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INTRODUCTION

This review surveys the coordination chemisiry of gold which was published in 1992. Its
format is similar to that of the 1991 review [1]. The literature has been searched by using Current
Contents and also by use of the Cambridge Crystallographic Data Base, implemented through the
ETH, Ziirich [2]. Although net fully comprehensive, the article does give a significant coverage of
new material and [ apelogise o authoss whose work has not been included. Organomietallic
complexes (defined as those with Au-C bonds with the exception of cyanide complexes) have not
been included unless there is a fearure of particular interest o the coordination chemist.

Complexes have been arranged according to the formal oxidation state of the gold cenre and
subsections are orgamrized according to the donor atoms of the ligands. In a large number of
compiexes, the guestion of gold-gold interactions arises. It is always difficult to assign these as
metal-metal bonded species or not. Interested readers should address not only sections 4.4 and 4.5
{di-, tri- and poly-nuclear complexes) but also section 4.3 in which interactions between gold(l)
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centres are mentioned where appropriate. A selected number of clusters have been included with the
emphasis being on aggregation of gold atoms; in particular, the use of gold{l) phosphine units as
auxilliary cluster units in heterometatlic clusters has not been surveyed. A short section has been
added which considers the exiraction of gold.

4.1 EXTRACTION

The extraction of { Au(CN);]- among other metal cyanides by polydiallyl (PDXA A} has been
investigated. It has been found that cross-linking kas a significant influence on anion selectivity, For
example, PDAA with a low degree of cross-linking favours the exiraction of [Ni(CN)a]2- over
[AR(CN)21-, alihough at high pH, [Au(CN)j- is the favoured species [3]. Related work is reported
in an accompanying paper [4]. Two eluent sysiems have been described for use in the separaticn
and determination of gold and other metal cyano compiexes. When the eluent contains NH3, ionic
column selectivity for gold is increased [5]. Two pelyamine moderate base resins have been
assessed for the extraciion of gold from cyanide sclutions over a pH range of 5 to 12, The resins
show a good selectivity for gold, and exhibit both a good loading capacity and clution properties [6].

42 GOLD(II)

4.2.1 Complexes with hallde and pseudo-halide ligands

Anions of the type [AuX;]- (X = halide) feaiure in several crystallographic studies. The
structure of K{AuCls] has been redetermined in the P2y/c space group; the gold atoms lie on centres
of symmetry [7). In a study which includes the complex formation between gold and N, N-diethyl-
N-benzoylthioureas, the crystal structure of [EtNCHNHC(O)Ph][AuCls] has been determined [8].
The preparation and X-ray crystallographic structure of the [(methylgninaldate};H]* salt of
[AuBr4]~ have been reported. The infrared spectral characieristics of the complex have been detailed
[9].

The halide complexes [AuCl3SCls)n, [AuCizSeBraln, and [AuBr3SeBral; have been
structurally characterized. They are isostructural and in each, the gold(Il) centre is in a square
planar environment with the chalcogen atom in 2 trigonal bipyramidal site. The refated complex
[AuCisTeCla)y, has a dimeric structure ({.e. n = 2}, again with the gold{IIl) centre in a square planar
environment surcounded by four halide ions [10].

422  Complexes with sulfur donor ligands

Amongst a series of gold(Iil) and gold(i) thione complexes to be studied is [AuCl3L] (1)
where L = MesNCHS, Compound (1) has been characterized by 'H NMR, IR and UV
speciroscopies and a structural determination confirms coordination of tigand L through the sulfur
donor atom and the square planar environment of the metal centre. Swractural data have been
compared for gold(I) and gold(IO) species [11].
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The crystal saucture of the dithiocarbamato complex [Aul2}[SbFg) (HL = EtpNCS,H} has
been determined. The Au-S bond distances lie in the range 2.318-2.3304 [12).

As one of a series of three related compiexes, the complex [P{CNMe)s][Aula]s.MeCN
{HoL = 1,2-(HS}2C2(CN)7) has been studied. The crystal structure of [Pt{CNMedsj[Auvla]>. MeCN
has been determined and the results show that the lattice is composed of neuiral columns made up
[Pt{CNMe)4i2+ dications and pairs of [AuL]~ (2) anions. The two anions that constitute a pair
associate with one another through edge-tc-edge S---$ inseractions (S---S = 3.75 to 3.8GA). The
packing in this system is compared with those in [PUCNMe}])IPdL,]1.nMeCN (n =0 0r 2) [13]. In
an accompanying paper, Connelly ef af also look at related, non-gold containing systems. In
independent work, Matsubayashi and Yokozawa have prepared [Cp*pFe][Au{Ci8s)2] from
[PBusNi[Au{C3S8s5)n] and [Cp*;Fe]| BF4) in dinf and have investigated the siructure of the product
[14]. Similar edge-to-edge associaton of pairs of [Au(C385)2)~ (3 usits as was noted in the solid
state structure of [Pr{CNMe)a}[Aul;]2.MeCN is observed in [Cp*aFel[Au{C355)2]. The compiex
[FBugNI[Au{C385)2j may be oxidized elecrochemically using Cp*aFe or CpaFe in MeCN to vield
ICp*aFelp 33l Au(CsSs)al or [CpaFeln a3[Au(Ci85)2]. respectively. Measurements of the electrical
conductivities, electronic reflectance and X-ray photoelectron spectra of these materials have been
camed out | 14).




