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biq 
BPh; 
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Bu,MeP(CH,), 
n-Bu 4N+ 

www12 
C, (CO&W 5 
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( t, t-&H &H,NH) *C ( truns, trans-p-tolylimino)methvl 
CH,CSS- 

CZHloN22+ 
(i-C,H,O),PS, 

2-aminoethyl 
alizarinsulphonate 
( o-allylphenyl)diphenylphosphine 
triphenylarsine 
tetraphenylarsonium 
4,4’-azotoluene 
2,2’-bibenzimidazolate 
boronato-bis(dimethylphosphoniummethylide) 
2,2’-bipyridyl 
2,2’-biquinolyl 
tetraphenylborate 
1,2_bis(phenylthio)ethane 
di-(t-butyl)-methylphosphoniummethylide 
tetra-n-butylammonium 
(trifluoromethyl)ethylene 
pentakis(methoxycarbonyl)cyclopentadiene 
hexafluorobut-2-yne 
pentafluorophenyl 
cyclopentadienyl 
dibenzylsulfide 

dithioacetate 
ethylenediammonium 
bis( I_t-O,O’-diisopropyl)dithiophosphate 
l-methyl-l-methylen-l~s-phospholane 
methanido-bis(dimethylphosphoniummethylide) 
thianthrene 
trimethylsulfonium 
bis( N-p-methylanilino)methylide 
l-isopropyltetrazol-5-ate 
2,6-dimethylphenylisocyanide 
cycloocta-1,5-diene 
methoxymethylidine 
1,2,3,4-tetraphenylbuta-1,3-diene-1,4-diyl 
tetrathioquadrate 
cyclohexyl 
trans,trans-1,4-diphenyl-1,3-butadiene 
1,2-dicarbollyl 
dodecahydrido-6-thia-nido-decaborate 
dimethylglyoximate 

(c~,),vcw, 
CW'(CJ%),CH,I, 
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dmp 
dmph 
dpdt 

dPk 
dPPe 
dppm 
dppp 
1,3-dppp 
dpt 
dtc 
EtO- 
Et,0 
Et,P(CH,), 
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hYP 
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L ax 
m 
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Me*P(CH*), 
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NPPh,hl+ 
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Pa 
Pap 
P( P-C,H,OMe) 3 
PClPh 3+ 
P( p-ClPh) 3 
PCY, 
Pcy,Ph 
pdma 

2,9-dimethyl-l,lO-phenanthroline 
2,6-dimethoxyphenyl 
dipropyldithiocarbamate 
di-2-pyridylketone 
bis(diphenylphosphino)ethylene 
bis(diphenylphosphino)methane 
diphenyl(2-pyridyl)phosphine 
1,3-bis( diphenylphosphino)propane 
(Y, cY-di-2-pyridyltoluene 
N, N-di-n-butyldithiocarbamate 
ethoxy 
diethylether 
diethylphosphoniumbis(methylide) 
ethylenethiourea 
tris(pyrazol-1-yl)borate 
hydrogenbis( N, N-dimethylacetamide) 
hypoxanthine 
equatorial ligand 
axial ligand 
monoclinic 
( N-p- tolylimino)me thy1 
acetone 
dimethylphosphoniumbis(methylide) 
mesi tyl 
N-methylhydantoinate 
malonitrile 
n-nonylamine 
bis(2aminoethyl)amide 
bis(2arninoethyl)amine 
nitrido-bis(dimethylphosphoniummethylide) 
bis(triphenylphosphine)iminium 
acetate 
orthorhombic 
trifiuoromethanesulfonate 
isopropylamine 
2-(phenylazo)phenyl 
tri( p-methoxyphenyl)phosphine 
chlorotriphenylphosphonium 
tri( p-chlorophenyl)phosphine 
tricyclohexylphosphine 
dicyclohexylphenylphosphine 
o-phenylenebis(dimethylarsine) 
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Pe 
Pen 
PEt, 

P( TPPh) 3 

Ph,HC, 
phen 
(Ph,P)CH 
Ph,P(CH,)S 
PhPr,“S+ 

PiP 
P*a 
P(OPh) 3 
PP 

PPh, 
PPh,Me 
PPhMe, 
PPr, 

P4 
prazepam 

P tdby 

Wol) 3 

PY 
PYa 
rh 
SbPh, 
S,C,(CP,), 
S,C,(CN) 2 

SCH,CH,PEt, 
S,C,H,Me 
S,CNBu 2 
S,CNEt 2 
(SO,) ,en4- 
SP 
t-stb 

tag 
tdme 

terpy 
t g 

tmtcp 

phenylethyl 
D-penicillaminate 
triethylphosphine 
tri( p-fluorophenyl)phosphine 
tetraphenylcyclopentadienyl 
l,lO-phenanthroline 
bis(diphenylphosphine)methanide 
diphenylmethylenethiophosphinate 
phenyl(di-n-propyl)sulphonium 
piperidine 
n-pentylamine 
triphenylphosphite 
2,11-bis(diphenylphosphinomethyl)benzo-[c]- 
phenanthrene 
triphenylphosphine 
diphenylmethylphosphine 
dimethylphenylphosphine 
tripropylphosphine 
2-(2’-pyridyl)quinoline 
1,4-benzo-diazepin-2-one&chlorine 
3-phenyl-1,4-bis( p-toluidino)-2,3-diazabut-l-en-l-yl- 
4-ylidene 
tri( p-tolyl)phosphine 
pyridine 
2-pyridylamide 
rhombohedral 
triphenylstibine 
cis-1,2-bis(trifluoromethyl)ethene-1,2-dithiolate 
1,2-dicyanoethane-1,2-dithiolate 
diethylphosphinoethylthio 
toluene-3,4-dithiolate 
N, N-di-n-butyldithiocarbamate 
IV, N-diethyldithiocarbamate 
cis-ethylenediaminedisulphite 
o-styryldiphenylphosphine 
trans-s tilbene 
2,3,4,6-tetra-O-acetyl-l-thio-P-D-glucopyranosate-S 
l,l,l-tris(diphenylphosphinomethyl)ethane 
2,2’,2”-terpyridine 
tetragonal 
5,7,12,14-tetramethyl-1,4,8,11-tetraazacyclo- 
tetradeca-4,6,9,12,13_pentaenate 
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tmtct 

t Pm 
tPP 
tpzm 
tr 

t r g 

5,7,12,14-tetramethyl-1,4,8,11-tetraazacyclo- 
tetradeca-4,6,11,13-tetraenate 
6Zpyridylmethane 
( a, /?, y, &tetraphenyl)porphinate 
tri-1-pyrazolylmethane 
triclinic 
trigonal 

A. INTRODUCTION 

Gold is widely distributed in nature and the chemistry of gold remains an 
active research area, with emphasis on the production of new compounds. 
Gold is not essential for any living organism, though some plants con- 
centrate the element [1,2]. Various gold(I) compounds are biologically active 
and used as anti-inflammatory drugs in rheumatoid arthritis treatment [2,3]. 
Colloidal gold also has commonly been used for labelling enzymes and 
proteins for X-ray diffraction study, since it can be readily located. More- 
over, there have been many contributions to try and understand the nature 
of the relatively facile redox processes, to define the ability of gold to 
coordinate with various complexing groups and to establish the major types 
of complex which can be formed by each gold oxidation state [4]. 

During recent years there have been many structural studies and some 
reviews of gold compounds [5], but a comprehensive study of these struct- 
ural results and their classification has not been given. The basic crystal and 
structural data, obtained by X-ray (neutron) diffraction analyses together 
with the relevant Mijssbauer spectroscopic data through the year 1984 are 
reviewed in detail. 

The review includes a classification on the basis of coordination number, 
comparison of the X-ray data with those obtained by Mijssbauer spec- 
troscopy, and a discussion of the factors which will lead to better under- 
standing of the stereochemical interactions in gold compounds. 

B. STRUCTURAL DATA FOR GOLD COMPOUNDS WITH COORDINATION NUM- 
BER TWO 

(i) Mononuclear compounds 

The lowest and highest coordination numbers found in coordination 
compounds of gold, are two and six, respectively, with the intermediate 
number four being the most frequent for gold(II1) and number two for 
gold(I) compounds. A wider range of coordination numbers exists in 
organometallic (cluster) gold compounds, ranging from two to twelve. 
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Fig. 1. A perspective view of [{ p-CH3CSH4NH)2C}2A~]BF4 [8]. 

Structural data for mononuclear gold compounds with coordination num- 
ber two are gathered in Table 1. Two common geometries, linear and bent, 
exist in the chemistry of gold compounds. In Fig. 1 is illustrated the crystal 
structure of [(( ~-CH,C,H,NH)2C}2A~]BFq [8], as a representative example 
of linear geometry. 

From the data summarised in Table 1, we see that the gold atom occurs 
only in oxidation state one or zero. The Au-L bond distance lengthens with 
increasing van der Waals’ radius of the coordinated atoms (ligands), as 
expected. The L-Au-L(L’) angles are in the range 180-155.3(1)“. 

(ii) Binuclear compounds 

X-ray data for binuclear gold(O) and gold(I) compounds with coordina- 
tion number two are summarised in Table 2. The structures are tabulated by 
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1790) 

Fig. 2. A schematic view of the crystal structure of [Ad(Et,P(CH,),}], [44]. 

increasing number of bridging atoms between two gold atoms. Six types of 
gold compound Fe included. In [Au(PPh,)], the distance between the two 
Au atoms (2.76 A) is shorter than in gold metal (2.88 A) [74] and is one of 
the shortest reported for gold compounds with coordination number two, 
supporting a direct Au-Au bond interaction. In the binuclear [A${ Et,P 

WU)L (Fig. 21, [Au’{(CH,),P(CH,),}l, and b@WYCH,)S)12 the 
distance between the two Au(I) atoms, namely 3.023(l) A in the former ed 
3.040(l) A in the latter, are well above the Au(I) covalent diameter (1.32 A), 
supporting only Au . . . Au contacts. In [{Au’(PPh,)),Cl]+ and 
[{ Au’(PPh,)},S] the tyo Au(I) atoms are bridged through the chlorine atom 
(Au-Cl = +334(5,6) A in the former and by the sulphur atom (Au-S = 
2.159(5,2) A) in the second. (The first number in parentheses following is an 
averaged value of an e,s.d., and the second number is the maximum 
deviation from the average value.) The two crystallographically independent 
cations, [{ Au’(PPh,)} ,Cl] +, have different Au-Cl(P) bond lengths (Table 2). 
These results indicate the presence of two distortion isomers [75] of gold(I) 
in molecules of [{Au(PPh,)},Cl](ClO,) - (CH,Cl;) [47]. 

In [(Ph,P)Au’C(CF,)], the two Au(I) atoms are bridged through two 
carbon atoms, and the P-Au-C=C-Au-P moiety is substantially planar, 
where the Au . . . Au contact of 3.343(8) A is too large for any appreciable 
interaction. A somewhat longer distance, 3.351(2) A between the two Au(I) 
atoms was found in [Cl,Au\(dppm)], where the Cl-Au-P-C-P-Au-Cl 
moiety is observed. 
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0.23 

Fig. 3. Projection of the crystal structure of (p-bpte)Au\Cl, 1511. 

In the following four species, (p-bpte)Au:Cl, (Fig. 3) (Au’SCH,CH, 

PEt 2 ) 2 T ( ,@ve)Au%l 2 and [(Ph,P),Au\(p-bbzim)Rh(cod)]+, the two 
Au(I) atoms are held together through four heteroatoms Au-S-C-C-S-Au. 
The intramolecular Au. . .Au contacts (3.12 A mean value) (Table 2) in the 
four heteroatom bridged binuclear gold(I) compounds indicate no direct 
bond between the two gold(I) atoms. 

