCla and PbCla, but no information is 
available concerning the distribution of the halogen atoms in the lattice. 
PbFCl, in contrast, forms a tetragonal layer lattice in which lead atoms are 
located between the layers of the two halogen atoms of different size in the 
sequence --Cl-Pb-F-P-1, Again the lead atoms form contacts with nine 
halogen atoms IS]. In the mixed tinflf) chioride fluoride, SnaF&l, 
pyramidal [SnFa] groups are finked through common fluorine atoms, with 
chlorine atoms occupying large holes to form a three-dimensional network 
WI- 

The structures of the tin and lead dibromide hydrates, 2 SnBr2 - Hz0 [13], 
3 SnBrz - I&O [14J, 6SnBrz - 5 Hz0 [15] and 3 PbBra - 2 f-I20 [IS], are also 
based on the trigonal prismatic structure. In all four hydrates, the metal atoms 
are surrounded by a trigonal prism of bromine atoms, with bromine atoms, 
water molecules or vacancies in the facially capping sites. Different coordina- 
tion types may occur in the crystal. Thus in 2 SnBrs - I-Is0 f 131, the tin atoms 
may experience one of three different lattice sites with coordination by eight 
bromines, seven bromines and a water molecule, or seven bromines. TinfII) 
chloride dihydrate has a markedly different structure fl.7,18]. One of the 
wakx molecules is strongly coordinated to the tin atom forming the usual 
trigonal pyramidal geometry (Fig. 5), whibt the second water molecule is 
essentiahy a molecule of crystallisation. In the crystal, [SnCIsfOHz)] units 
form double layers alternating with layers of water of erystalfisation which 
serve to.hold the layers of [SnClz(OHz)f u&s together via strong hydrogen 
bond formation (Fig. 6). Both kinds of water molecules are linked together 
by hydrogen bonds of 2.74,2.79 and 2.80 a into two-dimensions networks. 

Fig. 5. The geometry OF the trigonal pyramid, [SnCi~(~H~~~, in SnCtz - 2 H20. (Repro- 
ifuced by permission of the Chem. Sec. Jpn.) 

Fig. 6. The crystal structure of SnCI2 * 2 Hz0 viewed along f.he b axis. Broken Iines in- 
dicate hydrogen bonds. (Reproduced by permission of the Chem. Soe. Jpn.) 
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The structure of Iaurionite, the basic lead(H) chloride is known and contains 
lead atoms surrounded by five chlorine atoms at distances of 3.112-3.344 A 
and four hydroxyl groups at 2.355-2.441 A. The coordination polyhedron 
may be considered as a strongly distorted square antiprism, and is not iso- 
typic with Pb& as previously thought [19,20]. 

Germanium(H) and lead(H) iodides possess the hexagonal anti-Cd& lattice, 
in which the metal atom is surrounded octabedrally by six iodine neighbours 
[21]. However, both compounds exhibit a large number of modifications of 
this basic structure which differ in the layer sequence [ 221. Crystals of ti(I1) 
iodide are monoclinic and possess a unique layer lattice with the metal atoms 
occupying two distinct sites. ho-thirds of the tin atoms occupy sites based 
on the trigonal prismatic structure of PbCla . These tin atoms occur as sym- 
metry-related pairs (Fig. 7), each metal atom being coordinated by six iodine 
atoms at the apices of the prism, and also by a seventh from the symmetry- 
related prism in a facial position. The remaining tin atoms are in Pd&-type 
chains which interlock with the PbCIa-type part of the structure to give 
almost perfectly octahedral coordination (Fig. 8) [ 23,24]_ 

Germanium(H), tin(H) and lead(H) halides are good Lewis acids and readi- 
ly form complexes with donor molecules and accept further halide ion to 
form complex halogenometal(I1) anions. Although a large number of com- 
plexes of the type MXs + L (M = Ge, Sn; X = halogen; L = oxygen or nitrogen 
donor ligand) are known, the structure of only one, the N-methylbenzimida- 
zole complex of germanium(H) chloride has been determined. The complex 
is monomeric, and the germanium atom enjoys pyramidal coordination 
(bond angles at germanium = 91.6, 91.8 and 96.4”) forming bonds to both 
chlorine atoms (Ge-Cl = 2.258 A) and the ring nitrogen atom (Ge-N = 

2, 
Ii37 I(2’) I(,) 

P 
--a I(3) ~{~ 

I 
---0 lch. 

p4 1 
111’) 

I(2) 

(a) 

----;cC 

Fig. 7. The coordination of Sn(I1) in SnI2 (trigonal prismatic sites). (Reproduced by 
permission from ref. 24.) 

Fig. 8. Coordination of %(I) in Sr& (octahedral sites). (Reproduced by permission from 
ref. 24.) 



Fig. 9. The structure of the IV-methytbenzimidazoie complex of GeCiz 
permission from ref. 25.) 

(Reproduced by 

Fig. 10. [SnFa]: chains in KSnF3 - &HzO. (Reproduced by permission from ref. 38.) 

2.092 A) (Fig. 9) [25]. The caesium salts of the trishalogenometal(I1) anions 
exhibit interesting electrical properties, and much crystal data are available. 
All the materials so far investigated exhibit high temperature structures 
with the perovskite lattice, although low temperature phases of lower sym- 
metry have also been characterised for several materials. Both high and lovv 
temperature modifications (transition temperature = 155”) of caesium tri- 
chlorogerrnanate(II) have been subjected to a single-crystal study [26]. The 
high temperature form has ark ideal perovskite lattice with the germanium 

atom octahedrally coordinated by six chlorine atoms at a Ge-Cl distance of 
2.74 A. Below 155” the lattice becomes rhombohedral, and the germanium 
now forms three short (2.318 A) and three long (3.127 A) interactions with 
the chlorine atoms. X-ray powder data show that CsSnX3 (X = Cl, Br) 1271, 
CsPbXs (X = Cl, Pb) f28] and the mixed phases CsSnBr,Q+_, (n = 2.7,2.3, 
2.1,1.&l) 1273 also have (high temperature) cubic perovskite lattices. The 
corresponding iodides CsM13 (M = Sn, Pb) 1291 exhibit high temperature 
black farms (tetragonal for M = Pb) [30] and yellow, low temperature ortho- 
rhombic modifications with very similar unit cell dimension indicating prob- 
able isostructurallity. The complete structure of orthorhombic RbSnI, , 
which is isamorphous with the caesium salt, is known, and contains nearly 
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octahedrally coordinated lead, indicating that the lead(H) lone pair of elec- 
trons is stereochemically inactive. The [PbI,] octahedra are arranged in the 
form of double chains along the crystal c-axis, which are held together by 
rubidium atoms [31]. The mixed salts CsSnClBrI, CsSnCIIF and CsSnIBrF 
possess distorted perovskite lattices (291. Both ideal perovskite and non-cubic 
phases in which there is a random distribution of Group IV metal and halide 
ions have been obtained from the molten systems CsPbCia-CsPbBrs and 
CsPbCl,Br,__,-CsSnCl~Br s_-n [28]. Mijssbauer spectra for those phases con- 
taining tin exhibit single narrow resonanties indicating octahedral coordina- 
tion of the tin atoms in the lattice. The Group IV metal is obviously stereo- 
chemically inactive in the CsMXa phases possessing the perovskite lattice, 
and it would seem likely that these electrons populate conduction bands 
giving rise to the electrical properties and colour (sometimes intense) observed. 