423  Complexes with nitrogen donor ligands

The reaction of HAuCly with gly-L-his. HCI leads to the gold(ill) complex [Au{gly-L-
his)CIJC1L.3H20 in which the dipeptide ligand is monodeprotonated at the peptide nirogen atom,
Structural characterization of this complex confirms a square planar environment for the gold{1II)
cenire with the chloride ligand frans to the peptide nitrogen atom. The [gly-L-his]~ ligand acts as an
NN N"-donor sei. The tetrameric complex [ { Au(gly-L-his)}4] can be obtained from [Au{gly-L-
his)CIJCl in aqueous solution at pH 6-7; the ligand is now [gly-L-his]3~. A cyclic structure has been
confimmed crystallographically for [ { Au{gly-i-his)]4] and each gold(IIT) centre is coordinated in a
square planar fashion by an NN’ "-donor set from one [gly-L-his]3- ligand and by the remaining
hist-¥ donor atom from a second fgly-L-his]3- ligand. The latter hence functions in a bridging
mode. The ring structure of the tetramer is folded to give a saddle-like conformation. TH NMR
spectroscopic data are also presented [15].

Coordination of terpyridine to gold(iil} is illustrated in the complex | Aulterpy)Br{CN);]
(4): the terpy ligand funciions in 2 monodentate fashion as confirmed crysiallographically although
the niFogen atom of the centzal pyridine ring is at a distance of 2.839(5)A from the gold(Jii) centre.
This distance is less that the sum of the van der Waals radii but greater than the sum of the covalent
radii of Au{IIl) and N. Within the square planar coordination sphere, the cyanide ligands are
muinally frans; the Au-Ngquare plane bond length is 2.678¢6)A [16].

Ph
Ph
Ph
OH
Ph
4 {3)

The first examples of the direct nucleophilic addition of hydroxide ion to a non-oxidized
porphyria ring have been reported. The products are meso-saturated adducts with electronic
structares which resemble those of phlorins. The reactions reported are those of [Au{TPP)ICI,
[Au(TPPS)IC], [Au{TPyP)1C1 and [Au(TCPP)]C1 {(TCPPH; = 5,10,1520-tctrakis{4-
carboxyphenyliporphyrin) with OH- in dmf or dmso; the sources of OH- are agqueous NaOH or
nBusNOH. Complex (5) illustrates the product for the case of the reaction of [Au(TPP)]* [17].
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424  Complexes with mixed donor ligands

Various gold{III) complexes involving N,0-donor ligands have been synthesized from
reactions of [AuXy]- (X = Cl or Br), For the ligands HL = 2-HOCgH4CH=NR (R = Me, Et, Pr,
RBu, CHyPh and ¢-CgH i) the complexes formed are of the type [AuL21[AuCly), although minor
amounts of AuClaL accompany their generation. When HL = 2-pyridylmethanol or 2-
pyridylethanol, the complexes produced are jAuX3(HL)}|; these compounds are formed in the
presence of an excess of X~ ton. Other related gold(IIT} complexes have also been reported and the
crystal structures of JAuBroL] for HL = {8) and [{Aul7])~ for HaL = (7) have been determined. In
the former, the two bromide ligands are mutually ¢is in the square planar coordination sphere of the
gold(ili) centre, and the ligand L~ functions as an ¥,0-donor {see structure {6)). In the anion
|AuLal- (Hol = (7)), each ligand L2~ acts as an N,0-donor leaving one carboxyl group free; the
two nizogen {and, i follows, the two oxygen) donor atoms are trans 1o one another [18).

Me
HO,C
/ N#* z / N N* H

*

CO.H | C\

O
7 Me
* < coordination site in L™ * = coordination site in L™
{6} {7) 8)

Ligand (8), HL, undergoes cyclometallation during complex formation with gotd(11i) 1o give
the compounds [AuLClz] and [AuL(py)}{CHpCOMe)]{C10y4). Stuuctural data for these two
complexes confirm the square planar gold(Ill) coordination geometry. In both [AuLCla] and the
cation [ AuL{py {CH2COMe}]*, L acts as an N,C-donor with these atoms occupying cis positions,
In [AuL{py{CH2COMe)i*, the pyridine ligand is zrans to the C-donor atom of L-[19].
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The reaction of 6-{2-thienyl)-2,2'-bipyridine (HL') with Na[AuCly] yields the gold(Jil}
complex [AuCl3(HL"], but on heating, the C-H bond at the 5-position of the thienyl moiety of HL.
is activated and the complex that is isclated in ¢he dimeric species (%). Complex (9 can also be
obtained by performing the original reaction at 100°C. The new complexes have been characierized
by 1H NMR and IR spectroscopies, and the solid state structure of {9} has been studied
crystallographically. The results of these reactions have been compared with paraliel palladium and
platinum chemistries; significant differences have been observed, in particular as regards the site of
metallanon [20].

43 GOLD(I)

4.3.1  Complexes with halide and pseudo-halide ligands

The gold(l) anion [AuClz])~ has been generated electrochemically. It is a highly reactive
species and complexation with the ligands L-cysteine, D-penicillamine and imidazole has been
studied by electrochemical techiniques [21].

Isoelectonic with CN- is CO; the complex [Au{CO)21{Sb2F11] has been prepared and a
comparison has been made between {Au{COR]* and [Au{CN)2]- by studying the resulis of a
normal coordinate analysis and general valence force field calculations. Interestingly, atiempts o
crystallize [Au{CQ)2])[SbzF1] from acetonitrile led instead o crystals of the complex
JAu{NCMe)7]iSbFg] (see section 4.3,5) | 22]. Structural determinations have been carried out for
the complexes [AU(CNCNIB )] and ((NC)Au{CNCMe2CH2CH2CMeaNCYAWCN;]. Both show,
as expected, linear gold(l} environments [23]. The cyano complexes IMe3PAu(CN)| [24] and
[(NC)xAup-L)AuBry] (L = bis{dicyciohexyiphosphino)ethane; x + y = 2} {25] have both been the
subjects of suuctural studies and will be discussed in section 4.3.6.

