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A. INTRODUCTION

Germanium, tin and lead possess a valence shell electronic configuration of
ns®np np, , only two 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 orbitals
allows 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
clearly apparent from the available structural data, which is collected together
in this article. Although transition metal—MX; (M = Ge, Sn, Pb; X = halogen)
derivatives have been excluded because of the controversy surrounding the

* The metal(l) dihalides and dicylopentadienyls possess monomeric angular structures m

the vapour.
** 51.C5 H55nCl appears to be the only characterised example of two-coordination in the
solid if the 31-C5Hjy group is considered to occupy one coordination site.
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nature of the Group IV metal in such compounds, an attempt has been made
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to keep the content otherwise compreherswe
B. HALIDES, HALIDE COMPLEXES AND COMPLEX IONS

Qualitative information regarding the geometry of isolated MX, (M = Ge,
Sn, Pb; X = ClI, Br) molecules has been obtained from Raman studies of the
matrix-isolated species in solid argon or nitrogen [1]. The spectra obtained
are fully consistent with the ‘bent’ structure deduced by Lister and Sutton
{2] for the tin and lead dihalides in the vapour phase using electron diffrac-
tion techniques. A value of 95° for the valence angle was found to satisfactori-

1y rationalica tha data in all ~racnc
1y TAUONAIIST WL Gawa il aidz: Cases.

In the condensed phase, the structures of the dihalides and their hydrates
are generally very complex. Germanium(1I) fluoride is a strongly fluorine-
bridged polymer (Fig. 1}, in which the structural unit is a trigonal pyramid
consisting of three fluorine atoms at distances of 1.79, 1.91 and 2.09 A from
an apical germanium atom. The F—Ge—F bond angles fall between 85.0 and
91.6°. The further fluorine atom bridges adjacent germanium atoms to form
infinite —F—Ge—F—Ge— 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(1I) fluoride crystallises

Gecﬁ/\ ‘,/K ~% ks

Fig. 1. Projection of the structure of GeF, along the b axis. (Reproduced by permission of
the Chem. Soc.)

Fig. 2. The environment of the tin atoms in orthorhombic SnF,. {(Reproduced by permis-
sion of Pergamon Press.)
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in both monoclinic and orthorhombic modifications [4]. The lattic

hoth monoclinic and orthorhomhic modification 1 of the

former modlflcatmn 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 orthorhombic modifi-
cation is simpler. The tin atoms have a trigonal pyramidal coordination with
two short (2.15 &) and one longer (2.45 &) Sn—F bond distances and bond
angles in the range 83.3—93.3°, similar to that in germanium(II) fluoride. How-
ever, in tin(1I) fluoride, three longer (>2.80 A ) tin—fluorine interactions
complete a distorted octahedral arrangement of fluorine atoms around the

tin (Fig. 2) [6]. At normal temperatures lead(Il) fluoride crystallises with the
cubic fluorite lattice [7], but also forms a higher temperature orthorhombic

modification with the Pb(l, lattice, as do SnCl,, SnBr, and PbBr, [8].

In this lattice, the metal atom is surrounded by nine halogen atcms 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 SnCl; [9] and PbCl, {8] reveals that again the principal unit

in the structure is the MX; trigonal pyramid. Figure 4 shows a projection of
the structure of SnCl, along {001]. The tin atom at z = 1/4 has three chlorine
neighbours in the same plane at distances of 3.22, 2.66 and 3.30 A. The
chlorine atoms at the apices of the trigonal prism are located in the planes

z = 3/4 (shaded atoms) and z = —1/4 at distances of 2.78, 3.06 and 3.86 A.
The metal therefore forms three fairly strong, four medium, and two weak
interactions [9]. The mixed halides SnICl, SnBrCl [16], PbCIBr, PbCl and
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Fig. 3. Coordination of the metal in the PbCla-type lattice.
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PbBrI [11] are isomorphous with SnCl, and PbCl,, 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—Pb—Cl. Again the lead atoms form contacts with nine
halogen atoms [8]. In the mixed tin(II) chloride fluoride, Sn,F;Cl,
pyramidal [SnF;] groups are linked through common fluorine atoms, with
chlorine atoms occupying large holes to form a three-dimensional network
[121.

The structures of the tin and lead dibromide hydrates, 2 SnBr, - H,O [13],
8 SnBry - HyO [14], 6 SnBr, - 5 HoO [15] and 3 PbBry - 2 HoO [16], are also
based on the trigonal prismatic structure. In all four hydrates, the metal atoms
are surrounded by a {rigonal 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 SnBr, - HoO {18], 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. Tin{II}
chloride dihydrate has a markedly different structure {17,18]. One of the
water molecules is strongly coordinated to the tin atom forming the usual
trigonal pyramidal geometry (Fig. 5), whilst the second water molecule is
essentially a molecule of crystallisation. In the crystal, [SnCl,(OH, )] units
form double layers alternating with layers of water of crystallisation which
serve fo hold the layers of [SnCl,(OHs)] units 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-dimensional networks.

Fig. 5. The geometry of the trigonal pyramid, [Sang(OHz)}, in 8nCly - 2H50. {Repro-
‘duced by permission of the Chem. Soc. dpn.)

Fig. 6. The crystal structure of SnCls - 2 HaO viewed along the b axis. Broken lines in-
dicate hydrogen bonds. {(Reproduced by permission of the Chem. Soc. dpn.)
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The structure of laurionite, the basic lead(II) 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 2.8355—2.441 A. The coordination polyhedron
may be considered as a strongly distorted square antiprism, and is not iso-
typic with PbCl, as previously thought [19,20].