The low temperature modification of CsSnCls is monoclinic and contains 
discrete pyramidal [SnCla] units packed with caesium atoms to form a layer 
structure. The material undergoes an irreversible phase transition at ea. 11’7” 
ts cubic phases [ 32]_ Isolated MX, anions have also been characterised in 
[CllH17N20$] [GeClF 1; * i&O 1331, KC1 - KSnCls * Hz0 [34], the red and 
green isomeric forms of [Co(dpe)sCl’] [SnCla ] [ 35,361, and NH4SnFs [37], 
and bonding data for these are collected in Table 1. The XMX valence bond 
angles all fall round about 90”) indicative of essentially p3 hybridisation for 
the metal, in which case the ione pair of electrons is located in the ns 
orbital. The M-Cl bond distances of the isolated [MCl,] units in [ CllH1,- 
NsO$] [GeClF] - Hz0 [33] and both forms of [Co(dpe)&l*] [SnCly] [36] 
are identical within experimental error, A similar situation also pertains for 

TABLE 1 

Bond parameters for complexes wntaining discrete MXK anions 

Compound X%X valenci angles 

(” 1 

M-X bond distances Other non-bonding 

(A) M-X interactions 

(A) 

[GeCI~]H20 
1291 

Molecule 1 
Molecule 2 
CsSnCI3 [ 28 J 
KC1 - KSnCla 

H2O 1301 

iCo(dne)&ll- 
SnCi3 132 J 

Red isomer 

95.6; 96.2; 95.0 2.268; 2.275; 2.277 
96.1; 97.0; 96.4 2.285; 2.261: 2.289 
86.9; 92.3; 90.2 2.50; 2.52; 2.55 3.21; 3.45; 3.77 

87.7; 87.7; 90.8 2.54; 2.54; 2.63 

94.8; 93.9; 94.6 2.440; 2.445: 2.447 
Green isomer 91.4; 96.2; 93.5 2.437; 2.429; 2.425 
NHaSnFa [ 33 ] 83.1; 85.3; 85.9 2.10; 2.21; 2.05 2.89; 2.71; 2.83 
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CsSn& [32], although in this case, three additional (non-bonding) Sri-Cl 
contacts are found at distances of 3.21,3.45 and 3.77 A. However, in the 
SnCl; anion in KC1 - KSnCls - Hz0 [30] (the least accurate determination, 
and no estimated standard deviations are quoted), one chlorine occurs at a 
si~i~~~tly longer distance (2.63 A) than the other two (2.54 A). The _ 
structure of NH,$nF, consists of NH: and pyrarnidd SnF, ions (Sn-F = 

2.10(14), 2.21(14) and 2.05(14) A) connected by one quadrifurcated and 
three normal hydrogen bonds to give a three-dimensional framework. As in 
CsSnCls [ 321, distorted octahedral coordination at tin is completed by three 
additional long Sn-F contacts at 2.89,2.71 and 2.83 A 1373. In the potas- 
sium salt, KSnFs * l/2 I-Is0 [ 381, the fluorine bridging is much stronger, and 
the structure consists of infinite [SnFs] Z - chains parallel to the c-axis 
(Fig. 10). Each tin atom forms two long bonds (2.27 A) to two bridging 
fluorine atoms within the -Sn-F-Sn-F- chain, and two short (2.01, 2.04 
A) to non-bridging fluorines in a distorted pseudo-trigonal pipyramidal arrange- 
ment [I?,,-Sn-F,, = 89.7”; F,,-Sn-F,, = 156” 1, the lone pair occupying 
‘the remaining equatorial site. The geometry of the homologous SnsF< com- 
plex anion is shown in Fig. 11(a), and the bonding parameters indicate that 
it is best considered as two [SnF,] units sharing one fluorine atom, although 
a fourth fluorine is found at a distance of only 2.53 A from the tin resulting 
in infinite chains of [SnsF,] z- parallel to the c-axis (Fig. 11(b)) 1391. The 
structure of the [Sn3Ff< ] anion in Na,SnsFre 1401 (Zig. 12) consists of 
three connected distorted fSuF4] tetragonal pyramids similar to those 
found in KSnFs * l/2 Ha0 1383. A rather old paper refers to X-ray diffraction 

0 Sn 

689 F 

(a) (b) 

Fig. 11. (a) The geometry of the [SnzFs] complex ion. (b) A portion of the unit cell of 
NaSnZFg as viewed along [llO]. (Reproduced by permission from ref. 39.) 
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b 
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Fig. 12. Projection of Na&n3FI~ aIong the 

dF(ll 
axis. (Reproduced by permission from ref. 

40.) 

Fig. 13. Crystal structure of GegF12 as viewed down the b axis. 
sion of the Am. Chem. Sot.) 

(Reproduced by permis- 

studies of the M’PbzBrli (Mr = NHB, Rb, K) salts 1411. Whilst the data are 
most probably unreliable, the three complexes are isomorphous, and each lead 
has two nearest neighbours at 2.89(5) A, two at 3.16(s) A and four at 3.35(5)A. 

Cationic halogenotin(II) species are much rarer. Indeed, no discrete mono- 
nuclear cations have as yet been characterised in the solid phase, although 
cations of the type SnX+ (X = F, Cl, Br) have been discerned in solution [42]. 
The mixed valence germanium(II,IV) fluoride, GeaF,, [43], contains two 
crystallographically distinct bivalent germanium atoms each having very 
similar geometry. The whole structure is built up by means of fluorine bridg- 
ing between germanium atoms in the two valence states (Fig. 13). The stereo- 
chemistry at the two bivalent germanium atoms is that of a distorted square 
pyramid, and is very similar to that in germanium(I1) fluoride itself 131, 
KSnFs - 11’2 HzO 1381, ad NGh% f36]_ Polymeric cationic ffuorotin(II) 
networks have been characterised in the mixed-valence tin fluoride, SnaFa 
[44], and t&in@) bromide pentafluoride [45], the structures of which are 
illustrated in Figs. 14 and 15, respectively. In both compounds, the tin(H) 

atoms enjoy pyramidal coordination with FSnF bond angles in the range 
74.9-88.4”. In SnaFs , all three fluorine atoms bound to bivalent tin form 



10 

0 Sn(III 

0 SnUVl 
OF 

0 Sn 

QBr 

OF 

Fig. I-4. The structure of SnaFg. (Reproduced by permission of the Chem. Soe.) 

Fig, 15. Projection of the structure of SnzBrF5 along [ lOO]. (Reproduced by permission 

of the Chem. Sot.) 

bridges to other tin atoms; two to other tin(II) atoms at SnfIIf-F bond 
distances of 2.10 and 2.17 A, and one to the tin(IV) atom at the longer 
Sn(IE)-F distance of 2.25 a. The tin(IV) atom is octahedrally coordinated 
with the Sn(IV)-F distances falling in the range 1.95-1.98 A, and the 
compound is essentially [S&F; J [Sn’“F,] [44]. The three tin(I1) atoms 
of SnsBrFs are inequivalent. Two are bonded to three bridging fluorine 
atoms at Sn(II)-F distances in the range 2.11(5)--2.2165) A, whilst the 
third is bonded to two bridging fluorine atoms at distances of 2.12(5) and 
2.15(5) A and a terminal fluorine atom at a distance of 1.99 A. All tin- 
bromine distances are considerably in excess of the sum of the ionic radii, 
and are therefore ‘isolated’ [45]. 