(iii) Tri-, tetra-, penta-, hepta- and polynucleat compounds 

Six kinds of trinuclear gold compound exist (Table 3). In [Ph,C,(Au- 
PPh,),]+ (Fig. 4) the three metal atoms fall into two non-equivalent classes 
exhibiting different coordination numbers: the central atom Au(l) is two-co- 
ordinate (AuCP) and the other two, AU(~) and AU(~), atoms are threc-coor- 
dinate (AuCPAu’) with a direct AU(~)-AU(~) bond of 2.820(l) A. There is a 
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‘33) 

Fig. 4. A schematic outline of the crystal structure of [Ph,CS(AuPPh3),]+ [S]. 

contact between Au(l) and AU(~) of 3.021(l) A. Differences exist between 
the Au(l)-L and Au(2)(3)-L bond lengths. While the Au(l)-C bond dis- 
tance of 2.21(2) A is longer than those of Au(2)(3)-C (2.16 and 2.10(2)&), 
the Au(l)-P of 2.257(5) A is shorter than those of 2.297 and 2.282(5) A, 
respectively, consistent with the difference in coordination number. 

In the other five trimer compounds (Table 3), all the metal atoms exhibit 
the same coordination number i.e. two. From the structural point of view, 

these five compounds can be divided into three groups. The structure of 
[X(Au’PPh3)3]+ (X = 0, S or Se) is shown in Fig. 5. The Au-X bond 
lengths increase witt increasing ionic radii *of X2- in the order; 0,0 1.98 A 
(ionic radius 1.26 A) < S, 2.33 A (1.70 A) < Se, 2.44 A (1.84 A). The 
intramolecular Au,. .Au contacts do not follow the same order: 3.094 
A(O) < 3.159 A (Se < 3.22 A (S); while the intermolecular Au. . . Au contacts 
do: 3.162 A(0) < 3.298 A (S) K 3.308 A (Se). 

In [(AurCl),(tdma)], each of the three gold(I) atoms has a linear coordina- 
tion geometry (P-Au-Cl, 174.8-178.2”), but with only one contact between 
Au(l). . .Au(2) (3.091 A) [58] (Table 3). 



PCI’) PC3’) 

Fig. 5. A schematic outline of the [O(AuPPh3)s]+ fragment [56]. 

Three gold(I) atoms in [(EtO)(MeC,H,N=)CAu’], [59] are bridged through 
the N and 0 atoms of three C(EtO)=N(C,H,Me) groups. 

Four types of tetranuclear gold compound (Table 3) are included. In 
[Au*(CH,CSS)], [60] the four gold(I) atoms are at the vertices of a 
rhombohedron. In [(Ph8d3P),AU,N]- a distorted tetrahedral Au,(N) clus- 
ter is built up of four linearly coordinated gold atoms with an interstitial N 
atom [61]. Structural analyses on [Fe(CO)4Au,L], (L = dppm or dppe) [62] 
have shown that the bite angle of L exerts a profound influence on the 
cluster geometry, since L = dppm gives a rhomboid of gold atoms with 
p,-Fe(CO), moieties, while for L = dppe well separated Au 2 Fe triangles are 
found. 

The structures of [Au’X(py)], where X = Cl, Br or I [63,64] are built up of 
linear [Aupy,]+ and [At&,]- ions, which are linked together into tetra- 
nuclear, chain-like compounds AuX ,-Aupy,-Aupy,-AuX 2. [AuBr( py)] 4 was 
prepared in two isomeric forms, monoclinic and triclinic. Differences in the 
interatomic distances were observed (Table 3), and this is an another 
example of distortion isomerism in gold(I) compounds. 

In pentanuclear [Au’{ S(Au’PPh,), J2]’ [65] the metal atoms fall into two 
non-equivalent chromophores; one Au(I) atom has an AuS, chromophore, 
and four Au(I) atoms an AuSP chromophore (Table 3). Gold(I) atoms are 
bridged to each other through a sulphur atom (Au-S-Au),. 

Two distortion isomers of heptanuclear, [Au,P,,I] were prepared and 
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studied by X-ray analysis f66]. There exist two types of chromophore in each 
of the isomers, AuP, (6 x ) and AuPJ (1 X ), respectively (Table 3). 

Several polynuclear gold compounds exhibit coordination number two 
and are shown in Table 3. 

Structural results confirm the sensitivity of the M-L bond length to the 
degree of aggregation. Usually, the M-L bond lengths are somewhat shorter 
in mononuclear compounds than those in an oligomer. For instance, the 
mean Au-N distance in monomers is about 1.98 A and in oligomers is 2.08 
A; similarly Au-Cl is 2.21 A and 2.31 A and Au-S is 2.288 A and 2.295 A 
in monomers and oligomers, respectively. 

The data in Table 1 (monomers) reveal that L-Au-L(L’) angles lie in the 
range 180%155”, which spans a wider range than that found for oligomers 
(Tables 2 and 3). 

C. STRUCTURAL DATA FOR GOLD COMPOUNDS WITH COORDINATION NUM- 
BER THREE 

(i) Mononuclear compounds 

Structural data for mononuclear gold compounds with coordination num- 
ber three are collected in Table 4 and a crystal structure of [Au(PPh,),]+ 
[79] is shown in Fig. 6 as a representative example. The compound contains 
a central AuPa unit with a geometry close to an ideal trigonal plane. The Au 
atom is 0.20 A out of the least-squares plane through the P atoms. 

Inspection of the data in Table 4 reveals that angular distortion from 
regular trigonal-planar geometry takes place even in compounds where the 
trigonal plane contains the same ligands (triphenylphosphine). The distor- 
tion originates in the steric repulsion between the bulky triphenylphosphine 
ligands. 

Highly distorted three-fold planar coordination occurs if the trigonal 
plane is built up by two, or three different types of donor atoms (ligands) 
(Table 4). 

Crystallographic analysis of [AuRu&+COMe)(PPh,)(CO),,] [91,92] and 
[Ru,C(CO) 5 { p-AuPPh,}Cl] [94] provides evidence for the presence of two 
independent molecules which have significantly different M-L bond lengths 
(Table 4). 

(ii) Si, tri-, tetra-, penta- and poiynuclear compounds 

Structural data for oligonuclear gold compounds are given in Table 5. The 
data are tabulated by increasing degree of aggregation and by elongation of 
the Au-Au bond (contact) distance. 
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In eight of 14 binuclear gold compounds there exists a direct Au-Au 
bond. From the structural point of view these eight compounds can be 
divided into two groups. The structures of [Au’(dpdt)], [loo], [Au\Ni, 
(pen),]Na, [106], and [Au\{(Ph,P),CH,}{Bu,MeP(CH,),}] [107] are il- 
lustrated by the molecular structure of [Au’(Ph,P),CH], [103] as shown in 
Fig. 7. The molecule contains an eight-membered Au,S,C, ring, in the first; 
Au ,S,N, in the second; AuP,C + AuC,P in the third; and Au 2P4C2 in the 
molecule illustrated. Their structural data are presented in Table 5. Two 
independent [Au$Ni,(pen),]- ions, mostly differing in their M-L distances, 
demonstrate distortion isomerism. 

The crystal structure of [Au,Pt(PPh,),(PEt,),Cl] [loll is shown in Fig. 8 
as a representative example of the second type of binuclear gold compound 
with a direct gold-gold interaction. The three metal atoms [loll he at the 
vertices of an approximately isosceles triangle Au,Pt in which the long edge 
is defined by the Au-Au vector (Table 5). Similar structures were found for 
[(a-C,H,)Fe(n-C,H,)Au\(PPh,),](BF,) 11021 and [{Au’PPh,},(mn)] [104] 
in which the Au,C triangle is defined by the long Au-Au vector, as well as 
in [Os(CO),{AuPPh,},] [lOS] with a Au,Os triangle, again with the long 
Au-Au vector. 

Fig. 6. A perspective of the structure of the [Au(PPh,),]+ cation [79]. 
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Fig. 7. Molecular structure of [Au’(Ph,P),CH], [103]. 

Fig. 8. Structure of [Au,Pt(PPh,),(PEt,),Cl] [loll. 
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The elongation of the Au-Au distance is also reflected in the simulta- 
neous opening of the Au-L-Au bridg$g angle. In [Au:Pt(PPh,) ,(PEt 3) $11 
the Au-Au bond distance is 2.737(3) A and the Au-Pt-Au angle is 63.5”; in 
[( r-C,H,)Fe( 7&,H,)Au\(PPh,),]+ the Au-Au bond distance is 2.768 A 
and Au-C-Au = 77(l)“; in [{Au’PPh,},(mn)], Au-Au=2.912A and 
Au-C-Au = 87.7(3)‘. On the other hand, note that the Au-Au distance, 
2.929 A, found in [Os(CO),{ AuPPh, )?], is the highest in the series, in spite 
of the fact that the bridging AU-OS-AU an@e of 66.9(1)O is not the largest; 
however, the AU-OS bond length of 2.656 A is the longest in the series. In 
binuclear [Fe,C(~.2-CO),(CO),,(~-AuPEt3)2] [log], [Os,C(CO),,{Au- 
PPh,},l W91, Ps3WO),o(AuPEt3)21 PW W%Au2(PPWW21 WI, 
[Au:(C,S,)(PPh,Me),] [112], and [Ru,C(CO),,{AuPMePh,},] [113], for 
which structural data are given in Table 5, no interaction exists between two 
gold atoms. 

In trinuclear [Ph,C,(AuPPh,),]‘t [55], only two gold atoms have a coordi- 
nation number three (AuCPAu’) with a Au-Au bond length of 2.820(l) A. 
The third atom has a linear coordination (AuCP) and was discussed in 
Section B(iii). Similar, non-equivalent gold atoms exist in the other tri- 
nuclear, [Au,Ir(NO,)(PPh,),]+ [114]. Au(l) and AU(~) are three-coordinate 
(AuPIrAu’), AU(~) is four-coordinate with the AuPIrAu; chromophore 
(Table 5). 

Direct Au-Au interactions were found in tetranuclear and pentanuclear 
compounds, but not in polynuclear (Tl,Au,I,,). (Table 5). 

There is a tendency for elongation of the M-L bond length from 
two-coordinate to three-coordinate gold. compounds: Au-N (mean value) 
2.02 and 2.28 A; Au-C, 2.05 and 2.21 A; Au-Cl, 2.26 and 2.62 A; Au-S, 
2.29 and 2.43 A; Au-P, 2.27 and 2.31 A, and Au-I, 2.58 and 2.77 A, 
respectively. On the other hand, the trend for the Au-Au bond length is 
opposite, the mean value of0 2.84 A found in two-coordinate oligonuclear 
compounds, is about 0.03 A longer than that found in three-coordinate 
compounds (2.81 A). 

D. STRUCTURAL DATA FOR GOLD COMPOUNDS WITH COORDINATION NUM- 
BER FOUR 

(i) Mononuclear gold(I) and gold(O) compounds 

Structural data for mononuclear gold(I) and gold(O) compounds are 
gathered in Table 6. The structures are tabulated by increasing number of 
hetero-coordinated atoms (ligands). The crystal structure of 
[Au’(PPh,Me),]+ [119], is shown as a representative example in Fig. 9. The 
coordination environment about the gold(I) is nearly that of a regular 
tetrahedron. All Au-P bonds are equivalent (2.449(l) A, and the two 
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186 

Ph 

Fig. 9. Structure of the [Au’(PPh,Me),]+ cation [119]. 

independent P-Au-P angles (105.24(2) and 118.32(4)O) yield a slightly 
“flattened” tetrahedron. Data (Table 6) confirm the sensitivity of the M-L 
bond length to the steric bulk of the ligands as well as to the stereochemistry 
around the metal atoms (Table 4). 

