Main Group Metal Chemistry Vol. 24, Nr. 3, 2001
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OF CRYSTALLOGRAPHIC AND STRUCTURAL DATA: PART 1. DIMERIC
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This review covers the crystallographic data for dimeric tin compounds with one other metal atom centre,
following the pattern of the previous reviews on tin coordination and organometallic compounds. Over two
hundred and forty such derivatives have been characterised, twenty three with a non-transition heterometal atom,
one with an actinide metal and the rest with a transition metal atom. The predominant geometries of the tin and
the heteroatom are discussed along with the relationships between atom size, bond distances and bond angles.
The occurrences of direct metal-metal bonds, and examples of isomerism are illustrated
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ab 1-tert-butyl-2-methyl-1,2-azaborolinyl
acac acetylacetonate

bao benzamidoxime

bdpp 2,4-bis(diphenylphosphino)pentane
bpy 2,2"-bipyridyl

Bu butyl

Bu'2bpy 5.,5'-di-tert-butyl-2,2'-bipyridyl
C:2H4 ethylene

CsH 2-methylallyl

C7Hy cycloheptatrienyl

CsHua cyclooctene

CisHo anthracene

4-cha 4-chloroaniline

chx cyclohexyl

chxe cyclohex-2-enyl

cod 1,5-cyclooctadiene

cp cyclopentadienyl

cp* pentamethylcyclopentadienyl
cpch CsH4(CH3)CNN(CO)Ph

cph CsH4(CH3)CNNHCsH3(NOz2)2
dbf dibenzofuran

dbm dibenzoylmethanate

dma 3-(dimethylamino)propy!
dmamp (o-dimethylaminomethyl)phenyl
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dman 8-(dimethylamino)-1-naphthyl

dmphen 2,9-dimethyl-1,10-phenanthroline

dme 1,2-dimethyoxyethane

dppbp 2,11-bis {(diphenylphosphino)methyl}benzo-[c]-phenanthrene
dppe bis(diphenylphosphine)ethane

dppm bis(diphenylphosphine)methane

dppmp (o-diphenylphosphinomethyl)phenyl
dppp bis(diphenylphosphine)propane

dtc 1-(1,3-dithia-2-yl)cyclohexandienyl

dth 2,5-dithiahexane

dto dithioxalate

gch glyoxal-bis(cyclcohexylimine)

HB(mpz)s hydrotris(1-3,5-dimethylpyrazolyl)borate
HBpz: hydrotris(pyrazolyl)borate

in indenyl

m monoclinic

Me methyl

mdbp 2-methyl-2(3,5-di-tert-butylphenyl)propyl
msb N,N'-bis(3-methoxysalicylidene)butane-1,4-diamine
msp N,N'-bis(3-methoxysalicylidene)propane-1,3-diamine
nbd norbornadiene

np3 tris(2-diphenylphosphinoethyl)amine

oep 2,3,7,8,12,13,17,18-octaethylporphinate
Ph phenyl

pmdeta (Me:NCH:CH:):NMe

py pyridine

salen N,N'-1,2-ethylenebis(salicylideneamide)
salpr N,N'-1,2-propylenebis(salicylideneamide)
tb 2,4,6-{(Me:Si)2C}:CeH:

tbp 2,4,6-tri-tert-butylphenyl

tfh tetrafluorobenzobarrelene

thf tetrahydrofuran

tip 2,4,6-(Me2C)CeH2

tol toluene

tpp tetraphenylporphyrinate

tr triclinic

triphos CH:C(CH2PPh2)s

1. INTRODUCTION

The chemistry of tin covers a wide range of compounds, many of which are important in the fields of
catalysis and biochemistry. Up to the middle of 1997 there have been nearly three thousand structural
determinations of tin compounds, including over six hundred coordination derivatives [1] and almost two
thousand organometallic derivatives [2,3,4]. While only about eighteen dimeric heterometallic compounds of
lead were structurally determined in the same period [5], this review surveys about twenty times as many
heterometallic compounds of tin. The heterometal includes both non-transition, transition and one of the actinide
metals. The structures are organised in this sequence, and within each hetero-metal by increasing Sn-M distance.

2. DIMERIC COMPOUNDS

2.1 A-Group (Non-Transition) Metals

Crystallographic and structural data for some twenty three tin heterometallic compounds with sub-group A. or
non-transition metals, are summarised in Table 1. These are listed in their Periodic Group order, with the typical
metals of each group first, and then the Sn-M distance. The first eight derivatives contain tin with lithium [6-
13], with the tin in the +2 oxidation state and lithium in its usual +1 oxidation state. The shortest Sn-Li bond
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distance is found in a yellow derivative [6] at 277.6(4) pm. Here, three Ph(Bu')CN ligands bridge the lithium
and tin atoms via their N atoms, with Sn-N-Li bridge angles of 81.5(1)". A slightly longer Sn-Li distance of
278.4(4) pm is found in a cyclometalated dimer [7] ield together by bridging O atoms of three 2,6-
diphenylphenoxide ligands, with mean Sn-O-Li bridge angles of 84.5(2)".