C. PSEUDO-HALIDE DERIVATIVES 

Remarkably little structural data are available for pseudo-halide derivatives 
of bivalent germanium, tin and lead. Unit cell data are known for tin(II) 
thiocyanate (triclinic) and KSn(S04)NCS (orthorhombic) from single crystal 
work 1461. Infrared studies indicate Sn-NCS bonding for both, although 
extensive bridging was thought to occur in SnfNCS)a analogous to that 
found in lead(I1) thiocyanate, the fulI structure of which has been de- 
termined [47,48]. Crystals of the latter consist of an inLmite array of Pb” 
and NCS ions. Both the Pb-S and Pb-N bond distances [Pb-N: 2.687(7), 
2.781(7) A; Pb-S: 2.996,3.135(Z) a] exceed the Pauling covalent radii 
(Pb-N: 2.28 A ; Pb-S: 2.62 A ), and therefore have very little covalent 
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character. The lead atom lies on a two-fold axis, and is surrounded in an 
irregular way by four nitrogen and four sulphur atoms from eight thio- 
cyanate groups. The thiocyanate groups deviate little from linearity, and 
make contact with two lead atoms at each end (Fig. 16). 

The structures of two complexes of lead(I1) thiocyanate with multidentate 
macrocyclic ligands have also been determined. Both the thiocyanate groups 
in the 1,7,10-tetraoxa-4,3-diaza-cyclooctadecane complex of iead(II) thio- 
cyanate are bonded via sulphur to lead, which lies in the plane of the four 
oxygen atoms of the ring. The interactions of the lead with the oxygen and 
nitrogen atoms are essentially electrostatic in character [Pb-N = 2.751(6) A; 
Pb-0 = 2,787(4), Z-879(5) A ] , whereas the Pb-S bonds f2.894(3) A), 
which are shorter than those in lead(H) thiocyanate itself, may be considered 
to have covalent character (Fig. 17) [491_ The structure of the lead cryptate, 
(ClsH3sN206)Pb(SCN)2, also consists of discrete molecules (Fig. 18), in 
which the lead atom occupies a central position in the cavity of the macro- 
cyclic ligand. One SCN group is attached via the sulphur at a distance of 
3.121(3) A, whilst the other is bonded via the nitrogen atom (2.642(10) A). 
Ten-coordination at each lead atom is completed by additional interactions 
with the six oxygen and two nitrogen atoms of the cryptate [Pb-N 2.858(9), 
2.909(g); Pb-0 2.729(7)-2.980(8) A ] [ 501. 

Fig. 16. Tbe main features of the structure of Pb(NCS)z. (Reproduced by permission from 

ref. 48.) 

Fig. 17. The coordination of the Iead atoms in (C12H2sN204)PbfSCN)Z. (Reproduced by 
permission from ref. 49.) 
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Fig. 18. Coordination of the lead atom in (C18H3602Na)Pb(SCN)Z. (Reproduced by 
permission of the Am. Chem. Sot.) 

D. CHALCOGENIDE LATTICES 

Structural information for all the normal binary chalcogenide compounds 
of.germanium, tin and lead is available with the exceptions of germanium(I1) 
oxide and telluride. Tin(II) and lead(II) oxides both possess tetragonal 
latkkes in which the metal sits at the apex of a distor@d square pyramid of 
oxygen atoms (Sri-0 2.21(l) A; Pb-0 2.30(l) A; OMO 75(4), 113(2)“) 
[fill. A second orthorhombic phase of PbO has been characterised by neutron 
diffraction [ 52,531. Germanium(II) sulphide [ 541 and selenide [ 55,561 are 
also orthorhombic with distorted NaCl-type lattices. Ge-S bond distances 
vary from 2.47 to 3.00 W (mean 2.78 a). Tin(U) sulphide has a structure with 
par&e1 zig-zag -Sn-S-Sn-S- chains (Sn-S 2.68 A), which are connected 
by short (2.62 A) inter-chain tin-sulphur contacts. The next shortestSn-S 
interactions are at 3.27 A. The basic [SnSs] unit is pyramidal, with SSnS 
bond angles of 88(2) and 96(2)” [57 1. Tin(I1) selenide possesse2e phase 
which is isomorphous with the sulphide @n-Se 2.77,2.82 A; SeSnSe 89(2), 
96(Z)” ) f 583, and a second cubic phase with the NaCl lattice (Sn-Se 3.00 tl ) 
1591; Tin(II) telluride [59f, and lead(II) sulphide f59,60], selenide 159,611 and 
telluride 159,623 also have the NaCl structure [Sn-Te 3.14 A; Pb-S 2.962 A; 
Pb-Se 3.06 A; Pb-Te 3.22 A]. 

Although the mixed-valence oxides, SnaOs [63,64] and PbsOs [65], are 
definite compositions, their structures are unknown. However; those of the 
red mo~~cation of Pb304 1661 and of the mixed-valence tin sulphide, 
SnsSs [67], have been determined. In both materials the tetravalent metal 
atoms experience octahedral coordination forming chains of (MxVXs] 
octiedra sharing a common edge. In PbaO, [66], such chains are connected 
by bivalent lead atoms which enjoy .pyramidal coordination by three oxygen 
atoms at distances of 2.13 and 2.23 a. Similar pyramidal coordination of the 
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bivalent tin atoms also occurs in SnzSs [6’7] (Sn-e 2.644,2.741 A; S%%S 
83.5,90.2”), but in this case the inter chain S&S interactions are very weak 
(3.152, 3.652 A) (Fig. 19). 

Tin and lead form a large number of double and multiple oxides and sulph- 
ides. The ternary lead oxides, PbMO, (M = Ti, Zr, Hf) a.B have the tetragonal 
perovskitc? lattice with one formula per unit cell [68,69]. @-SnW04 is cubic 
and the tin atoms have usual pyramidal [SnO,] geometry with three short 
Sn-0 bonds (2.214(5) A) and OSnO angles of 82.4”. Distorted octahedral 
coordination at tin is completed by three additional oxygen atoms 2.810(15) 
A distant [‘?O]. PbW04 (stultzite) and PbMo04 (wulfenite) possess the scheelite 
(CaWO,) structure 1711. PbCr04 exists in monoclinic and orthorhombic 
modifications. In monoclinic PbCrOd (crocoite), lead is coordinated by ten 
oxygen atoms horn seven [Cr04] tetrahedra at distances of 2.53-3.44 A 
[ 721. Orthorhombic PbCr04 is isomorphous with PbS04, and the lead atoms 
are surrounded by twelve oxygens at 2.64-3.57 A [73]. PbSe04 is of the 
monacite {CeP04) type 1741. PbU04 is not a true uranate, but rather its 
constitution is Pb(U02)Oz and exhibits cubic and orthorhombic modifica- 
tions. In the latter, the lead atoms are held in distorted eight-coordination 
between layers of composition [(UOz)O,] %‘- 1751. SnPb204 is tetragonal 
and isomorphous with Pb,O, [76]. Orthorhombic NaaPbOa has a layer 
lattice with the sequence (NaI12Pbl,2)ONaO(NaX,zPbI,z)----(NaI,aPbl,z)- 
ONaOfNa,,,PbXtz) [ 771. The analogous silver salt, AgzPb02, is composed of 
infinite [PbOg-] _ chains linked together by silver atoms, thus forming a three- 
dimensional network 1781. PbAsz06 has a trigonal lattice based on hexagonal 

Fig. 19. The structure of SnzSa. (Reproduced by permission from ref. 67.) 