The more bulky phosphines force an increase in the Au-P bond length, as 
seen in the series of gold compounds with a AuP, chromophore, where the 
mean AOu-P bond distancf increases in the order: dppe (2.403 A) < PPh,Me 
(2.449 A) ( PPh, (2.569 A). The Au-P bonds are longer in the case of the 
AuP, $romophore (2.50 A) than those found for the AuP, chromophore 
(2.36 A). 

In [Au’(Ph,Sb),][Au’(C,F,) 2] [lo], three independent [Au’(Ph,Sb),]+ 
units differ mostly in their Au-Sb bond distances (Table 6) indicating the 
presence of three distortion isomers. 

(ii) Mononuclear gold(lIl) compounds 

There are numerous four-coordinate gold(II1) compounds (Table 7). We 
can see some trends in Table 7. In the series of compounds with the general 
formula [AuX,]M (X = F, and M is Li, Na, K or Rb) the value of the unit 
cell axial ratio c/a increases as the ionic radius (R,,) (A) of the cation 
increases in the order: Li+(c/a, 0.485; Ri,, 0.90) < Na+(1.860; 1.16) < 
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K+(1.899; 1.52) < Rb+(1.917; 1.66); also when X = Cl, and M is Ag, IS, Rb 
or Cs: Ag+(0.990; 1.08) < K+(1.412; 1.52) < Rb+(1.446; 1.66) < Cs+(1.466; 
1.81). 

In [Au(tmtct)]+ [132] and [Au(tmtcp)]+ 11331 the AuN4 chromophores are 
built up by a tetradentate ligand, while in [Au(terpy)C112+ [161] as well as 
[Au{NH(ae)}Cl] and [Au{N(ae)}Cl]+ [162] tridentate ligands are present. 

In spite of the presence of three potentially bidentate ligands in 
[Au(S,CNEt,),] [157], only one is coordinated to the central atom through 
both its S donor atoms, while the other two are monodentate. An approxi- 
mate square-planar configuration about the Au(W) atom is built up by two 
bidentate ligands in [Au(pap),]+ [153], [Au(S,CNBu,),]+ [154,159,180], 

L44S,CNBu2)21- and [Au{SZC2(CN)2}21 ]1551, ]Au(S,CNBu,){S,C, 
(CN),}] [156], [Au(S,C,(CF,),},]- [158] and [Au(S,C,H,Me),]- [160]. In a 
few examples [136,139,140,172-175,177-1791 three ligands, one bidentate 
and two monodentate, build up a four-coordinate environment about the 
Au(II1) atoms. 

Four monodentate ligands are the most common framework for four-co- 
ordinateOgold(III) compotnds (Table 7). The mean Au(III)-P bond length 
of 2.33 A is about 0.17 A smaller than that found in mononuclear Au(I) 
compounds (2.50 A) (Table 6). 

In [AuCl,]- [143,144], [Au(CH,),(PPh,)] [138] and [AuCl(azt)] [164], two 
crystallographically independent distortion isomers are present. 

(iii) Binuclear compounds 

Structural data for binuclear gold compounds are summarised in Table 8. 
The data are tabulated via increasing Au-Au bond length (contact). The 
gold compounds in Table 8 can be divided into a few groups. The structures 
of [Au,Pt,(PPh,),(CN-xylyl),12+ [186], [Aun1{N(CH,)2)(CH,)& [191] 
(Fig. lo), [Au~‘O,]~+ 11921, [Au”‘Cl,], [193], [Au”‘Br,], [194], 
[Au,Br,(CH,),] [195], [Au’“(Et),Br], [196] and [AuySr(OH)J [198], con- 
sist of a planar Au,L, unit, in which two Au atoms are bridged by two 
other atoms (ligands) (Table 8). The extension of the Au-Au distance is 
reflected in simultaneous opening of the Au-L-Au bridging angle. 

The molecules of [Au1”{Et2P(CH,),}C11, [187], [Au’I(Ph,P(CH,)S}I], 
[46] and [Au’{(Ph,P),CH,}Cl], [190] contain an eight membered Au&P,, 
Au &SZPZ and Au,P& ring, respectively. The Au-Au bond length in- 
creases with a decrease in oxidation state of the central atom (Table 8). 

The two gold atoms in [At$Br,(CH,),] [195] fall into two non-equiv- 
alent classes exhibiting different coordination patterns, AuBr, and AuC,Br,, 
respectively. Different coordination numbers, three and four, have been 
found in [(?r-C,Hf,)Fe(w-C,H,)Au\(PPh3),]+ [102]; and four and five in 
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Fig. 10. Structure of [Au”‘{N(CH~)~ )(CH,),], [191]. 

ERu,WCICO),,(AuPEt,),l W31 and [Au,Ru,(~.,-S)(CO),(PPh,),l W91. 
Two independent molecules in [Au”{ Ph,P(CH,)S}Ij2, differ mostly in their 
Au-L bond lengths, as well as in the Au-Au bond distance (Table 8); they 
are the only known examples of distortion isomers for Au(H) compounds. 

There is a difference between the Au(III)-L bond lengths in mono- and 
binuclear compounds. The moean value of Au-N, 2.05 A, found in mono- 
nuclear species is about 0.09 A smaller than those found in binuclear species 
(2.14 A); similarly Au-Cl is 2.28 compared to 2.29 A; Au-C, 2.06 compar$ 
to 2.09 A; Au-S, 2.32 compared to 2.39 A, Au-Br, 2.46 compared to 2.50 A, 
respectively, showing a trend for a longer Au(III)-L bond length in bi- 
nuclear compounds. 

(iv) Tri, tetra-, hexa- and poljnuciear compound 

Structural data for oligonuclear gold compounds are given in Table 9. The 
structures are tabulated by increasing number of gold atoms and by increase 
of the Au-Au bond length. 

In [Au,Ir(NO,)(PPh,),]+ [114] the three gold atoms are bound to the Ir 
atom in a nearly planar configuration. Each Au is also bound to a PPh, 
ligand, while the Ir is attached to two PPh, ligands and a chelate NO, 
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group. The Au-Au separation (mean value 2.766(l) A) is among the shortest 
of all the trinuclear gold compounds summarised in Table 9. The three gold 
atoms fall into two non-equivalent classes exhibiting different coordination 
patterns as well as different coordination numbers; one Au atom is four-co- 
ordinate and the other two are three-coordinate. 

In [Au,CoRu,(CO),,(PPh,),] ,[201] two gold atoms cap adjacent AuCoRu 
and AuRu 2 faces of the trigonal bipyramidal AuCoRu, core. Each Au is 
also bound to a PPh, ligand. One Au atom is four-, another is five- and the 
third is six-coordinate. 

All three gold atoms in (Ph,PAu),V(CO), [202] are equivalent with a 
AuPVAu, chromophore. The four metal atoms (Au (3 X ) and V) are 
arranged in a slightly distorted tetrahedral array with Au-Au-V, 
Au-Au-Au, and Au-V-Au angles close to the expected 60” (Table 9). 

The crystal structure of [Au,Ru,(p-H)(CO),,(PPh,),] [93,203,206] shows 
the unusual bicapped trigonal bipyramidal AuRu, unit with two AuRu, 
faces capped by gold atoms. Each gold atom carries a PPh, ligand. Two 
independent measurements on the monoclinic [Au,Ru,( p-H)(CO),,(PPh,),] 
compound, show very similar structures, with two different coordination 
numbers about the gold atoms (distortion isomerism) (Table 9). The greatest 
differences in the interatomic distances were observed in the Au-P bonds. 
This distance ,is about 0.013 A smaller [203] than those in [206]. 

Three gold atoms in [Au3Ru3(p,-COMe)(CO),(PPh,),] [92] have similar 
environments to those of [Au,Ru,(p-H)(CO),,(PPh,),]. 

[Au,Ru,(~&,,H,,)(CO),(PPh,),] [204] has the capped trigonal bi- 
pyramidal geometry, formed conceptually by the addition of a Au atom to a 
Ru 2 Au face of a Ru,Au tetrahedron, followed by capping of a Au 2Ru face 
of the resulting trigonal bipyramid. Each Au is also attached to a PPh, 
ligand, and falls into one of three, non-equivalent classes, with coordination 
number four, five and six, respectively (Table 9). The Au-Au bond distance 
is increasing monotonically with increasing coordination number (Table 9). 

Four gold atoms in Au,(dppmH),I, 12051 form a slightly distorted 
tetrahedron. The top Au atom has a coordination number four (AuIAu; 
chromophore) and the other three Au atoms, coordination number six 
(AuIP,Auj chromophorej. The Au-Au distance of 2.744 A (mean yalue) in 
AuIAu; is about 0.077 A shorter than those of AuIP,Au; (2.821 A, mean 
value) (Table 9). 

The crystal structure of [Au(OH)(CH,),], [207] is shown in Fig. 11. The 
molecule consists of an eight-membered ring where Au atoms are bridged by 
hydroxo groups. Four gold atoms have the same chromophore, AuC,O,, 
but, on the basis of Au-L lengths and L-Au-L(L’) angles, can be divided 
into two groups. Au(l) and AU(~) have a mean value of Au-C, 2.10 A and 
Au-O, 2.23 A, with a sum of all the interatomic distances around Au(l) or 
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C(3) 

C(4) 

Fig. 11. Crystal structure of [Au”‘(OH)(CH,)~]~ [207]. 

AU(~) of 8.66 A. These values are larger than those found about AU(~) and 
AU(~) which are 2.00, 2.08 and 8.16 A, respectively. The C-Au-C, O-Au-O, 
and C-Au-O angles of 85.5, 84.7 and 94.7” in the former also differ from 
those found in the latter (82.5, 87.4 and 94.6”), respectively. 

Six gold atoms in [Au,(PPh,),Co,(CO),] [209] fall into three non- 
equivalent groups; in [Au,(PPh,),12+ [210] and similarly in [Au,(1,3- 
dppp),]*+ [211], there are two groups (Table 9). The Au-Au bond distance 
is sensitive to the coordination number and increases therewith. 

Another example of distortion isomerism is hexagonal and trigonal 
Au,P,,I [66] (Table 9). 

X-ray analysis of [Au,(PPh,),12+ [213] and [Aug(PPh,)s]2+ [214,215] 



reveals that the octagold skeleton is a fragment of the centred icosahedron. 
Every peripheral gold atom has one triphenylphosphine ligand, including the 
central one in [Au,(PPh,),12+. The resulting coordination polyhedron 
around the central atom may be described as a deformed cube. The 
distances between peripheral gold atoms are distinctly longer than those 
between the centre-to-peripheOq (Table 9). On the oth:r hand, the 
Au(centre)-P distance of 2.40 A <.mean value) is about 0.10 A longer than 
those of Au(periphery)-P (2.30 A). The lengthening reflects the smaller 
availability of the Au(centre) orbitals for this interaction. 

The cationic enneagold clusters, [Au,(Pcy,),13+ [212] and [Au,{ P( p- 
C6H,0Me)3},]3+ [216] and neutral, [Au,(P(Ch),},(SCN),] [16] have a 
different symmetry. While the cationic enneagold cluster has metal geome- 
tries of Dti symmetry, the neutral cluster has a metal arrangement of C, 
symmetry. The metal-metal bond distances display the usual patterns, the 
centre-to-periphery being distinctly shorter than those in the periphery 
(Table 9). 

