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6. GOLD
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INTRCDUCTION

This year, there has been a further erosion of the difference between the
traditional inorganic camplex chemistry and the organometallic chemistry of
gold. ‘This arises both because there has been a continued interest in gold
clusters with a very marked increase in interest in clusters containing other
metals as well as gold, and because the increasing use of X-ray structural
analysis has revealed that many gold complexes with sulphur and phosphorus
ligands have an architecture to rival that found in the organcmetallic field.
The result of this work, and the continued use of simple organometallic
reagents such as dimethyl gold compounds, makes it necessary to continue last
year's practice of including in the review such organometallic chemistry as
relates directly to the properties of the gold moiety.

6.1 @GOLD(III)

Among the complexes of gold(ITI) with nitrogen ligands which are reported
this year, the gold macrocycle (I) is an interesting addition to the very few
known examples of gold complexes of !:his type [11. It was made from
[Au(en)»]Cl; and the B-diketone and the structure is planar (whereas the
structure of equivalent first-row complexes is saddle-shaped). This indicates
a different bonding pattern for gold(III), and emphasises the tendency of
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gold (ITI) to planar cocrdinaticn.

A novel example of the range of gold bonding types possible is the double
linkage isomerism that occurs in camplexes of the ligand tetraalkyldiethylamino
dithiocarbamate. With sulphur ccordination to the gold, the remaining .
positions are taken up by thiocyanate ligands coordinated through the sulphur,
whereas with nitrogen coordination to the gold the thiocyanate is also
coordinated through the nitrogen [2]. This is illustrated in equation (1).
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Three studies report complexes made with sulphur campounds.
[Bu,N] [Au(S2CcH3Me) 2] contains square planar gold coordinated to the four
thiolato groups, with the aromatic rings tipped to one side [3]. One aspect
of the chemistry of gold-sulphur complexes which is little studied, but may
occur quite frequently, is the reaction of the coordinated ligand. SO:
coordination to the sulphur or arcmatic groups of [Au(S,CsHs:Me),] is postulated
on the basis of NMR evidence [3]. A range of maleonitrile dithiolate, [mt]Z?-,
complexes containing gold(IIT) or gold(I) have been isolated, with planar
four-coordinate or linear structures, respectively.[4]. The complex
[An(mt)L]* (L = bipy or phen) is a good example of a mixed chelate complex of
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gold(TIT). [TTF]} [2uCly ). and [TTF] [AuCl.] (TTF = tetrafulralene; the sites
contain the monopositive and dipositive cations, respectively) have been
prepared and the oxidation potential of the gold(ITI) has been.shown to be
strongly dependent on solwvent, with ethanenitrile producing a greater potential
than ethanol [5].

Other campounds reported this year include camplexes of .
di-2-pyridyl-ketone (dpk) which have the formula [AuCl:(dpk.H20}]Cl and
[Au(dpk.H20) 2] [C1O4] 3. The X-ray structure of the former shows a planar gold
atom coordinated to two nitrogen atoms and two chloride ions [6]. Complexes
with 3-methyl-lH-pyrazole and 3,5-dimethyl-1H-pyrazole of formula AuCl;L and
HL{AuCl.] [7], and a complex of N-ethoxycarbonyl-pyrrole-2-thiocarboxamide (eth)
of formula Au(eth).Cl [8] have been characterised, and the oxidative addition
of (5CN),; or molecular iodine to Au(PMes) (ON) produces the complexes
[Au(PMe;) (CN) (SCN) 2] and [Au(PMe;) ((N)I»], respectively [9]. Inorganic
compounds reported this year include the gold molybdate complex
[NH: ] sBu (MoOy) 3.3H>0 from chlorcauric acid and [NH.] s [Mo7024] [10]. When the
gold complex is heated, a second complex [NH,]Au(MoO.): is formed. The
structure of hydrated potassium tetrachlorcaurate(ITI) shows, as expected,
square-planar gold atoms, but the potassium ions and water molecules combine to
form infinite chains along the ¢ axis and are important elements in determining
the crystal structure [11].