The reader is also directed to section 4.3.5 for complexation involviag the two ligands (19)
and (20) that mighi well have been included as pseude-halides.

43.2  Complexes with oxygen donor ligands

Alkoxide chemistry is represented in this review by the reactions of KOR (R = CH2CFs or
CH{CF3)2) with [LAuC]] where L is a tertiary phosphine ligand, namely PPh3 or P(c-CgH1)a. The
products are the highly nucleophilic species [LAu{OR}] [26].

433 Complexes with sulfur donor ligands

The reaction of HL {2- or 4-pyridine thiol = 2-HL or 4-HL) with [MexSAuCl] yields
1 Au(HL)YC]] in which the ligands are S-bound and in the pyridinium thione tautomeric form. In the
case of L, reaction with [Me2S AuCl] leads to the oligomeric species [{AuL ], In [Au{2-HE)(])
{10}, the S-coordination mode of the ligand has been confirmed crystallographically. The
coordination geomeiry arcund the gold{I) centre is linear and there is evidence for intermolecular
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Au---Au and NH----Cl interactions [27]. The reaction between [PPN][AuCly] and Tl{acac) leads o
[PPNilAu{acac)?], a complex that has been successfully wtilized in reactions with a series of
cempounds of type RH in which H is acidic. For example, organometallic complexes such as
[AuR2j~ for RH = CH(CN)7 or Me38iC=CH have been prepared by this method. Of sigaificance
to this review though are the reactions of [PPNI[Au{acac)z| with 2-SHpy and HPPh2 to yield
{Au{2-Spy)2]- and [Au(PFho)], respectively [28].

Ci Au
cl *e——_

e1H) (11)

Various gold(I) thione complexes have been prepared and studied by 'H NMR, IR and UV
spectroscopies. One example involves the keterocycle 1,3-dithiolane-2-thione, L, which coordinates
to gold(I} through the thione sulfur donor aiom in the complex [LAuCY) (11); the crystal structure
of this cornplex has been determined. The gold(T} centre is in the anticipated lirear coordination
geometry [11].

In work that complements that described in section 4.2.1 [8], complex formation between
gold(I) and N N-diethyl-N"-benzoylthioureas has led to the isolation and structural characterization
of the compound | Au{ErNC(EINHC(OIPh}Cl) (12) in which the organic ligand is bonded to the
gold(l} centre (a linear geometry) through the sulfur donor atom (Aw-8§ = 2.2583)A) 1291.
Coordination of thiourea to gold(I) occurs through the sulfur atom in the complex cation
{Au{(H2N}C=8]2]* (13) which has been isolated and structurally characterized as the bromide
salt [301.

Cl

(12) {13

A single crystal structure analysis of the ethyldithiocarbonate complex [(Ph3P)Au(S2COED)
has been carried out. The EtOCS> ligand is S-bonded to the gold(I) centre which is in a linear
environment, although there is a relatively close Au--—-O contact ¢3.028A); this cannot be considered
to correspond 1o a significant degree of bonding Au---O character [31]. A series of gold(i)
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aryldithiocarboxylate complexes has been syathesized. In addition to the compounds [Au(S;CPh)]a,
{Au(S>2CCgHy-4-Me)], and [Au(S2CCgH4-2-Med]g, their 1:1 and 1:2 complexes with
riphenylphosphine have been studied. Complex characterization has been by elemental analysis,
molecular weight determinations and IR and muitinaciear NMR (including variable temperature IH
and 13C NMR) spectroscopies. The crystal structures of the phosphine complexes
[Au(S,CPh)(PPh3)} and [Au(S2CPh)(PPhs):] have been elucidated. In [Au(SaCPh)(PPh3)], the
gold{]) centre is linearly coordinated 1o the P-donor atom of PPh3 and one S-donor atom of the
dithiocarboxylate ligand; the unit cell contains two indepeadent molecules. In [Au(S2CPhYPPh3)al,
the coordination geometry is described as being "pseudo-tetsahedral’, with the dithiccarboxylate
ligand functioning as an §,5-donor. Also reported in this work is the structure of the non-
stoichiometric complex [Aug s6C00.44(S2CCsHa-4-Me}PPh3}1] which has similar features to thai
of [Au(S2CPh}(FPh3)2] [32].

The complex dication { Auz {SSeC=C(CN}2}212+ (14) is an example of the type of complex
referred to in the introduction as difficult to categorize — is there or is there not an Au-Au 'bond'?
This complex and its all-selenium analogue have been prepared and structurally characterized; they
are isotypic. In (14), each gold atom is bonded to one sulfur and one selenivm atom; the Au--An
separation is 2.810(1) and ab initio Hartree-Fock calculations provide some evidence for an Au-An
bond order > 0 [33].

N

{14) (15)

Arion (15) may be classed as a ‘pseudo-halide’ ligand. However, it is included here because
it binds 1o gold(I) through the sulfur donor atom in the complex [(PhaP)Auw(135)]; this conirasts with
the N-bonded modes observed for two related ligands which are discussed in section 4.3.5. The
gold(Iy complex [(PhiP)Au(15)] has been synthesized and characterized; a crystal siructure
determination confirms a linear coordination geometry for the metal atom [34].

A re-determination [7] of the crystal siructure of [{PhyP=8)AuCl} has #lusrated a more
reasonable value for the Au-S bond distance (2.265(2)A) than that previously reported (2.5554).

