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1. Introduction

This review covers the coordination chemistry of gold reported during 1995, and
follows « similarly organiscd 1994 survey [1]. The literature has been searched using
Current Contents and the Cambridge Crystatlographic Data Base, implemented
through the ETH, Zorich [2]: three-dimensional structural diagrams have been
drawn using coordinates from the Cambridge Crystallographic Data Base, with
hydrogen atoms gencrally omitted for clarity.

Some references from the tail-end of 1994 are included in this survey. The review
is not fully comprehensive, but does give the reader a significant and representative
coverage of work published; organometallic complexes (defined as those possessing
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a Au-C bond with the exceptions of cyano compiexes, orthometallated species and
several compounds incorporating {Au-CFs} groups) have been excluded.
Complexes in this survey have been organised according to the oxidation of the
gold centre and by the donor-type of the ligand of primary interest. In gold(l)
complexes containing 2 Au-Pamine 1INk in combination with a different donor
ligand, the latter takes priority for categorisation purposes. ‘A-frame’-type complexes
have been described in a separate section, as have gold-containing clusters, although
polynuclear species in which the gold atoms are not within bonding contact are
generally included in the appropriate gold(1} scction with the emphasis put upon
the ligand type rather than the polynuclear nature of the complex: organometallic
clusters featuring AuPR -units have not been mcluded in this survey

¥

2. Gold(Ill)
J A Conplexes with halide Taneds

A laboratorysscale preparative route to gold(1D foride from the constituent
elements has been reported. Foe pority ol the produci was conlirmed by vibrational
spectroscopic, nuss spectromedvie and elementad analytical data [3).

The reaction of K|AuC] and 2.0-Plupy ac pHE2 has given the complex
| 2,6-PhypyH FAUCT] which has been chatactensed by clemental anabysis, TR and
HENMR spectroscopries and an Nesay ditfrachon study. Inthe selid state Tntiee,
an usnsual three-centre interacton has heen observed between the pyediim N-11
hiydropen atom aid Bvo of the ehlorme atoms of the amton such thet sach 11
distanee is 2783 pm. Weaker C e HE-CLinteractions are also obeored toy the
hydragen atoms in the ortho-pasitions {4].

The  kineties  of  the  reduction ol {AWCH] . e AuCLICN ] and
wana=]AUBryOCNY ] by SO, 0O FHSOL] or SO has been investigited using
stopped-tlow spectraphotometry over the ptl rimpe 0 to 2.3 and at onte strength
FOM {298 K 1o was shows that the reduction fram gold¢HDY to gold(]) occurred
without initial substitution at the metal contee when the pold N esullurd 1V ) ato
was T Mechanistic details have heen discissed amd rate constiants were deteentined
for the reactions; the reductions oceur = 107 tmes faster with {80, than with
[IVSO,] L and the reduction of oo VaBr AON L] was 3 10 s faster thas that
ol prann-|AuUTAUN) T |

2 Comipleves wah o vaen-donor vands

e apbheation of benzo-15-crowe-3 cther as an eviractine agent for poldtH i
the proovnee of potassinm chlonde lus been mvestizated (61
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2.3. Camplexes with sulfur-donor ligandy

Two  crystallographic  studies  detailing  the  structure  of 1the anion
[Au{1.2-5,CH )] bave been carnied out by the Fackler group. The first is of the
[(Ph;P).N1" salt {7] and the second of the [Au(PEt;),]” salt [8). The gold(HI)
environment is square planar as expected. Related work has looked at complex
formation with gold(1H) involving [1,2-8,C,H,)*" and {3.4-S,CH Mel* ™, (L*7).
The salts Na,L were reacted in ethanol with Me,SnCly or [(PhyP),N1,[ZnCig]
to give [Me,SaL] or [(Ph;P),N].fZnL,] respectively. A further tin derivative
[Me,Sal’] (H,L'=1.3-dithiole-2-thione-4.5-dithiol ) has also been prepared and the
tin and zinc complexes have been treated with cis-[{C F5)AuCLL"] (L” =various
including PPh,) to yicld gold(111) complexes of the type [(CoFs)AuLL"]. The struc-
ture of [(C FaAu(1.2-S,C H,)PPh,] (1) has been determined [9]). Ab initio calcula-
tions have been carried out on the [Au(1,2-S,C . H,)]1 7 anion. Results reveal that
the two highest iying MOs possess r-character and originate frou: the symmetric
and anti-symmetric combinations of the tigand HOMOs with little contribution
from the gold atomic orbitals. The LUMO of [Au(1.2-S,CH,),}” possesses
a-character with both inctal and hgand character. In addition to the theoretical
study. the prepasittions of ten derivatives of [Au(1.2-S,C Hy),] ~ have been described
and their UV VIS spectra have been recorded. From these data, it was possible to
place the tigands in a spectrochemical series. The observed relationship between the
clectrode potentials for the reversible oxidations of the complexes and the energies
of the towest lying electronic transitions has been discussed in terms of the degree
of tigand-to-metal charvge tritnsfer 1 10].

Ouly the gpso O atoms of Phogroups ase shown,

(h

The resuits ol ithe crystal strycture determimation of
IAU(PCY DL ARNZ 1-1.2-S,CHON ), 5] have been reported [11]. The square planar
anion is shown in structure (2. The bis(cthylenethio)tctrathiafulvaleninm salt of
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2)

{2), compound (3), has also been the subject of a structural study. In the solid state,
the anions and cations form separate stacks but planar anions do not lie directly
over each other [12].

Part of the packing disgrun
(h

The synthesis of the ligand 1,1 and its complex formasion with gold( 1) t> pive
{Aul.y] . anion (4), have heen reported. The new complex was isolated #s the
tetrubutylammonium salt and was characterised by mass spectrometry, elemental
analysis, newr- IR spectroscopy and X-ray crystallography. In the solid state, two
different conformations are adopted by the ligand in the anion. An electrochemicat
investigation of [BugN{[Aul.,] has shown that the gold(1H) anies exhibits three
irreversible processes, The propertios of this compound have been compared with
those of related mckel and copper complexes [13].