Raman spectra have been reported for both square—planar
tetraamminegeld (ITT) nitrate and its deuterate [12], ard for the phosphorus
pentachloride-gold trichloride system [13]. In the latter case, the compound
AuCl;.PCls was isolated and shown to be [PCl.][AuCl.], and the strength of the
[AuCl,]  wnit was illustrated when it was detected intact in the molten phase.
Gold(ITI) can be used to promote the hydrolysis of various sulphur-containing
compourds, and it has been shown this year that, rather unusually, the slow
step in this reaction is a slow metal transfer reaction analogous to slow
proton transfer reactions [14].

The use of gold(I) complexes in the treatment of rheumatold arthritis was
reviewed last year as a consequence of the impact of a new orally active
gold (I) compound. Gold(III) compounds are not used since they are toxic, and
this year the reasons for this toxicity hawve been investigated <n vitre. It
was found that the tetrabramoaurate (IIT) ions cause oxidative cleavage of
disulphide bonds in insulin and other proteins and peptides [15]. The
reactions which occur include that shown in equation (2).

3RSSR + 10[AuBry]~ + 18H,O0 —»6[RSOs]” + 10Au + 40Br + 36H' (2)
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6.2 QGOLD(II)

As usual, there are few reports of gold(II) compounds this year. One set
of compounds of diethyldithiocarbonate, of formula (2), have been isolated at
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(23 X = Br, I, SCN or SeCN)

77 K [16]. They are green and revert to mixed-valence compounds of the type
[Au(Et,NCS;) »] [AuX,] on warming. If the ethyl groups are replaced by butyl
groups, the stability of the compounds is increased. The [Au, (Et,NCS;):]
precursor contains an eight-menbered ring with linear S-Au~S bonds in it, and
in this it contrasts with silver where the [Age(EL,NCS;)¢] unit has a central
silver-sulphur cluster. This cluster is more stable to oxidation, although
different complexes are isolated at 77 K and room temperature.

6.3 GOID(I)

Although gold(I)} complexes are usually linear, higher coordination numbers
are becoming increasingly cammon and at least as far as phosphines are
concerned three— and four—-coordinate gold campounds can no longer be considered
as unusual. One paper [17] lists sixteen three-coordinate and eight
four-coordinate gold(I) coamplexes known from previous work, and then reports
several novel examples to add to this list. The predominant ligands are
phosphines, but bipy, [SCN]™, [ON] , [SnCl,;] , phen and phosphites are present
in conjunction with them. The methods of analysis for higher coordination
include X-ray structure determination, ’!P NMR and Mossbauer spectroscopy. In
Mossbauer spectroscopy, the standard point charge (isomer shift) approach works
well for both two and three coordination and can be used effectively in
compounds containing more than one gold site. For example, the Mossbauer
spectrum of the novel campound [Au(AsPhs:)i] [NOs] is a doublet with the lower
energy peak three times the size of the higher one. This is interpreted as
indicating a 1:1 mixture of two—coordinate gold giving a standard doublet of
equal intensities and a single peak typical of tetrahedral ccordination due to
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an [Au(AsPhj)y] [ClO4] species. Further, the Mossbauer spectrum of Myocrisin
and Solganol, the gold drugs with thiomalate and thioglucose ligands, indicates
linear gold coordination in these polymeric species but it also indicates the
presence of more than one gold site {18]. The gold in the new orally active
drug aurancfin, which is P and S coordinated, is also linear as indicated last
year by EXAFS and this year by Mossbauer spectroscopy. The crystal structure
is now available [19] and confirms these assignments.

Returning to the theme of three and four coordination, it was stated last
year that the postulate of tetrahedral coordination in gold(I) phosphorus
compourds was not justified, at least at room temperature and in the solid
state. However, [Au(PPh:Me).] [PFs] has a regular tetrahedron of phosphorus
atoms round the gold and seems a good example of just this type of coordination
[20]. [ (PhsP)Au] [BPhy] on the other hand contains trigonally coordinate gold
[21] and [{(PhsP)Aul}sS][PFe¢] [22] has the sulphur coordinated to three gold
atams.

Other examples of higher coordination in gold(I) chemistry break away from
the dependence on phosphorus ligands. A complex of 1,2-phenylene
dimethylarsine (L) of formila [L,Au] [Au(CsFs)2] [23] and an antimony containing
complex [Au(SkPha) 4] [Au(CeFs)2] have been prepared. 1In both cases, the gold
is tetrahedrally coordinated. 2An example of a thiolate producing higher
coordination than two is tetrathiosquaric acid [24].