Inspection of the data in Table 9 reveals that the Au-Au bond distance is 
dependent on the degree of aggregation. In the AuXAu; Fhromophore, the 
meanOvalue of the Au-Au di$ance is in the order: z.74 A (tetranuclear) -c 
2.76 A (hexanuclear) < 2.79 A (octanuclear) > 2.75 A (nonanuclear). In the 
series of chromophores AuPAu;, AuPAu’, , AuPAu;, and AuPAu’,, the 
Au-Au bond l?ngth mean values are:0 2.77 A in the first, 2.81 A in the 
second,m 2.77 A in the third and 2.70 A in the last. 

In {Au:P,}. [66a] and {[Au’(i-C3H,0)ZPS2]2}~ [217], each gold(I) atom 
is surrounded by four atoms (Table 9), in a slightly distorted square-planar 
configuration. Dimers are joined together to form linear chains through the 
metal atoms in a staggered arrangement. 

The structures of polynuclear gold(II1) compounds (Table 9) reveal that 
each gold(II1) aiom has a square-planar coordination. The average Au-O 
length of 2.03 A, is about 0.01 A longer than the Au-O length (for 0 
coordinated to two Au) with each 0 coordinated to three Au atoms 
[218,221]. A trans influence is seen in Au,O, and AuOCl: the Au-0 bond 
of 2.07 Ab tram to 0 (Au-O, 1.93 A) in the former, and trans to Cl (Au-Cl, 
2.24464) A), is significantly longer than theoother Au-O bonds (2.01 and 
2.04 A, in the former; and 1.99 and 2,01(2) A in the latter). 

The average Au-L bond lengths (L = 0 or Cl) of 2.00 and 2.26 A, found 
in polynuclear gold(III) compounds (Table 9) are smaller than those of 2.035 
and 2.29 A, found in binuclear species (Table 8) and in a mononuclear 
species (2.06 and 2.28 A) (Table 7). 
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E. STRUCTURAL DATA FOR GOLD COMPOUNDS WITH COORDINATION NUM- 
BER FIVE 

(i) Mononuclear compounds 

Structural data for mononuclear gold compounds with coordination num- 
ber five are gathered in Table 10. Two types of gold(II1) compounds are 
included. In [AuCl,(biq)] [224], the gold(II1) atom is intermediate between 
the trigonal-bipyramidal and the square-pyramidal arrangement. This com- 
plex is the first example of five-coordinate gold(II1) confirmed by X-ray 
structural analysis. In the other compounds (Table 10) the gold(II1) atom 
has a distorted square-pyramidal geometry (Fig. 12). The gold(II1) atom lies 
above the base plane 0.03-0.12 A towards the apical ligand. The average 
values for the Au-L, and Au-L, bonds reveals that Au-L, is signifi- 
cantly longer by about 0.31 &Cl) and 0.54 A(N). 

There is no example with five monodentate ligands. In [AuCl(tpp)] [223] 
the square plane is built up of a tpp ligand coordinated through its four N 
atoms, with the chlorine atom in the apical position. In [AuCl(C,Ph,)(phen)] 
[227], the C,Ph,, coordinates through two carbon atoms in a plane together 
with a chlorine atom, and the remaining equatorial position is occupied by a 

Fig. 12. Crystal structure of [Au”‘Cl,(dmp)] [226]. 
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N atom of the bidentate phen ligand, while the second N atom occupies the 
apical site. Similarly in [AuX,L] (X = Cl, Br; L = pq, dmp) a bidentate 
ligand links a plane and apical site [225,226]. This is reflected in the 
L,,-Au-L, angles (Table 10). 

(ii) Oligonucleur compounds 

The gold(II1) atoms in binuclear [(Au,B,H,,)(Et,CNS,),] [230] have a 
square-plane built up by two sulphur and two boron atoms. The third boron 
atom completes square-pyramidal geometry. There is no direct Au-Au bond 
(Table 11). 

In tetranuclear [Au,I,(PPh,),] [231] (Fig. 13) a tetrahedral gold cluster is 
connected to four terminal PPh, ligands and two edge-bridging iodine 
ligands (Table 11). 

The distorted centrosymmetric octahedron of [Au{ P(tol),}]i+ [233] is 
shown in Fig. 14. The distortion approximately corresponds to a squeezing 
of the octahedron along a C, axis. 

The seven gold atoms in [Au(PPh,)];f [232] fall into two non-equivalent 
sets, five are five-coordinate (AuPAu’,) and two are seven-coordinate 
(AuPAu’,) (Table 11). The Au, skeleton is a pentagonal bipyra@d, where 
the average value of the Au-Au bond length in AuPAu’, (2.80 A) is about 

Fig. 13. Crystal structure of [Au,I,(PPh,),] [231]. 
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P13) 

Fig. 14. A view of the [Au{P(tol),}]i” [233]. The phenyl groups are omitted. 

0.06 A shorter than that in AuPAui (2.86 A). The latter value of 2.86 A is 
significantly shorter than the mean value of 3.020 w in [Au{P(tol),}]i+ 
[233] with the same chromophore (AuPAu’,). 

Another example of distortion isomerism is [Au,{ P(to1) 3} J(NO,) 3 [235], 
which exists in tetragonal and orthorhombic forms (Table 11). Another 
tetragon’al form has been prepared with the PF,- ion [234] (Table 11). In all 
three compounds, eight gold atoms have a coordination number five 
(AuPAu>) and one centre gold has eight-coordination (AuAu’,). There are 
two crystallographicall. independent Au(centre)-to-Aucperiphery) distances; 
2.689(3) and 2.729(3) A with a mean of 2.709(3,20) A in the tetragonal form 
yf [Au,{ P(to1) 3 } J(PFs) 3; 2.689(2) and 2.735(2) A with a mean of 2.712(2,23) 
A in the tetragonal form (NO,),; both show a greater variation than those 
fpr the orthorhombic form 2.659(2) and 2.677(2) with a mean of 2.668(2,9) 
A. The peripher$ Au-Au distances in the former fall between 2.752(3) and 
&868(3) (2.805 A, mean); in the second between 2.751(2) and 2.899(2) (2.825 
A, mean); both tetragonal forms again show a greatez variation than those in 
the orthorhombic form 2X0(3)-2.843(3) (2.823 A mean). This can be 
attributed to the greater steric strain imposed on the skeleton by the bulky 
ligands in the more compact tetragonal structure. This observation, together 
with the recognition that the potential energy surfaces connecting alternative 
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polyhedral geometries were soft, necessitated a broad classification of gold 
clusters according to their gross topologies, with toroidal clusters char- 
acter&d by a total of 12n + 16 electrons (n is the number of peripheral gold 
atoms) e.g. nonagold clusters, and spherical clusters with a total of 12n + 18 
electrons, e.g. undecagold clusters. 

Briant et al. [236] have studied the crystal structure of 
[Au,,Cl,(Pcy,Ph),](NO,). The [Au,,Cl,(Pcy,Ph),] species has approxi- 
mately D,, symmetry with 6 Au(Pcy,Ph) and 3 AuCl fragments arranged 
around the central gold atom in a circular fashion. In common with other 
gold cluster compounds the central-to-peripheral Au-Au distances which 
fall in the range 2.666-2.740(2) A with a mean of 2.704(2,38) A are generally 
shorter than the peripheral Au-Au distances which fall in the range 
2.738-2.941(2) A with a mean of 2.849(2,111) A. 

Both radial and peripheral Au-Au bond lengths in the decagold cluster 
show a greater variation than those for an enneagold cluster, which are 
2.659-2.735(3) (mean 2.696(3,39( A) and 2.752-2.843(3) A (mean 2.817(3,65) 
A), respectively. 

Five undecagold cluster compounds of the general formula [Au,,L,X3] 
where L = P( p-ClPh), or P( p-FPh), and X = I [237,238]; and L = P(to1) 3; 
PPh, or P( p-PPh)3 and X = SCN [212,237] are included in Table 11. The 
crystal structure of [Au,,{ P( p-FPh)3} 713J, a representative example, is 
shown in Fig. 15. The undecagold cluster is based on a centred icosahedron, 
in which one triangular face has been substituted by a single gold atom. The 
eleven metal atoms fall into five nonequivalent classes: one is five coordi- 
nate, AuPAu’,; six are six coordinate, AuPAu; (3 X ) and AuIAu; (3 x ); 
one is seven coordinate, AuPAu’,, and the central gold atom is ten coordi- 
nate, AL-&U&, (Table 11). 

Both the Au-P and the mean of the Au-Au bond lengths increase with 
increase of coordination number in the order: AuPAub < AuPAu; < AuPAu’, 
(Table 11). The radial and peripheral Au-Au distances in the undecagold 
cluster lie in t,he range 2.600-2.718(3) A (mean 2.667(3,67) A) and 
2.836-3.187(3) A ( mean 2.981(3,206) A) respectively. The radial Au-Au 
bond lengths in the undecagold cluster show a greater variation from th,e 
mean than those fof the enneagold and dec$gold clusters, 2.659-F-735(3) A 
(mean 2.696(3,39) A) and 2.666-2.740(2) AO(mean 2.704(2.38) A), respec- 
tively. However, the mean value of 2.667 A is significantly smaller than 
those of 2.696 A in the enneagold and 2.704 A in the decagold cluster, 
respectively. On the other hand, the peripheral Au-Au distances in the 
undecagold cluster show not only a greater variation from the mean, but 
also the mean valut is significantly greater than those found in decagold 
(2.738-2.941 (2). A ( mean 2.X49(2,111) A)) and enneagold clusters 
(2.752-2.843(3)) A (mean 2.817(3,65) A). 
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25 
F(33) 

n 0 F(2) 

1 Au (2) 

Fig. 15. Crystal structure of [Au,,{P( p-FPh),} ,I31 [238]. 

There is a discrepancy between the A!-P bond lengths and the degree of 
cluster aggregation. The Au-P of 2.30 A in the enneagold cluster is com- 
parable with those of 2.211-2.295(10) A found in the undecagold cluster, 
but differs from those in the decagold cluster, which lie in the rpge 
2.712-2.740(2) A (Table 11). The Au-Cl distances of 2.666-2.674(l) A in 
the last are even longer than the Au-I distance of 2.600(5) A in the 
undecagold cluster. 

Compounds of the general formula { AuAg(C,F,) 2L} n (L = SC,H, or 
C6H6) [239,240] form polynuclear chains by repetition of the structural unit 
[ . . . (C,F,b,Au(p,-Ag,L,)Au(C,F,), . . . 3, through Au. . . Au contacts 
(2.889(2) A, L = SC,H,), which are longer (3.013(2) A) when L is C,H, 
(Table 11). 
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F. STRUCTURAL DATA 
BERS SIX AND SEVEN 

FOR GOLD COMPOUNDS WITH COORDINATION NUM- 

The only example where the oxidation state of a gold atom is greater than 
three is [AUF,]- 12411. The crystal structure shows the gold(V) atom is 
essentially octahedral (Table 12). 

The gold(II1) atom in [Au(pdma),I,]+ [242,243] is in a tetragonal bi- 
pyramidal environment, with four arsenic atoms in a square-plane and two 
iodine atoms in the axial sites (Table 12). The compound [Au(pdma),I,]I 
exists in two isomeric forms. 

Unusual for gold chemistry is the “slipped sandwich” structure where the 
gold(II1) atom is six coordinate, found in [3,3’-Au”*(1,2-dcb),][Au”‘(Et, 
NCS,),] [244] (Fig. 16, Table 12). 

In [Au,3(PPhMe,),,C1,]3+ [245], the lowest coordination number for 
twelve gold atoms is six (AuPAu; (10 X ) and AuClAu; (2 X ) and the 
central atom has a coordination number of twelve (AuAu;,) (Table 12). The 
complex shows significant distortion from the idealised icosahedral geome- 
try, probably arising from the different electronic and steric requirements of 
the chloro- and phosphine ligafids. 