14

Heterometallic compleves of the type {Cp*M-SRLANCLICT (M = Ir or Rh;
RO CFAI) nvolving gold(1l1) have been prepared and characterised.
By-products of the syntheses were the gold-free complexes {CpRh,(p-SRICEH]CLL
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The behaviour of the new complexes in solution has been studied [14]. Gold(I11)
and gold(l) complexes containing various sulfide ligands have been studied in
solution by using dynamic NMR spectroscopic techmgques in order to gain informa-
tion about inversion at the sulfur centres. The results indicate that inversion occurs
without Au-S bond cleavage. Kinetic parameters have been measured; the barrier
to inversion at sulfur is higher for the gold(IIT) than the corresponding gold(1)
complexes [15].

2.4. Complexes with nitrogen-containing ligands

The crystal structure of the complex [Au(bpy)CL][BF,] has been determined and
coniirms the expected square planar geometry at the gold(11l) centre [16]. The
reactions between AuCly.2H,0 or NaJAuCl,] and HL (HL =2 PhCR,py, R;=H,,
MeH or Me,) yield cyclometallated complexes {AuLCl,] or adducts of formula
fAu(HL)C!;]. When the pyridine derivatives were 2-'Bupy or 2-'BuCH,py (HL), the
products were the pyridinium salts [H,L][AuCl]. The crystal structure of
[AuLCl,), complex {(5), for HL =2-PhCMe,py. has been elucidated and confirms
the coordination of ligand L™ in an N, C-mode, with the 6-membered chelate ring
adopting a boat-conformation. Reactions between PPh; or dppe and the cyclometal-
lated complexes lead to the formation of [AuL.CI(PPh,)]* or [AuL.Cl(dppe)]* respec-
tively. Insertion reactions involving carbon monoxide have also been discussed
[17). The syntheses of the luminescent compounds [AuLCI)[CF;SO;l (L=4"-
(4-methoxyphenyl )-6-phenyl-2,2"-bipyridine)  and  [AuL'CIJ[CI1O,, (L'=4-(4-
methoxyphenyl 12.2:6°.2-1erpyridine) have been deseribed. Characterisations of
these complexes have included an X-ray diffraction study of {Aul’CH[CIQ,]; and
the structure of the cation is shown in (6). A square planar environment {or the
gold(111) centre was confirmed. The interactions of the two complexes with clt-
thymus DNA has been investigated using spectroscopic methods and it was found
that the binding constant for [Aul CIHCF,80;) is greater than that for the terpyri-
dine-derived complex [ 18]

5

Gold(111) complexes JAuX;L} (X=C1 or Br} containing heterocyclic ligands
L (L= N-methylimidazole, N-ethylimidazole, N-propylimidazole, benzoxazole,



(6)

2,5-dimethylbenzoxazole, 2-aminopyrimidine, 4- or 6-hydroxypyrimidine or hypo-
xanthine) have been prepared and characterised by ¢lemental analysis, and spectro-
scopic and conductivity methods. In cach case, it was proposed that the gold( 1)
contre was in a square planar eavironment with the heterocycelic lipand N-bonded
and monodentate [19]. Mixed ligand complexes of gold(1!) involving anions of
various amtino acids, HL', and the potentially N O-donor ligand L where HL =
8-hydroxyquinoline have been prepared and chavacterised by spectroscopiv tech-
nigues and comductivity methods. The complexes possess the general formula
[AuLLCT 201

For potd(I) phosphorus coordination, see¢ Section 38 md the discossion of
ligand (23},

3. Gold(l)
3.1 Complexes with halide end psendo-halide lgands

As part of a study of gold(1) phosphine complexes {see Section 3.5), a one-pot
synthesis of the compound [Bu,NjAul,] from clemental gold has been described
[21]. A crystaliographic study of [(PhP),NJJAwCL]- CHLCLL has been carried ot
at 173 K and has confirmed the expected linear natare of the anion §22]. A series
of rod-like complexes of the type JAUCHONC H,C H,4-0C H,, . ] te=4, 6, 8,
10, 12} has been investigated, Vhe clidovo-compleses have been synthesised rom
IAUCE)TT and the approprinte isonitriles, and sry be converted to the correspond-
g bromos or jodo-species. The free isonitriles are liguid crystals which exhibit
nematic and (10 some cases) smectic A phases, but as the gold 1)) complexes, they
show a sigaificant expansion of the runge in which the mesophase exists. The liquid
crystat properties of the gold-containing complexes have been lully discussed {23).
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The syathesis of lgand (7) has been deseribed. Cation radical salts of (7) were
prepiared by clectrochemical  oxidation in the presence of, for example.
[Bu,NJJAu(CN )] The resistivity of {7NAw(CN )} shows an abrupt drop at 4 K,
thereby indicating the oniset of a superconducting transition. However, the resistivity
remained non-zero. The X-ray crystal structure of [(7)][Au(CN),] revealed that in
the solid state, the donor units form conducing sheets parallel to the ac plane [24].

O

7

The laser excitation (it 337 n) of the lead(11) compound Pe{Au{CN);}, at 78§ K
causes o deerease in the intensity of luminescence of this complex. By raising the
temperature from 78 1o 300 K. the lumineseence intensity increases again, These
observations have been interpreted in terms ol the formation of o non-luminescent
species and the process by which this occurs has been discussed [25]. The excited
state properties of a series of layered compounds including Dy[Au(CN),], and
GAJAUWCN )], have been studied. The {Au(CN),] anten exhibits a strong and
structured  emission at fow  temperatures, but cnissions originating from  the
Lanthanoid (1) ions are weak. Resonance Raman spectroscopic data have been
recorded Tor DYJAWCN )] and GAJAQON 1]y, Detailed discussions of the photo-
lsmineseenee studies hiave beei presented |26].