Among other ligands used this year are good examples of a complex 'soft!
nitrogen ligand (3) [25] and of a N/P ring system (4) [26]. With (3), the
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cocordination to gold is linear and all nitrogens can be involved in complexing,
with other ligands used to camplete structures such as (5). With ligand (4),
gold is always coordinated through the phosphorus and the molecules are
fluxicnal with rapid proton transfer to a ring nitrogen. Gold(I} derivatives
of pyrazoles exhibit linear gold coordination to a nitrogen of the ring. The
ligand can form an anion bridge between two gold ions [27].
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Another bridging ligand is 1,2-bis(diphenylphosphino)ethene, which binds
two AuCl moieties [28]. Finally, returning to more established bonding
patterns, a range of camplexes of the type [Au(SR):]  have been prepared and
the Au-S vibrations assigned [29]. A study of the solubility of gold sulphide
in aqueous sulphide solution indicated the presence of a range of complexes
including Au(HS) (H2S), [Auz (HS).S]12~ and [Au(HS) (OH)]  [30], and the stability
of gold thiosulphate complexes in the presence of copper and silver
thiosulphate was investigated [31].

Thus, the coordination chemistry of gold is becoming better documented
with a wider range of soft ligards such as arsines, stibines, selenides, 'soft'
nitrogen ligands and more camplex phosphorus ligands widening the available
choice. The increasing number of examples of higher ccordination is a notable
feature of this extension of the chemistry and this, allied to the complex
nature of many compounds and the ease with wh:.chthey can rearrange, made the
need for more precise spectroscopic techniques to complement the increasing use
of X-ray analysis all the more urgent.

6.4 CLUSTER COMPOUNDS

Gold cluster campounds are still a very active area of research, with some
new directions becoming evident this yvear. It was suggested last year that an
{211 3} moiety which has a centred icosahedral structure might turn out to be a
cammon type of gold cluster, and a new example [Au;;(PMe,Ph);¢Cl.] [FFs] has
been synthesised [32]. The preparation involves addition of [Ti(CsHs):] to a
toluene solution of AuCL(PRs), instead of the more conventional routes, and the
yield is high. The cluster [Aug(PPh3)7] [NO3]» was made by treating
[AugLs] [NO3l2 (L = PPh;) with a phosphine scavenger and it, like [AusLe]®*
clusters, is based on a centred icosahedron with vacant sites [33].

The largest cluster so far reported is, on the basis of analysis and
molecular weight measurements, [Auis(PPh3)12C1s] and, on the basis of MSssbauer
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measurements, it contains four types of gold but again the nucleus is an {Auis}
cluster [34]. On the other hand, there have been a nutber of reports on
systems containing a much simpler tetramuclear gold cluster. For example,
reaction of [Aus (PPhs3)e] [NO3]3 with KI in propanone gives a tetranuclear
'arrangement with a terminal phosphine on each gold and two bridging iodines

(6) [35]. Todine coordination in this manner is unusual. Another
1
FhzP PPh3
PhxP PPh3

(é)

interesting set of compounds are gold oxonium salts, [{(Phs;P)Au}i;01X (X = EF.,
CF3;002 or MOy}, which contain a pyramidal {Au;0} unit, with the oxygen lying
above the {Aus} plane [36].

An example from a different area of chemistry is the structure reported
for the intermetallic phase RbuAuySn,; which contains two gold tetrahedra linked
at one corner [37].

There are quite a number of mixed-metal gold clusters this year,
indicating a considerable expansion of interest in this field. One with a
tetrahedral arrangement is prepared by adding Li[Co(C0).] in thf to
[aus (PPhs) 71%* to give [Aue (PPhs).{Co(CO)4}.] [38]. This is the first
heteronuclear gold-cobalt cluster, and it consists of two gold tetrahedra with
a common edge and Co(CO), units bonded to the apical gold atoms.

[{Au(PPh3) }3V(C0) 5] is based on a structural wnit of one vanadiur and three
gold atans arranged in a tetrahedron and it is the first example of a
gold-vanadium cluster [39].