Germanium(II) and lead(II) icdides possess the hexagonal anti-CdI, lattice,
in which the metal atom is surrounded octahedrally by six iodine neighbours
[21]. However, both compounds exhibit a large number of modifications of
this basic structure which differ in the layer sequence [22]. Crystals of tin(II)
iodide are monoclinic and possess a unique layer lattice with the metal atoms
occupying two distinct sites. Two-thirds of the tin atoms occupy sites based
on the trigonal prismatic structure of PbCl,. These tin atoms occur as sym-
metry-related pairs (Fig. 7), each metal atom being coozdinated 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 PdCl, -type
chains which interlock with the PbCl,-type part of the structure to give
almost perfectly octahedral coordination (Fig. 8) [23,24].

Germanium(II), tin(I1) and iead(II) halides are good Lewis acids and readi-
ly form complexes with donor molecules and accept further halide ion to
form complex halogenometal(II) anions. Although a large number of com-
plexes of the type MX, - 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(II) 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 =
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Fig. 7. The coordination of Sn(II) in Snls (trigonal prismatic sites). (Reproduced by
permission from ref. 24.)

Fig. 8. Coordination of Sn{l) in Snl, (octahedral sites). (Reproduced by permission from
ref. 24.)
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Fig. 9. The structure of the N-methylbenzimidazole complex of GeCly. (Reproduced by
permission from ref. 25.)

Fig. 10. [SnF3]le chains in KSnFj3 - éHgO. (Reproduced by permission from ref. 38.)

2.092 A) (Fig. 9) [25]. The caesium salts of the trishalogenometal(II) 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 low
temperature modifications (transition temperature = 155°) of caesium tri-
chlorogermanate(Il) have been subjected to a single-crystal study [26]. The
high temperature form has an 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 CsSnX; (X = Cl, Br) [27],
CsPbX3 (X = Cl, Pb) [28] and the mixed phases CsSnBr,Clz_., (n = 2.7, 2.3,
2.1, 1.5, 1) [27] also have (high temperature) cubic perovskite lattices. The
corresponding iodides CsMI3 (M = Sn, Pb) [29] exhibit high temperature
black forms (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 RbSnl;,

which is isomorphous with the caesium salt, is known, and contains nearly



octahedrally coordinated lead, indicating that the lead(II) lone pair of elec-
trons is stereochemically inactive. The {Pbls] octahedra are arranged in the
form of doublea chains along the crystal c-axis, which are held together by
rubidium atoms [31]. The mixed salts CsSnCIlBrl, CsSnCIIF and CsSnIBrF
possess distorted perovskite lattices [29]. 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 CsPbCl;—CsPbBr; and
CsPbCl,Br;—,,—CsSnCl,,Brz—,, [28]. MOssbauer spectra for those phases con-
taining tin exhibit single narrow resonances indicating octahedral coordina-
tion of the tin atoms in the lattice. The Group IV metal is obviously stereo-
chemically inactive in the CsMX3; phases possessing the perovskite lattice,
and it would seem likely that these electrons populate conduction bands
giving rise to the electrical properties and colour (semetimes intense) observed.
The low temperature modification of CsSnCl; is monoclinic and contains
discrete pyramidal [SnCl;] units packed with caesium atoms to form a layer
structure. The material undergoes an irreversible phase transition at ca. 117°
te cubic phases [32]. Isolated MX3 anions have also been characterised in
[C11H;7N,03]1[GeCl3 ] - HoO [33], KCI - KSnCl; - H,O [34], the red and
green isomeric forms of [Co(dpe),C1*][SnCl3 ] [35,36], and NH,SnF3 [37],
and bonding data for these are collected in Table 1. The XMX valence bond
angles all fall round about 90°, indicative of essentially p® 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 [MCl3] units in {C;,H;4-
N,03]1[GeCl3] - H,O [33] and both forms of [Co(dpe),Cl*]1[SnCl3 ] [36]
are identical within experimental error. A similar situation also pertains for

TABLE 1

Bond parameters for complexes containing discrete MX3 anions

Compound XMX valence angles M—X bond distances  Other non-bonding
) (A) M-—X interactions
A)
{C1:H;7N2031-
[{GeCl3 ]1H,0
[29]
Molecule 1 95.6;96.2;95.0 2.268; 2.275; 2.277
Molecule 2 96.1;97.0;96.4 2.285; 2.261; 2.289
CsSnClg {28} 86.9;92.3;90.2 2.50; 2.52; 2.55 3.21;3.45;3.77
KCl - KSnClj
H,0 [30] 87.7.87.7,90.8 2.54; 2.54; 2.63
{Co(dpe)pCl]-
SnCi; [32]
Red isomer 04.8;93.9;94.6 2.440; 2.445:2.447
Green isomer 91.4;96.2;93.5 2.437;,2.429;2.425