Gold(II1) fluoride [246] is a fluorine-bridged polymer, with gold(II1) 

Fig. 16. Crystal structure of [3,3’-Au”‘(l,Zdcb),]- [244]. 
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atoms linked to square-planar arrangements of fluorine atoms (Au-F(bridg- 
ing) = 2.04(3) A). Two further bonds Au-F(non-bridging) = 1.91(4) A, com- 
plete a tetragonally-elongated octahedral environment around each gold(III) 
atom (Table 12). 

In three compounds, [Au,,(dppmH),I(NQ). [lI71, [Aur3(PPh3)i2Agi2 
Cl,]Cl,(EtOH) n 12471 and { KAu,Sn 2 } n [248] each gold atom shows a 
coordination number of seven (Table 12). 

In icosahedral geometry ([Au,,(dppmH),]“+), twelve gold atoms have a 
seven-coordinate geometry (AuPAu’,) and the central atom is twelve coordi- 
nate, AuAu;, (Table 12). The radial A!-Au distances which fall between 
2.754-2.813(10) A (mean 2.786(10,32) A), and the peripheral Au-Au dis- 
tances 2.899-2.976(11) A (mean 2.934(11,42) A), show a smaller variation 
than those for [Au,,(PPhMe,)&l,]‘+ ( in which the lowest coordination 
number is six) (2.716;2.789(2) A, variation of 0.073 A, and 2.852-2.949(3) 
A, variation of 0.097 A). 

Three different classes of gold atom are found in [Au13(PPh3),2Ag,,Cl,]6+ 
[247]; the framework was described as a cluster containing 10 Au and 12 Ag 
atoms occupying corners of three interpenetrating icosahedra and three Au 
atoms completely encapsulated within the three icosahedral cages. There are 
AuPAg,Au; (10 x ), AuAg,Au; (1 X ) and AuAg, (2 x ) clusters. Both, 
Au-Ag and Au-Au’ bond lengths are shortened (Table 12) in the order: 
AuPAg,Au;) AuAg5Au, > AuAg,Au’,. 

In { KAu,Sn, } n [248] the gold atoms form a AuSn 3A~b cluster (Table 
12). 

G. STRUCTURAL DATA FOR MIXED VALENCE, Au(I)-Au(III), COMPOUNDS 

Structural data for mixed-valence, Au(I)-Au(III), compounds are sum- 
marised in Table 13. In M,AulAu”‘X, (M = K, Rb or Cs; X = Cl, Br or I) 
the crystal structure is built up by linear anions AuX, , square-planar anions 
AuX,, and M+ cations. The coordination of the gold(I) and gold(II1) atoms 
is completed by additional halogen atoms at longer distances (Table 13) to 
form compressed and elongated octahedra, respectively. The structures 
depend on the size of the alkali metals, more dense structures with smaller 
coordination numbers for the smaller alkali metals result from a rotation of 
the coordination octahedra of the gold atoms [163,250,252]. 

Denner et al. [251] have studied the influence of high hydrostatic pressure 
on the crystal structure of CS,AU’AU’~’ Cl,. T’be measurements showed a 
continuous decrease in the lattice constants with increasing pressure; how- 
ever, they decrease in such a way that the unit cell ratio a/c remains 
constant in the measured pressure range (P = (l-5-51.7) x lo* Pa). With 
increasing pressure the interatomic distances decrease and the coordination 
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octahedra of the gold atoms become more and more indistinguishable and, 
at the end of this process, have a formal valence of + 2. 

The Au(I)-X bond lengths are somewhat shorter than those of Au(III)-X 
(Table 13). 

In [Au”‘(dtc),][Au1Br2] [254] the Au(l) atom is linearly coordinated by 
two Br- ions, where the Au(I)-Br distance of 2.349(5) A is significantly 
shorter than those in Rb,AulAul*‘Brs (Au(I)-Br = 2.402(8) A). The Au(III) 
is in planar coordination with four S atoms (Table 13). 

The crystal structure of [Au’Au”‘(PMe,),(C,F,)] [255] is shown in Fig. 17. 
The coordination of Au1(2) is linear and that for Au”‘(l) is squart planar 
(Table 13). There is contact between the Au(I) * - - Au(III)~ of 3.31 A. Even 
shorter contact between Au(I) - -. Au(II1) (3.050(3) A) is found in 
[Au’{ Ph,P(CH,)S] 2.. . Au”~I~] [254] (Table 13). 

In binuclear [AulAul”(C~F,) 3{ CH(PPh,)} *] and trinuclear [Au’Auy’ 
(C,F,) 4{ CH(PPh,) 2 } 2]+ [256], the molecules possess crystallographic m 
symmetry; both gold atoms, the methanide CH, and C,F, groups at Au(I) in 
the former and three gold atoms and the methanide C atom in the latter, lie 
in the mirror plane. The bond distances and angles are given in Table 13. 

The crystal structure of tetranuclear [Au\Au~~C~,] [258] (Fig. 18) shows 
square-planar gold(II1) and almost linear gold(I) centres in a chair-like 

Fig. 17. Crystal structure of [Au1Au”1(PMe3)2(C4F,)] [255]. 
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Fig. 18. Crystal structure of [Au\Au:‘kJls] [258]. 

arrangement with Au(I) - - - Au(I) contacts of 3.095(4) A (Table 13). Another 
example of tetranuclear Au(I)-Au(W) is [Au\Cl,(dppm),] [Au”‘Cl(C,F,) J 
[174]. There are 3 Au(I) and 1 Au(II1) atoms. The three Au(I) atoms fall into 
two non-equivalent classes exhibiting different coordination patterns: two 
with AuClP and the central with a AuP, unit. There are Au - - . Au contacts 
between the central Au(I)(AuP,) and the AuClP, from both sides of 3.067 
and 3.164(5) A, respectively (Table 13). The square-planar arrangement 
around Au(III) is built up by three C atoms and a chlorine atom. 

X-ray analysis of [Au”‘Cl J[Au’Cl J 2 [Au”‘( terpy)Cl] 2 [ 1611 shows that a 
polynuclear . . - Cl-Au(III)-Cl - - - Au(M) - . . Au(I) - - - Au(I) - . - Au 
(I) * - - Au(II1) - - . Cl-Au(III)-Cl - - - chain is present. Three [AuCl,]- an- 
ions, arranged in a spiral, bridge two [Au(te0vy)C112+ cations through long 
axial contacts (Au(I) - - - Au(III) = 3.300(l) A). The other axial position of 
the [Au(terpy)C112+ cation is occupied by a chlorine atom of the [AuCl,]- 
anion at a distance of 3.401(4) A. 

H. SUMMARY OF X-RAY -DATA 

This review has classified some 300 gold-containing structures showing 
gold in coordination numbers 2, 3, 4, 5, 6, 7 and even, in clusters, 12. The 
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TABLE 14 

Review of mean Au-L bond lengths (A) 

Coordinate 
atom (Iigand) 

Au(I) Au(II1) *. 
2a 3a 4a’ 4” 5” 

0 2.02 2.06 2.36 (2.55) b 

N 
Cd 

Cl 

Se 

Pf 

1g 

Au’ 

2.02 2.28 2.09 2.11 (2.65) b 
2.05 2.21 2.47 2.065 2.275 (2.69) b 
2.10 c 2.09 ’ 
2.26 2.62 2.77 2.27 2.285 (2.69) b 
2.32 ’ 2.32 = 
2.29 2.43 2.28 2.32 2.39 
2.31’ 2.33 ’ 
2.27 2.31 2.39 2.33 
2.29 ’ 2.34 ’ 
2.385 2.46 2.41 
2.37 ’ 2.44 c 
2.58 2.77 3.07 2.61 
2.57 = 2.63 = 
2.84 2.81 2.80 2.81 2.83 

a Coordination number, c.n. b The mean value of Au-axial Iigand bond distance. ’ The mean 
value of Au(I)-L (Au(III)-L) bond distance found in a mixed valence, (Au(I)-Au(III)), 
compounds. * The mean value of Au(O)-C = 2.06 A (5 c.n.) and 2.12 A (6 c.n.). e The mean 
value of Au(O)-S = 2.39 A (5 c.n. as weIl as 6 c.n.). f The mean value of Au(O)-P = 2.32 A (2 
c.n.); 2.29 A (3 c.n. as well as 5 c.n.). g The mean value of Au(O)-1 = 2.59 A (4 c.n.); and 2.99 
A (5 cn.). 

more common oxidation states of the gold atom are Au(O) as in many 
organometallic and cluster complexes, Au(I), where the most prevalent 
coordination number is 2, and Au(III) where square planar four coordinate 
species are most common. Au(I1) and Au(V) are very rare. Linear and 
trigonal planar stereochemistries are also fairly common both for Au(O) and 
Au(I). 

A few examples of distortion isomerism exist in Au(O), Au(I), Au(I1) and 
Au(III) species, e.g. in tAu’(C&)J- 191, [(Au’(PPh3)}&ll [471, 
[AuRu,(l-L,-CGMe) - (PPh,)(CG),,l [921, [Ru,C(CG),,{ p-AuPPh,}Cl] [941, 
[Au;Ni,(Pen),12- [106], [Aul(Ph,Sb),lf [lo], [Au”‘Cl,]- [142, 1441 and 

[Au”{Ph,P(C%)S)Il, [461 ( see Sections B(i), (ii), C(i), (ii) and D(i)-(iii). 
In Au(I) complexes, the Au(I)-L distance (Table 14) is sensitive to 

coordination number. Generally the Au(I)-L bond length increases with 
increasing coordination number as well as with the van der Waals’ radius of 
L. This is also generally true for Au(U) species where the bond lengths in 
five-coordinate complexes are usually longer than in four-coordinate ana- 
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logs. Similarly in Au(I) phosphine species, the Au(I)-P distance increases 
with increasing size of the coordinating ligand (Section D(i)). 

In general, Au-L distances are somewhat longer in oligonuclear species 
than in mononuclear species. Moreover in Au cluster species the Au-Au 
distance monotonically decreases with increasing coordination number and 
increases with decreasing oxidation state. In the listing of Au-Au bond 
lengths (Table 15) there are some interesting trends. The Au-Au bond 
lengths decrease in the sequence AuPAu’, > AuPAu; > AuPAu’, > AuPAu;. 
The radial Au-Au bond lengths are generally shorter than the peripheral 
bond lengths (Table 15b). The variations in radial Au-Au distances in 
AuAu’, (n = 7-10) are greater than those in AuAu’,,. A similar trend is 
observed in the peripheral Au-Au distances, the smallest variation being in 
AuAu;, . Evidently the icosahedral structure in tridecagold species is espe- 
cially regular. 

In mixed valence Au(I)-Au(II1) compounds, both the Au(I)-L and 
Au(III)-L distances are somewhat longer than those in simple Au(I) and 
Au(H) compounds, respectively (Table 14). In the M[Au(III)X,] crystals, the 
axial ratio c/a increases with increase in radius of M. 

I. MijSSBAUER SPECTROSCOPY WITH GOLD 

Mijssbauer spectroscopy has proved to be one of the most powerful of the 
“sporting” methods for the characterisation of gold compounds. Using 
X-ray crystallographic data for model compounds, other physical data, and 
chemical common-sense, characteristic ranges of parameters have been 
established which allow definition of the oxidation state of the metal and the 
number and identity of the ligand donor atoms with some confidence. 