434  Complexes with selenium and tellurium donor ligands

The preparation of the selenide (EtyN)3NafAu38eg], perhaps more appropriately
considered as (E14N)3[NaAu2Seg], has been described. Crystallographic characterization of the
compound reveals a centred cubic stucture; the sodium ton lies at the centre of the [Aui25egi% unit
as iltustrated in siructure (16). The systemn is compared with a range of related structores and
infrared spectroscopic data have been analysed [35].
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open circle = Au; hatched circlcl=6 Se; central hatched ciscle = Nat
)

The reaction of [WSe4]2- in acetonitrile with two equivalents of a source of gold(l) in the
presence of an excess of PMesPh leads io the formation of the aeutral complex [{ Aul } (U-WSey}
{17) (L. = PMe;Ph). Analogous systems containing Cu{l} and Ag(f) as the group 11 metal have
also been prepared. The PMieaPh ligands in [{ Au{PMesPh)}{1-WSes)] can be replaced by
PMePhj and the crystal structure of (17) (L = PMePhy) has been determined at 113 K, Each
gold(I) centre is in a irigonal planar environment. Structural studies are complemented by
muldnuciear (including 778¢) NMR spectroscopic investigations (36].
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The compiex dication [Auz{S$8eC=C(CN)2}212* (14) and its all-selenium analogue were
described in the previous section [33]. Another species which exhibits gold atoms in close
proximity is the cation [{PhiP)2AurSe{CgF4-4-Cl)J* (18} which has been isolated as the [SbFg]-
salt. The complex [(18})[SbFg] resulis from the reaction of [(PPh3P)AuCl) with Sex{CgFs-4-Cl)2
in the presence of silver hexaflyorcantimonate, In its 31P NMR spectrum, [(8)]{SbFg] exhibits one
resonance at 5 +38.8 and the 77Se NMR spectrum shows a signal at & +120. The structure of
[(18)][SbFg) has been studied by X-ray diffraction methods. Each gol(I) centre is lincar with
respect to the P and Se donor atoms. Important disiances are Au-Se = 2.458(2) and 2.467( DA and
Au-P = 2.272(3) and 2.274(2}A, The Au---Au separation is 3.031(1)A which is significantly longer
than in [Auz(88eC=C(CN}2}212* mentioned above. The geometry about the selenium atom is
distorted with an acute Au-Se-Au angle of 76.0(1)° [37].

Treatment of gold(I) cyanide with polysclenide (Sex2} or polyteiluride (Tex?) in dmf in the
presence of a suitable cation {e.g. PhyP*) gives rise to cyclic complex gold(I) chalcogenide anions,
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The anions [ AuzSes]> and [AuSeg]2— have similar structures with an Au---Au 'unit’ being bridged
by an Sep2- ligand on one side and either an Se32- or Se42- ligand on the other. The Au—-Au
separations in [AuzSes)2- and [AuzSeg]2- are 3.004A and 3.132A respectively. Another product io
be structurally characterized is {AugTes}*. This anion exhibits a distorted square with the telluriuvm
atorns defining the corners and gold(l) centres in linear coordination geometry and located along the
edges of the square, The reaction of AuClsy with Te,2- has also been reported. The product is
[{AuzTe4]?- and an X-ray diffraction study of this species reveals a structural type similar to those
of [AuSes]?- and [AusSeg]?~ involving two Tep2~ ligands [38].

435  Complexes with nitrogen donor ligands

in secrion 4.3.1, we mentioned that efforts to crystallize [Au(CORI{SbaF;1] from
acewcnitrile gave rise instead to crysials of [Au(NCMe)z][SbFg]. The cation [Au(NCMe)zl* has a
linear geometry with relatively short Au-N bond distances of 1.97(1)A [22].

The ‘pseudo-halide’ ligands {19} and (20) have, arbitrarily, been assigned to this N-donor
ligand section rather than to seciion 4.3.1. Both behave as monodeniale ligands, binding to gold(i)
through the a nitrogea donor atom in the complexes [(PhiP)AuL] where L = (19) or (20).
Spectroscopic data for the new complexes have been presented [34].

CN 0
Il FA li
S—Qr - S—NCN-
oy, i
o CN 0
Me Me N
(19} (20) (21)

(22}

The secondary amd tertiary amines, piperidine {pip) and quinuclidine (21}, react with
[{PhsP)Aul{BFa) in thf to give ile complexes [{Ph3P)Au{pip)}(BF4) and [{PhiP)Auw(ZDI(BFs)
respectively. These are obtained in good yields and have been characterized by IR and NMR
spectroscopies, mass spectrometry and clemental analysis. The crystal structure of
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[(Ph3P)Au{21)]{BF4) has been clucidated. The cations are monomeric and the gold{I) centre is
linearly coordinated. The Au-N bond distance of 2.11(1)A is noted 10 be longer than in polyaurated
ammonium salts studied by the same researchers (see section 4.4) [39].

The platinum(Il} complex cis-[ Pt{PPh31)2C1(3,5-Phapz)t (Hpz = pyrazole} has been found to
form adducts with group 11 metal halides. Amongst a series of new compounds prepared and
characterized is the gold(I) complex (22} which contains the pyrazole ligand |3,5-Ph-4-Brpzl-. A
structural study of (22) confirms a linear coordination environment for the gold(I) centre with bond
distances of Au-N = 2.02(1)A and Au-Br = 2.351(3)A. The Au—-Pt separation is non-bonding at
3.425(3HA [40).

436 Complexes with phosphorus donor ligands

The chernisiry of gold(I) phosphine compounds is always a dominant section of this ansual
survey, and 1992 in particular seems 0 have been an active year in the area, A significant quantity of
structural data has revealed some interesting aspects of the bonding in the solid state of a range of
multidentate phosphine gold(l) derivatives. Some of these systerns are categorized under the heading
of di- and tri-, and polynuclear complexes (section 4.4).