Gold-binding ind distribution in blood and red-blood cells live been the subject
of a study that has caployed TPLC weehniques inctrding lon-pairing, reversed-
phase ad swec-exclusion chronatography. Preliminary results mvolving paticnts
sufering from rhesmatoid asthritis have indicited that gold-uptake is patient-depen-
dent. It has also been shown that gold in the lysate is not bound to haemoglobin
but interacts instead with higher molecular weight species. The anion JAu(CN )]
has been deteeted in uitra-filiered red-blood celt lysate, and the uptake of this goid(1)
anion by red-blood cells has been measured. It has also been shown that
[Au(CN);]  centers the cell by a path other that the anion channel. It was observed
that the gold-uptake was inhibited by the addition of free [CN}™ anion and this
suggests that loss of [ON] from [Au(CN);] 1s important in the process of pold-
uptake by red-blood cells, The possibility of using [Aw(CN),]  for therupy in the
treatinent of AIDS has been suggested [27].

3.2, Complexes with oxygen-donor ligunds

The erystal structure of the compound [MePh,PAs(OSiMe,)] (8) has been deter-
mined: the structural Teatuses are unexceptional with an Au-O bond distance ol
198.6 pm and a value for the angle O Au ¥ of 177.9"{28].
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3.3. Complexes with sulfur- or selenium-donor ligands

A number of gold(I) complexes with thiolate ligands of various types have
been reported, The reaction of f(PhyP),N][Au(SH),] with CS; leads to the
complex [(PhyP)NJ[AuxCSy),). described in Section4 [29]. The reaction of
[ClAut 1 4-(CH,PPh,),C H,JAuCl] (see Section 3.5) with NaSMe in CHCI,
in the presence of moisture leads (o the formation of the complex
[MeSAuil4-(CH,PPh,),C H,} AuSMe]. A crystal structure determination of this
compound has confirmed the presence of two remote, lincar gold(1) centres, When
[C1Au{1,4-(CH,PPh,).C H 3 AuCl] reacts with sodium sulfide under similar condi-
tions, the product is the cyclic complex (9), The angle at the sulfur atom is 86,7
and the AuAu distance is 314.7 pm {30]. Bulky thiolates have been incorporated
into gold(1) complexes of the type {PhyPAUSR| where R« 24.6-Me,CHy or
2.4,0:'Pr,C H . Their preparations by two routes hive been described  Tor examiple,
the reactions of [PhyPAuCH} with RSH in th" in the presence of aleoholic RO
The properties of these complexes have been discussed and an Xevay diffiaction
study of [Ph,PAUSC,HPry-2.4,0] has been curr'~d out [M].

£)]

The erystal structures of the complexes [( 2-MeC H ) PAulL] ¢ HL = purine-6-thiol )
amdd [Cy,PAuL’] (HL' = 6-methyl-2-thiourazil) have been detgrmined. In each com-
pound, the gold(1) contre is coordinated i a linear fashion as expected with the
thionucleobases functioning as monodentate S-donor ligands {32). Potentiometric
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am

and spectrophotometric studies of the higand 4-amino-3-methyl-1,2 4-triazoline-
S-thione ( HL) have established that in solution the thiol form predominates whilst
in the solid state, the thione form is important. The gold(I) complex {Au(HL),]1
and its copper(l) analogue have been prepared and characterised by X-ray diffrac-
tion methods. In the cation [Au{HL);]* (10), the ligand is in the thione form and
both ligand ring-systems lie in the same plane; the gold(l) centre is in a linear
environment with Au-S=227.6 pm {33].

Carbon-13 NMR spectroscopy has been wsed to study the interactions between
aurothiomalate [Aul), and [SCN]" and [SeCN]™ ions in agueous solution. The
presence of [SCN]™ results in further polymerisation of aurothiomalate but
[SeCN}™ coordinates to the pold(1) centre and the monomeric complex anion
[AuL{ScCN )" is formed. Ligand redistribution occurs to give the complexcs
[Au(SeCN).] and [Aul.;)” but decomposition of [Au(ScCN),]™ resulted in the
formation of [AUWCN),]  and clementi! selenium. The anion [Au(CN),1 also
formed when [AuL,] was treated with [SeCN] - [34]. Related PC NMR spectro-
scopic studies have focused on the teacti ns of thiourea and selenourea with aurothi-
orbate. Thiourea adds 1o the gold centre, but in the presence of selenouren,
aurothiomadate [Aul.], was reduced 1o gold metad and the ligand translormed to
L, [35]. Further work from the sume research group has examined the interactions
ol aurothiomalate with selenoethanoic acid. selenocysteine and selenocysteamine,
again using C NMR spectroscopy. In agueous solution, complexes of the type
[AuL3] " where {L] is the incoming ligand were tormed [36].

Only the ipso-C atoms of the aryl proups are showi,
(1)

Crystad structure determinations have been carried out on the compounds
[(2-MeC H.),PAUS ,COPr] and [(2-MeC,11,),PAuS,COCH,CH,0Me] (11). In cach
compound, the sulfur-donor ligand is monodentate and the gold(1) centre is linear.
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However, in [(2-MeC H,);PAuS,CO'Pr], the conformation of the [S,CO'Pr]~ ligand
is such that the oxygen atom faces the gold centre with an Au---O separation of
289 pm. In complex (1), no such close gold- oxygen approach is observed but the
ligand conformation allows a secondary Au---§ interaction (334.7 pm) in addition
to the primary coordination (Au-S=227.8 pm). Variable temperature *H and ¥'P
NMR spectroscopic data did not indicate that conformational changes such that
both 5.8" and S, 0~ coordination could occur in a given complex [37]. The reaction
between gold( 1) cyanide and {Me N 1,[TeS;] in dinf has yiclded the novel compound
IMe NI IA U, TeS;y);) which has been characterised by spectroscopic mcethods
(far-IR} and X-ray crystallography. The complex dianion (12) possesses a cyclic
structure in which the gold(1) centres arc in lincar S Au- S environments, but o
of bonding range (Au---Au=358.2 pm) {38].