Fig. 20. Projection of PbzV207 along the b axis showing only Pb-0 bonds. (Reproduced 
by permission from ref. 84.) 
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close packing of oxygen atoms with both cations in octahedral cavities [ 79]_ 
CrpdaIs of PbV206 f80] and PbTisO, [8X] contain distorted corner and/or 
edge-sharing [MO,] (M = V, Ti) octahedra. Oxygen atoms from these groups 
coordinate lead atoms in irregular seven- and nine-fold manners, respectively, 
at Pb-0 distances’ranging from 2.36 to 3.04 A (Ti) and from 2.56 to 2.90 A 
(V). Quenselite, PbMnO,(OH), has a structure based on hexagonal close 
packed oxygen Iayers stacked normal to [OOl] , with lead ions nearly occupy- 
ing anion sites. Layers of distorted [MnO,] octahedra parallel to [OOl] sand- 
wich infinite chains of [PbO(OH)s] tetragonal pyramids (Pb-0 Z-22(2) a; 
Pb-OH 2.31(2), 2.37(2), 2.76(2) A) resembling those in orthorhombic PbO 
[82J. The structures of both natural [83] and synthetic [84] chervetite, 
PbaVsOT., have been determined. Two types of lead(I1) ion are irregularly 
coordinated by eight or nine oxygen atoms from [V,O;-] ions at distances 
of 2.40-3.20 a (Fig. 20). Dilead pentaoxochromate(VI), Pb2Cr05 is iso- 
morphous with the sulphur and selenium analogues, but the positions of 
only the lead and chromium atoms in the monoclinic lattice are known [85]. 
Natural barysilite is not Pb$izO? as first thought, but rather MnPbs(Si207)3. 
In this lattice, lead atoms are pyramidally coordinated by three oxygen atoms 
and thus connect three [SiaOr ] double tetrahedra. Other lead atoms are 
irregularly coordinated [ 861. The structure of synthetic barysilite, PbsSi& f 
is built up of isolated [Si207] double tetrahedra linked by some of the lead 
atoms which have pyramidal coordination, the remainder being located in 
channels parallel to the c axis [87] _ Potassium lead pyrosilicate, K2Pb2Siz07, 
has a similar structure, with layers of lead-bridged [SisOq-] ions connected 
by potassium ions f88]. The europium lead silicate, Er4PbSi507, contains 
both [SiaO$J and [Si,O$- 

c 
anions. Lead enjoys distorted five-fold pyra- 

midal coordination with Pb-0 bond distances in the range 2.40(4)-2.51(4) 
A [ 83]. Pbs(V04)3Cl (vanadinite) [90]. Pba(As04)sC1 (mimitesite) [go], 
and Pb,(Ge0,)(M04)2 (M = P, V) [91] all have the hexagonal apatite 
[CaS(P04),F] lattice. Pb5(As03)sCl has a similar structure consisting of 
[AsO,] pyramids packed with Pb2* and Cl- ions [92]. 

The structures of several mineral lead sulphosalts have been determined 

In these the coordination of lead by sulphur is highly variable and irregular. 
Both BaSnSa [93] and PbSnSe (teallite) [573 have distorted NaCl-type 
lattices. The tin atoms in the former compound occupy octahedral sites, 
but displaced to one of the triangular face, = of the [Ss J octahedra so forming 
three short [2.5’77(6), 2.580(6) and 2.612(6) A ] and three much longer 
[3.586-3.786 A ] contacts [93]. PbGeSa consists of [GeS*] tetrahedra finked 

to form infinite [ GeSs ] n 2n- chains. The coordination sphere of the lead 
atoms is occupied by five sulphur atoms at distances of between 2.736 and 
3.016 A in a distorted square pyramidal arrangement, with the lone pair 
occupying the sixth octahedral site [ 941. Baumhauerite, Pb5AsaS1s, has 
an extremely complex structure containing pyramidal [ASS,] units, m which 
one kind of lead is pyramidally coordinated whilst the others are located in OC- 
tahedral sites [ 951. The lead atoms in marrite, AgPbAsSs [96 1, a monoclinic 
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sister structure of galenite, Pins, freieslebenite, PbAgSb& [97], a superstruc- 
ture of the PbS-type, and diaphonite, Ag,PbzSbsSs 1981, which has a lattice 
based on cubic closest packing of sulphur atoms, are also arranged in octa- 
hedral cavities. PbCuAs& and PbCuSr& (bourbon&?) possess complicated 
rhombohedral lattices [99,100], but in aikinite, PbCuBiS, , each lead atom 
is coordina’;ed by five sulphur atoms at distances of 2.84-2.98 A, with two 
additional sulphur atoms at 3.24 S, [ 101 ‘J. The lead atoms in galenobismuthite, 
PbBi&, are surrounded by seven sulphur atoms at distances of 2.85-3.21 A, 
with one additional very long contact at 3.76 K IlOZ]. The lead atoms in 
~~enobismuthite, PbBi 2 S *, are surrounded by seven sulphur atoms at dis- 
tances of 2.85-3.21 A, with one additional very long contact at 3.76 W [102]. 
Cosalite, Pb213i2S5, has two lead atoms in the unit cell with distorted octa- 
hedral coordination and two which are eight-coordinated with sulphur atoms 
at the apices of a trigonal prism with two additional sulphur atoms located 
in facial sites.. The Pb-S distances fall in the range 2.72-3.47 A [ 1033. 
Fiilappite, Pb3Sb&15, the first member of the plagionite, Pb3+2nSbsS1st2n, 
group, corisists of two kinds of interleaving and interlocking Pb-Sb-S com- 
plex of composition [Pb2Sb4S6] and’[PbSb,S,] , both parallel to [llO]. In 
these, the lead atoms are irregularly coordinated by six and seven sulphur 
atoms at distances of 2.76-3.32 A [104]. In plagionite itself, PbsSbsSxT, two 
lead atoms have six- and seven-fold coordination, respectively, in octabedral- 
like configurations. A third lead atom is surrounded by eight sulphur atoms 
in an arrangement which may be described as either a squire antiprism or as a 
trigonal prism with neighbours along two face normals [ 1051. The first four 
members of the plagionite group [n = 1, plagionite, PbsSb&,[lOG]; n = 2, 
Pb7SbsS2s, heteromorphite [107]; n = 3, Pb,SbsSzr, serseyite [108] ] are all 
monoclinic, with a and b remaining constant, but e increases with n and fl 
alternates between values of ca. 94” and 107” in successive members. These 
observations have enabled Kohatsu and Wuensch [109] to predict as yet un- 
determined structures for other known phases and higher hypothetical mem- 
bers of the series. In zickenite, Pb6SbX4SZI, there are three pure [Pb] and 
one mixed [Sb,Pb] positions. One of the lead sites and the mixed [Sb,Pb] 
site are eight-coodinated (mean Pb-S 3.14 A), whilst the other two have 
nine nearest sulphur neighbours (mean Pb-S 3.23 a) but are only 20% oc- 
cupied [llO]. R&hit-e, (Pb,T1)&ss(As,Ag)S,O, has a layer lattice in which one 
[Pb,Tl] atom is surrounded by seven sulphur atoms 1111 . The structure of 
jordanite is a deformed PbS-type lattice, and is made up of alternate layers 
of metal sites [Pb+As] and sulphur atoms. Some metal layers have statistical 
occupation (i.e. 0.5 Pb + 0.5 As), whilst others are occupied by 0.88 Pb, 
giving a unit cell content of Pb27.8As1,3.&45.s [ 1121. 