The experimental methods and underlying theory are discussed in detail 
elsewhere [259, 2601 and are not necessary to an understanding of the utility 
of the method. It suffices to say here that the Miissbauer method is a form 
of absorption spectroscopy which employs y-radiation to excite energy-level 
transitions within the gold-197 nucleus [261]. The number and precise 
energy of these transitions reflect the symmetry and density of the electron 
cloud surrounding the nucleus and, hence, give chemical information. The 
y-ray source used (platinum-197m) is highly monochromatic, and a suitable 
range of energies is obtained by Doppler modulation, i.e. the source is given 
a velocity relative to the sample. The energy experienced by the sample is 
then E = Ev (1 + v/c), where Ev = gamma-energy of the stationary source 
(77.34 keV), u = applied velocity, and c = velocity of light. The velocity 
range required is about f 20 mm s-i. The data are normally quoted directly 
in mm s-l: conversion factors for other units are 1 mm s-i = 25.8 x lo-* 
eV = 2.49 x 10m4 J mol-’ = 62.4 MHz. 
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I Velocity/mm 5’ 
L I I I 

-10 -5 0 5 IO 

Fig 19 19’Au Mijssbauer spectra for [Au(PPh,),]ClO, with (a) n = 2. (b) n = 3. (c) n = 4. . . 

The majority of spectra are simple absorption doublets, typical examples 
of which are shown in Fig. 19. The two major parameters are thus the centre 
of the doublet and the separation between the peaks, respectively known as 
the isomer shift (IS, usually measured relative to metallic gold) and the 
quadrupole splitting (QS). These cover the ranges 0 -C IS c 7 mm s-l and 
4~QS~12mrn~-~forgold(I)and -0.5<IS<8mms-‘, -3<QS<8 
mm s-l for gold(II1). Since a typical linewidth is about 2 mm s - ‘, the 
spectra are usually quite well-resolved. 

For the two major oxidation states, both parameters increase with increas- 
ing covalency of the gold-ligand bonds, giving characteristic ranges for each 
type of ligand (Fig. 20). There is also a systematic dependence on coordina- 
tion number. 

The two parameters reflect the electron density surrounding the gold 
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Three-coordi 

,dinate 

-4 - 

0 4 0 

Fig. 20. IS-QS correlation diagram for gold-197 showing the regions characteristic of 
four-coordinate gold(II1) and two-, three- and four-coordinate gold(I) complexes. The hatch- 
ings indicate corresponding sets of ligands [259,260]. 

nucleus, but in different ways. The IS is a measure of the total electron 
density at the gold nucleus. Increase in the s electron density causes a large 
increase in IS, while increases in p or d electron density give a smaller 
decrease. As the gold-ligand bonds become more covalent, therefore, the IS 
increases as electron density builds up on the gold atom. For a given ligand, 
however, increase in the coordination number results in a substantial de- 
crease in IS, as p (or d) orbital participation increases in the hybridisation 
of the gold atom. Thus, for the three triphenylphosphine complexes shown 
in Fig. 19, the IS decreases from 5.40 to 2.99 to -0.17 mm s-i as the 
coordination number increases from 2 to 4. 

Compounds of gold(II1) have similar IS to the corresponding two-coordi- 
nate compounds of gold(I). This similarity is the result of two opposing 
factors: 
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(a) The formal removal of two d electrons reduces the shielding and 
increases the s electron density at the nucleus. 

(b) Since most gold(II1) compounds are four-coordinate, the increased p 

and d orbital participation in the hybridisation increases the shielding. 
If four-coordinate complexes involving the same ligand are compared, the 

IS is markedly higher for gold(II1). These trends are continued in the 
(six-coordinate) compounds of gold(V). 

The QS reflects the symmetry of the electron distribution about the gold 
nucleus or, more strictly, the electric-field gradient (EFG) at the nucleus. If 
the gold atom occupies a site of cubic (or higher) symmetry, the EFG and 
QS are zero, and a single-line spectrum results. This is the case for 
[Au(PPh,),]+ (tetrahedral, see Fig. 19), [AUF,]- (octahedral) and the central 
gold atom in the icosahedral cluster compounds. All other ligand arrange- 
ments have lower symmetry, and a splitting of the spectrum is observed. In 
the majority of cases, the electron density in the gold-ligand bonds gives the 
major contribution to the EFG, and the QS therefore increases with increas- 
ing covalency. 

For gold(I) ( dl’) and gold(V) (de), the non-bonding electrons have 
spherical and cubic distributions respectively, and contribute nothing to the 
EFG. Gold(III), however, has a d* configuration which, in the usual 
square-planar coordination, leaves the dx2_r 2 orbital formally vacant (except 
insofar as it is repopulated by donation from the ligands). There is thus a 
contribution to the EFG which is of opposite sign to that from the ligands, 
and QS values for gold(II1) compounds are smaller than those for corre- 
sponding gold{ I) compounds. 

A simple electrostatic treatment has been used to show that the QS for a 
planar three-coordinate gold(I) complex [AuL,]+ should be very similar to 
that for a linear two-coordinate complex with the same ligands, [AuL,]+ 
[260,262]. This effect is illustrated for L = PPh, in Fig. 19. In the three-coor- 
dinate system, the principal component of the EFG lies in the direction 
perpendicular to the coordination plane, and its value is independent of the 
bond angles within the plane. For two-coordination, the principal compo- 
nent lies along the molecular axis and is, in principle, sensitive to the bond 
angle; however, reduction in the bond angle even to 160’ would be expected 
to reduce the QS by less than 5%, and such effects are usually undetectable. 
The associated rehybridisation might give a small reduction in IS. 

J. CORRELATION OF STRUCTURAL AND MiiSSBAUER DATA 

The 197Au Mijssbauer data for compounds of known structure are pre- 
sented in Tables 16-20. They are best discussed in terms of the formal 
oxidation states and coordination numbers of the gold atom. 
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TABLE 16 

Mijssbauer data for gold(I) compounds 

Compound IS (Au) QS Donor Table for Ref. 
(mm sT1) (mm s-l) atoms X-ray 

data 

1 [AuCl], 

2 IAuIl ,, 

3 [Au(Hdmg)z][AuC12] a 
4 [Au(etu),]Cl*H,O 
5 Na,[Au(S,O,),]*2 H,O 

6 [AuS&NPr2] 2 
7 [AuS,CCH,], 

8 [AuG%P(O-Pr& II, 
9 [Au(OAc)(PPhs)] 

10 [AuCl{P(OPh),}] 
11 [AuCl(PPh,)] 

12 [AuCl(PCl,)] 
13 ClAu(Ph,PCH,PPh2)AuCl 
14 ClAu(Ph,PCH = CHPPh,)AuCl 
15 [Au(dtc)(PPh,)] 

16 [Au(tag)(PEt dl 

17 [AWCH,),PEtzl, 
18 [Au(PMePh,),]PF, 

19 [Au(Pcy, ) 1% 2 

20 [Au(CN)(PPh,)] 
21 [Au(CH,)(PPh,)] 
22 Me3PAuC(CFJ) = 

C(CF,)AuMe,PMe, b 

23 K[Au(CN) 1 2 

24 [Au(pba) IkWW, > 1 = z 2 

25 [Au(SbPh,),)[Au(~F,),j a 
26 [AuCH,PEt,CH,], 

27 {[As(tht)l[Au(~F,>,l}~ 

- 0.40 4.34 
- 0.21 4.65 
- 0.16 4.47 

0.0 4.6 
0.00 3.91 

-0.11 3.98 
- 0.03 3.83 
-0.11 4.4 

1.58 6.03 
2.74 7.22 
3.13 7.01 
3.13 6.98 
3.00 6.39 
2.61 6.13 
2.17 6.09 
4.5 7.6 
3.92 7.64 
4.05 7.52 
4.17 7.47 
4.03 7.45 
4.04 7.34 
4.15 7.50 
2.98 6.60 
3.73 7.03 
3.42 6.94 
3.89 7.50 
4.76 8.64 
4.80 8.77 
3.42 8.25 
4.75 9.69 
5.44 10.37 
5.08 10.5 
6.14 10.35 

5.58 9.18 
4.28 9.80 
4.46 10.21 
4.33 10.12 
4.35 10.12 

- 5.3 - 10.5 
- 5.4 - 10.5 

4.97 9.60 
4.59 9.23 

2 /L-Cl 

2 /k-I 

2 Cl 
2s 
2s 

2s 
2s 
2s 

P, 0 
Cl, P 
Cl, P 

Cl, P 
Cl, P 
Cl, P 

P, S 
P, S 

P, S 
2P 
2P 

c, P 
C, P 

C, P 
2c 

2c 
2c 
2c 
2c 

3 

3 

1 
1 
1 

5 
3 
9 
1 
1 
1 

1 
2 
2 
1 
1 

2 
1 
1 
1 
1 

13 
3 

1 
1 
2 

11 

270 
271 
272 
273 
272 
271 
270 
273 
266 
274 
275 
276 
277 

60 
277 
273 
278 
278 
273 
279 
280 
277 
278 
2?9 
279 
281 
276 
275 
276 
278 
278 
278 
273 

255 
282 
271 
272 
283 
284 
284 
280 
284 
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TABLE 16 (continued) 

Compound IS (Au) QS Donor 
(mm s-l) (mm s-i) atoms 

Table for Ref. 
X-ray 
data 

28 [Au(bipy)(PPh3)]PFh 2.81 6.76 NT P(N) 4 274 
29 [Au(SnCl,)(PMe,Ph),] 4.18 8.39 2 P(Sn) 4 274 
30 [AuCl(PPh,) J 2.33 8.25 Cl, 2 P 4 279 

2.36 8.19 274 
31 [Au(SCN)(PPh,),] 2.46 8.42 2 P, s 4 274 
32 [AuCl(PPh,),] 1.18 4.38 Cl, 3 P 6 26.5 
33 [Au(pdma) 2][A~(CgF5) 2] ’ 0.8 1.1 4As 6 284 
34 [Au(SbPh,),llAu~~F,>,l c 1.11 0.00 4 Sb 6 284 

a Data for anion. b Data for gold(I) atom. ’ Data for cation. 

(i) Gold(l) compounds 

The greatest amount of data is available for gold(I) compounds (Table 
16). Those involving two-coordination are presented on an IS/QS correla- 
tion diagram in Fig. 21. The points form a compact band, regardless of the 
extent of aggregation and of the presence or absence of short Au-Au 
contacts. 

4a 
'iQ5 

ml3 

l? 
5%4 

'a "0 

8 

07 6 

0 2 4 6 

Fig. 21. Correlation diagram for gold(I) complexes. The numbering corresponds to Table 16. 
Open circles represent compounds in which close Au-Au contacts are observed. 
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28 
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% 
13 
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14 
(I 

+42g 

“5. 

17 
II 

(a) 

Fig. 22. Co~elation of (a} IS and (b) QS with Au-P bond length for gold(I) complexes with 
tertiary org~oph~sp~nes. The numbering corresponds to Table 16. Circles represent data 
for (AuX(Pb,)]; crosses represent compounds with two Au-P bonds. 

An important sub-set of two-coor~ate compounds consists of those of 
the type [AuX(PR,)], where X may be an anionic ligand or another tertiary 
phosphine. In this series there is a reasonable positive correlation between 
the M&sbaner parameters and the Au-P bond length (Fig. 22). When X is 
anionic, the bond length increases as X changes from Cl- or OAc- to RS- 
to CNI‘ or Cl-I,“, demonstrat~g a clear ~~~~~-~fluen~ of the ligand X. The 
increase in IS indicates an increase in electron density on the gold atom, 
showing that any loss of donation from the phosp~ne ligand, as the Au-P 
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bond lengthens, is more than offset by donation from X. The change in QS 
may be similarly interpreted. Two compounds seem to be slightly out of line, 
[Au(OAc)(PPh,)] (F22.9) * and [AuS(CH,),PEt2], (F22.17). For the former, 
both the IS and, to a lesser extent, the QS are higher than expected from the 
Au-P bond length, which is the shortest recorded for complexes of tertiary 
organophosphines with gold, The Au-O bond presumably has low cova- 
lency and high p character, allowing a considerable degree of s character to 
the Au-P bond. This results in a relative increase in the IS; it should be 
noted, however, that the IS and QS bear the normal relationship to each 
other (F21.9). 