NH,4SnF3 [33] 83.1;85.3;85.9 2.10; 2.21; 2.05 2.89;2.71;2.83
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CsSnCl; [32], although in this case, three additional (non-bonding) Sn—Cl
contacts are found at distances of 3.21, 3.45 and 3.77 A. However, in the
SnCly anion in KCl1 - KSnCl; - H;O [30] (the least accurate determination,
and no estimated standard deviations are quoted), one chlorine occurs at a
significantly longer distance (2.63 A) than the other two (2.54 A). The
structure of NH,SnF; consists of NH}; and pyramidal SnF3 ions (Sn—F =
2.10(14), 2.21(14) and 2.05(14) &) connected by one quadrifurcated and
three normal hydrogen bonds to give a three-dimensional framework. As in
CsSnCl; [32], distorted octahedral coordination at tin is completed by three
additional long Sn—F contacts at 2.89, 2.71 and 2.83 A [37]. In the potas-
sium salt, KSnF3 - 1/2 H,O [38], the fluorine bridging is much stronger, and
the structure consists of infinite [SnF3]= — 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 [F.,—Sn—F., = 89.7°; F,,—Sn—F,, = 156" ], the lone pair occupying
the remaining equatorial site. The geometry of the homologous Sn,Fy com-
plex anion is shown in Fig. 11(a), and the bonding parameters indicate that
it is best considered as two [SnF3] 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 [SnyF5] =— parallel to the c-axis (Fig. 11(b)) [39]. The
structure of the [Sn3F$; ] anion in NaySnzF,o [40] (Fig. 12) consists of
three connected distorted [SnF,] tetragonal pyramids similar to those
found in KSnFj3 - 1/2 H,O [38]. A rather old paper refers to X-ray diffraction

- OSn
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Fig. 11. (a) The geometry of the [SnaFg ] complex ion. (b) A portion of the unit cell of
NaSnyFj as viewed along {110]. (Reproduced by permission from ref. 39.)
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Fig. 12. Projection of NaySngzFi9 along the ¢ axis. (Reproduced by permission from ref.
40.)

Fig. 13. Crystal structure of GegzF1 o as viewed down the b axis. {(Reproduced by permis-
sion of the Am. Chem. Soc.)

studies of the M'Pb,Br; (M! = NH,, Rb, K) salts {41]. Whilst the data are
most probably unreliable, the three complexes are isomorphous, and each lead
has two nearest neighbours at 2.89(5) &, two at 8.16(5) & 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(I1,IV) fluoride, Ge,F,» [48], 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(Il) fluoride itself {3],
KSnF; - 1/2H,0 [38], and Na Sn3F;0 [36]. Polymeric cationic fluorotin(II)
networks have been characterised in the mixed-valence tin fluoride, SnzFg
[44], and tritin(II) bromide pentafluoride [45], the structures of which are
illustrated in Figs. 14 and 15, respectively. In both compounds, the tin(IT)
atoms enjoy pyramidal coordination with FSnF bond angles in the range
74.9—88.4°. In Sn3Fg, all three fluorine atoms bound to bivalent tin form
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Fig. 14. The structure of Sn3zFg. (Reproduced by permission of the Chem. Soc.)

Fig. 15. Projection of the structure of SngBrF5 along {100]. (Reproduced by permission
of the Chem. Soc.)

bridges to other tin atoms; two to other tin(Il) atoms at Sn{I1)—F bond
distances of 2.10 and 2.17 A, and one to the tin(IV) atom at the longer
Sn(II)—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 [Sn¥F5]1[Sn'YFg] [44]. The three tin(II) atoms
of SnzBrF; are inequivalent. Two are bonded to three bridging fluorine
atoms at Sn(II)—F distances in the range 2.11(5)—2.21(58) 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(SO4)NCS (orthorhombic) from single crystal
work [46]. Infrared studies indicate Sn—NCS bonding for both, although
extensive bridging was thought to occur in Sn{NCS), analogous to that
found in lead(Il) thiccyanate, the full structure of which has been de-
termined [47,48]. Crystals of the latter consist of an infinite 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(2) 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(Il) 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 lead(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—O = 2.787(4), 2.879(5) A ], whereas the Pb—S bonds (2.894(3) 4),
which are shorter than those in lead(II) thiocyanate itself, may be considered
to have covalent character (Fig. 17) [49]. The structure of the lead cryptate,
(C18H3gN5Og)Pb(SCN),, also consists of discrete molecules (Fig. 18), in
which the lead atom occupies a cenfral 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(9); Pb—0 2.729(7)—2.980(8) A] [50].

y 4
LAY

Fig. 16. The main features of the structure of Pb(NCS)s. (Reproduced by permission from
ref, 48.)

Fig. 17. The coordination of the lead atoms in (C12HagN2O4 Pb(SCN)}5. (Reproduced by
permission from ref, 49.)
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Fig. 18. Coordination of the lead atom in (C; gHz602Ng)Pb(SCN),. (Reproduced by
permission of the Am. Chem. Soc.)

D. CHALCOGENIDE LATTICES

Structural information for all the normal binary chalcogenide compounds
of germanium, tin and lead is available with the exceptions of germanium(II)
oxide and telluride. Tin(1I) and lead(II) oxides both possess tetragonal
latiices in which the metal sits at the apex of a distorted square pyramid of
oxygen atoms (Sn—0 2.21(1) A; Pb—O 2.30(1) A; OMO 75(4), 118(2)°)
[51]. A second orthorhombic phase of PbO has been characterised by neutron
diffraction [52,53]. Germanium(II) sulphide [54] and selenide [55,56] are
also orthorhombic with distorted NaCl-type lattices. Ge—S bond distances
vary from 2.47 to 3.00 A (mean 2.78 A). Tin(II) sulphide has a structure with
parallel zig-zag —Sn—S—Sn—S— chains (Sn—S 2.68 A ), which are connected
by short (2.62 &) inter-chain tin—sulphur contacts. The next shortest Sn—S
interactions are at 3.27 A. The basic [SnS;] unit is pyramidal, with SSnS
bond angles of 88(2) and 96(2)° [57]. Tin(II) selenide possesses one phase
which is isomorphous with the sulphide (Sn—Se 2.77, 2.82 A ; SeSnSe 89(2),
96(2)°) [58], ar.d a second cubic phase with the NaCl lattice (Sn—Se 3.00 A)
[59]. Tin(II) telluride [591, and lead(II) sulphide {59,60], selenide [59,61] and
telluride [59,62] also have the NaCl structure [Sn—Te 3.14 A; Pb—S 2.962 4&;
Pb—Se 3.06 A; Pb—Te 3.22 A].