E. OXYACID DERIVATIVES 

The structure of tin(H) sulphate consists of a framework of sulphati groups 
linked by 0-Sn-0 bridges. The tinfI1) atoms have typical pyramidal coordi- 
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Fig. 21. Structure of SnS04. (Reproduced by permission from ref. 113.) 

Fig. 22. Structure of SnS04 - 2 SC(NH2)2. (Reproduced by permission of the Chem. Sot.) 

nation with Sn--fJ bond distances of 2.25-2.27 A and OS? bond angles of 
77.1-79.0” (Fig. 21) [113]. In the thiourea complex, SnSO, - 2 SC(NH2)2, 
the tin atoms are in distorted pyramidal sites surrounded by two sulphate 
oxygen atoms at 2.41 and 2.24 A, and by two thiourea sulphur atoms at 2.62 
and 2.56 A. The planar, but inequivalent, thiourea groups are linked to the 
sulphate ions by hydrogen bonds (Fig. 22) [114]. The structures of two basic 
tin(I1) sulphates have been investigated. Crystals of SnaOSO, are tetragonal 
with eight formula units per unit cell. However, only positions of the tin 
atoms have been determined [115]. The structure of Sn,0(OH)eS04 is 
shown in Fig. 23. The three tin atoms form a triangle with one oxygen atom 
coordinated to all three tin atoms. The two hydroxide ions are each coordina- 
ted to two tin atoms. On the third side of the [Sns] triangle, a sulphate oxy- 
gen atom bridges two tin atoms. Thus, two of the tin atoms are three-coor- 
dinated and the third four-coordinated by oxygen atoms. The [Sns] triangles 
form a zig-zag chain running along the b axis ]116]. 

Lead(H) sulphate (anglesite) is isomorphous with orthorhombic 13aS04 
which has twelve oxygen neighbours [1X7]. The structures of the mixed lead 
sulphates, M’,Pb(S04):: (M’ = K [1X3], NHq [119] ) consist of layers of lead 
atoms separated by double layers of sulphate ions held together by MT ions. 
The lead atoms enjoy pyramidal coordination in the basic mixed sulphate, 
PbCuSOQ(OH)a fl20], whilst in lanarkite, PbO - PbSO* , the lead atom is at 
the apex of an approximate square of oxygen atoms, two of which are from 
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sulphate groups [ 1211. The two independent lead atoms in 4 PbO * PbS04 
both have distorted tetragonal oxygen coordination similar to that in PbO 
[122]. 

Tin(G) nitrate is unknown, but crystals of lead(II) nitrate are cubic with 
Pb-0 distances of 2.805 W (neutron diffraction study) 11233. The structure 
of two nitrato-tin(II) compounds have, however, been determined, PhsSnlV- 
Sn”(NOs) [ 1241 and (2ammobenzothiazolato)nitratotin(II) [ 1251. In the 
former compound, the tin(U) atom is five-coordinated in an irregular way by 
four oxygen atoms from two nitrate groups @n-O 2.38-2.84 A ) and the 
tetravalent tin atom (Fig. 24) f3.241. Coordination about the tin in (2-amino- 
benzothiazolato)nitratoti~(II~ is unusual (Fig. 25). Two nitrate groups 
chelate the tin, each forming one short (2.50, 2.69 A) and one long (2.92, 
2.82 A) Sri-0 bond. The 2-aminobenzothiazole group is attached via the ring 
nitrogen atom (Sn-N 2.23 a), but there is also a short (2.50 i%) interaction 
between the tin and the phenyl ring of an adjacent 2-aminobenzothiazole 
molecule [125]. 

SnHPO* fl26] and SnHAsO, 112’73 are isomorphous. The structure of the 
former compound contains pairs of hydrogen-bonded [HPO;-] ions, which 
lie in sheets parallel to the [loo] plane with the tin(I1) ions lying midway be- 
tween the phosphate sheets. Each tin has a total of eight oxygen neighbours, 
three at an average distances of 2.26 a, two at an average distance of 2.66 A, 
and three at an average distance of 3.27 A, from six different phosphate ions. 
The coordination of the tin is shown in Fig. 26 [ 1261. Tin(II) monofluoro- 
phosphate, SnOsPF, has a very similar structure, in which tin ions also lie 
midway between sheets of [POsF-] anions. However, tin now has six oxygen 
and two fluorine neighbours. Three of the oxygens are at short distances 

o(Poo 
Sn S 0 0’ 

Fig. 23. Structure of Sn20(0H)2SQ4. (Reproduced by permission from ref. 116.) 

Fig. 24. Structure of Ph~SnwSnnPIO~. 
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Fig. 25. Projection of the structure of (Z-aminobenzothiazolato)nitratotin(II). (Repro- 
duced by per&z&on of the Chem. Sot.) _ 

Fig. 26. The configuration of the oxygen atoms about tin in SnHP04_ (Reproduced by 
permission from ref. 126.) 

(mean 2.15 A), whilst the other three are at ar, average distance of 3.49 A. 
The two fluorine atoms are at an average distance of 3.49 w from the tin 
[128] _ Thus, in both materials tin experiences basic typical pyramidal coor- 
dination. Pbr,(PO,),Cl (pyromorphite) [90] and PbS(P04)30H [129] 
both possess the apatite structure. Pb,(PO,)a has a low-temperature mono- 
clinic (cu) Phase which transforms reversibly at 185” to a rhombohedral (p) 
phase [ 130,131]. Both modifications contain two inequivalent lead cations 
coordinated by tetrahedral [PO:-] anions. In ar-Pba(PO,)a , one of the lead 
ions lies on a two-fold axis with distorted octahedral coordination (Pb-0 
2.54, 2.59, 2.73 A). The second lead atom has irregular ten-fold coordina- 
tion with Pb-0 bond distances in the range 2.46-3.37 A. P-Pb3(PO& 
is isostructural with Ba3V20s 11321, and one lead has six oxygen neigh- 
hours et 2.62 A and six others at 3.21 A. The second lead ion has six oxy- 
gens at 2.83 A, three at 2.95 A, and one at 2.37 A. 