Two crystallographically independent molecules within the asymmetric units of PhsSnLi(pmdeta) [8)
differ essentially by degree of distortion. While the Sn(II) atom is coordinated by three phenyl groups, the Li(I)
atom utilises the tridentate pmdeta moiety. Four coordination is accomplished by each metal via a direct Sn-Li
bond of 286.1(7) and 288.2(7) pm in the respective distortion isomers. Another colourless derivative [9] also
contains two crystallographically independent molecules. A direct Sn-Li bond of 289(4) and 297(5) pm,
respectively, hold together the N3Sn and LiOs moieties.

A lithium atom in the next derivative [10] ties two amido groups together to generate an N-donor
arrangement which forms part of the N3Sn pyramid, one corner of which is the Sn(Il) atom. The structure of a
red derivative [11] involves a {(MesSi)3}2Sn unit coordinated to a LiCl(thf); moiety via a chlorine bridge. The
tricoordinated Sn(II) atom is also at one corner of a pyramid. A tricoordinated tin atom is also found in a
metallocyclic arrangement [12] of a four membered (Sn-P-Li-P) ring with average Sn- P Li angles of 89.5(7)".

The Sn centre in a sandwich style complex [13] is attached to two distorted n -cp ligands and the planar
N atom of a (Me:Si):N group, as seen in Figure 1. The tin atom has a distorted pyramidal geometry, and the
cp(Y) ligand holds the Sn and Li centres together in a bent n-cp fashion. The parameters involved are: Sn(1)-
centroid-cp(Y)-Li(1) = 163°, centroid-cp(Y)-Li(1) = 226 pm, with the Li atom 1" bonded to the cp ligand. The
structure of a yellow derivative [14] contains the (;t-cp):Sn unit in the form of a "paddle wheel" in which one cp
ligand is also involved in a bridge to the Na atom. The Sn centre is nearly trigonal-planar, the deviation from
linearity (Sn-u-1 cp-Na = 172.3(1)°) being almost entirely a consequence of crystal packing.

Figure 1. Structure of cp{(MesSi)2N}Sn(u-cp)Li(pmdeta) [13]

A potassium complex Sn(u-OSiPhs)K(dme): [15] exists in two different crystalline forms, monoclinic
and triclinic. Both share the presence of a K-Sn unit bridged by three u-OSiPPhs anions. The forms differ by the
presence of two bidentate MeOC2H+sOMe (dme) ligands in the monoclinic form, but only one bidentate in the
triclinic form, the other being monodentate In fact, the triclinic form contains two independent molecules, both
of formula Sn(u-OSiPhs):K(n” dme)(n -dme). All three molecules are very similar in the Sn(OSi(Phs):K
substructure. Superimposed drawmgs [15] reveal that the oxygen of the 1 -dme adopts a location between those
of the two oxygen atoms of one n -dme in the monoclinic form. The Sn-K distances differ only slightly between
the monoclinic (351.5 pm) and triclinic forms (346.0 and 348.0 pm) and rule out any direct metal-metal bond.

The structure of a yellow monoclinic derivative [16] shows the potassium atom in a distorted
tetrahedral environment, with three toluene molecules coordinated to K in a 1,6-fashion with K-centroid(tol)
distance of 330 pm compared to an average K-Sn distance of 354.8(3) pm (Sn-K-centroid(tol) angle of 110.5°).
The Sn(II) environment, relative to the a-carbons of the neopentyl groups, is pyramidal with mean C-Sn-C
angles of 91.7° suggesting that the Sn-C bonds have relatively little s-character (not given).

A colourless Sn/Al derivative [17] has a central SnO2A1 four membered ring with mean Sn-O and Al-O
bond distances of 215.3(5) and 180.7(7) pm, respectively. In Sn(u-OBu')sTl [18], which has C3 symmetry, the

137



Clive E. Holloway and Milan Melnik Heterometallic Tin Compounds: Classification and
Analysis of Crystallographic and Structural Data

Sn(I1) and TI(I) atoms are held together by three Bu'O ligands, resulting in a trigonal-bipyramid with the metal
atoms in the apical positions and the oxygen atoms in the trigonal plane. The tin and thallium atoms come to
within 330.6(3) pm of each other.

There are four isostructural derivatives [19,20] in which C3Sn and GeC3 moieties are held together by a
direct Sn-Ge bond of average distance 259.7 pm. The mean Sn-C bond distances at 213.7 pm (methyl and 212.0
pm (phenyl) are shorter than the Ge-C values of 196.6 pm and 195.7 pm, respectively, as expected. Two
crystallographically independent molecules are found within the same crystal of PhsSnGeMe:s [19], being
examples of distortion isomerism. A nearly planar four membered SnO:Ge ring is found in another Sn/Ge
compound [21] which has a cyclopentadienyl ligand on the Sn(II) and a butoxy group on the Ge(II) atom. The
pyramidally configured tin and germanium centres are bridged by two tertiary butoxy groups which have a nearly
planar environment but are eclipsed. The symmetrical bridging Sn-O bond distances (221 pm) are longer than
the Ge-O equivalents (195 pm), as expected. Another colourless derivative has Ph3Sn and GePhs moieties held
together by a bridging oxygen atom [22] In a white derivative [23] chxsSn and GePhs are bridged by a hetero-
bidentate arylpropionate group via oxygen to tin and carbon to germanium. Both metals are tetrahedrally
coordinated with SnCsO and GeCa chromophores.