Although the mixed-valence oxides, Sn,O5 {63,64] and Pb,O3 [65], are
definite compositions, their structures are unknown. However, those of the
red modification of Pb3sO, [66] and of the mixed-valence tin sulphide,

SnyS; [67], have been determined. In both materials the tetravalent metal
atoms experience octahedral coordination forming chains of MY X¢1
octahedra sharing a common edge. In Pb;0, [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 Sn,S; [67] (Sn—S 2.644, 2.741i A; SSnS
83.5, 90.2°), but in this case the inter chain Sn—S interactions are very weak
(8.152, 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) all have the tetragonal
perovskite lattice with one formula per unit cell [68,69]. 3-SnWO, is cubic
and the tin atoms have usual pyramidal [SnO;] geometry with three short
Sn—O 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 [70]. PbWO, (stultzite) and PbMoO, (wulfenite) possess the scheelite
(CaWO,) structure [71]. PbCrO, exists in monoclinic and orthorhombic
modifications. In monoclinic PbCrO, (crocoite), lead is coordinated by ten
oxygen atoms from seven [CrO,] tetrahedra at distances of 2.53—3.44 A
[72]. Orthorhombic PbCrQ, is isomorphous with PbSQ,, and the lead atoms
are surrounded by twelve oxygens at 2.64—3.57 A [73]. PbSeOy, is of the
monacite (CePO,) type [74]. PbUO, is not a true uranate, but rather its
constitution is Pb(UQO,)0, and exhibits cubic and orthorhombic modifica-
tions. In the latter, the lead atoms are held in distorted eight-coordination
between layers of composition [(U03)0,;]% "~ [75]. SnPb,O, is tetragonal
and isomorphous with Pb304 [76]. Orthorhombic Na,PbO, has a layer
lattice with the sequence (Nallszl,z )ONaO(Nallszllz )""(Nallnguz )-
ONaO(Nay ;3 Pby;») [77]. The analogous silver salt, Ag,PbO,, is composed of
infinite [PbO2% ].. chains linked together by silver atoms, thus forming a three-
dimensional network [78]. PbAs,QOg has a trigonal lattice based on hexagonal

Fig. 19. The structure of SnyS3. (Reproduced by permission from ref. 67.)

Fig. 20. Projectior. of Pby Vo4 along the b axis showing only Pb—O bonds. {(Reproduced
by permission from ref. 84.) :
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close packing of oxygen atoms with both cations in octahedral cavities [79].
Crystals of PbV,0¢ [80] and PbTiz;O, [81] contain distorted corner and/or
edge-sharing [MOg] (M = V, Ti) octahedra. Oxygen atoms from these groups
coordinate lead atoms in irregular seven- and nine-fold manners, respectively,
at Pb—O 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 layers stacked normal to [001], with lead ions nearly occupy-
ing anion sites. Layers of distorted {MnOg] octahedra parallel to [001] sand-
wich infinite chains of [PbO(OH);] tetragonal pyramids (Pb—O 2.22(2) A;
Pb—OH 2.31(2), 2.37(2), 2.76{2) A) resembling those in orthorhombic PbO
[82]. The structures of both natural [83] and synthetic [84] chervetite,
Pb,V,0-., have been determined. Two types of lead(Il) ion are irregularly
coordinated by eight or nine oxygen atoms from [V,0%7] ions at distances
of 2.40—3.20 A (Fig. 20). Dilead pentaoxochromate(VI), PbyCrO; is is0-
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 Pb3Si, Q- as first thought, but rather MnPbg(5i207);3.
In this lattice, lead atoms are pyramidally coordinated by three oxygen atoms
and thus connect three [Siz;O+] double tetrahedra. Other lead atoms are
irregularly coordinated [86]. The structure of synthetic barysilite, Pb3SiyO7,
is built up of isolated [Si,O;] double tetrahedra linked by some of the lead
atoms which have pyramidal coordination, the remainder being located in
channels parallel to the ¢ axis [87]. Potassium lead pyrosilicate, K;Pb;Si O,
has a similar structure, with layers of lead-bridged [Si,O%™] ions connected
by potassium ions [88]. The europium lead silicate, Er,PbSis;O-, contains
both [Siz0% 1 and [Si,O§~[] anions. Lead enjoys distorted five-fold pyra-
midal coordination with Pb—O bond distances in the range 2.40(4)—2.51(4)
A [89]. Pbg(V0,4)2Cl (vanadinite) {90]. Pbs(AsO4)3Cl (mimitesite) [90],
and Pbs(Ge0,)(MO,), (M =P, V) [91] all have the hexagonal apatite
[Cas(PO4)3F] lattice. Pbs(AsO3);Cl has a similar structure consisting of
[AsO;] pyramids packed with Pb?* and CI™ 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 BaSnS, [93] and PbSnS, (teallite) [57] have distorted NaCl-type
lattices. ‘The tin atoms in the former compound occupy octahedral sites,
but displaced to one of the triangular faces of the [Sg] octahedra so forming
three short [2.577(6), 2.580(6) and 2.612(6) A ] and three much longer
[8.586—3.78€ & ] contacts [98]. PbGeS; consists of [GeS,] tetrahedra linked
to form infinite [GeS3]12" 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 [94]. Baumhauerite, Pb; AsgS,g, has
an extremely complex structure containing pyramidal [AsS;] units, in which
one kind of lead is pyramidally coordinated whilst the others are located in oc-
tahedral sites [95]. The lead atoms in marrite, AgPbAsS; [96], a monoclinic
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sister structure of galenite, PbS, freieslebenite, PbAgSbS; [97], a superstruc-
ture of the PbS-type, and diaphonite, Ag;Pb,Sb;Sg [98], which has a lattice
based on cubic closest packing of sulphur atoms, are also arranged in octa-
hedral cavities. PbCuAsS; and PbCuSnS; (bourbonite) possess complicated
rhombohedral lattices [99,100], but in aikinite, PbCuBiS;, each lead atom