The theme of mixed-metal bonding involving gold has been develcoped further.
The first inorganic, as opposed to organametallic, gold-platinum compound
[ {PPh3) ,C1PtAN (PPh3) ] was prepared [40]. Gold campourds containing the
entity [(CeFs)1Au-M(CO), L] (L = cp or CO; M = Mn, Co, Mo or W} have been
prepared and also contain gold—metal bonds [42]. The crystal structure of
[N(PPhs) »] [Au{Co(CO) 4 }2] revealed a linear Co-Bu—Co arrangement [42] and that
of [0seAu(C0)20Hz]  has a square planar arrangement about the gold with bonds
to two {0s;(C0)10H} units via the osmium, and two short Au-O distances [43].
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Reaction of [BuiN] [Au(Ce¢Fs)2]) and Ag[ClO,4] produces a gold/silver chain
polymer, (7) [44]. The metal clusters NaAu;Si and NaAusGe contain a triangle
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(7y R = Ph, L = tetrahydrothiophen)

of gold atoms with the other metals coordinated in the apical positions [45] on
either side of the plane, and an analogous structure (with a triangle of cobalt
atoms and an iron and gold atom in the apical positions) is shown by

{FeCo; (CO) 1 2Au (PPh3}] [46].

Clearly much more can be done in this area, and taken together with the
increasingly prevalent inorganic and organometallic "clusters" or complex
molecules, it would seem that a fruitful area of chemistry could develop:
already one set of gold-lithium cluster compounds has been patented as
hydrogenation catalysts [47].

6.5 CRGANCMETALLIC COMPOUNDS
Two years ago, a novel gold(III) compound with a monodentate azo group
oordinated to an AuCl: molety was reported and last year a complex with a

gold(III) phenyl bond, [{Au(CeHs)Cl:}.], formed by the action of [AuCl.] in
benzene was described [48]. This year, a complex (8), with both a metal azo

a8
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and metal carbon bond, made by the reaction of [AuCls(tht}] (tht =
tetrahydrothiophen), has been described and the structure deduced on the basis
of spectroscopic evidence [49].

A munber of compounds with both P-Au and C-Au bonds have been reported.
Direct reaction of [{{Phs;P)Au}:0] [BF4]  with cyclopentadiene, cyanocacetic ester
or malonitrile produced a series of complexes, including {(Ph3P)Au},C(CN)., for
which structure (9) was determined [50], and six [51], eight [52] and twelve
[51] membered rings containing gold, carbon and phosphorus (and in some cases
lithium and boron) have also been described. The six and twelve membered

NC\C/CN
Au—/—-—\Au
N

PhzP PPhy
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rings were prepared from a cyclic lithium compound with Me,AuCl, and the eight
memmbered ring from (Ph;P).CRLi and C1(R3P)Au.

The complexes Me;AuCH:S(O)Me: and Me:AuCH;PPh; are tetra—coordinated
o-bonded alkyls; NMR, XPES and UVPES data indicate that the ylide linkage
reduces the charge on the metal and as a result the complexes are surprisingly
stable [53]. Among the other studies which lie on the borderline between
organcmetallic chemistry and inorganic chemistry, are the use of
[(PhyCy)AuCl (tht) ] or [{(Ph,Cy)AuCl};] as reagents to form other
auracyclopentadiene complexes, such as [(PhyCy)Au{acac)] [54], the synthesis of
new binuclear and mononuclear alkyl carmplexes [55] and new gold—-carbene
camplexes made by carbene transfer from a tungsten campound [56].