A tin-lead direct bond is found in a derivative with PhsSn and PbPhs moieties [24]. There are two
crystallographically independent molecules with Sn-Pb bond lengths of 280.9(2) pm and 284.8(2) pm, and each
metal has tetrahedral coordination.

2.2 B-Group (Transition) Metals

The crystallographic and structural data for nearly two hundred and thirty tin heterometallic compounds
with transition metals are summarised in Table 2.

First in the Group IB metals, a tin-copper derivative [25] contains C12Sn and CuNs moieties bridged by
a chlorine atom with a Sn-CI-Cu angle of 92.4(1)". In a red derivative [26] MesSn and Cu(triphos) units are
linked by a hetero-bidentate nz-CSz molecule giving distorted tetrahedral geometry about each metal centre
(SnCa and CuP3S). There are two Sn/Ag derivatives [27,28], the former of which has Cl2Sn and Ag(dppbp)
units bridged by a chlorine atom with a Sn-Cl-Ag angle of 96.4(1)°. Both Sn(II) and Ag(I) atoms have a
distorted trigonal-bipyramidal geometry with chromophores of SnCl: and AgP:Cl, respectively. Another Sn/Ag
derivative [28] uses a CN ligand as a bidentate bridge (Sn-NC-Ag) giving a trigonal-bipyramidal arrangement
about Sn(11) (SnCsNCl) and an almost linear arrangement about the Ag(I) atom (AgCz, C-Ag-C = 177.0(3)°).
There is one Sn/Au derivative [29] in which ClsSn and AuP: moieties are joined by a direct Sn-Au bond of
length 288.1(1) pm. The Sn(IT) atom has a distorted tetrahedral environment (SnClsAu) and the Au(I) atom has a
distorted trigonal geometry (AuP2Sn).

In Groups IIB, there are two Sn/Zn derivatives [30,31] which are quite different from each
other. In one [30] the (dma).Sn moities are connected by a direct Sn-Zn bond of 263.4(6) pm. Both metal atoms
have a distorted trigonal-bipyramidal geometry, (SnN2C2Zn) with N atoms at the apical positions (N-Sn-N =
161.8(8)"), and ZnO4Sn with O atoms at the apical positions (O-Zn-O = 163.1(7) pm). The other [31] has both
differing oxidation states (Sn(IV) and Zn(Il)) and stereochemistry (pentagonal-bipyramidal and square-pyramidal,
respectively). The N,N'-bis(3-methoxysalicylidene)propane-1,3-diamine ligand is hexadentate (OsNz). The inner
0:N: coordination site of this ligand to zinc plus a nitrate group completes the square-pyramid. Two methoxy
oxygens from the inner coordination site serve as bridges between the Zn and Sn atoms. The remaining two
phenolic oxygen atoms plus a monodentate nitrate group completes the equatorial plane about tin. A benzyl
group occupies each apical position (C-Sn-C = 168.75(9) pm).

Next, Group IVB has four Sn/Ti derivatives [32-35] listed in Table 2. A green derivative [32] has
PhsSn and Ticpz moieties held together by a direct Sn(I)-Ti(IV) bond of 284.3(1) pm length. There are two
crystallographically independent hetero-dimers with very similar geometry. The coordination about the metal
atoms is pseudo tetrahedral. In an orange-red derivative [33], a direct bond of 292.1 pm length is found between
Sn(I1) and Ti(0) involving chx3Sn and Ti(CO)s units. Tellurium bridges Ph3Sn and Ti(cp ): moieties [34] with
Sn-Te and Ti-Te bond distances of 268.24(10) pm and 286.8(18) pm, respectively. The Sn-Te-Ti angle is larger
than tetrahedral at 110.98(6)". In the final derivative MesSn and TiCls units are connected by one carbon atom of
a ns-cyclopentadienyl group, with Sn-C and Ti-C bridging distances of 216.9(8) and 229.9(7) pm, respectively.
There are two examples which contain both a tin and a zirconium atom [36,37]. A deep red derivative [36] has a
direct Sn-Zr bond of distance 306.1(2) pm between Me3Sn and Zn(CO)«(dppe) units. While the Sn(II) atom is
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tetrahedrally coordinated (SnCsZr), the Zr(0) atom is seven- coordmate (ZrC4P2Sn). The second example is  orange
[37] and has a fluorine atom linking CIMe3Sn and Zr(acac)ch moieties with a Sn-F-Zr angle of 146.0(1)".