is coordinated by five sulphur atoms at distances of 2.84—2.98 A, with two
additional sulphur atoms at 3.24 A [101]. The lead atoms in galenobismuthite,
PbBi,S,, are surrounded by seven sulphur atoms at distances of 2.85—3.21 A,
with one additional very long contact at 3.76 A [102}. The lead atoms in
galenobismuthite, PbBi,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 A [102].
Cosalite, Pb,Bi,S5, 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 & [103].
Fiiloppite, Pb3SbgS;5, the first member of the plagionite, Pb3.5,5bgS15.2,,
group, consists of two kinds of interleaving and interlocking Pb—Sb—S com-
plex of composition [PbySb,Sg] and [PbSbySg], both parallel to [110]. 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, PbsSbsS,, two
lead atoms have six- and seven-fold coordination, respectively, in octahedral-
like configurations. A third lead atom is surrcunded by eight sulphur atoms
in an arrangement which may be described as either a square antiprism or as a
trigonal prism with neighbours along two face normals [105]. The first four
members of the plagionite group [r = 1, plagionite, Pb;SbgS,7[106]; n = 2,
Pb,SbgS,g, heteromorphite [107]; n = 3, PbgSbgS,,, serseyite [108] ] are all
monoclinic, with @ and b remaining constant, but ¢ increases with n and
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, PbgSb;484;, 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 &), whilst the other two have

nine nearest sulphur neighbours {mean Pb—S 3.23 A) but are only 20% oc-
cupied [110]. Rathite, (Pb,T1)3As3(As,Ag)S,0, has a layer lattice in which one
[Pb,T1] atom is surrounded by seven sulphur atoms [11]. 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 lavers have statistical
occupation (i.e. 0.5 Pb + 0.5 As), whilst others are occupied by 0.88 Ph,
giving a unit cell content of Pba; gAs 208458 [112].

E. OXYACID DERIVATIVES

The structure of tin(II) sulphate consists of a framework of sulphate groups
linked by O—Sn—O bridges. The tin(II) atoms have typical pyramidal coordi-
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Fig. 21. Structure of SnSO4. (Reproduced by permission from ref. 113.)

Fig. 22. Structure of SnSO4 - 2 SC(NHa ). (Reproduced by permission of the Chem. Soc.)

nation with Sn—O bond distances of 2.25—2.27 A and OSnO bond angles of
77.1—79.0° (Fig. 21) {113]. In the thiourea complex, SnSO, - 2SC(NH,),,
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(II) sulphates have been investigated. Crystals of Sn,OSO, are tetragonal
with eight formula units per unit cell. However, only positions of the tin
atoms have been determined [115]. The structure of SnyjO(OH),SO, 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 [Snz] 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 [Snz] triangles
form a zig-zag chain running along the b axis [116].

Lead(II) sulphate (anglesite) is isomorphous with orthorhombic BaSO4
which has twelve oxygen neighbours {117]. The structures of the mixed lead
sulphates, MLPb(SO,)., (M! = K [118], NH, [119]) consist of layers of lead
atorms separated by double layers of sulphate ions held together by M' ions.
The lead atoms enjoy pyramidal coordination in the basic mixed sulphate,
PbCuSO,.(0OH), [120], 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 [121]. The two independent lead atoms in 4 PbO - PbSO,
both have distorted tetragonal oxygen coordination similar to that in PbO
[122].

Tin(II) nitrate is unknown, but crystals of lead(II) nitrate are cubic with
Pb—O distances of 2.805 A (neutron diffraction study) [123]. The structure
of two nitrato-tin(II) compounds have, however, been determined, Ph3Sn!V-
Sn''(NO;) [124] and (2-aminobenzothiazolato)nitratotin(II) [125]. In the
former compound, the tin(II) atom is five-coordinated in an irregular way by
four oxygen atoms from two nitrate groups (Sn—O 2.38—2.84 A) and the
tetravalent tin atom (Fig. 24) {124]. Coordination about the tin in (2-amino-
benzothiazolato)nitratotin(Il} 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) Sn—0O 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 A) interaction
between the tin and the phenyl ring of an adjacent 2-aminobenzothiazole
molecule [125].

SnHPO, [126] and SnHAsO, [127] are isomorphous. The structure of the
former compound contains pairs of hydrogen-bonded [HPO%™] ions, which
lie in sheets parallel to the [100] plane with the tin(II) 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 [126]. Tin(II) monofluoro-
phosphate, SnO;PF, has a very similar structure, in which tin ions also lie
midway between sheets of [PO3F ] anions. However, tin now has six oxygen
and two fluorine neighbours. Three of the oxygens are at short distances

@ Sn
Oo
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oo e O
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Fig. 23. Structure of Sny O(0OH)2S0O,4. (Reproduced by permission from ref. 116.)