Neutral mononuclear systems that have received atention include [(C3PYAuCH [7],
[(F3PyAuCl] (411, [{(Me3PYAw(CN} 124], [{\BuF2P)AuCl] [42], [[{MeaN)IPF21AuC]] [42),
H{Ez2N)PF2) AuCCl] [42], [{(2,5-Me;CeH3)PF2}A0CN) [42), [({'BuC(O)}PF2)AuCl] [42),
[{PhaP{Se)CH;PPh2)AuCl] {43] and {{(4-Mea2NCgHa) PPh3 xJAuCl (x = 1,2 or 3) [44]. In
addition are the complexes [(PhzP)Au{OR)] and [{{c-CeH11)3P) Au{OR}] {R = CH,CF;3 or
CH(CFa)2}y 1261, [(PhaP)Au(§3COEY] 131), [{PhiP)aAu{SsCPh)) (n = 1 or 2}, [32],
[{(PRP)pAu(S2CCeH-4-Me)] (n = 1 or 2) [32], [(PhaPiAu(S2CCgHs-2-Me)l {n = 1 or 2) {32],
1(Ph3P)2Aug 56Cu0.44(52CCsH4-4-Mc)] [32], {{PhaP)Au(15)) [34), [(PhaP)Au(19)) [34] and
[{PhaP)Au(20)] [34], all of which have been discussed in appropriate previous sections.

The crystal structure of [(Cl3P)AUCI] has been redetermined {(at -95°C), and thus provides
more precise data than those previously available from the results of a 1962 X-ray analysis. Bond
distances to the linear gold(l} centre are Au-P = 2.198(2)15« and Au-Cl = 2.279(2)A. There are
relatively short intermolecular Au--—--Au contacts which lead to the formation of chains in the solid
state lattice [7]. The related complex [{F1P3AuC]] has been prepared from the reaction of [AupClgl
and PFyin SOC];. Both PRy and CO are good w-acids, but results indicate that [(FaPyAeCll is
more stable than its carbonyl analogue. The vapour pressure of [(F3P)AuCl] is = 10~ mbar at room
temperature. [(F3P)AuCl] has been characterized by iR and NMR spectroscopies (3 3P = +112.1
w.r.i. H3POu; gnartet, Jpp= 1361 Hz) and by mass specirometry [41]. The ligands (L) ‘BuFsP,
{(MezN)PF2, (EtaN)PFy, (2,5-MezCel13)PF7 and {'BuC{O)}PF; react with [(th)AuCl] o give the
gold(f) complexes [LAuClj. A reaction in the same serigs is that of F2POCHICH2UPF2 with
1(thyAuCl). The produces have been characterized spectroscopically and ¢he structures of
1 {MeaN)PF2} AuCl) aad [§(2,5-MeaCgH3)PF2} AuCl] have been investigaied by X-ray diffraction
methods. Once again there is evidence for intermalecular interactions throngh Awn---- Ay contacis
(e.g. Au---Au = 3.34A in [{(MeaN)PE2} AuCll) [42].



The synthesis and crystal structure of [{Me3P)Au(CN)] have been reported. In the solid
state, each gold(I) cenize is linearly coordinated within a molecule; stacking of molecules along the
crystallographic a-axis leads to the formation of an iafinite zig-zag array (23) with adjacent
molecules being staggered with espect o one another [24].

{24} (25)

When the ligand PhyP(Se)CHPPhg bonds to gold(I) in the complex
[{Ph2P(Se)CHaPPho)AuCl] (24), the preference is for P- rather than Se-coordination. The structure
of this complex has been confirmed by X-ray crystallography [43].

in a study which focuses on a novel hexagold species (see section 4.5), the crystal
structures of several of the precursor gold(l) mononuclear complexes are included, namely
1§¢4-MeaNCsHa)xPPha_ JAuCI] (x = 1, 2 or 3) [44].

Cationic gold(l) species with Au-P bonds include [(PhaPyAulpip)]* and {{PhaP)Au2ZD)}+
{pip = piperidine} which were described in section 4.3.5 [39]. Here the gold{l) centres were linearly
coordinated as is also the case in the cation JAu(PMePh2)2]* [451. This cation formed rather
unexpectedly as a reselt of a ligand redistribution in the reaction of [(MePhaP)AuCI] with the
ferraborane [PPN][HFe4({CO)12BH]. Iastead of introducing 2 gold(I) phosphine fragment to the
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clusier, Au-P bond cleavage occurred 1o generate a fused cluster system [ [HFes(CO)12BH}2Au]-
with [Au{PMePhy)>]* as the counter-ion. Geomesries around the gold({I} centre in cations are varied
and examples of linear, trigonal planar and tetrahedral AuPy {n = 2, 3 or 4) environments are all
detailed in the 1992 literature. The linear geometry is shown in, for example, [Au(PMePha),]* [45].
The trigonal planar geometry features in [Au{PPh(c-CgHyi)2}3]* (25), the perchlorate salt of
which has been crystallographically studied [46]. A rare example of tetrahedral gold(I) is seen in the
cation [Au{cis-PhoPCH=CHPPh,}2|*. This caticn (along with its copper({l) analogue) has been
1solated as the hexafluorophosphate salt; it exhibhis cytotoxic and antitumour activities. [Aw{cis-
PhyPCH=CHPPh3);](PFs) has been studied by solid state 31P cross-polariztion MAS NMR
spectroscopy as well as by crystallography. The restriction imposed by the bite of the chelating
ligand causes distortion from a true tetrahedral geometry; angles P-Au-P within the chelate rings are
86.87(5)" and 86.90(5)". The Au-P bond distances lie in the range 2.377(2) to 2388(DA [47].

The reaction of {PPN]iAu{acac):] (see section 4.3.3) with PhoPH leads o the formation of
the polymeric complex [Au{PPh3),. This reaction is one of a series of preparations which utilize
[Au(acac)y]- as the source of gold(i) [28].