For the dimeric ring compound [AuS(CH,),PEt 2]2, the IS appears to be 
low while the QS is normal, especially when compared with other S-Au-P 
compounds (T16.15, 16); this is evident in both Figs. 21 and 22. The crystal 
structure [52] shows that the gold atoms are pulled together, to a distance of 
3.104 A, with distortion of the linearity of the S-Au-S system (173_5”), 
suggesting that the effective increase in coordination number might be 
responsible for the low IS. However, the compound [AuS,CNPr,], (T16.6) 
has a similar dimeric structure and an even shorter Au-Au contact (2.76 A 
[loo]) (albeit with a smaller ring), but the Miissbauer parameters appear 
normal. It should perhaps be remarked that the IS of [AuS(CH,) ,PEt 2] 2 is 
no lower in relation to its bond length than are those of [Au(PMePh,),]+ 
and [Au(Pc~~)~]+ (F22.18, 19). It may well be that the apparent anomaly is 
simply the result of the relative paucity of data, and that interpretation in 
terms of unusual bonding is inappropriate. The bond lengths in all the 
bis-phosphine complexes are the largest recorded, and differ little between 
two-coordinate and three-coordinate complexes. 

The compound [Au(bipy)(PPh,)]PF, has Miissbauer parameters con- 
sistent with two-coordination (F21.28, F22.28), reflecting the asymmetry of 
binding of the bipyridyl ligand (Au-N = 2.166, 2.406 A) [81]. The Au-P 
bond length is very short, also consistent with effective two-coordination, 
and it is evident that the second nitrogen contributes little to the bonding. 

Another nominally three-coordinate compound is [Au(SnCl,)(PMe,Ph) 2] 
(F21.29), for which the Mossbauer data lie well within the two-coordination 
region. This is consistent with the length of the Au-Sn bond (2.881 A [86]) 
and the small extent of Au-Sn interaction indicated by the ‘19Sn Mijssbauer 
parameters [263,264]. The Au-P distances are indistinguishable from those 
for the linear cations [Au(PMePh,),]+ and [Au(Pcy,),]+, and the geometry 

* Compounds will be referenced to the Table or Figure in which they appear by T or F 
followed by the Table (Figure) number and the entry (point) number. F22.9 thus indicates 
entry number 9 in Fig. 22. 
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of the SnCl, anion is close to that of the free ion [86]. This compound, like 
the bipyridyl complex, is effectively two-coordinate. Both have wide P-Au-P 
bond angles with almost identical values (153.8(2), 157.1(l)“) which are 
considerably greater than those in fully three-coordinate complexes. 

Two compounds appear to be unambiguously three-coordinate, 
[AuX(PPh,),] (X = Cl, SCN (T16.30, 31)). These are immediately recog- 
nized by their IS values, which are about 1.5 mm s-l lower than the 
two-coordinate compounds with similar QS. (As indicated earlier, the IS is 
the more sensitive parameter to change in coordination number.) When the 
bond lengths are considered (Fig. 22a), all the bis-phosphine complexes, 
whether two- or three-coordinate, lie on the low-IS side of the main band of 
data. This may indicate a saturation of the tendency to concentrate s 
character in the bonds to the softest ligands. 

The trend to low IS is continued in four-coordinate compounds 
(T16.32-34). The cation [Au(SbPh,),]+ shows tetrahedral coordination, and 
the QS is zero. Regular tetrahedral coordination is not possible in 

[Au(pdma) 21+, and a small QS is resolved. The remaining compound, 
[AuCl(PPh,),], shows a QS which reflects the difference in donation to gold 
by Cl- and PPh, ligands. Comparison with the two- and three-coordinate 
complexes [AuCl(PPh,)] and [AuCl(PPh,),] shows that the QS is slightly 
lower than might be expected [265], but it is consistent with the slight 
flattening of the coordination tetrahedron (P-Au-P = 117.4” [122]). 

(ii) Gold(III) compounds 

The data for gold(III) compounds are presented in Table 17 and Fig. 23. 
For four-coordinate compounds there is a remarkably good linear correla- 
tion between IS and QS, with only a few points deviating significantly. The 
two compounds farthest from the line (F23.15, 17) both involve dithiolate 
ligands which, in other systems, are “non-innocent”; that is, in complexes 
with metals in high formal oxidation states, part of the positive charge is 
delocalised onto the ligand. In the present cases, a reduction in QS results. 

Data for several salts of the [AuCl,]- anion are available (F23.2-9), 
which cover an appreciable range of IS and QS. There appears to be no 
correlation between the Miissbauer parameters and the Au-Cl bond lengths. 
However, in those compounds with low values of IS and QS (F23.2, 4, 5), 
the crystal structures clearly show close contacts between the chloride 
ligands and cations or water molecules, while the highest parameters are for 
(Ph,As)[AuCl,] (F23.7), in which there are no short contacts. Interactions 
of this type polarise the chloride ligands and reduce their donor capacity to 
gold; the Mossbauer parameters thus approach the values for Au&l, 
(F23.10) which contains two fully bridging chloride ligands. 



235 

TABLE 17 

Miissbauer data for gold(II1) compounds 

Compound IS(Au) QS Donor 
(mni s-l) (mm s-l) atoms 

Table Ref. 
for 
X-ray 
data 

1 Rb[AuF,] 
2 H[AuC1,].4 H,O 
3 NH,[AuCl,].xH20 
4 K]AuCl 4 ] 

5 K[AuCl,].H,O 
6 Cs[AuCl,] 
7 (Ph,As)[AuCl,] 
8 Cs2[AgC12][AuC14] 

9 Cs,[AuC12][AuC14] b 

10 [AuCl -, ] z 
11 [AuBr,] z 

12 [Au,W, 
13 Na,[Au,O,] 
14 [Au(dmg)2][AuC12] ’ 

15 ]Au(S,CNBu z)C S,C, (CN) 2 > 
16 [Au(S,CNBU~)~]B~ 

17 @00kWS2GH3W21 
18 [Au(S,CNPr,),][AuBr,] ’ 
19 [Au(S,CNBu,)Br,] 

20 ]Au(CH 13 U-‘Ph, >I 3 

21 (Me,P)Au(Me,)C(CF,) 
= C(CF,)AuPMe, d 

22 [AuCl (dmp)] 3 
23 [AuBr,(dmp)] 

1.26 
1.87 
2.07 
2.02 
1.65 
2.08 
2.16 
2.30 
1.54 
1.53 
1.02 
1.51 
1.31 
1.56 
1.55 
0.64 
0.42 
2.15 
3.66 
3.88 
3.85 
3.41 
4.20 
3.2 
2.68 
5.91 

4.37 
1.87 
2.07 

0.17 
0.94 
1.7 
1.11 
1.27 
1.4 
1.37 
1.88 

a 

0.86 
1.33 
0.84 
1.00 
0.95 
1.17 

( - )0.75 
( - )0.75 

1.68 
3.02 
4.04 
2.57 
2.8 
2.73 
2.7 
2.20 
8.87 

9.27 
e 
f 

4F 7 
4 Cl 7 
4 Cl 7 
4 Cl 7 

4 Cl 
4 Cl 
4 Cl 
4 Cl 

4 Cl 13 

2 Cl, 2 /J-Cl 
2 Br, 2 Cc-Br 
2 0,2 p-0 
2 0,2 p-0 
4N 
4s 
4s 
4s 
4s 
2 Br, 2 S 
3 c, P 

3 c, P 
3 Cl, 2 N 
3 Br, 2 N 

8 
8 
9 
8 

13 
7 
7 
7 

13 
7 
7 

13 255 
10 266 
10 266 

272 
272 
285 
272 
271 
285 
266 
285 
266 
286 
271 
287 
266 
266 
286 
272 
271 
271 
272 
266 
277 
277 
277 
288 
277 
289 

a Not resolved. b Data for [AuClJ anion. ’ Data for cation. d Data for gold(III) atom. 
e Not resolved (linewidth, 2.31 mm s-l). f Not resolved (linewidth, 2.76 mm s-l). 

The compounds [AuX,(dmp)] (X = Cl, Br (T17.22, 23)) have IS values 
similar to the [AuCl,]- salts, but show no resolvable QS. In these com- 
pounds, the gold atom is effectively five-coordinate, with the phenanthroline 
acting as an unsymmetrical bidentate (Au-N = 2.09, 2.58 and 2.08, 2.61 A, 
respectively [226]). Conventional four-coordination is prevented by the 
methyl substituents which cause the bidentate ligand to twist out of the 
AuX, plane. The presence of the fifth ligand lowers the IS substantially 
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QS 
mm s’ 

21* 
*Oo 

0 2 4 6 

Fig. 23. Correlation diagram for gold(III) compounds. The numbering corresponds to Table 
17. 

compared to salts of [AuCl,(phen)]+, e.g. the perchlorate has IS 3.01 mm 
S -’ and a well-resolved QS of 1.95 mm s-l [266]. 

(iii) Gold(V) compounds 

Of the gold(V) compounds which have been characterised crystallographi- 
tally, Miissbauer data are available only for [Xe,F,,]fAuF,]: IS = 3.49 mm 
s-l, QS = 0.0 mm s-l [267]. The latter value reflects the octahedral symme- 
try of the six fluorine ligands and the six non-bonding d electrons. The IS is 
high because of the reduced shielding relative to gold(II1) ( d8) and gold(I) 
( dl*). 
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(iv) Cluster compounds 

Gold forms a wide variety of cluster compounds with nuclearities from 4 
to 55. They may be divided broadly into two categories: (a) small clusters 
containing Au, tetrahedra with various capping groups (which may include 
other gold atoms); (b) metal-centered clusters which are icosahedral frag- 
ments. 

The analysis of the Miissbauer spectra is difficult because of extensive 
overlapping of the lines. This is especially troublesome for the larger 
clusters, in which there may be up to five different types of gold atom, 
giving a nine-line spectrum (the central gold atom often gives only a single 
line). In these cases, and most of the others, satisfactory analysis ,of the 
spectrum can only be achieved on the basis of the known molecular 
structures; it is not yet possible to derive the structure from the spectrum. 
Even when the number of distinct gold sites is known, assumptions have to 
be made in assigning the lines: in principle, two sets of four lines can be 
paired in 24 ways. Some guidance is available from the relative intensities, 
which should reflect the numbers of each type of atom. Somewhat wider 
confidence limits than usual should therefore be placed on these data. 

In only one case is it possible to see well-resolved signals for different 
gold atoms bearing phosphine ligands; the mixed-metal cluster Au,Ru,( ,u3- 
H)(CQ),,(PPh3)3 [268]. Two gold atoms are adjacent to another gold atom 
and two ruthenium atoms, while.the third gold atom has two gold atoms and 
three ruthenium atoms as neighbours [93,203]. The higher connectivity 
results in a dramatic decrease of both Mijssbauer parameters from 2.90, 7.42 
mm s-l (IS, QS respectively) to 2.04, 4.90 mm s-l. The second doublet is 
considerably broadened, with corresponding reduction in intensity, as the 
two chemically equivalent gold atoms are crystallographically different. The 
difference between the two sets of parameters is much more marked than for 
homonuclear clusters, presumably because of the considerable electronic 
difference between Au-L (L = PPh,, halide) and Ru(CO), groups. 

The data for homonuclear clusters cover a wide range, and are best 
discussed in terms of the nuclearities of the clusters and the ligation of the 
individual gold atoms. In many cases the gold atoms are bound to phos- 
phine ligands, and useful comparisons can be made with conventional 
gold(I)-phosphine complexes, providing a good opportunity to assess the 
influence on the Mijssbauer parameters of additional gold-gold contacts. 