Fig. 24. Structure of Ph:;SnW SnHNO;;.
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Fig. 25. Projection of the structure of (2-aminobenzothiazolato)nitratotin(il). (Repro-
duced by permission of the Chem. Soc.) -

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

(mean 2.15 &), whilst the other three are at an average distance of 3.49 A,
The two fluorine atoms are at an average distance of 3.49 A from the tin
[128]. Thus, in both materials tin experiences basic typical pyramidal coor-
dination. Pbg(PO,);Cl (pyromorphite) [90] and Pbs(PO,);0H [129]

both possess the apatite structure. Pbg(PO4), has a low-temperature mono-
clinic («) phase which transforms reversibly at 185° to a rhombohedral B)
phase [130,131]. Both modifications contain two inequivalent lead cations
coordinated by tetrahedral [PO3™] anions. In «-Pb3(PO,)2, one of the lead
ions lies on a two-fold axis with distorted octahedral coordination (Pb—O
2.54, 2.59, 2.73 A). The second lead atom has irregular ten-fold coordina-
tion with Pb—O bond distances in the range 2.46—3.37 A. 3-Pb3(PO,),

is isostructural with Baz;V,0g [132], and one lead has six oxygen neigh-
bours at 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 &, and one at 2.37 A.

The structures of lead(II) carbonate (cerussite) and basic lead(I1) car-
bonate (hydrocerussite) have both been determined. In cerussite [133] 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 CO3™ and Pb2* ions. Crys-
tals of [Pb,(OH),]3(CO3)(Cl0,4);0 - 6 H,O [135] and [Pb,(OH),](ClO,);,
2 H,0 [136] both contain discrete [Pbs(OH),4] 4* jons in which the lead
atoms occupy the corners of a slightly distorted tetrahedron with the
hydroxide groups located outside the faces of the tetrahedron. The homo-
logous [PbgO(OH)&* 1 cation is present in the a- and f-modifications of
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Fig. 27. The coordination of the lead atoms in cerussite, PbCO3. (Reproduced by permis-
sion from ref. 133.)

Fig. 28. The structure of the {PbgO(OH}g*} cation. {Reproduced by permission from ref,
138.)

[PbgO(OH O4) - HyO {137,138]. The six lead atoms of this cation
occupy the corners 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 con-
sidered as arising from two [Pb,(OH)}*] tetrahedra which share a common
edge, and in which the two adjacent hydroxyl groups have condensed

to a central shared oxide.

F. CARBOXYLATES AND RELATED OXYGEN DERIVATIVES

No structural information is available for simple germanium, tin or lead
carboxylates, althcugh potassium tris(formato)stannate(II) contains isolated
[Sn(O,CH);'] anions in typical pyramidal coordination (Sn—0 2.139—2.182
A) [139]. The structures of three rather sophisticated tin carboxylates, in
which the coordination number at tin is six, have been determined. In crys-
tals of dihydrogen ethylenediamineteira-acetatostannate(ll), the tin atom
is centred in the rectangular face of a distorted friangular prism, and is co-
ordinated by two nitrogen atoms at 2.338 and 2.442 A and by four oxygen
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Fig. 29. Structure of dihydrogen ethylenediaminetetraacetatostannate(II). {Reproduced by
permission of the Chem. Soc.)

(a) (b)

Fig. 30. (a) and (b) Geomeiry about the two different tin atoms in distannous ethylene-
diaminetetraacetate. (Reproduced by permission of the Am. Chem. Soc.)
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atoms at 2.196, 2.343, 2.635 and 3.057 A (Fig. 29). Intermolecular hydrogen
bonding links carboxy groups from adjacent molecules forming a one-dimen-
sional polymer [140]. Distannous ethylenediaminetetra-acetate 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 irregular and is
illustrated 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 [141].

Crystals of [Sn,(0,C - CgH, - NO,-0)40 - C,HgOl, consist of independent
tetranuclear cluster molecules containing two tetravalent and two bivalent tin
atoms. The central feature of the macromolecule is a lozenge-shaped four-
membered [Sn5’ O,] ring. Octahedral coordination at each tin(IV) atom is
completed by oxygen atoms from four ortho-nitrobenzoate groups, which

D2 X
/ J .‘).M’ R
79

Fig. 31. Structure of [Sng(03C.CgH4.NO2-0)40.C4 HgOlo. (Reprod_uced by permission
of the Chem. Soc.})



C7 & c2
.\}:::::(z co’ ciwo’

F CF & ~

form bridges between the tin atoms in each valence state. The geometry at
the bivalent tin atoms is that of a distorted pentagonal pyramid with oxygen
atoms from four bridging carboxylate groups and the solvating THF mole-
cule occupying equatorial positions at bond distances in the range 2.409(8)—
2.661(9) A. The apmai sxte of the pentagonal pyraxmd is occupied by the
oxygen atom of the [Sn}’ O,] ring at the extremely short tin(II)—oxygen
distance of 2. 113(7 YA. The tm(II) lone pau’ occuples the remammg apical

position of a pbeuqu-pcnmguuax u;p_yld.uuu \:. ig. 31) l_..l.‘t&_j

The structures of several thiourea complexes of lead(II) carboxylates and
£ D. aﬂmn:“omxna{"n‘!aqﬂfn'\ are diconcead latar (Qant (‘\
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N structures of simple alkoxy derivatives have been determmed That of
bis(1-phenylbutane-1,3-dionato)tin(Il) shows that the compound is molecular
in the crystal, with both ligands chelatmg the tin, each spanning equatorial
and axial sites of a distorted pseudo-trigonal bipyramid (Fig. 32) [Sn—O,,

2. 290(6) A;Sn—0,., 2.135(1) A; O,— =Sn—0,, 150.4(2)°; 0.—5n—0,,
94.7(1)°} [143].
The lead atom in lead hexa-antipyrine perchlorate is surrounded by six
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Fig. 33. Coordination of the lead cations in lead hexa-antipyrine perchlorate. (Reproduced
by permission from ref. 144.)