Didentate phosphines are of course well established as a means of generating such
compounds as A-frame complexes. In these, the mezal atoms are held in close proximity and the
formation of a metal-metal bond, or at least a weak interaction, is feasible. An example is seen in
[Auz{dmpm)3]2+. The structure of the hexafluorophosphate salt of [Aup(dmpm);]2* has been
determined as part of a detailed study of silver and gold dimers which includes a discussion of the
relationship between metal-metal force constaats and internuclear separations. In [Aug(dmpm)z]2+,
each pold({l) centre is lingar (£P-Au-P = 178.3(1)") and the dmpm ligands hold the two gold atoms
within a distance that is less than the sum of the van der Waals radit (Ap——-Au = 3.045(1)A). TIn the
unit cell, the [Au(dmpm);)2+ dications are stacked along the crystallographic b-axis but do not
exhibit any close inter-cation contacts. The solid state low frequency (40-400 cm-1) vibrational
specira of salts of [Aup(dmpm);12*+ and its silver analogue have been analysed. For
[Aux{dmpm)2]{PFs)2 and [Auz(dmpm}2]Clz Vauau = 68 and 71 cm !, respectively and the force
constant, Fauag = 0.27 and 0.29 mdyn A-! respectively [48].

The structure of the digold complex [(263Au2Br (CN}y] (x + y = 2 has beea determined
and shows disordering in the bromide adn cyanide groups. The population of the sites are found 1o
be: Br on Au(i} = 0.532{5) and Br on Au(2) = 0.628(5}. This gives a formulation with x:y =
1.16:3.84 [25). The tripodal ligand (27) reacts with {{Me2S5)AuCl] o yield [(27)Au3Cl3] which
has been characterized by 1H, 13C and 3!'P NMR and 197 Au Mossbauer spectroscopies as well as
X-ray crystallography. In the solid state, the complex adopis a layer-struciure and is not a discrete
monomer. Of the three phosphorus donor atoms in a molecule of (27}, two coordinate to two
gold{]} centres which then associate together (Au---Au = 3.077¢2)A). These pairs of gold atoms are
aligned in chains through the crystal lattice. The third phosphorus doror atorn coordinates to a third
gold(I) centre which is, in turn, associated with a sirmnilar gold cenrre in another chain (inter-chain
Av--—-Au = 3.179A). In this way, chaing are cross-linked to form layers of [{27)AusCl3] molecules
|49]. Ligand (28} is potentially tetradentate. It reacts with [(Me2S)AuCl] to give [{(28)AwgCly], the
crystal structure of which has been determined. Of the four gold(l) cenires per molecule, two are in
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close contact bui steric interactions appear 10 restrict further aggregation. Changes in ligand
conformation upon complex formation have been discussed [501.

Ph,P.
Me 2
{c-CgHy 1P P{c-CgHy 32 d\’
Me,P PMe, Ph,P PPh,
PMe, PPh;
(26) 27) (28)

The reactions of dppb (29) and its pentane analogue {30) with [{(HOCH2CH2)28} AuCl]
produce the complexes {{29)Au2Cl3] and {{3)AuszClz] respectively. The solid state structures,
determined by single crystal X-ray diffraciion methods, of these two derivatives of didentate
phosphines show some interesting differences. In both cases, the compounds erystallize with
dichloromethane solvate. In [(30)AuaCl2] .CH2Cly, the crystal lattice is composed of monomers
which are associated together to form chains (intermolecular Au-----Au = 3.323A). In contrast, the
structure of [{293AuC12].CH,Cl2 shows isolated monomer units and this is attriboied to the
particular packing of the solvaie molecules [51].

Ph,P PhyP PPh,
{29) (30)

4.3.7  Complexes with arsenic and antimony donor ligands

The resulis of extended Hiickel molecular orbital calculations have been used to provide
some insight into similarities and differences between the bonding around the gold(I) cenire in the
carbaborane derivative 1-MeQCH7-2-(PhzAsAu}-1,2-cleso-CaB1gHig and the more simple
‘complex [{(PhiAs)AuMe]. This study forms part of a wider investigation of complexes which are
formed in the reactions of LAuCl (L = PPhg, P(o-tolyD)3, P{c-hexyl)3, PEt3, AsPh3) with Lif1-R-1,2-
closo-CaBgH 0l (R = Ph or CH2OMe) [52].

The crystal structure of [{PhiSb)sAul(ClO4) has been elucidated. In the catdon (31), the
gold(I) cenize is tetrahedrally sited; the Au and one of the Sb atoms lie on a crystatlographic 3-fold
axis. Selecied bond parameters for (31) are Au-Sb = 2.658(2) and 2.656(2)A and £Sb-Au-Sb =
168.8(1) and 11{1.1¢1)" {53]. Compare this case o the distortions caused by the chelating nature of
the ligands in [Au{cis-PhyPCH=CHPPh)o1* discussed in the previous section [47].



438  Gold{l)-contining drugs

The papers cited in this section are meant to be exemplary of the field of the inorganic
chemisiry of gold(l)-containing drugs and are not intended to provide the reader with a
comprehensive survey of work published ia 1992.

A 13C NMR spectroscopic study bas been carried out of the reaction of aurothioglucose
(AuTg) with 13C labelied and unlabelled cyanide ion. Ik was found that labelling was required in
order to detect the species formed in the reaction. When the AuTg : 13CN- ratio reached 1:2, the
only observed product is [Au{CN}2]~ [54]. Evidence has been provided for structural changes in
bovine serum albumin (BSA) which accompany the binding of the latter to antiarthritic drugs:
reiease of cys from the protein occurs during the complexation, The particular reactions studied
were those between the fatty acid-free BSA and aurofin, EtsPAuTg and EtPAuSATEg (HSATg =
2,3,4,6-tetraacetato- 1-thio-B-D-glucopyranose). The loss of cys is a significant finding and details
concerning this observation are discassed [53]. The effecis of aurofin, aurothiomalate,
aurcthioglucose and Et3PATg on the growth of Pseudomonas putida have been assessed [56].