6.6 PHYSICAL METHODS

Gold can be trapped in a variety of axidation states in halide lattices
and this year the UV-VIS spectrum of both au’ [57] and AW~ [58] doped XCl have
been reported. The Au' ion has its most intense bands at 280 and 190 mm, with
weaker features at about 330 rm, whereas the main bands in the Au system are
at 310 mm and below 220 nm. Further, Au(0) can be doped in a silver halide
crystal which, on oxidation in a chlorine atmosphere, produces the new
gold(ITT) compound AgAuCl., [59]. There is band in this system at about 345 nm
which is typical of other [AuCl.] containing species.
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In addition to the techniques already discussed, a wide range of physical
methods have been employed in gold studies. Mass spectrometry has been used
to identify the polymeric nature of AuFy,, [0:][AuFg] and AuF3, which contain
Au-Au bonds [60], and XPES measurements confirm that the complex Au(dmso)Cl:
contains both gold(I) and gold (IIT) [61]. The assignment of gold-oxygen
Raman active vibrations has been made for a wide range of compounds {[62] and
NQR spectra for gold halides have been reported [63]. SCF-Xu—SW calculations
of the species M(Oo)n (n = 1-3) fournd in matrix isolation experiments for
copper, silver and gold indicate that metal-ligand bonding is predominantly o,
and the complexes are less stable than similar complexes of Group VIII metals
because of the reduced m-bonding [64]. Both the stability of gold(III)-sulphur
caonpourds  [65] and the nature of gold Mossbauer hyperfine structure [66] have
been investigated theoretically. 1In the former case, the stability is
related to the relative position of the metal d orbitals and non—-bonding sulphur
orbitals, and in the latter the role of 5d, 6s and 6p metal orbitals were
examined. In both cases a substantial relativistic correction was required.

The vibrational spectroscopy of gold(I) thiocyanate complexes has proved
ideal to examine the effect of the second ligand in linear [ (R;P)Au{SCN)I
complexes. The complexes are linear and neutral so that no steric or outer
ion control is to be expected, and with a range of phosphine ligands all are
Au-S bonded in the solid state: the ratio of AuSCN to AuNCS bonding was
studied. ' The results confirm the idea that the site truns to a trans-directing
ligarnd becomes 'harder' in complexes of class B metals; Se(CN, on the other
hand, is always bonded through the selenium and being 'softer' competes with
the phosphorus making the Au-P bond weaker than with SCN. The use of au-Cl
vibrations from RAuX materials of this type is difficult since crystal packing
effects are as large as ligand shifts, but the Au-P band is of value [67].

A number of electrochemical experiments designed with quite different
cbjectives in mind have appeared. In studies of gold plating and dissolution,
the build-up of [Au(CN)4]  (which changes plating thickness with age) in gold
cyanide baths, and chemical and electrochemical solutions, was suggested [68].
The dissolution of gold at the anode proceeds by the adsorption of the cyanide
and the initial formation of AuUCN from adsorbed [Au(CN).]” is the slow step
[69]. The importance of electrode-substrate interactions is emphasised in a
mmber of studies. The oxidation of allyl alcohol on a gold electrode is
affected by the adsorption step, possibly due to an interaction between
antibonding electrons of the alcohol and d electrons of the gold [70]. The
photo-currents set up in an irradiated gold electrode are probably initiated by
the oxidation of water [71]. An absorbed layer of 4,4'-bipyridine modifies a
gold electrode so that it can be used in electrochemical experiments with
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proteins such as cytochrome c.  The 4,4"'-bipyridine lies between a form flat
on the electrode surface and a perpendicular one which, it is suggested, is
required for efficient electron transfer to the protein [72,73].

6.7 MISCELIANEOUS

Among other reports of interest this year were a study of the kinetic
changes caused by the mutual influence of ligands in gold(III) complexes [74]
ard a study of [Au(CN),]  ions absorbed in gold colloids [75]. Gold colloids
have also been used to estimate trace amounts of mercury in gold-bearing rock
using a mercury influenced reduction process [76]. The effect of ligand
structure on the extraction of gold by various organic sulphides [77] and
extraction procedures using diantipyrylthiourea [78] or
chleoro-S—dodecylisothiourea have also been reported [79].

6.8 CONCLUSICNS

Quite a mumber of potentially interesting developments in gold chemistry
were suggested this year, but the biggest area or growth seems to be in the use
of gold in coamplex but regular structures, both in inorganic chemistry and in
organcmetallic chemistry. Much has been said about the bonding of gold in
such complexes over the years, but with so many orbitals closely spaced and
large relativistic effects being reported, the only cbvious conclusions are
qualitative ones. In particular, the 'soft' nature of gold makes it more akin
to the 'soft' ligands with which it coordinates than is the case in many other
metal systems, with the consequence that the parallel growth of inorganic and
organcmetallic chemistry is not surprising. With the advent of more efficient
X-ray structural determinations, the likelihood is that this area will continue
to attract attention for some time to come, but from a chemist’'s point of view,
the deficiency in the techniques available for studies of gold chemistry must
now be for the solution and amorphous states where improvements noted this year
will require to continue if an effective apprcach is to be achieved.
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