Fig. 34. Flavin—lead coordination and hydrogen bonding in bis{10-methyliscalloxazine)-
lead(I1) perchlorate tetrahydrate. (Reproduced by permission of the Chem. Soc.)

antipyrine oxygen atoms in a slightly distorted octahedral form with Pb—O
distance of 2.446(16) A. The tetrahedral perchlorate ions do not interact with
the lead ions, but occupy voids provided by adjacent antipyrine groups (Fig.
33) {144]. The lead atoms in bis(10-methylisoalloxazine)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 and two from
water molecules (Fig. 34) [145]. 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-alkyldithiocarbonato- (xanthato) [146—148] and
N,N-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 ligands towards the metal atoms, which enjoy a distorted square
pyramidal configuration. Valence bond angles at the metal, and the molecular
packing in the crystal, indicate that the lone pairs of electrons exhibit stereo-
chemical activity, thus resembling closely the structure of Sn(O - CPh.CH=
CO - Me), [143]. Lead(1l) diethyldithiophosphoridate [151] and lead(ll)
bis(8-mercaptoquinolate) [152,153] have very similar structures. The structure
of Sn(S,COMe),, 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

. . ——— JE—— ———

Compound M—X.x M~—Xeq }gaxMch }SaxMXax )geqMXeq

(A) A) ) ) )
Sn(OCPh - CH - COMe),

[(123) 2.290 2.135 81.2 150.4 94.7

Sn(SzCOMe), [126] 2.802 2.603 66.18

{2813 2.644 65.56 140.81 99.28
Sn(SgCNEtg)s [129] 2.765 2.574 67.4

Za1e 2.592 65.9 139.6 96.2
Pb(S;COEL), [127] 2.838 2.742 .

{5950 2.785 137.2 98.2
Ph(S2CO"Bu), [128] 2.77 2.83 65.8

{503 2.76 58.6 141.2 81.7
Pb(S2CNEts)s [1301] 2.885 2.744 64.1 .

{2,940 2.786 61.9 133.2 96.2
Pb[S,P(OEt)sls [131] 2.996 2.754 71.1

{3,022 2.790 70.6 138.2 94.1
Pb(SCoHgN), [133] 2485% 2714 71.5

¢ Pb—N.

c3 cu c10

Fig. 35, Structure of Sn(S;COMe)s. (Reproduced by permission of the Chem. Soc.)

Fig. 36. Coordination of lead in Pb(S3COC3H<7)s - C5HgN. (Reproduced with permission
from ref. 155.)
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of Pb(5,CNEt;); determined by Zvonkova et al. [154] 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(II) 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-—8 heterocyclic ring is present in the adduct
PbN,S, - NH; (Pb—N 2.29 A ; Pb—S 2.73 A), and pyramidal coordination
is completed by the ammonia molecule (Pb—NHj 2.24 A ; valence angles at
lead 77.4, 87.8, $4.8°) {156].

Tetraethylammonium tris(ethylxanthato)lead(II) {157}, O,O"-diisopropyl-
phosphorodithioatolead(II) [158], and D-penicillaminatolead(II) [159] have
structures based on pseudo-pentagonal bipyramidal geometry at lead. In
the [Pb(S,COEt)3 ] anion, the three xanthate groups chelate 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(0*°C;H;),1, forms polymeric chains in which nearly planar [Pb(S,P),]
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 [158]. The same geometry is
present in D-penicillaminatolead(II) (Fig. 39), in which the amino acid func-
tions as a terdentate iigand forming three strong interactions (Pb—O 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 [159].

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

Fig. 37. Coordination around the lead atom in tetraethylammonium tris{ethylxanthato)-
lead(II). (Reproduced by permission of Pergamon Press.)

Fig. 38. Coordination around the lead atom in Pb{S,P(OC3H;)s]5. (Reproduced by per-
mission of the Am. Chem. Soc.)
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Fig. 39. Coordination of the lead atom in D-penicillaminatolead(1I). (Reproduced by per-
mission of the Chem. Soc.)

Fig. 40. Clinographic projection of the polymeric chain structure of dichlorobisthiourea)-
lead(1l). (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 trigonal prism with
tour 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(O,CH), - 2 SC(NH,), -
H,O has three sulphur and five oxygen atoms in a distorted dodecahedral
arrangement. Two parallel ~"S~"Pb —S™ chains extend along [001], with
each pair of centrosymmetrically 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)
{161]. Eight-coordination of lead is found in 3/4 Pb(O,CH), - 4 SC(NH,),.
The lead 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(HCO3 )5 - 2 SC(NH3 )3 .H, 0. (Reproduced with permission from
ref. 161.)

Fig. 42. Arrangement of two parallel lead—thiourea chains in 3/4 Pb(HCO,)s- 4 SC(NH3)s.
(Reproduced with permission from ref. 162.) ’

cies being fully ordered [162]. The structure of Pb(Q,CCHj), - SC(NH,),
consists of chains of distorted pentagonal bipyramidal polyhedra, made up of
three sulphur and four oxygen atoms about lead, and linked by sulphur atoms
(Fig. 43) [163,164]. Pb(picrate), - 4 SC(NH,), contains polymeric chains of
edge-sharing distorted [Pb[SC(NH,),]¢] 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;),151(Cl0,),
contains rather closely packed [Pb[SC(NH;),]¢]%* cations and ClO7 anions.
The cation has six-fold coordination of sulphur atoms about lead in a distorted
octahedral arrangement (Fig. 45) {166].