44 DI-, TRI- AND POLYNUCLEAR COMPLEXES EXCLUDING CLUSTERS

For the purposes of this review, a cluster is defined as containing a polyhedral skeleton with
four or more metal atoms.

A theoretical paper has addressed the question of relativistic effects in stabilizing Auy-
systems, Calculations at the Hartree-Fock and Maller-Plessert levels have probed the bonding in
Auz and in JAur(PHz)z], the latter being a model for the known complex [Auz(PPh3)2]. The role of
the phosphine ligands is a point of particular interest. The optimized structure of [Auz(PH3)7] turns
out to be linear and it is noted that the calculated Au-P distances are in excess of those observed in
related experimentally studied systems. Comparisons are made between calculated daia for
[Auz(PHz)2] and experimental data for [ Aua(PPh3)2] [57].
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Differing degrees of intramolecular association between gold centres in a range of
complexes have already been noted, for example in the complexes [Aua{SSeC=C(CN)215]2+ (14)
{331, [(Ph3P)aAn28e{CgFa-4-C)]+ (18) [37), [AuzSes)?-, [AuzSeg)?- and [AusTes)2- [38],
[Aup(dmpm)a]2+ [48], [(27)AusCl3) [49), and [(28)AusCly] [50]. Examples of intermolecular
Au---Au contacts in solid state structures have also beea described, for example in [(CL3P)AuC [7],
[{Me3P)Au{CN}1 [24], [{(MexN)PF2}AuCl] [42]), [{(2,5-Me2CgH3)PF21AuCl] [42],
[(27)AusCl3] {491 and [(30)AuaClz).CH2CI7 [51]. In the luminescent complex [Auz{(p-dppm){u-
{CH2)75{OX¥NMes) 1, there is an interesting pairing of the cations such that the intermolecular
Au---Au distance is shorter than the intramolecular separation. This gives rise o the dimeric
structure (32). This complex and the related tetranuclear cation [Aug{p-dppm){u3-PhoPCHPPhy)-
{#-(CH21»5{O¥NMe2)}»]* have been prepared by phase transfer catal ytic methods [58].

(32)

Related to the tripodal ligand (27) is MeC(CH2PPh2)s {triphos). The iridium complexes
[Giriphos)ir{H)}(C2Ha)] and [(triphos)ir(H)zEt] react with [(PhaP)Au{thf)]* in the presence of
ethene to give the heterometallic complex cation [{iriphos)Ir(HYCoHy X AuPPhs)2]* which has been
isolated as the hexafluorophosphate salt. Equal moles of [{iriphos}[f{H}{CoHa)(AuPPh3);1* and
[{Ph3PYAUC] react to give [(riphos)+{C){p-H)(AuPPh3)2)*. This cation and its arsine analogue
have also been synthesized by direct routes. A detailed NMR spectroscopic study of the new
complexes has been carried out and the X-ray crystal structure of [(rriphos)ir{Cly(u-
H){AuPPh3)2](PFg) has been determined. The two gold atoms are adjacent to each other, forming
part of a triangular Auslr-framework [59].

The trigoid oxoniuvm ton [{PhaPAu)307* is 2 well known species and finds application in a
range of cluster expansion reactions. A re-determination of the structure of [(PhiPAu)z0(BFs),
this time in the monoclinic form, has yielded some interesting results: the AnzO-units are associated
in pairs, (33), through Au---Au interactions. The reactions of [(Ph3PAu)301+ with PhyNNH3,
Me>;NNH2 and PraNNH72. HCl have been stedied. With the hydrazines, water is eliminated and
[(PhaPAu)sNNR2]* (R = Me or Ph) is formed, whilst with PhoNNH3.HC], the products are
[(PhzPAu)HNNPh2]+, HpO and [{Ph3P)AuCl). Hydrazine itself reaces with [(Ph3PAu)30]* to
give the hexagold product [(PhiPAu)sNN{AuPPh3}312+. All the hydrazido complexes are stable in
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the solid state but in thf or dichloromesthane solutions, the complexes [(PhaPAu)3NNR;[* (R = Me
or Ph} decompose to yield [(PhaPAulgl2+. Structures have been propesed for the aew complexes
and in the cases of [(PhaPAu)sNNPhol+ and [{PhaPAu};HNNPho)* have been confirmed by X-ray
crystlographic results [60].

(33)

In section 4.3.6, we considered the solid state structure of [(27)Au3Cl3] in which (27} isa
ripodal ligand [4%]. The three gold atoms were associated iogether in a [2+1] fashion and the net
result in the crystal lattice was a layer structure. The tigand HCO(PPhy)3 is also tripodal in natwre but
has shorter chain lengths in each 'arm'’ than does (27). The gold(T) complex [(Me2S83AuCl] reacts
with HC(PPh3)3 to give [HC{(PPhaAuCi)3] and this can be converted into the corresponding
tribromo-, tritode- and trimethyl-derivatves through reactions with HBr, KI and MeLi respectively.
[HC(PPhaAuCl)3] has been investigated by Missbauer spectroscopy and by single crystal X-ray
diffraction. In conirast to the sitwation in the solid state for [(27)Au3zClsl, the structure of
[HC(PPha AuCl)a] features a triangular array of gold atoms with the three chloring atoms held ina
cis arrangement, Crystals were grown from CHCly at room temperature yielding a cubic form and
at -30°C to give a monoclinic form. The structure of each crystal form has been determined and the
molecular arrangement is the same in each; the Au---Au separations lie in the range 3.20-3.42A
[61].