In group VB five derivatives have tin and vanadium metal centres [38-41]. In an orange derivative [38]
(MesSi)Sn and V(cp)(NBu') moieties are held together by a direct Sn-V bond at 276.7(2) pm. Another orange
derivative [39] also has a direct Sn-V bond, this time between Me:Sn and V(CO)s moieties at a distance about
17.2 pm longer than the previous case [38]. In the remaining three examples [40,41] and oxygen atom bridges
C3ClISn and VO:2N:2 [40] or C:Cl2Sn and VO:2N: [41] with average Sn(IV)-O and V(IV)-O bond distances of
233.5 and 162.5 pm, respectively. The Sn-O-V bridge bond angles are 175.4(5)° [40], 172.1(3)’ [41] and
163.8(3)° [41]. There are four red Sn/Nb derivatives [42-44] all with a direct Sn-Nb bond of average value 281
pm. In each case the tin atom has a distorted tetrahedral geometry, SnCIsNb [42] and SnC3Nb [42-44]. Lastly,
one white derivative contains tin and tantalum [45]. here the CI.CSn and Tacpz(H): units are joined by a direct
Sn-Ta bond 0f275.291) pm.

There are over sixty derivatives with tin and a Group VIB metal. Nineteen contain chromium with tin
as central atoms [46-61]. In eighteen of these [46-60] the two metals have a direct bond with lengths ranging
from 256.0(3) pm [46] to 275.1910 pm [59], with an average value of 265.8 pm. The range reflects a smooth
decrease in d«-p~ interactions due to an increasing electron density at the tin atom from the former to the latter.
Tin atoms are found with coordination numbers three, four and five, from which the distorted tetrahedral four-
coordination is the most common. For the chromium atom the chromophore CrCsSn is the most common, with
carbon monoxide being the most common C-donor ligand. In the monoclinic derivative [PhsSn(u-
CNEt)Cr(C0)s].0.5CH:Cl: the bridging Sn-C-Cr angle of the CNEt2 group is 115.8(6)°.

There are twenty five Sn/Mo derivatives [48,59,62-79], of which twenty two have a direct Sn-Mo
bond. The bond lengths range from 265.291) pm [62] to 289.89(5) pm [77] with an average value of 275 pm.
The tin atoms are mostly tetrahedral with differing degrees of distortion, the exceptions being trigonal-planar
[48] and trigonal-bipyramidal [64,72]. Molybdenum atoms between from six [48,77] and seven-coordination
[62,64,66,69,72,74,75], and from semi-sandwich [59,68,70,71,76] to sandwich [62,65,67]. In
Me;SnMOH:z(H)cp: [67] two crystallographically independent molecules are found in the same crystal and differ
mostly by degree of distortion. The structure of a red derivative [78] is shown in Figure 2. The molecule
consists of a Cl2BuSn unit attached to Mo(CO)2(Pcys) by a chlorine bridge and a S:CPcys bridging ligand. The
latter acts as am ‘6,8 ) chelate ligand to the tin atom and a m S, ,3") pseudo-allyl ligand to the molybdenum.
The Sn-Mo distance of 363.6(2) pm precludes a direct metal-metal bond. The tin atom is in an octahedral
environment (SnCl3S:C) and the molybdenum has a highly unsymmetrical seven-coordinate environment. The
remaining two SnMo derlvatlves [79] have a cyclopentadienyl group as a bridge between Ph:Sn and
Mo(CO)(Cph) or Mo(CO)z(n -PhCHOEt) moieties.

Figure 2. Structure of [ClzBuSn(p.-ns-SzCPcys)(p/-ClMo(CO)z(Pcys)][78]
There are nineteen derivatives which contain tin and tungsten atoms together [57,68,79-92]. In fifteen of

these the tin and tungsten have a direct bond with bond distances ranging from 270.6(1) pm [80] to 283.7(1) pm
[90], with an average value of 278 pm. The tin stereochemistry varies from trigonal-planar [83,93], pseudo-
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tetrahedral [57,79-82,84-86,88-92], trigonal-bipyramidal [81,82,87] to pseudo-octahedral [68]. The tungsten
environments include pseudo-octahedral [57,81-83,86,87], seven-coordinate [84,85,89], semn -sandwiched
[68,88,90] and sandwich [80]. A red derivative [91] has PhsSn and W(CO)s units bridged by n -SCSCH:Ph
through a C atom giving SnCs and WCsS chromophores. C2Sn and W(CO)s units are linked by a p-n -Ss unit
with two S atoms bonded to tin (pseudo-tetrahedral SnC:S2) and one S atom to tungsten (pseudo-octahedral
WCsS). A u-n -OP(OEt)zPP(OEt)zO ligand connects CISn and W(CO)s [95] using two O atoms to tin (SnO:2Cl)
and a P atom to tungsten (WCsP). A cyclopentadie /I ligand serves as a bridge between Ph;Sn and
W(CO)2(PhC) moieties in a final example for which little structural information is given [79].