The structures of lead(I1) carbonate (cerussite) and basic lead(I1) car- 
bonate (hydrocerussite) have both been determined. In cerussite 11331 the 
lead atoms are in nine-fold coordination, with one oxygen at 2.62 A, and 
two each at 2.66, 2.68,2.71 and 2.77 A (Fig. 27).*Hydrocerussite [134] 
is hexagonal, and [PbOH] layers are bounded by CO;- and Pb2* ions. Crys- 
tals of IP~~(OH)~II~(CO~)(C~~~)~O - 6 Hz0 11353 and ]Pb&OH),] (C104)4 - 
2 Hz0 [136] both contain discrete [Pbd(OH)*] 4+ ions in which the lead 
atoms occupy the comers of a slightly distorted tetrahedron with the 
hydroxide groups located outside the faces of the tetrahedron. The homo- 
logous [Pb,O(OH)$+ ] cation is present in the cy- and &modifications of 
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Fig. 21. The coordination of the lead atoms in eerussite, PbCO~. (Reproduced by perrnis- 
sion from ref. 133.) 

Fig. 28. The structure of the ~~b~U~0~~~~ ] cation. {Reproduced by permission from ref. 
138,) 

@%@(O~. 04) * E&O f137,138f. The six lead atoms of this cation 
occupy the comers of three distorted tetrahedra connected by common 
faces (Fig. 28). The central tetrahedron contains an oxygen atom at its 
centre, whilst the outer tetrahedra have one hydroxide oxygen atom outside 
each of their six unshared faces. Thus tin complex oxo-cation may be eon- 
sidered as arising from two [Pb4(OW)$*] tetrahedra which share a common 
edge, and in wbieh the two adjacent hydroxyf groups have condensed 
to a central shared oxide. 

F, CARBOXYLATES AND RELATED OXYGEN DERIVATIVES 

No structural information is available for simple gwxnanium, tin or lead 
carboxylates, althaugh potassium tris(formatofstannate(I1) contains isolated 
~Sn(~~G~~~3 anions in typical pyramidal coord~ation (Sn-0 2.13~2,182 
A) j1393, The structures of three rather sophisticated tin carboxylates, in 
which the coordination number at tin is six, have been determined. In crys- 
tals oE dihydrogen ethylenedi~ine~~a-ace~to~~na~(II), the tin atom 
is centred in the recWq$uiar face of a distorted triangular prism, and is co- 
ordinated by two nitrogen atams at 2.338 and 2442 A and by four oxygen 



Fig. 29. Structure of dihydrogen ethylenediaminetetraacetatos~nnate(I~)_ (Reproduced by 
permission of the Chem. Sot.) 

03 

c2 

02’ 

C2’ 

(a) (b) 

Fig. 30. (a) and (b) Geometry about the two different tin atoms in distannous ethylene- 
diaminetetraaeetate. (Reproduced by permission of the Am. Chem. Sot.) 
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~~torns at 2.196,2.343,2.635 and 3.057 W (Fig. 29). Intermoiecularhydrogen 
banding links carboxy groups from adjacent molecules forming a one-dimen- 
sional polymer [ 140]- Distannous ethy~euedi~ine~tra-acerb dihydrate 
has a completely different structure in which the two tin atoms are located 
in different environments. One experiences pseudo-sever coordination in a 
pentagonal bipyramidal arrangement, with the tin lone pair and the two 
EDTA nitrogen atoms occupying equatorial positions. The remaining coordi- 
nation sites are taken by oxygen atoms from the chelating EDTA molecule 
(Fig. 30(a)). This type of tin is connected to four of the second type by 
carboxylate bridges. The geometry about this type of tin is irregukr and is 
i&&rated in Fig. 30(b), Oxygen atoms from one unidentate and three aniso- 
bidentate carboxylate groups are bonded to the metal, and the valence 
bond angles at tin indicate that the lone pair of electrons is again stereo- 
chemically active [ 1411. 

Crystak of [ Sn2 (O&Z * C&H* - N02-o)40 - CdHsO]2 consist of independent 
tet;ranuclear ciuster molecules containing two tetravalent and two bivalent tin 
atoms. The central feature of the macromolecule is a lozenge-shaped few- 
membered fSn~v02] ring. Octahedral coordination at each tin(W) atom is 
completed by oxygen atoms from four ortho-nitrobenzoate groups, which 

Fig. 31.. Strt~et~t~ of ~Sn2(0~C.C6H4.NO~-o)4O.C4i~O~2. (Reproduced by permission 
of the Chem.. Sac.) 
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Fig. 32. Structure of bis(l-phenylbutane-1,3-dionato)tin(II). 
of the Chem. Sot.) 

(Reproduced by permission 

form bridges between the tin atoms in each vaknce state. The geometry at 
the bivalent tin atoms is that of a distorted pentagonal pyramfd with oxygen 
atoms from four bridging carboxylate groups and the solvating THF mole- 
cule occupying equatorial positions af bond distances in the range 2.409(8)- 
2,661(S) A. The apical sit~ of the pentagona pyramid is occupied by the 
oxygen atom of *he [§@0e] ring at the extremely short tin(II)-oxygen 
distance of 2.113(7) A. The tin(II) lone pair occupies the remaining apical 
position of a pseudo-pentagonal bipyramid (Fig. 31) [142]. 

The structures of several thiourea complexes of lead(H) carboxylates and 
of L)-penicillaminatoleadfII) are discussed later (Sect. G). 

No structures of simple alkuxy derivatives have been de*r&ned. That of 
bis(l-phenylbu~e-~,3-dionato)~(II) shows %hat the compound is molecular 
in the crystal, with both Iigands chelating the tin, each spanning equatorial 
and axial sites of a distorted pseudo-trigonal bipyramid (Fig. 32) [Sn-O,, 
2.290(6) A; Sn-O,, 2.135(l) A; O,,a,, 150.4(2)“; O,,-Sn-O,, 
94.761) o 3 [143’1. 

The lead atom in lead hexa-antipyrine percblorate is surrounded by six 
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Fig. 33. Coordination af the fead cations in lead hexa-antipyrine perchlorate. (Reproduced 
by permtiion from ref. 344.) 

Fig. 34. Flavin-lead coordination and hydrogen bonding in bis( 10.methylisoalloxazi~~~ 
lead(H) perchlorate tetrahydrate. (Reproduced by permission of the Chem. Sot.) 

antipyrine oxygen atoms in a slightly distorted octahedral form with Pb-0 
distance of X446(16) A. The tetrahedral perchlorate ions do not interact with 
the lead ions, but occupy voids provided by adjacent antipyrine groups (Fig. 
33) 21443. The lead atoms in bis(lO-methylisoalIoxazine)lead perchlorate 
tetrahydrate are disordered in two sites 0.75 A above and below a plane of 
four oxygen atoms, two of which are from carbonyl groups arrd two from 
water molecules (Fig, 34) [f45]. The coordination of the lead is therefore 
similar to that of the metal in SnO and PbO. 