The novel complex cation [(2-MeCgHa)P{AuPPh3)3i* (34) has been synthesized by usiag
{2-MeCgH4)PH? as the source of the central phosphorus unit. The arsonivm anatogue has also
been prepared. The tetrafluoroborate salt of (34) has been crystallographically characterized. The
phosphonium centre is tetrahedrally sited and the Auv-—--Au separations are quite long (3.639 io
3.709¢13A). The reaction of [(34)1(BF4) with [AuPPh3y}(BF4) results in the formation of
[(2-MeCgH4)P(AuPPh3)4]1(BF4)2 in kigh yield. The crystal situciuze of this salt has been
determined; the dication consists of a square pyramidal PAug-core with a PPhs group associated
with each gold(l) centre. The Au---Au separations are significantly shorter here (2.891 w©
3.012(1))3\) than in cation (34) [621. In related work, Schmidbauer er af. have also investigated some
ammonium complexes, namely [RN{AuPPh3)3i* and [RN{AuPPh1}4]2* (35) in which R is defined
in struciure (3%8). The salt [RN{AuPPh3)31(BF4) has been prepared by reacting RNH; with
1(Ph3PAu);0)(BFEs) and the structure of [RN(AuPPh3)3]* resembles that of the phosphonium
cation (34}; the Au-N distances s [RN(AuPPh3}3[* are 2.071{3). 2.040(3) and 2.05%3A.
Treatment of [RN(AuPPh3)31{BF4) with [AuPPh3](BFa) leads 1o the complex [(35){BF4)2. The
[RN32~ anit bridges across the tetragold framework such that three gold atoms are within bonding
contact of the ammonium centre (Au-N = 2.103(6), 2.101¢5) and 2.074(6)A} and one gold centre is
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bonded to the pyridine N-donor atom (Au-N = 2.115(6}A). The Au---Au separations in the two
ammonium cations fall in the range 2.940(1) w0 3.207(1)A [63]. This work has been extended to
systems of the type [(LA usC12+ (see section 4.5) [44].

e
R P
| N
p +
N
PR
PhsP AW PPhy ___--Au
\ Au~. 1
PPh pn.p”  PhyP Ay
3 3 \ PPh;
R = 2-MeCgHy PPh;
(34) (35}

45 SELECTED CLUSTERS

The majority of clusters in this section involve aggregates of gold atoms. One feature of note
however, is the reaction of [LAuCl] (e.g. L = MeaPhP or MePhzP) with the cluster
[HFe4{CO)12BH]~. Usually, gold{I) phosphine halides are used as a source of the {AuL.}* but in
this example, Au-P bond cleavage occurs in coajunciion with a ligand distribution 1o give the
products [ {HFeq(CO)12BH2Aul[Aulz]. The gold(I) centre acts as a point of fusion for the two
cluster sub-units. Similar results are obtained with ruthenium cluster analogues lo give
[ {HRu4€CO)zBH}2Au]" [45]. In related work, the association of the {Auz{dppf’)}z*' gnit with
tetraferra- and tetraruthenaborane clusters has been examined. In the case of the reaction of
[HRug(CONBH]- with [{dppHAuaCly], the { Aun{dppf) }2* moiety can act either as a bridging unit
in a single cluster or as a unit which links two sub-cluster units together. The products
[{HRus(CO)12BHAL }2(-dpph)] and 1HRug{CONBAuxdpphH} have been spectroscopically
characterized and the X-ray crystal structure of the latter has been determined [64],

Members of the family of hexagold clusters [{LAu)gCI2+ (. = (4-XCgh4)PPha with X = (],
Br, Me, OMe, CO2H or NMe3, or (4-MeaNCgHa)aPPh or {4-MeaNCgHg)sP) have been prepared
and spectroscopically studied. The data are in accord with the six Aul* groups being arranged
octahedrally around a central carbon atom [44],

The synthesis of the acetylide-containing cluster [Au3Ag(CaPhjg)~ has been reported [65]
and in further work by the same author, the mimetallic cluster [AuAggCug(CoPh}ial~ is one of two
sirnilar systems studied [66].

The reaction of four molar equivalents of [(PhoMeP)AuCl] with [Au(PMePh2)igl3* leads
to a silver-for-gold exchange as well as cluster expansion. The products are the cations
[AugAgaCls(PMePho)g]* and [Au¢PMePhy)s]* (in a ratio 1:2). The former cation has been isolated
as the carbaborane salt [AugAgsCly(PMePh)gi[CoBoH 2] and has been structurally characterized.
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The group 11 cluster cation features a centred icosahedral core, and the amangement of the metal
atoms in the AugAgs-skeleton is shown in struciure (36). In solution, the 3!P NMR spectrum
shows three signals with relative integrals of 4:2:2 and this patiern is consistent with the same
structure as is seen in the solid state [67). The reaction of the nitrate salt of [Aug(PPh3)gl3* with
three equivalents of [Au(CgFs)21- leads o the high-yield formation of the neatral complex
1A o{CeF5)4{PPh1)s]. A single crystal X-ray diffraction study of this compound reveals that the
Awjg-cluster core has a toroidal geometry, The Au-Au conzacis which involve the unique, central
gold atom are, in most cases, shorter than Au-Au separations between peripheral gold atoms [681.

= AgCl
O = Au(PMePhy)

(36)

The large clusiers [Au3Agi2{P(4-MeCgHg)z} 10C1g1* 1691 and [ Auzg(PPh3)14Clgl2+ [70]
have been made and fully characterized. The former possesses a bi-icosahedral metal core, whilst the
latter ¢xhibits a 1:9:9:1:9:9:1 layered struciure as defined in (37} such that a centred hexagonal
antiprism forms the cenwal unit of the meral stack,

Qo Q
layers layers layer
1and? Zand 6 4
(37
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