Twenty examples are found for Group VIIB, starting with thirteen tin plus manganese derivatives [94-
105]. All but the last two have a direct Sn-Mn bond ranging from 250.8(3) pm [94] to 270(1) pm [103]. All but
one of the examples has a pseudo-tetrahedral tin atom (SnY3Mn, where Y =S, Cl or C), it has a trigonal-
bipyramidal environment [98]. Manganese is mostly pseudo-octahedral (MnCsS) [95-97,90-102], with only two
derivatives having a semi-sandwich arrangement [94,98]. Two of the derivatives [94,96] contain
crystallographically independent heterodimers differing largely by degree of distortion. In PhsSnW(CO)s [101]
four such heterodimers are present. Pseudo-tetrahedral geometry about tin (SnCsO) is found in a complex with a
tricarbonylmanganese unit n-bonded to a penta-substituted cyclopentadienyl ring (Ph4CsO). The triphenyltin and
manganese units are linked by an oxygen bridge. The structure of tetracarbonylmanganese-triphenyltin dimer is
shown in Figure 3. The bridging is accomplished by a - n -1,2- ethoxycarbonyl -ethen- |-yl ligand via one carbon
atom to tin and the other, plus an oxygen atom, to manganese. Here the tin is pseudo-tetrahedral (SnCa) and the
manganese is pseudo-octahedral MnCsO.

Figure 3. Structure of PhsSn{p-EtO(C(O)CHCHC(O)OEt}(Mn(CO)4] [105]

There is only one example with tin and technetium [106]. The two metal centres are connected by a
triple bridging arrangement, one of which is a single atom (hydroxo group). The other two bridges are
dimethylglyoxime ligands that function as bidentate nitrogen donors to technetium and monodentate oxygen
donors to tin. The tin atom can be considered as a three pronged "cap" on one side of the Tc-dimethylglyoxime
complex. The additional coordination sites around Tc are taken up by the two nitrogen atoms of a third
dimethylglyoxime making the metal centre seven-coordinate. The additional coordination sites around tin are
occupied by three chlorine atoms giving the metal centre a fac-octahedral environment. The Sn-Tc¢ distance of
347 pm precludes a metal-metal bond.

There are six examples with tin and rhenium [107-110], with a direct Sn-Re bond in four of them
[107,108] with distances ranging from 260.9(1) to 279.3(1) pm (ave. 267 pm). Each tin atom has pseudo-
tetrahedral geometry (SnCLiRe, SnCl2CRe or SnC:CIRe) and the rhenium atoms are sandwiched by
cyclopentadienyl groups. The other two derivatives [109,110] are lsostructural and one of them is shown in
Figure 4. Here the bridge is seen to be CO2 molecule bridging in a u-n *.CO: fashion by both O atoms to Sn and
the C atom to Re. The Sn-O bond distances are not equal, differing by 8.2 pm in the case shown [109] and
much larger at 30.7 pm in the other [110]. Also, the metallocyclic ring (-SnOCO-) in the former is about 1°
more open than in the latter, and the Re-C bond distance is 205.8(9) pm in the former and 210.0(9) pm in the
latter.
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Figure 4. Structure of PhaSn(u—n’-COz)Re(NO)cp(PPhs) [109]

There are almost one hundred Group VIII metals found in combination with tin in binuclear complexes.
Of these the most common is iron for which thirty one derivatives are listed [111-136]. Twenty two of the
structures reveal that the tin and iron are directly bonded with Sn-Fe bond distances ranging from 240.8(1) pm
[111] to 262.43(21) pm [128], with an average value of 253.4 pm. The stereochemistry about tin includes
trigonal-planar [111,119], pseudo-tetrahedral [112-114,117,120-129], trigonal-bipyramidal [115], square-
pyramidal [116] and seven-coordinate [118]. The iron centre can be found five-coordinate [111,116,126], six
[125,127] and seven-coordinate [117,118,128], but the most prevalent is semi-sandwiched with two additional
monodentate ligands [112-115,119-124,129]. A red derivative [130] has an iron cyclopentadienyl moiety with
two P atoms of a chelating dppm ligand and an ethyny| bridge to the tin atom. The bridge (Fe-C=C-Sn) has Fe-
C and Sn-C bond distances of 190.3(4) and 206.3(4) pm, respectively. Three phenyl groups complete the
tetrahedral arrangement about the tin (SnCs). Five orange and yellow derivatives are isostructural [131-133], with
C:Sn and FeCsP or FeC7 chromophores linked by a ) -CO2 molecule via both oxygen atoms to tin and the
carbon atom to iron. The four-membered (-Sn-O-C-O-) metallocycle bite angle O-Sn-O and the difference
between the Sn-O bond lengths. For example: 46.7 pm and 53.42(7)° [131]; 38.7 pm and 55.94(9) pm [133];
32.7 pm and 56.5(1)° [133]; 29.2 pm and 56.90(6)° [133] and 21.9 pm and 57.4(1)° [132]. Each tin atom has a
trigonal-bipyamidal environment (SnCsO:). The structure of a yellow complex [134] is shown in Figure 5. The
cyclopentadienyl rings of the ferrocene fragment are planar with a dihedral angle between them of 1.7(2)°. The
Sn-Fe separation of 367.8 pm precludes a direct metal-metal bond. In an orange complex [135] Cl:Sn and Fecp
moieties are linked by a u-CsHsS(NBu')2 group, forming a four membered SN2Sn ring. The bridge is ns-bonded
to Fecp completing a ferrocenyl unit. The structure of another yellow derivative is shown in Figure 6. The 1,1'
bis(diphenylphosphino)ferrocene ligand connects to an octahedral Sn atom through the formation of P-O bonds.
The molecule has near twofold rotational symmetry through the line joining the Sn and Fe atoms. the
cyclopentadienyl rings are perfectly eclipsed, but the two Co-P bonds are at an angle of 72° about the centroids
of the rings.