G. OTHER TIN- AND LEAD-SULPHUR BONDED COMPOUNDS 

The structures of several O-alkyfdithiocarbonato- @ant&Go) f146--1481 and 
NJV-dialkyldithiocarbamato- [149,150] derivatives of bivalent tin and lead 
have been determined. All contain discrete molecules in the crystal. The 
geometry at the metal is similar in every case, with both groups functioning 
as bidentate Iigands towards the metal atoms, which enjoy a distorted square 
paint conf~~~ti~~. Valence bond angles at the metal, and the molecular 
packing in the crystal, indicate that the Ione pair% of electrons exhibik sterea- 
chemical activity, thus resembling closely the structure of Sn(Q - CPh.CH= 
CO - Me)Z [143]_ Lead(H) ~e~yldit~ophospho~da~ [15X] and fead(II) 
bis(S-mercaptoquinolate) [152,X3] have very similar structures. The structure 
of Sn(S&OMe)z, a typical example, is illustrated in Fig. 35, whilst valence 
bond distance and angle data are collected in Table 2. The partial structure 
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TABLE 2 

Bond parameters for compounds with the distorted pseudo-trigonal bipyramidal geometry 

Compound 

Sn(OCPh - CH + COMe)z 
[1231 2.290 2.135 81.2 150.4 94.7 

Sn(S2COMe)2 [ 126 J 
c 
2.802 2.603 66.18 
2.813 2.644 65.56 140.81 99.28 

Sn(SZCNEt& [ 1293 
( 
2.765 2.574 67.4 
2.819 2.592 65.9 139.6 96.2 

Pb(S2 COEt), [ 127 ] 
f 2.838 2.742 
2.950 2.285 137.2 98.2 

Pb(S&OnBu)2 [ 1281 
E 

2.77 2.83 65.8 
3.03 2.76 58.6 141.2 91.7 

PbfS2CNEtz)2 f130] 
f 
2.885 2.744 64.1 
2.940 2.786 61.9 133.2 96.2 

PblS$(OEt)212 11311 

Pb(SCSH,Nj2 1133 ] 

* Pb-N. 

f 2.996 2.754 71.1 
3.022 2.790 70.6 138.2 94.1 

2.485 a 2.714 71.5 

O? 

Fig. 35. Structure of Sn(S2COMe)2. (Reproduced by permission of the Chem. Sot.) 

Fig. 36. Coordination of lead in Pb(S#OC3H7)2 * CgHgN. (Reproduced with permission 
from ref. 155.) 



25 

of Pb(SsCNEts)s determined by Zvonkova et al. [X4] by two-dimensional 
methods bears no relationship to the full structure determination [150] ,,and 
is most probably in error. In the pyridine adduct of lead(U) bis(isopropyl- 
xanthate), both xanthate residues again chelate the lead in a distorted 
square pyramidal fashion, but the proximity of the pyridine nitrogen atom 
to the lead (2.55 A ) is close enough to represent a bonding interaction (Fig. 
36) [155]. 

A five-membered Pb-S-N-N-S hetcrocyclic ring is present in the adduct 
PbN,$ - NH3 (Pb-N 2.29 k; Pb-S 2.73 A), and pyramidal coordination 
is completed by the ammonia molecule (Pb-NH, 2.24 a ; valence angles at 
lead 77.4,87-S, 94.8’ ) [ 1561. 

Tetraethylammonium tris(ethylxanthato)lead(II) f157], O,O’-diisopropyl- 
phosphorodithioatolead(I1) f158], and D-penicillaminatolead(I1) 11591 have 
structures based on pseudo-pentagonal bipyramidal geometry at lead. In 
the [Pb(S,COEt)g] anion, the three xanthatc groups chelatc the lead giving 
a distorted pentagonal pyramid (Fig. 37). The lone pair again appears to be 
stereochemically active, occupying the other apical position of a bipyramid, 
although a sulphur atom of a neighbouring anion approaches to within 3.68 A. 
Pb[S,P(O’SoC,H,)2]a f orms polymeric chains in which nearly planar [Pb(SaP),] 
units are stacked one above the other giving six-coordinated lead in an almost 
ideal pseudo-pentagonal bipyramidal arrangement with the lead lone pair oc- 
cupying an equatorial site (Fig. 38). Two of the Pb-S bonds in the equatorial 
plane are short (2.761,2.772 A), whilst the other two, and the bridge Pb-S 
distances, fall in the range 2.985-3.232 A 11581. The same geometry is 
present in D-penicillaminatolead(I1) (Fig. 39), in which the amino acid func- 
tions as a tcrdentate iigand forming three strong interactions (Pb-0 2.444 A; 
Pb-N 2.444 A; Pb-S 2.716 a). Additional weak Pb-S (3.160 and 3.480 a) 
and Pb-O (2.768 a ) interactions complete the coordination sphere [X9]. 

The structures of a number of thiourea complexes of lead salts have been 

Fig. 3’7. Coordination around the lead atom in tetraethylammonium tris(ethylxanthato)- 
lead( II). (Reproduced by permission of Pergamon Press.) 

Fig. 38. Coordination around the Iead atom in PbfS#(OCaI-&)2]2_ (Reproduced by per- 
mission of the Am. Chem. Sot.) 
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Fig. 39. Coordination of the lead atom in D-penicillaminatolead(I1). (Reproduced by per- 
mission of the Chem. Sot.) 

Fig. 40. Clinographie projection of the polymeric chain structure of dichlorobistbiourea)- 
lead(H). (Reproduced by permission from ref_ 160.) 

determined. Dichlorobis(thiourea)lead(II) has a chain structure in which the 
coordination polyhedron at lead is based on a distorted trigonaI prism with 
four sulphur and two chlorine atoms at the apices. A third chlorine is located 
near the centre of a prism face giving a coordination number of seven (Fig. 
40) [160]. The first coordination sphere of lead in Pb(02CH)2 - 2 SC(NH2)2 - 
Hz0 has three sulphur and five oxygen atoms in a distorted dodecahedral 
arrangement. Two parallel ---SW-Pb--S* chains extend along [ 0011 , with 
each pair of centrosymmetieally related lead ions bridged by two similarly 
related formate ions. The sulphur atoms of the thiourea molecules are bicoor- 
dinated, whilst each bridging formate ion has one unicoordinate and one bi- 
coordinate oxygen atom. The remaining thiourea molecule, water molecule, 
and formate ion are unicoordinatively bonded to the same lead ion (Fig. 41) 
[1&l]. Eight-coordination of lead is found in 314 Pb(O&H)2 - 4 SC(NH2)2. 
The fead is surrounded by twisted tetragonal prisms of sulphur atoms of 
thiourea molecules (Fig. 42). Every fourth lead position is vacant, the vacan- 
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Fig. 41. Structure of Pb(HCO,), - 2 SC(NH2)2.H20. (Reproduced with permission from 
ref. 161.) 

Fig. 42. Arrangement of two parallel lead-thiourea chains in 314 Pb(HC02)2- 4 SC(NH2)2. 
(Reproduced with permission from ref. 162.) 

ties being fully ordered [ 1621. The structure of Pb(@&CH,), - SC(NH2j2 
consists of chains of distorted pentagonal bipyramidal polyhedr& made up of 
three sulphur and four oxygen atoms about lead, and linked by sulphur at.oms 
(Fig. 43) [163,164]. Pb(picrate), - 4 SC(NH2)2 contains polymeric chains of 
edge-sharing distorted [Pb[SC(NH2)2]s] octahedra (Fig. 44), and stacks of 
picrate ions. Crystals are made up of interleaving parallel cationic and anionic 
sheets, with interconnecting hydrogen bonding [165]. [Pb[SC(NH,),]s] (ClO,), 
contains rather closely packed rPb~SC(NH2~2]s12~ cations and ClO, anions. 
The cation has six-fold coordination of sulphur atoms about lead in a distorted 
octahedral arrangement (Fig. 45) 11661. 