(a) Tetrahedral clusters 
Miissbauer data for homonuclear clusters with tetrahedral units are given 

in Table 18 and Fig. 24a. Most of the data lie in the parameter field for 
conventional two-coordination, regardless of whether the gold atom carries 
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TABLE 18 

MGssbauer data for tetrahedral-based clusters (Au,-Au,) 

Coordination WAu) QS Cluster Table Ref. 
(mm s-l> (mm s-l> for 

X-ray 
data 

1 P, C, Au 4.8 9.0 IAu,(dppmIWdppm)l(NW2 5 117 
2 P,4Au 4.2 7.0 [Au,(l,3-dppp),l(NO,)2.xCH,Cl, 9 211 
3 P,4Au 3.7 6.7 [Aus(dppmH)3(dppm)l(N0,), 5 117 
4 P, p-1, 3 Au 2.6 4.2 L%WMPPhds,l 11 211 
5 2P,2Au 3.1 7.2 [Au,(l,3-dppp),l(NO,)2.xCH,Cl, 9 211 
6 2 P, 3Au 2.6 7.4 [Aus(dppmH)3(dppm)l(N0,), 5 117 
7 2 P, p-1, 3 Au 1.9 6.2 [Au4Mm-W3121 9 205 
8 1,3Au 1.6 5.6 [Au,(dppmH)&l 9 205 

one or two external ligands, and regardless of the number of Au-Au 
contacts. 

Four data points lie well in the field of values for conventional two-coor- 

6 

1 3 5 1 3 5 

Fig. 24. Correlation diagram for (a) tetrahedral and (b) icosahedral cluster compounds. The 
numbering corresponds to Tables 18 and 20 respectively. The regions marked CN3 and CN2 
are those found for conventional three- and two-coordinate gold(I)-phosphine complexes. 
The vertical bars indicate the ranges of QS values found for the conventional complexes with 
the donor-atom sets shown. 
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dination, The unique atom in [Au,(dppmH) ,(dppm)] 2t has linear P-Au-C 
coordination, and its parameters are at the low end of the range for 
monomeric complexes with similar coordination (F24a.l). The three equiv- 
alent basal atoms of this cluster (P24a.3) and those of the tetrahedral unit of 
[Au,(l,3-dppp) ,J2+ (F.24a.2) have.parameters similar to those of [AuX(PR,)] 
in which X is a weakly coordinating ligand, such as halide or acetate. The 
coordination of these atoms could be described as linear if one of the 
adjacent gold atoms is included, since all have one P-Au-Au angle of about 
175”. The remaining point in this region (F24a.4) is for [Au,(l_~-I)2(PPh,),]; 
this also involves a linear P-Au-Au system (175”), but there is an ad- 
ditional, very long bond to the bridging iodide. The parameters are very low, 
comparable to [AuX,]- or AuX(S) systems (X = halide), suggesting a rela- 
tively low charge density on these gold atoms. The average oxidation state 
and the Au-P bond lengths are, however, similar in each of the last three 
cases, and there is no obvious explanation for the low values. 

(b) Icosahedral clusters 
Most of the icosahedral-fragment clusters are metal-centred. In the Au,, 

clusters the central atom has high symmetry and shows no QS (Table 19). 
For Au, and Au, systems it is anticipated that a QS would be seen 
[213,290], but the signals cannot be resolved from those for the peripheral 
atoms. With the assumption that their parameters are similar to those of the 
peripheral atoms, the IS values of the central gold atoms are similar in all 
the clusters: 3.6-3.9 mm s-l. 

The peripheral atoms carry only a single ligand, and distinct sets of 
parameters are found for those bonded to phosphine ligands and those 
bound to anionic ligands. 

TABLE 19 

Mijssbauer data for central gold atoms in icosahedral-fragment clusters 

Coordination IS(Au) QS Cluster Table Ref. 
(mm s-l) (mm s-l) for 

X-ray 
data 

1 7Au not resolved IAu,(PPh,),I(NO,), 9 213 
( - 3.6 - 6.9) 

2 7Au 3.6 0 [Au*(PPh3)*I(PF,),-CH,Cl, 9 290 
3 8Au not resolved [Au,(PPWsI(PW, 9 290 

( - 3.3 - 6.6) 
4 10 Au 3.9 0.0 IAu,,(fPh,),(SCN),l 11 269 
5 10Au 3.95 0.0 [Au,,V’(GWJ), 17131 11 269 
6 12Au 0.1 0.0 IAu,,(PPh,)&J 291 
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TABLE 20 

MSssbauer data for icosahedral-fragment clusters (peripheral atoms) 

Coordination IS(Au) QS Cluster Table Ref. 
(mm s-l) (mm s-r) for 

X-ray 
data . 

lP,3Au 3.6 6.9 

2 3.1 6.7 
3 3.3 6.6 
4P,4Au 3.1 6.7 
5 3.2 7.0 
6 2.6 8.4 
7 1.8 7.6 
8 P, 5 Au 3.0 6.2 
9 3.3 6.4 

10 P, 6 Au 2.7 4.1 
11 P, 8 Au 2.1 6.1 
12 I, 6 Au 1.2 4.1 
13 SCN, 6 Au 1.4 4.7 
14 Cl, 8 Au 1.1 4.2 

[Aus(PPh,),l(NQ,),.CH,CI, 9 213 

[AuS(PPh3)81(P%)2.CH2C12 
LN(P%M(PF~)~ 
[Au,(PPh,),l(PF,),.CH,Cl, 
lAu,@%),10H 
lAu,,{W&WI), 17131 
CAuuW’hd,WN)31 
[Au,,F’GH,C1)3 ),I4 
[AunWW,WNM 
l-%(PPW,lOH 
lAu,,W’h,Wl,l 
lAu,,U-YGH&l), > 7131 
[Au,,U’PfiMSW,l 
lAu,,W’W,,%l 

9 290 
9 290 
9 290 

11 232 
11 269 
11 269 
11 269 
11 269 
11 232 

291 
11 269 
11 269 

291 

The data for the phosphine-coordinated atoms are shown in Fig. 24b. As 
for the similarly coordinated atoms of tetrahedral clusters, most of the 
points lie in the region associated with monomeric [AuX(PR,)]. It is again 
possible to recognize approximately linear P-Au-Au units; in these cases 
the second gold atom lies at the centre of the icosahedron. Very low 
parameters are reported for the axial gold atoms in [Au,(PPh3)7]+ (F24b.10), 
which is a cluster with no central atom; however, these values must be 
regarded as approximate, in view of the very large linewidth (3.7 mm s - ’ ). 

Similarly, the unique peripheral atoms in the Au,, clusters (F24b.6, 7) give 
low intensity signals, and their parameters are reported as “ uncertain” [269]; 
no significance should be attached, therefore, to the fact that they appear to 
be well separated from the other points. 

The gold atoms coordinated to anionic ligands have parameters which are 
considerably lower than the phosphine-bearing atoms, and lie in the 
neighbourhood of the [AuX 2]- anions. 

The super-cluster [Au,,(PPh,),,Cl,] is a two-layer icosahedron [291]. The 
core consists of a complete, centred, Au,, icosahedron and is surrounded by 
a second shell of 42 gold atoms. Only 18 of the peripheral atoms carry 
ligands, the limitation being primarily steric. The core atoms have an IS 
close to that of elemental gold (T19.5). The uncoordinated peripheral atoms 
appear to show no QS, but have a somewhat higher IS of 2.3 mm s-i. The 
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coordinated peripheral atoms have parameters similar to those for other 
icosahedral clusters, but with significantly lower IS. 

(c) Discussion of cluster data 
Two somewhat surprising facts emerge from consideration of the data for 

the peripheral gold atoms of clusters. 
(a) Although the bonding must be molecular and not localised, the 

MBssbauer parameters can be treated in terms of recognizably different gold 
atoms. 

(b) Although the oxidation states of the gold atoms in the clusters average 
to significantly less than unity, the majority of the Miissbauer parameters lie 
in regions characteristic of gold(I) compounds. 

The first observation appears to indicate that the electron distributions 
about the gold atoms are independent of the Au-Au interactions, as was 
observed for conventional compounds. The metal-ligand bonding must be 
localised, in the same way as in conventional compounds, so that the 
Miissbauer parameters reflect principally the electrbn distribution in this 
bond. Indeed, when no such ligand is present, as in the Au,, cluster, the IS 
is low and no QS is seen even though this site has at best C,, symmetry. It is 
noticeable that the data for the singly coordinated peripheral atoms are 
comparable to those for two-coordinate complexes involving similar ligands: 
the phosphine-coordinated atoms resemble [AuX( PR 3)], and the anion-coor- 
dinated atoms resemble [AuX,]-. On this basis it has been suggested that 
these atoms should be regarded as pseudo two-coordinate, with another gold 
atom acting as the second ligand, LAuAu or XAuAu [269]. However, in the 
icosahedral clusters, the Au-Au distances to the central atom are little 
different from those to the other peripheral atoms, and it seems unlikely that 
the electronic interactions of these two sets of atoms would be different. 
This view is reinforced by the lack of QS for the uncoordinated atoms in the 

Au55 unit. It is also noticeable that the data correspond to those for 
conventional complexes in which the ligand X is an extremely weak donor. 
It is probably better, therefore, to regard the peripheral atoms as being 
effectively one-coordinate. The local symmetry of one- and two-coordinate 
systems is similar, given the generally large number of surrounding periph- 

eral gold atoms, the same orbitals will be involved in the gold-ligand 
bonding, and the Mijssbauer parameters would be expected to respond in 
similar ways to changes in the ligand. Donation by a single ligand would, 
naturally, be rather less than that from two ligands, and this would result in 
lower values for the Mossbauer parameters. Both these effects are observed. 

The insensitivity of the parameters to the presence of Au-Au contacts 
could be interpreted by assuming that all the metal atoms have similar 
effective electronegativities, so that the formation of metal-metal bonds 
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results in little change in the distribution of electron density, 
In all the clusters, the gold atoms coordinated to a single phosphine 

ligand have QS values in a narrow range, 6-7 mm s-l. The IS values, 
however, decrease steadily from the tetrahedral clusters (F24a.2, 3) to the 
icosahedral clusters (F24b.l-5, 8, 9), to the Au55 cluster (F24b.11). Thus, as 
the nuclearity of the cluster increases, and the average oxidation state of the 
gold atoms decreases, the IS moves closer to that for metallic gold. Similar 
trends are seen for the anion-coordinated gold atoms. This indicates that 
Au-Au interactions do have a very small effect on the MSssbauer parame- 
ters, and therefore on the electron distributions. The direction of change 
would be consistent with transfer of a small amount of electron density from 
6s to 6p, i.e. to slight involvement of the 6p orbitals in the skeletal bonding. 
That such an effect is small would account for the insensitivity to single 
Au-Au contacts of the Miissbauer parameters for conventional compounds. 

K. SUMMARY OF MdSSBAUER DATA 

The Miissbauer parameters allow diagnosis of the oxidation state and 
coordination number of gold, and give a good indication of the identity of 
the ligands. For compounds which do not crystallise, Mijssbauer spec- 
troscopy provides a good substitute to X-ray crystallography for structure 
determination. Additionally, within series of compounds, the electronic 
effects of the ligands can be probed. When structural data are also available, 
the subtler effects of solid-state interactions can be interpreted. The effect of 
gold-gold bond formation can be detected only in the larger clusters. 
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NOTE ADDED IN PROOF 

X-ray analysis data for several new gold compounds have been published 
recently and their structural data are given in Table 21. The structures are 
tabulated by increasing number of coordinated atom (ligand) and aggrega- 
tion. 
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