tlh

When tetrachloroaurate reacts with Cy,P{OYC(SINHMe, L. in the presence of
thiodiglycol, the product is [LAUCTH, The maure of the pate green, air-stable complex
s been confirmed specteoscopically and by N-ray diffvaction studies. The geonmetey
of the gold(1) contre i taear, defined by the chioro ligand and the suliur atom of
ligand 1. {39]. The reaction of equal numbers of moles of AU (R )L ICTF S0 ] and
{5 CHPES PR,y et leads 1o the Formation of complex (13). Structural charscteri-
sation of the product shows that the ligand binds through the two sullur-denor
Atomy o give @ lincar § Aw-S coordination sphere. This forces the observed
conformation upon the (0 -C<HPPh,),Fe-part of the ligand [40].
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3.4, Camplexes with nitrogen-donor {igands

Tovestigations have been carried out of the reactions between the goldil)
complex [PhiPAuacac)] and ammownmivm  salts [HLJ[X] (L =2-miroaniline.
4-methoxyaniline, Ph,NH, Et,NH; X=CF;80;; L=Meg;N, X=ClO,). The pro-
ducts are of the type [PhaPAuL}X in which the N-donor mode of the amiine has
been established by X-ray ditfraction methods for the salt [Ph;PAu(NMe)}ClOy).
In the lincar coordination sphere of the gold(l) centre, the bond distances are
Au-P=223.1 pm and Au-N=210.8 pm. No intermolecular Au---Au interactions
were observed in the solid state lattice [41]. The preparation of the complex
{Aus(dien);][ BF ]; has provided an interesting example of a polymeric gold(t) com-
plex. nfrared and NMR gpectroscopic characterisations have been supported by a
crystailographic study which shows that the solid state structure of the compiex
consists of cyclic [Auy(dien),]** units connected into chains by Au---Au interactions
(331.2 pm) as shown in structure (14). Within cach ring the two gold atoms are owt
ol bonding range {>450 pm) [42].

(1)

The coordination of a nitrogen-containing heterocyclic ligand is oxemplitied by
the complex [Me,PhPAuL] (15) where 1L is o derivative of purine. The ligand is
monodentate. resulting in the expected lingar coordination geometry for the gold(l)
centre [43].

Cae also Section 5.1 for gold (D-amine complex formation, ¢.g. structure (28)[44].

2.5, Complexes with phosphorus-donor ligands

In this section, pold(1) compiexes in which phosphine ligands are those of primary
interest arc discussed although some dppm complexes are described in Section 4,
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Many other phosphine-containing complexes have already been detailed in previous
sections and will not be discussed {urther here. A paper of general as well as specialist
interest deals with clectrospray mass spectrometry; spectrometric data for various
cationic gold(1) phosphine species have been recorded. Parent ions for cations of
the typ: JAu(PR,);])" and [Au(PR;),]* were observed but this was not Lhe case tor
jons of formula [Au(PR,)]". Fragmentation of [Au{PR;};}* to [Au{PR,),]"
occurred readily [45]). The crystal structure of [(*Bu,P),Aul{BF ] - 2CH,Cl, has been
determined, confirming the expected lincar snvironment of the gold(1) centre: see
Section 3.1 [46).

It bas been shown that crystals of the gold(1) complexes {PhaPAuCT] and
[PhPAUBY] and their triphenylarsine analogues exhibit dual phosphorescences trom
two exeited states. oy ¢ach complex, the hagher energy system at 360 nm has been
assigned 1o an intnelgand phosphiorescence originating from a phenyblocidised
Yren® state, while the Tower energy svstem is at 460 nm. Detailed discussions of the
systemis have been presented [47), The complexes [ 2.4,6-( MeO),C Hal PAUX J(X =
ClL Br, 1) may be prepared from the reactions of {2.4,6-(MeO)C M, P with
[(Me,5)AuX |, The theee compounds have been structurally and spectroscopically
characterised. In the fin-IR spectra, absorptions at 313, 218 and 183 em ! hawve
been assigned to the mode viAu X ) wiere X = Cl, Br and 1 respectively. When cach
compound is treated with an equivalent of 2.4.6-(McO),C H, 1P L. the product
is [Aul,} "X as shown by *'P NMR spectroscopy. Comparisons have been made
between the solid state ¥'P NMR spectroscopic properties of the complexes
[12:4,6-( McO),C Hat yPAUX | with those of their triphenylphosphine analogues {21].
The preparation of the compliex [Au{PPh LISIF] has been described. The results
of an X-ray ditfeaction analysis have shown that the silicon(IV) centre is trigona
bipyramidal whilst the gold (1) centre is trigonal planar; anions and cations are well
separated in the lanice 48],

The coordination to goid{1) of didentate bisphosphine ligands have included an
investigation o’ PhP(CH ) PPh; (ipph). The crystal structures of ftdpph)Au.Cl,)
and [{(dppl 1Au,l.] (16) have been eluciduted, and in cach the dpph carbon backbone
is in an extended contormation. Compound (16) is polymeric in the solid state by
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virtue of intermolecular Au---Au interactions over distances of 312 pm. The chains
so-formed are described as being ‘interwoven’ to give layers that dictate the cleavage
planes of crystals of (16) [49]. The didentate ligands ‘Pr,PCH,CH,PPr,
and 1,2-(Pr,P),C¢H, contain bulky substituent groups and have been incorpor-
ated into the gold(I) complexes [ClAu(p-Pr,PCH,CH,PPr;)], and
[Au(PEt;){1,2-(Pr,P),CcH,)JCL. These compounds have been shown to be selective
catalysts for hydroboration of imines and thiazolines using catecholborane [50].

Phenyl groups have been omitted.
(16)

The syntheses of the complexes [{(Z£)-Ph,PCH=CHPPh,}Au,X,] and
[{(E)-Ph,PCH = CHPPh,} Au,X,] (X =Cl, Br, I or 4-SC,H Me) Fave been described.
The complexes have been characterised by elemental analysis ard UV- VIS, 'H and
3P NMR spectroscopies. Photochemical studies have revealed a remarkable (Z)- to
(F)-isomerisation of the coordinated ligand in contrast to the lack of such a conver-
sion for the free ligand. Isomerisation from the (£)- to (£)-complex was not observed
[51]. The didentate ligand 1.4-(Ph,PCH,),C,H,; forms the gold(l) complex
1 1L 4«(Ph,PCH,),CoHat Au,Cly). In the solid state, the rigid backbone of the ligand
holds the two gold(1) centres in remote positions, but there is a degree of close
approach of gold centres between molecules with Au..-Au separations of 399 pm,
The reactions of [ClAu{1,4-(CH,PPh,),C.H,} AuCl] with NaSMe and Na,S were
described in Section 3.3 [30].