Fourteen derivatives contain tin with cobalt [31,137-145], eleven of them have a direct metal-metal
bond ranging from 243.8(1) pm [137] to 259.8(2) pm [143] (average 255.2 pm). In the first example the tin
atom has a trigonal-bipyramidal environment [137], all the others have a pseudo-tetragonal tin environment
[138-144]. The stereochemistry about cobalt is more varied with four-coordinate [142-144], five-
[138,139,141,142], seven- [140] and eight-coordinate [137]. The derivative PhsSnCO(PMes)s [143] contains two
crystallographically independent hetero-dimers differing by degree of distortion. In another derivative [145] a
methoxy group on the tin(IV) atom provides a strong bridge via oxygen to the Co(IIl) atom. In addition, two O
atoms of the salen ligand also bridge the metal centres, while bonded to Co(III) through its two N atoms. Both
metal atoms are six-coordinate (SnO3Cl2C and CoO:N:Cl). The remaining two Sn/Co derivatives [31] are
structurally similar to the Sn/Zn derivative in the same paper [31]. In each case the tin atom has pseudo-
bipyramidal geometry (SnOsCz2) with carbon atoms in apical positions (C-Sn-C angle of 168.95(14)° and
163.3(2)).
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Fig. 5. Structure of Ph;Sn(pn-CsH,)Fecp [134]  Fig. 6. Structure of [CLSn{p-OP(Ph,}(CsH,)},Fe] {136]

Thirteen derivatives contain tin and nickel atoms [10,31,146-152], four of them having a direct Sn-Ni
bond [10,146-148] of average value 252.3 pm (range 238.7(10 to 262.6(1) pm). In one of these [146] the tin
atom has trigonal-planar geometry (SnC;Ni) and nickel has a five-coordinate arrangement (NiC,Sn). In the
remaining derivatives [10,147,148] the tin atoms are pseudo-tetrahedral (SnN;3Ni [10], SnCsNi [147,148]). Two
crystallographically independent hetero-dimers are found in one of these [147], differing mostly by degree of
distortion. The Sn-Ni bond distances are 254.1(10) pm in one distortion isomer and 257.1(10) pm in the other.
In Me,Cl,Sn(u-salen)Ni [149] the salen ligand uses its two O atoms to link both metal atoms while two N
atoms are bonded only to nickel. The nickel atom is approximately square planar (NiO,N,) and the tin is
pseudo-octahedral (SnO,C;Cl;). The Sn-Ni separation of 341.2(2) pm precludes a direct metal-metal bond.
Seven blue coloured derivatives have Schiff bases serving as bridging ligands [31,150,151]. Each base uses
four O atoms to bind tin, of which two also bind to nickel to give a four-membered metallocycle (-Sn-O-Ni-O-
). The two N donor atoms of the base are bonded to nickel. The tin atom can be found five-coordinated
(SnO.Br) [150], six-coordinated in four derivatives (SnO,C;) [31,151] and seven-coordinate pentagonal-
bipyramidal in two others {151]. Another blue derivative [152] uses dithioxalate to link Cl,Sn and Ni(dto)
moieties. The dithioxalate group uses two O atoms to bind tin (pseudo-octahedral SnCl,0,) and two S atoms to
bind nickel (planar NiSy).

Seven, mostly yellow, derivatives contain tin and ruthenium [153-158], six of which contain a direct
Sn-Ru bond [153-157]. The average intermetal bond length is 258.7 pm with a range from 254.3(1) to 264.5(1)
pm. In each case the tin has a pseudo-tetrahedral environment, SnClRu [153-155], SnCsRu [156] and
SnC;SRu [157). The remaining derivative [158] has Me;Sn and Ru(C¢Hg)Cl moieties joined by a p-n’-
methallyl group through one C atom to Sn and by another two C atoms to Ru.