Ii. NITROGEN DERIVATIVES 

Few nitrogen derivatives of bivalent germanium, tin and lead have been syn- 
thesised [167-1691, and the structures of only PbN$& - NH3 [156] dis- 
cussed above and tin(U) phthalocyanine [ 1701 have actually been determined. 
The tin atoms in the latter compound lie 1.11 A above the plane of the four 
isoindole nitrogen atoms (mean Sn-N 2.25 a), giving a geometry at tin 
closely resembling that in tetragonal SnO. The molecular packing in the crystal 



Fig. 43. Clinographic projection of a double chain of coordination polyhedra in mono- 
thiourea-lead acetate. (Reproduced with permission from Acta Cry&.) 

suggests that the tin lone pair is stereochemically active, and is directed away 
from the organic residue along the four-fold axis of the [SnN,] core. 

I. ORGANOMETALLIC DERIVATIVES OF GERMANIUM(II), TIN(U) AND mAD(II) 

Simple o-bonded diorganogermanium(II), -tin(II), and -Iead(II) com- 
pounds are unstable with respect to the meta&metal bonded diorganometaI(IV) 
oligomers, but have been stabilised as pyridine or dimethyl sulphoxide solvated 
pentacarbonylchromium and tetracarbonyliron complexes [ 171-1741. Metal- 
(IQ-carbon o-bonds are also present in the [Me2SnC1g-] anion f175] and 
~(MesSi~~C~]~M (M = Sn, Pb) [ITS] and their complexes [176,177]. The 
structures of f(MeaSi)&H],Sn * Cr(CO)s El’773 and CsF&N - t-Bu,Sn l 
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N2 

Fig. 44. The polymeric chain of edge-sbzring octahedra in tetrakis(thiourea)lead(II) pier&e. 
(Reproduced with permission from ref. 165.) 

Fig. 45. Structure of the [Pb[SC(NH2)2]6 J2+ cation in hexakis(thiourea)lead(II) per- 
chlorate. (Reproduced with permission from ref. 166.) 

Cl3 

C63 

Fig. 46. Structure of [(Me~Si)~CH]&v--C!r(CO)~. (Reproduced by permission of the 
Chem. Sot.) 

Fig. 47. Structure of t-Bu&GGr(CO)~ - CE$&N- (Reproduced by permission of the Am. 
Chem. Sot.) 
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Cr(CO)s [174] have both been determined and are depicted in Figs. 46 and 
47, respectively. The central [CsSnCr] unit of the former complex is planar, 
whilst the presence of coordinated pyridine in the latter distorts the geometry 
ag tin towards tetrahedral, and is also the probable cause of the longer Sri--- 
and Sn-Cr bond distances [Sri--- 2.18, 2.19 A vs. 2.24, 2.25 A; Sn-Cr 2.562 
A vs. 2.653 A J. 

The dicyclopentadienyl-metal derivatives are the only organ0 derivatives 
of the metals in the +2 oxidation state which contain only carbon and hydro- 
gen in addition to the metal. The structure of (C&s)eGe is unknown, but IR 
data 11781 strongly suggest that it is isostructural with the tin and lead ana- 
logues. The structures of these derivatives in the vapour phase have been de- 
termined by electron diffraction [ 1791. Both are angular sandwich molecules, 
with the metal associated equally with all five carbon atoms in each ring (Fig. 
48). The angle subtended at the metal by the two Cs axes (Sn ca. 125”; Pb 
135 rt 15” ) suggest sp2 hybridisation, in which case the lone pair would be 
located in an sp2 hybrid orbital and hence stereochemically active. Support 
for this hypothesis arises from the facile formation of the complexes 
(CsHs)2Sn - M”‘Xs (M”‘Xa = BFs , BBrs , AK&, Ah& ) [ 180,181], 
(CsH5)2Sn - M(CO)s (M = Cr, MO, W) 11821, and (C5H5)2Pb - BFs [ 183 1. The 
stlvcture of (CsHs)2Sn in the crystal is unknown, but that of (CsHs)aPb 
[x84) consists of infinite zig-zag -(E&H5 jPb-(CsHs jPb- chains, similar 
to those present in crystals of (CbH,)In and (CsHs)Tl, with each lead atom 
carrying a second, non-bridging, cyclopentadienyl group (Fig. 49). The lead 

M = Sn,Pb 

Fig. 48. Angular sandwich structure of (CeHs)zM (M = Sn, Pb) in the vapour phase. 

Fig. 49. Perspective view of f&e chains in Pb(C$&)2. (Reproduced with permission from 
ref. 184.) 
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atoms are equidistant between the alternating cyciopentadienyl rings (mean 
Pb-C 3.06 A); the second cyclopentadienyl ring is more tightly bound to the 
lead (mean Pb-C 2.76 L%; cf. 2.778 A for (C5H5)sPb in the vapour phase) 
Essentially monomeric, angular [ (C,H5)SnCl] units are present in crystals of 
cyc~open~d~enyltin chloride [185]. Only one close chlorine atom is found 
near tin (at 2.689 a); the next two closest chlorine neighbours are located at 
3.24 and 3.26 A, which are rather long distances for bridging interactions 
originally proposed for this compound. The plane of the cyclopentadienyl 
ring is not quite perpendicular to the tin-centre-of-ring axis, and the Sri--- 
bond distances range from 2.45 to 2.74 A (cf. 2.71 A found for (C,HS)& 
in the vapour [179]). 

Several carborane derivatives of germanium, tin and lead have been syn- 
thesised and characterised spectroscopically, but no structural information 
is as yet available [ 186-1911; 

Both tin and lead form isomorphous benzene-metal complexes of composi- 
tion ffCsHs)M - (AICI,)s - (CsHs)] (M = Sn, Pb), One of the benzene mole- 
cules is weakly bound to the metal in a ~e~ff~Q~~o fashion (mean Sri--- 
3.08 A ; mean Pb-C 3.11 a). The second molectie of benzene is far removed 
from the metal, occupying a cleft position in the lattice. Metal atoms are 
linked by [AK&] tetrabedra to form infinite chains, whilst the second [Ah&] 

Fig. 50. Chain structure of (C~H~)Pb(AlCl ) 4 2 - C6H6. (Reproduced by permission of the 
Am. Chem. Sot.) 
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Fig. 51. Perspective view of the structure of [(CsH~)SnCl(A1C14) 
permission of the Am. Chem. Sot.) 

12. (Reproduced by 

soup chelates the metal via axial and equatorial positions of a distorted penta- 
gonal bipyramid. The remaining equatorial sites of the bipyramid are occupied 
by chlorine atoms from bridging [Al&] groups, and the second axial site 
by the 671-C6H6 molecule (Fig. 50) f192,193]. The related arene complexes 
EAr - SnCl(AlCl,)]2 (Ar = C6H6, para-xylene) also contain hexuhapto arene 
molecules, which occupy one site of a distorted octahedron about tin. The 
overall structures are made up of [Sn(A.U&)] chains connected by bridging 
chlorine atoms tc form [Sn2C12] rings (Pig. 51) 11941. 
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