The reaction of dppf with two equivalents of [(Me,S)Aucll] in CH,Cl, has yielded
the dinuclear gold (1) complex [(dppf );Au,Cl,] (17). Structural data for this complex
have revealed chelating modes of two dppf ligands and a bridging mode for the
third; in each ligand, the cyclopentadienyl ligand- are mutually staggered. Each
gold(I) centre is 4-coordinate in a distorted tetrahedral environment [52]. The
preparation of [(n’-CsMe,PPh,),Fe] (dppf*) has been detailed. This didentate ligand
reacts with 2 equivalents of [(tht)AuCl] to give the complex [(dppf*)Au,Cl,]. but
in a reaction with 1 equivalent of [(tht)AuCl], the product was the 3-coordinate
gold(1) complex [(dppf*)AuCl]. An X-ray diffraction study of the latter has been
carried out and the Au-P and Au-Cl bond distances were found to be greater than
in related 2-coordinate species. Carbon-13 NMR spectroscopic data have been
recorded and it has been noted that [(dppl*)AuCl] is stable in solution for at least
several hours. The gold(1) complexes have also been investigated by electro-
chemical methods and '*’Au Mbossbauer spectroscopy. The chloro ligands in
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[(dppf*)Au,Cl,) and [(dppf*)AuCl] may be substituted by C.F; groups. The cyto-
toxicity of the complexes has been assessed but they were not found to be better
than presently documented drugs {53].

Phenyl groups have heen omitted.
amn

Complex formation between gold(1) and several ligands that are potential N P-
donors has been investigated. Ligand (I8) forms the gold (1) complex [Au(18),]”
which has been isolated as the hexafluorophosphate salt and characterised by IR
and multinuclear NMR spectroscopies. Coordination is through the phosphorus
donors only and gives the gold() centre the expected linear geometry as confirmed
by an Xeray diffraction study. Varable emperature NMR spectroscopic datit have
been used 1o explore ligand exchange procgsses in solution. In the corresponding
stiverd) ) and copper(1) complexes, ligand {(18) coorditutes in an N P-mode [54].
Figand (193 forms both mononucleas and dinuclear complexes with gold( 1) depend-
g upon the potential muon present. In JOIARCT]. the ligand coordinates throagh
the phosphorus donor atam and this has heen confirmed by the resulis of an NXeray
diffeactton study, 1n the compounds [Au 019NN - Pl BE, or NOQ, g
(1) adopts a dridging mode. The new complexes have been characterised by IR,
NMR and "™ Au Méssbauer spectroseopic technigues §33). The reaction between
K[AuC1,). and ligand (20} in methanol has resulted in the formation of the complex
FKAu(20),* " which has been isolated and characterised as the perchlorate salt,
Crystaliographic data have established that the two gold{1) contres ave bridged by
three ligands amd that this complex provides a cavity in which the potassium ion is
encupsulaied, The phospitorts donor atoms of (20) coordinate 1o the gold(] ) centres,
whilst the nitrogen donors bind the potassium don. The complex [KAu.(20),]°
extithits i room temperature emission upon photoescitation between 300 and 400 nm
[56] The compound MeSCHLCHPPR, may potentilly Tunction as a didentate
ligand but i the complex JiMeSCHLCHLPPh )ARCEH. it Dinds only through the
phasphorus donor atom, This has been contirnied by the results of o envstallographic
study and the P Au Clangle & 778901 {371

The reaction between {120 8r and two cquivatents of gold(1) chlorude leads o
the formation of the complex [AuCIIY, AuBrCl ). A simikar reaction can be carried
out using JEDICE SO, and from this, the product is [AvCH2D)ICE,SO,). the
matare of which i the solid state has been established by Xeray erystallography.
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The reactions of [AvCH2NECTE SO, with LiF, (Me,N}, P O or (EGN),C NI
have boen investigaied |38,

The calixvesorcinarene (22) and a related compound (22a) with eight OPPh,
groups emanating from the cight oxygen atoms shown in compound (223 hine
been prepared. Compound (223 reacts with [(Me,S)AuCE] to give the complex
22 AuCl ] When the octadentate Bgand. (222), is used in o sinular reaction, the
product is proposed Trom spectroscopic datit to be [(22atAnCly). Molecular
mechanics  calvulittons have been performed  on this  fatter compound. bt
[223CANCT),] has been fully chiaractensed by an Xy diffracton analysis. e
ol the Tour gold ) chloride groups Torm a preket fence” arsampement bat the fourih
is Tolded into the cavity, In sotution, the PP NMR spectrum: shows equaviken
phosphorus centres down o - 80 C suggesting that exchange of the two types of
PAUCT-units s Jacile [59]. Systems with Lirge numbers of  phosphine donor
proups on the periphery are potential building blocks for dendrimers and this
hs  been  demonstrated by two  groups,  For  example,  the  compound
N{CH,CUHNHCO)C H,PPh,), reacts with [((Me,S)AuCH with the formation of
P Au C! units. Similar reactions have lead to related species. This work represents
preliminary studies into dendrimer systems [68]. A high nuclearity gold-containing
dendrimer has been prepared by the reaction of an excess of [(ThOAuCT] with &
system represented as feore] CHE N N(MO)CEHLPPh, which contains 3072 PPh,
groups, In principle, 3072 gold atoms can be incorporated into the dendrimer: in
solution, only one *'P NMR spectroscopic signal wats observed. Gold complexes in
this series were observed by high-resolution electron macroscopy |61}

The synthesis of compounds (23) and reactions with f{{Me,S)AuCH or AuCT have
been deseribed. Several novel species have been structurally characterised. The erystal
structire. of JAu(23),]CH- CHCL, for X =P R:-R'=Mc reveals a d-coordinaie
gold(1) centre attached to the two phosphorus donor atoms of the two ligands. In
[(23)AuCl] for X =N, R = Me. R"=Ph, the gold(I) centre is in a lincar environment,