Six derivatives combine tin and rthodium [159-164] of which five have a direct Sn-Rh bond [159-163]
of average length 256 pm (range 245.0(1) to 263.7(1) pm). The tin atom has a tetrahedral arrangement,
SnClL3Rh [159,162,163], SnCsRh [160] and SnN,CIRh [161]. The rhodium atom has varied arrangements,
RhN,Sn [159]. RhO,C,PSn [160], Rh(c-ring).Sn [161], RhC,N,Sn [162] and RhC,P,Sn [163]. The structure of
a derivative in which both metals are four-coordinate is shown in Figure 7 [164] The tin atom has the usual
tetrahedral symmetry (SnC,) while the rhodium atom has a square planar arrangement (RhP,CCl).

There a seven derivatives with tin and palladium atoms [165-170] all of which contain a direct Sn-Pd
bond of average length 254.3 pm, ranging from 247.3(6) to 267.0(1) pm. The tin atoms are trigonal-planar
(SnC,Pd) [166] and tetrahedral [165-170]. The rhodium atoms are three-coordinate [166], four [165,166], five
[168,170] and six-coordinate [167].

Nine derivatives have tin and iridium atoms [171-179] of which seven have a direct Sn-Ir bond with
an average distance of 262.2 pm (range 258.67(6) to 266.10(3) pm). Tin atoms are mostly tetrahedrally
coordinated, SnClsIr [171,176,177] and SnCslr [172,173,177], with one example which is trigonal-bipyramidal
(SnC,Br,Ir) [175], the Br atoms occupying apical positions (Br-Sn-Br angle of 169.47(4) °. In this latter
derivative a pair of distortion isomers are found in the same crystal. A yellow-orange derivative [178] has the
tin atom asymmetrically placed within the diaza-crown part of the crown-P, ligand (SnO4N.), becoming seven-
coordinate with the addition of a chlorine atom. The diaza-crown-P, group bonds to the iridium via both P
atoms, and a planar coordination is completed by a CO group and a CI atom. The Sn-Ir distance is 292.0(2) pm.
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In the remaining derivative [179] the Me,CL,Sn and Ir(H){P(OMe);}, moieties are held together by p-
P(O)(OMe) via an O atom to tin and a P atom to iridium.

Figure 7. Structure of PhsSn(u-CC=CCH;Ome)Rh(CI}Pr;), [164]

Seventeen derivatives [167,168,180-193] contain tin and platinum. Sixteen of these have a direct Sn-
Pt bond [167,168,180-192] with an average length of 256.6 pm and range from 248.6(3) to 265.39(6) pm. The
tin atoms are in tetrahedral environments, SnBr;Pt [180], SnCl3Pt [167,168,181,182,188-192], SnC,CIPt
[183,184] and SnCL,CPt [184,186]. The platinum atoms are four-coordinate [180-182,187-192], five [168,184]
and six-coordinate [167,183,185,186]. Two derivatives contain a pair of crystallographically independent
hetero-dimers, differing mostly by degree of distortion. The structure of a yellow derivative is shown in Figure
8 [193]. The molecular geometry clearly indicates that the Ph;SnC(S)SMe moiety is bound to Pt(0) in a n*
mode. The coordination about platinum is approximately planar (PtP,CS) and tetrahedral about tin (SnC,).

For the Actinide series there is only one example [194], and this combines tin with uranium. It is a
brown complex the structure of which is shown in Figure 9. It consists of two interpenetrating pseudo-
tetrahedral units PhsSnU and cpsUsn, with a Sn-U bond distance of 316.6(1) pm which reflects the size of the
uranium atom.

Fig. 8. Geometry of Ph,Sn{p-q’-C(S)Me}Pt(PPh,)z [193] Fig. 9. Structure of Phy;SnUcp, [194]

3. CONCLUSIONS

This review summarises the data for over two hundred and forty dimeric heterometallic compounds of
tin. The heterometal atoms include non-transition (or Group A) metals; Li(x8), Na(x1), K(x3), Al(x1), Ti(x1),
Ge(x7) and Pb(x1); and transition (or Group B) metals, Cu(x2), Ag(x2), Au(x1), Zn(x2), Ti(x4), Zr(x2), V(x5),
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Nb(x4), Ta(x1), Cr(x19), Mo(x25), W(x19), Mn(x13), Tc(x1), Re(x6), Fe(x31), Co(x14). Ni(x13), Ru(x7),
Rh(x6), Pd(x7), Ir (x9) and Pt(x17). In addition there is one example for the actimdes, uranium .

For the tin atom the geometries involved are tetrahedral, trigonal-bipyramidal, pseudo-octahedral and
pentagonal-bipyramidal, of which the first two are most common, with the most important being tetrahedral.
The most common ligands for tin are a chlorine atom and phenyl group. The mean Sn-L bond distance for
tetrahedral tin increases in the order of increasing donor atom covalent radius: 215 pm (LN, 75 pm) < 216 pm
(LC, 77 pm) < 238 pm (CI, 99 pm) < 248 pm (LS, 102 pm) < 252 pm (Br, 114 pm) <263 pm (LSi, 117 pm).
The mean Sn-C bond distance decreases with increasing coordination number about tin in the order: 218 pm
(three) > 216 pm (four, five) > 212 pm (six and seven).