H. NITROGEN DERIVATIVES

Few nitrogen derivatives of bivalent germanium, tin and lead have been syn-
thesised [167—169], and the structures of only PbN,S, - NH; [156] dis-
cussed above and tin(II) phthalocyanine {170] 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
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Fig. 43. Clinographic projection of a double chain of coordination polyhedra in mono-
thiourea-lead acetate. (Reproduced with permission from Acta Cryst.)

suggests that the fin lone pair is stereochemically active, and is directed away
from the organic residue along the four-fold axis of the [SnN,4] core.

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

Simple o-bonded diorganogermanium(ll), —tin(II), and —lead(Il) com-
pounds are unstable with respect to the metal-metal bonded diorganometal(IV)
oligomers, but have been stabilised as pyridine or dimethyl sulphoxide solvated
pentacarbonylchromium and tetracarbonyliron complexes [171—174]. Metal-
(IIy—carbon o-bonds are also present in the [Me.SnCIZ™] anion [175] and
[(Me3Si),CH],M (M = Sn, Pb) {176] and their complexes [176,177]. The
structures of [(Me;Si),CH],Sn - Cr(CO)s {1771 and CgH,N - t-Bu,Sn -
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Fig. 44. The polymeric chain of edge-sharing octahedra in tetrakis(thiourea)lead(II) picrate.
(Reproduced with permission from ref. 165.)

Fig. 45. Structure of the [Pb[SC(NH3)y ]6]2+ cation in hexakis(thiourea)lead(II) per-
chlorate. (Reproduced with permission from ref. 166.)

Fig. 46. Structure of [(Me38i)sCH]>Sn—Cr(CO)5. (Reproduced by permission of the
Chem. Soc.) .

Fig. 47. Structure of -BusSnCr(CO)5 - CsHyN. (Reproduced by permission of the Am.
Chem. Soc.)
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Cr(CO); [174] have both been determined and are depicted in Figs. 46 and
47, respectively. The central [C,SnCr] unit of the former complex is planar,
whilst the presence of coordinated pyridine in the latter distorts the geometry
at tin towards tetrahedral, and is also the probable cause of the longer Sn—C
and Sn—Cr bond distances [Sn—C 2.18, 2.19 & vs. 2.24, 2.25 A; Sn—Cr 2.562
A vs. 2.653 A].

The dicyclopentadienyl—metal derivatives are the only organo derivatives
of the metals in the +2 oxidation state which contain only carbon and hydro-
gen in addition to the metal. The structure of (CsHs)2Ge is unknown, but IR
data [178] 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 [179]. 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 + 15°) suggest sp® hybridisation, in which case the lone pair would be
located in an sp? hybrid orbital and hence stereochemically active. Support
for this hypothesis arises from the facile formation of the complexes
(C5Hs5)28n - MIIX, (M'X,; = BF;, BBr3;, AlCl;3, AlICl3) [180,181],
(CsHs)28n - M(CO)s (M = Cr, Mo, W) [182], and (CsHj5),Pb - BF; [183]. The
structure of (CsHg)2Sn in the crystal is unknown, but that of (CsHs).Pb
[184] consists of infinite zig-zag —(CsHgs )—Pb—(CsHg )—Pb— chains, similar
to those present in crystals of (C3H;s)In and (CgHj;)Tl, with each lead atom
carrying a second, non-bridging, cyclopentadienyl group (Fig. 49). The lead

P2y
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Fig. 48. Angular sandwich structure of (CsHg)2M (M = Sn, Pb) in the vapour phase.

e

Fig. 49. Perspective view of the chains in Pb(C5Hg)2. (Reproduced with permission from
ref. 184.)
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atoms are equidistant between the alternating cyclopentadienyl rings (mean
Pb—C 3.06 A); the second cyclopentadienyl ring is more tightly bound to the
lead (mean Pb—C 2.76 A ; cf. 2.778 A for (C5Hs)oPb in the vapour phase)
Essentially monomeric, angular [(C;H;s)SnCl] units are present in crystals of
cyclopentadienyltin 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 Sn—C
bond distances range from 2.45 to 2.74 A (cf. 2.71 A found for (C5Hg)-Sn
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—191];

Both tin and lead form isomorphous benzene—metal complexes of composi-
tion [{CgHg)M - (AICl,), - (CgHg)l (M = Sn, Pb). One of the benzene mole-
cules is weakly bound to the metal in a hexahapto fashion (mean Sn—C
3.08 A; mean Pb—C 3.11 A). The second molecule of benzene is far removed
from the metal, occupying a cleft position in the lattice. Metal atoms are
linked by [AICl,] tetrahedra to form infinite chains, whilst the second [AICl,]

Fig. 50. Chain structure of (CgHg)Pb(AICl4 )9 - CgHg. (Reproduced by permission of the
Am. Chem. Soc.)
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ciz

CH

Fig. 51. Perspective view of the structure of [{CgHg)SnCI(AICI4)]5. (Reproduced by
permission of the Am. Chem. Soc.)

group 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 [AlCl,] groups, and the second axial site

by the 67-CgHg molecule (Fig. 50) [192,193]. The related arene complexes
[Ar - SnCl(AICl,)]. (Ar = CcHg, para-xylene) also contain hexahapto arene
molecules, which occupy one site of a distorted octahedron about tin. The
overall structures are made up of [Sn(AICl,)] chains connected by bridging
chlorine atoms tc form [SnyCl,] rings (Fig. 51) [194].
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