682 C.E Housecraft | Coordination Chentixtry Reviews 164 ( 1997) 667691

Ph

R = CH,CH,Ph
Q2
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VN
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N-.\._,\-N
R, R = various, e.0. Me, Et, Ph NN
XeNorp
(m (24

with the ligand functioning as o monodentate  P-donor.  Amongst  the
compounds churacterised by Xeruy  diffruction was  the gold(ill) complex
[IMe;Au(2DIMeAUCE] for X =N, R=R'=Mze. Euach gold(1I1) centre is sguare
planar as expected and the ligand (23) functions as un N, P-donor via the NMe and
PMe groups. Ligands (23) with X=N are related to  1.3.5-trinza-
T-phosphaudamantane, compound (24). The coordination chemistry of this ligand
with respect to gold(1) has been of active interest in 1995 within the Fackler group.
The syntheses of the complexes [L,AuCl] (n=1, 2, 3 or 4) where L=(24) or
[AUL'P -, [AuL))® and [AuL)]" where Nu,L'=P(C,H,SO:Na-3), have been
described. The products are water soluble, and the species [Auly]* and [Aul*~
exhibit strong luminescences in the solid state and in solution. The intensity of the
luminescence of [AuLj]®” is not pH dependent but is solvent dependent [62]. The
reaction between [(Me,S)AuCl] and ligand (24) in aprotic solvents has given the
complex {(24)AuCi], whilst the protonated complex [((2HC1AuCI] has been
prepared by treating {(thD)AuC1] with protonated ligand. The structural characteris-
ties of {{2)AuC]) and {{2HHCH AuCl] have been determined and it has been
noted that protonation influences the intermolecular Au---Au contacts, lengthening
the distance from 309.2 to 332.2 pm. The photoluminescent properties of the com-
plexes have been investigated and dilferences have been explained in terms of changes
in the gold-gold interactions: detailed discussions of these properties have been
presented. The complex [(24)AuCl] may be converted to the corresponding bromo
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or iodo species, to [(24)AuMe] by reaction with MeLi in Et,O. and to
[{{24)Me} AuClJ[CF,SO,] by treatment with CF,SO,Me [63,64]. A further
report concerns the properties of the complexes {(24)AuBr], [(24)Aul] and
[1(24)H } Aul{Aul,] and the photoluminescent spectra of these species have been
compared with those of [(24)AuCl]. Protonating ligand (24) has a significant influ-
ence on the spectrum, as was noted above. A correlation has been established
between the low-energy emission and the Au---Au distance in each complex and this
can now provide distance data from spectroscopic observations for other complexes
in this family. Extended Hiickel MO calculations have been carried out and the
results support the fact that decreasing the intermolecular Au..-Au distance causes
a decrease in the HOMO-LUMO energy separation {65]. The reaction between the
compound [(24)AuCl), PhSH and KOH in methanol leads to the formation
of [(24)AuSPh]; the related derivatives [(24)AuSR]} in which R=2-
MeOCH,. 2-CIC;H,, 3-CIC¢H, and 4-CIC H, have also been prepared, as have the
compounds [Ph;PAuSPh], [Ph;PAuSPC H OMe-2] and [Ph;PAuSC,H,Ci-2}). The
new compounds have been characterised by elemental analysis, 'H and *'P
NMR spectroscopies and, for representative members of the series, X-ray
diffraction studies. Each compound luminesces at 77 K in the solid state and the
excitation has been assigned to an LMCT (S—Au) transition [66]. The prepara-
tion of [(24),Aul]i, - 2H,0 and its structural characterisation have been described.
1ts emission spectrum is temperature dependent: at 77 K, a yellow emission (598 nm)
is observed while at 140 K, the emission is orange (686 nm). A novel reaction
between  [(24),Aut]l, and NafBPh,] takes place to yield the derivative
[(24)Auh) in which the gold(l) ceatre is in the anticipated lincar C-Au-P
¢nvironment [67).

3.6. Complexes with arsenic-donor ligandys

The crystal structures of two forms of the complex [Ph;AsAuCl] have been
determined; the forms arc distinguished by their different crystal habits of needles
or prisms, and in their molecular structures by the o-ientations of the phenyl
substituents. Differences in the Raman spectra of these forms of {Ph;AsAuCl] have
been observed [68]. Crystals of the gold(1) complexes [PhyPAuCH], [PhyPAuBr],
{Ph,AsAuCl] and [Ph;AsAuBr] cxhibit dual phosphorescences from two excited
states; see Section 3.5 [47].

3.7. Complexes with germanium-donor ligands

The novel compounds [(PhyP),AuGeCly] (n=1, 2,3) containing Au-Ge bonds
have been prepared and characterised. The synthetic strategy involved the insertion
of GeCl, into the Au-Cl bond of [(Ph;P),AuCl]. An X-ray diffraction study has
confirmed the direct Au-Ge interactions {69].
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4. Dinuclear species
4.1. Dinuclear A’-frame and related polynuclear complexes

This section includes complexes with Au,(u-dppm),-cores and related species in
which the digold-core is supported by bridging disuifur-containing ligands. A paper
concerned with ligand-transfer reactions has appeared and described reactions of
{AuX,}~ (X =C! or Br) with [Au,(p-dppm),J[ClO,], to yield complexes with both
dinuclear and trinuclear cores. Ligand substitution occurs when 2 equivalents
of the cation [Au(PPh,),]* react with [Auy(u-S,CNR,);] (R=Me, CH,Ph),
[Auy(u-S,COR),] (R = Me, Et) or {Au,(2-Spy),] (2-HSpy =2-HSCH,); the products
have the general formula [(Ph,PAu),(1-L)]* where L is the bridging ligand from the
starting complex. Further studies in this work have been concerned with the syntheses
of mixed-bridge compounds of the type [Au,(p-S,CNRL)(p-L')* where R=Me,
CH,Ph, and L'=dppm or dppe [70). The heterobridged complex cations
[Au,(u-2-Spy)(u-L))* (L'=dppm or dppe have been prepared by displacement of
one equivalent of L' from [Au,(i-1."),)>*; the perchlorate salts have been character-
ised by IR and NMR spectroscopies and electrochemical methods. The related
organometaliic complex [Au,(u-2-Spy)(p-CH,PPh,CH,)] has also been prepared and
its structure confirmed by X-ray crystallography. This complex undergoes addition
of Br, and the product { 25) of this reaction has been fully characterised. A significant
twisting of the P,Au,NS-core of the complex occurs upon dibromine addition as
well as a deerease in the Au-Au bond distance from 286.2 1o 254.7 pm [71].