One example [Sn(u-COSiPhs);K(dme);] [15] exists in two isomeric forms, monoclinic and tnclinic.
The triclinic form itself contains two crystallographically independent hetero-dimers. There are several other
examples of this type of isomerism [8,9,15,19,24,32,67,94,96,126,143,147,175,185,191]. One example even
contains four crystallographically independent hetero-dimers within the same crystal. In all of these the
molecules differ mostly by degree of distortion (Sn-L and L-Sn-L parameters) are examples of distortion
isomersm [195].

Only about ten percent of the examples have tin with a non-transition metal, and of these lithium with
8 examples and germanium with seven are the most common. The Sn-M distance for this group are given in
Table 3. There is a tendency for the Sn-M bond distance to increase with the covalent radius of the heterometal
atom. The shortest metal-metal bond of 253.7(6) pm is found for germanium [19].

The other ninety percent of the derivatives contain a transition metal. These are wide ranging, but the
chromium subgroup and the iron subgroup predominate with over sixty examples each. The former includes
Cr(x19), Mo(x25) and W(x19), and the latter includes Fe(x31), Co(x14), Ni(x13) and Pt(17). In this class of
derivatives the majority have a Sn-M direct bond, the lengths of which are given in Table 4. The shortest
distance here is for Sn-Ni with a value of 238.7(1) pm [146).

TABLE 3.
Summary of Mean Sn-M(non-transition) Distances Dimeric Heterometallic Tin Compounds.
Sn-M Covalent Radius of M Distances [pm]
[pm] Shortest [ref] Longest [ref] Average
-Ge 122 253.7(6) [19] 261.06 [19] 260
-Zn 131 263.4(1) [30] 263
-Li 134 277.6(4) [6] 297(3) [9] 286
-Pb 147 280.9(2) [24] 284.8(2) [24] 283
-Tl 152 330.6(3)[18] 331
K 196 346.0(4) [18] 354.8(3) [16] 350

Dimeric heterometallic tin chemistry is much richer than that of lead which had only eighteen similar
examples [5]. In general, the shortest Sn-M distances compare to Pb-M distances according to their respective
covalent radii (Sn = 141 pm and Pb = 147 pm). The values are: 250.8 vs 261.7 pm (M =Mn), 253.7 vs 262.1

pm (Ge); 248.6 vs 169.8 pm (Pt); 277.6 vs 285.8 pm (L1) and 275.7 vs 294.6 pm (V), respectively.
It is hoped that such an overview will help to focus attention on areas of tin chemistry that could be
enhanced by further study, and assist in allowing comparative behaviour of the tin ion in the situations which
can arise from the widespread use of tin.
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TABLE 4.

Vol 24, Nr. 3, 2001

Summary of Mean Sn-M(transition) Distances® in Dimeric Heterometallic Tin Compounds.

Sn-M Covalent Radius of N Distances [pm])
[pm] Shortest [ref] Longest [ref] Average
-Ni 120 238.7(1) [146} 262.6(1)[148] 252.3
-Fe 120 240.8(1)[111} 262.43(21) [128] 2534
-V 125 275.7(2) [38] 293.9(6) [39] 284.8
-Co 126 243.8(1)[137] 259.8(2) [143] 2552
-Ru 126 254.3(1) [153a} 264.5(1) [157] 258.7
-Cr 127 256.0(3) [46} 275.1(1) [59] 265.8
-Pt 128 248.6(3) 265.39(6) [189] 256.6
-Pd 131 247.3(6) [165] 267.0(1) [166] 254.3
-Ti 132 284.3(1) [32] 292.1(1) [33] 288.2
-Rh 135 245.0(1) [159] 263.7(1) [153] 256.0
-Ir 137 258.67(6) [171] 292.0(2) [178] 265.5
-Nb 137 276.4(1) [42]} 283.0(1) [44] 281.0
-Ta 138 275.2(1) [45] 275.2
-Au 143 288.1(1) [29] 288.1
-Mo 145 265.2(1) [62] 289.89(5) [77] 275.0
-Mn 146 250.8(3) [94] 270(1) [103] 262.2
-w 146 270.6(1) [80} 283.7(1) [90] 278.0
-Zr 148 306.1(2) [36] 306.1
-Re 159 260.9(1) [107] 279.3(1)[108] 267.2
-U* 142 316.6(1)[194 316.6
Footnote. a. Only direct metal-metal bond data included. b. actinide metal.

This data has been retrieved in large part by using the Cambridge Crystal database as a pointer to the
original literature. However, some relevant material does get buried in the literature and is not visible from
automated retrieval searches, and some is passed on in incorrect form from one paper to another, and even into
the database. In this study the principle sources for onginal material have included CISTI in Ottawa (Canada),
local university library holdings in south western Ontario, interlibrary loan facilities and the British Library in

London (UK).
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