The crystal structure of catena-[AuyS;PPhy),] has been determined [72)
as has that of the sult [(PhyP),NJ[Au, {p-S;CACN),} 2l Me,CO. The core of the
[Auy{S,CACNI,}2) " anion is slightly twisted as structure (26) illustrates [73]. A
related compound is {(PhyP)aN fAu,(n-8,C==NCN),] and an X-ray diffraction
study of this compound has been carried out, confirming the doubly-bridged digold
core [74]. The first example of a trithiocarbonatogold(1) complex has been reported:
[(PhyP),NJ[Auy(CS,),] was prepared by the reaction of {(Ph,P).NJJAu(SH),] with
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CS,. The solid state structure of [(Ph3P);N][Au(CS,),] shows the presence of a
near planar [Aux{CS,).] anion (27) in which the Au-Au distance is short
(279.99 pm). This contact pulls the gold atoms slightly away from being in linear
S-Au-S environments { . S-Au-S=172.8°) [29].

4.2. Heterometallie dinuclear and gold-bridged complexes

The heterometallic cationic complexes [LRhH(AuPPh,)]* have been prepared
starting from the rhodium(l) complexes [LRhH} where L=P{(CH,CH,PPh,),
or N(CH,CH,PPh,);. Both products have been characterised by X.ray diffrac-
tion and dctaited ‘H, P and '™Rh NMR spectroscopic studics. In
{1 PCCHLCH,PPh,)  RRH(AWPPh,) 7. the hydride ligand adopts an Au-H-Rh
bridging position [75].

The reaction of [Pi(u-dppm),(CN),] with an equivalent of [(Me,S)AuCl] has
given the heterometallic complex [(NC)PG{p-dppin)y(g-AuCl), erystallised as the
dichloromethane solvate. The location of the gold(1) chloride unit as a bridge across
the Pty-unit has been confirmed by the results of an Xeray diffraction study (Pt-Au =
263.3 and 264.8(2) pm). Bonding within the Pt-Au-Pt unit has been described in
terms of a 3-centre 2-clectron interaction. Related work with mercury(11) halides
has also been detailed [76]. Absorption and excitation spectroscopic data for dppm-
bridged complexes containing gold-platinum, gold-rhodium and gold-iridium cores
have been recorded and analysed [77].

5. Gold clusters
5.1, Clusters comtaining a central p-block atom

Gold clusters in which a p-block atom plays a central, structural role have become
increasingly significant over recent years with Schmidbauer’s work dominating the
area. The reactions between [R ;PAu)[BF,] and rert-butylamine or benzylamine have
yielded the products [R,PAuNH,R}{BF,] (R="'Bu or CH,Ph, R'=Me; R='Bu,
R P =MePh,P), but when the starting gold(1) complex was {(Me;PAu),0)[BF,],
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the products were {(Me,PAu);NR}{BF,] (R="Bu or CH,Ph). Slow hydrolysis of
[(Me;PAu);NCH,Ph][BF,] gave the compound [(Me,PAu),NHCH,Ph][BF .
Changing the amine in the reaction with {(Me;PAu),O][BF ] to (Me;Si),NH resulted
in the formation of [( Me,PAu);NSiMe,)[BF,] and {(Me;PAu) N][BF ], the product
being controlled by the reaction conditions. Each new compound has been
characterised by spectroscopic methods and the results of X-ray diffraction studies
have been reported for [Me,PAuNH}Bu){BF,], {MePh,PAuNH}Bu)[BF,] and
{(Me;PAu),NHCH,Ph)[BF,}. In both {Me,PAuNH:Bu}{BF,} and [(Me;PAu),-
NHCH,Ph}{BF,], dimer-formation between cations occurs by virtue of Au---Au
interactions as structure (28) shows for [Me,PAuUNHSBu}™ [44]. By reacting hexa-
methyldisilazane or Ph,SiNH, with [(R;PAu);O|[BF,) (R=Me, Et, ‘Pr, Ph,
2-MeCH,, or R;=MePh,), it has been possible to isolate the series of compounds
f{(RyPAu),NSiMe,]{BF,] and {( R ;PAu);NSiPh;][BF ). These have been characterised
in so'ution by 3P and **N NMR spectroscopies, and representative complexes have
been studied by X-ray crystallography. Decomposition of the salts has given
a means of forming [(R,PAu)N]** for R=Me or Ph; the crystal structure of
[(Ph,PAu)NYBF,, has been determined at —41°C [78]). Hexamethyldisilazane
reacts with [( Me,PAR), O BF,} and [Me,PAuCt] to give the high nuclearity cluster
dication [( Mey,PAU,Cl(us-NIF* (29). Isolated as the tetrafluoroborate salt, this
novel species has been fully characterised. The solid state structure consists of a
nitrogen-centred trigonal bipyramidal arrangement of gold centres, with two edge-
bridging Me,PAuCl-groups [79]. A further reaction that has been investigated is
that of [( EtyPAu),O)BF,} with (Me,5i),NH., the product of which has been fully
characterised. When ('BuyPAU),0JBF,] reacts with ammonia (2 1:1) at - 78°Cin
dichloromethune, the product has been contfirmed crystallographically to be the salt
[('BuyPAU NI BF,]. In the AuN-core of the cation, 1wo of the six Au-Au distances
are sighificantly tonger than the other four. I the synthesis is carried out with an
excess of ammonia, the ratio of AwN in the products is less than 4:1. These
complexes have been characterised by NMR spectroscopic and mass spectrometric
methods. Solutions containing these nitrogen-centred products slowly decompose
to give [(‘BuyP)Aul{BF,) as the isolated product. The crystal structure of
[(BuyP)Au][BF,} - 2CH,Cl, has been determined, and the erystal lattice contains
two independent cations {46].

The sulfur-centred complex cation ['BuS(AuPPhy),]* has been isolated as the
tetrafluoroborate salt Irom the reaction between '‘BuSH and [( PhyPAW),0)[BF,] in
the presence of NaBF, In the solid state, pairing of the cations occurs to give
centrosymmetric tetragold units as structure (30) illustrates (Au---Au distances are
329.3 and 320.6(1) pm). When 'BuSi is replaced by HSCH.CH,SH in the synthesis,
{(Ph,PAU)(SCH,CH,S)J[BF ] is formed in high yield. In solution, only one P
NMR spectroscopic signal was observed for this compound at —60°C but in the
solid state, two types of phosphorus environments are confirmed: one 3-coordinate
and two linear gold centres are present in the cation {(Ph,PAu),(SCH,CH,8$))*
(31). Within each Aug-unit, the Au..-Au distances are 328.4 and 312.9(1) pm, but
the cations are well separated within the lattice {R0).
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Meothyl groups have been omitigd.
29

The aggregation of gold(l) centres around oxygen atoms has been further
exemplified. The crystal structure of the compound [(‘Pr;PAu);O][BF,] has been
established. In the solid state, although there are Au-Au bonding interactions within
each cation, the cations are well separated from each other and the lack of inter-
molecular contacts is attributed to the bulky nature of the isopropyl substituents
[81]. The reaction of [{(2-MeCsH,);,PAu};0][BF,] with [{(2-MeC¢H,);PAu][BF ]
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Phenyl groups have been omitied.
30)

Phenyt groups have teen omitted,
h

in thf and dichloromethane at —-78 € has  produced the compound
LH2-MeC H)PAULOEBE ] an analogous reaction involving triphenylphosphine
derivatives has also been cartied out, and both products have been characterised by
clemental analysis, mass spectrometry and solution NMR spectroscopy. The
LR PAW,O) * cations are seen as analogues of [HOP*" and the crystallographic
analysis of [H2-MeC H,),PAU} O}{BF,], has confirmed that the core of the cation
is composed of an oxygen-centred tetrahedron of gold atoms (Au-Au=335.9 pmn).
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Both [{(2‘MEC(,H4)3PAU}4O][ BF_;]: and [( PhaPAu).iO][BF_;]z dre themla“y stable up
w, for R=2-MeCgH,, 202°C and for R=Ph, 117°C [82].

5.2. Polynuclear clusters

A redetermination of the crystal structure of [Ph;PAu),)[OH | has been carried
out. Tha core of the cation consists of a flattened pentagonal bipyramid with an
apical-apical Au-Au distaiice of 258.3 pm [83].

Pignolet er al. have given a comprehensive review of the chemistry and spectro-
scopic properties of phosphine-stabilised, palladium or platinum-centred gold clus-
ters [84]. New work in this field has included the reactions of [M(AuPPh,)g"*
(M=Pd or Py n=2 or M=Au, n=3) with mercury to yield the cations
[Hg,M(AuPPh,)g}** for M =Pd or Pt, or [Hg,Au{ AuPPh,);]**. Comparative reac-
tions have been carried out using mercury(ll) in place of elemental mercury.
Structural details of the clusters have been discussed, and the behaviour of oxidising
agents, carbon monoxide and chloride ion towards the clusters has been studied [85].

When [Pt(AuPPh;)s][NO;), reacts with AgNO, under H,, the products have
been shown to be [Pt(H)(AgNO,}{AuPPhy),{NO,] and [Pt(H)(AgNO;),-
(AuPPh,),[NO,). Both compounds have been studied by X-ray crystallography,
and the means by which cluster growth may take place has been discussed [86].
The same authors have given an account of the reactions of [Pt{ AuPPh,)JINO;],
under a dihydrogen atmosphere with sources of copper(l) to give hydrido-
containing clusters such as [Pt(H)(CuCl)(AuPPh;),[NO;] and [Pt(H )} CuCl),
(AUPPhy}RJINQ,]. 1t was found that the Bronsted basicity of the solvent was
an important factor in controlling the reaction pathway. Treatment of
[PUH YPPh ) AuPPh,),)[NO;): with [PhyPCuCl] produces the cluster cation
[PHCH D PPh HCUCH (AuPPh,)) ¢ which has been characterised by multinuclear
NMR spectroscopy and mass spectrometry, A series of related reactions has been
carried out and the results discussed [87]. A series of new clusters containing copper.,
platinum and gold has been prepared from the reactions between [{PhiPCuXi,)
(X=Cl, Br or 1) and [PLUAUPPhy)JINO,};. Compound characterisation has been
by eclemental analysis, solution NMR spectroscopic techniques and, for
[(PtPPh3}(AuPPh;),Cu Cly( PPh,)[NO,]  and  [(PtPPhy{ AuPPh;,)Cu,l,)[NO;),
X-ray diffraction studies. The intimatc incorporation of the copper centres
into each central core has been discussed {88]. The reaction between
[Ph;PAuN,j, [PhyPAuCI] and [(Ph,P),Pd(N,),] under conditions of photolysis leads
to the formation of the paltadium-centred cluster {Pd{ AuPPh;)g( AuCl)), the struc-
ture of which has been confirmed by X-ray structural analysis. The gold atoms lorm
an icosahedral cage surrounding the patladium atom [§9].

Indium(1) chloride reacts with {Ph,PAuCH] in thf in the presence of dppe to yield
the novel cluster [(dppe),Au,;In,Cl(thl )g). This has been characterised »y 'H NMR
ard "7Au Mossbauer spectroscopies, and an X-ray diffraction study has revealed
that the cluster-core is composed of an Au; triangle capped by two indium atoms
with an additional indium atom bridging one Au-Au edge. The compound is
described as being the first mixed-valent, mixed-metal gold-indium cluster {90].
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