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bstract

The number of arylgold complexes has increased considerably, thanks to the use of perfluoroaryl groups, which confer the compounds a higher
hermodynamic and kinetic stability. The present review covers the evolution of the knowledge on perfluoroarylgold chemistry since 1994. It

ocuses not only on the synthesis and structures, but also on the possible applications, such as those derived from the optical properties. Particular
ttention has been devoted to homo- or hetero-nuclear compounds displaying intra- or intermolecular metal–metal interactions. The complexes
ited in this review are organized attending to the non-aryl ligand/s bonded to gold, going from the simplest ones (halides) to the non-classic

errocene derivatives or metalloligands.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The chemistry of organogold derivatives is an old discipline
f organometallic chemistry, being known for almost a century
1,2]. It developed very slowly in the earlier stages – the first
eview of this field of research was published in 1970 [3] – but has
rown considerably in recent decades, as reflected by the number
f reviews of organogold chemistry [4–10], although it has only
een in the last 20–25 years that practical applications have been
ound for organogold compounds. Arylgold chemistry is one of
he most relevant sub-disciplines of organometallic chemistry
hat has also enjoyed important development in recent years, due

ainly to the use of polyhalophenyl groups, which confer the
omplexes a higher thermodynamic and kinetic stability. Thus,
ome reviews of arylgold chemistry have been published since
986 [11–13], the last update coming in 1994 [14] with a more
ecent one (in 2005) dealing with arylgold(I) derivatives [15].

This review covers research on perfluoroarylgold chemistry
ince 1994. Earlier work is discussed only as background or
or comparison purposes. It focuses not only on the differ-
nt synthetic routes, but also on the crystal structures and
he possible applications of the pentafluororphenyl derivatives
escribed, such as those derived from the optical properties dis-
layed by many gold – mainly monovalent – complexes and
hat have generated growing interest in the study and under-
tanding of closed-shell metal–metal interactions. This has led to
he synthesis of numerous examples of homo- or hetero-atomic
ssociations displaying intra- or intermolecular metal–metal
nteractions and that can be obtained using several types of lig-
nds. The complexes mentioned in this review are then organized
ccording to the non-aryl ligand/s bonded to gold, ranging from
he simplest (halides) to the non-classic ferrocene derivatives or
etalloligands.

. Group 17 donor atom ligands: halides

Arylhalide compounds are among the simplest per-
alophenylgold derivatives and are usually obtained by
isplacement of the labile S-donor ligand tetrahydrothiophene
tht) form [Au(C6F5)(tht)] in its reaction with an halide Eq. (1).
The anionic derivatives PPN[Au(C6F5)Cl],
Me4[Au(C6F5)Cl] (PPN = N(PPh3)2) [16] or (Me3PC≡CPh)-

Au(C6F5)Br] have recently been synthesized using this general

N
(
e

stry Reviews 252 (2008) 1630–1667 1631

(1)

ethod [17], although attempts to generate the phosphonium
lide complex [Au(C6F5){CH2 = PMe2(C≡CPh)}] by treat-
ent with a strong base were not successful. In contrast, the

elated phosphonium salt (MePh3P)[Au(C6F5)Br] leads to
he corresponding ylide derivative [Au(C6F5)(CH2 = PPh3)]
hen treated with NaH, thus avoiding the need for prior
reparation of the free ylide [18]. This last halide complex has
een structurally characterized by X-ray diffraction methods,
howing discrete linear molecules with Au–C and Au–Br
istances of 2.009(5) and 2.4137(7) Å [19].

The crystal structure of the related complex
BzPPh3)[Au(C6F5)Cl] has also been previously determined,
howing longer Au–C bond lengths (2.054(17) and 2.042(15)
˚ ), which could be due to the greater trans influence of the
romine ligand [20]. Even greater is the trans influence of the
entafluorophenyl group, as deduced from the Au–C distances
n the gold(III) anion [Au(C6F5)3Cl]−, whose crystal structure
as been described with two different gold(I) cations: [Au3(�-
ppm)2Cl2]+ (dppm = bis(diphenylphosphino)methane)
21] and [Au4(�-dpmp)2Cl2]2+ (dpmp = bis(diphenyl-
hosphinomethyl)phenylphosphine) [22].

In an attempt to prepare new superconductor materi-
ls of gold the cation-radical salts (TTF)[Au(C6F5)Cl],
TTFPh2)2.5[Au(C6F5)2Cl2] or (TTFPh2)[Au(C6F5)2I2]
TTF = tetrathiafulvalene, TTFPh2 = 4,4′-diphenyltetra-
hiafulvalene) have been synthesized by electrocrystallization,
lthough they have only shown semiconductor behavior with
n Ea = 0.13 eV in the range of 300–200 K [23]. This synthetic
ethod consists in the treatment of the electron-donor molecule
TF or TTFPh2 with the corresponding organoaurate salt
ontaining a classical cation under a controlled current.

The electrochemistry of certain arylgold complexes has been
tudied by cyclic voltammetry, showing the reduction of Au(III)
o Au(I) for Au(III) complexes and reduction of Au(I) to Au(0)
or most of the Au(I) compounds [24]. Finally, a series of anionic
nd neutral pentafluorophenylgold(III) species have also been
ested as a catalyst for the addition of water and methanol to
erminal alkynes, concluding that they can efficiently mediate
hese reactions in neutral media in refluxing methanol [25].
he same species also mediate the 1,3-dipolar cycloaddition of

-benzyl-C(2-pyridil)nitrone (2-pyBN) and methylacrilate (Eq.
2)), decreasing reaction time and favoring the formation of the
xo (cis) isomer [26].
(2)
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In order to identify possible intermediates in the cycloaddi-
ion reaction, new nitrone derivatives [Au(C6F5)Cl2(2-pyBN)]
nd [Au(C6F5)2Cl(2-pyBN)] have been prepared by treating
Au(C6F5)Cl2(tht)] or [Au(C6F5)2(�-Cl)]2 with the free ligand
26].

. Group 16 donor atom ligands

.1. Sulfides and selenides

Treatment of halide complexes of the type Q[Au(C6F5)nX]
n = 1, 3) with SH2 in the presence of a base leads to
he corresponding hydrosulfido derivatives Q[Au(C6F5)(SH)]
Q = PPN, NBu4, NEt4) or to trinuclear bridging sulfido com-
lexes Q[{Au(C6F5)}3(�3-S)] (Q = PPN, NBu4, NEt4, NMe4)
16] (Scheme 1). The crystal structure of one of these trinu-
lear derivatives was determined by X-ray diffraction methods,
howing the sulfur atom in a distorted trigonal pyramidal
nvironment with Au· · ·Au contacts between 3.1844(9) and
.4772(9) Å and, correspondingly, a narrow Au–S–Au angle
86.68(12)–97.65(13)◦). Two of these pairs of parameters
re in the normal range observed for related sulfur-centered
erivatives [27–30] (Au· · ·Au 2.990(1)–3.420(1) Å; Au–S–Au
9.5(1)–95.0(3)◦). All these Au· · ·Au and Au–S–Au values
re similar to those calculated for S(AuPH3)3

+ using relativis-
ic potentials (Au· · ·Au 3.05, 3.52 Å; Au–S–Au 82.3, 98.5◦)
31].

Similarly, the reaction of NBu4[Au(C6F5)3Br] with Na(SH)
eads to the synthesis of NBu4[Au(C6F5)3(SH)], which then
eacts with one equivalent of [Au(C6F5)3(OEt2)] to afford

dinuclear species with a bridging hydrosulfido ligand
Bu4[{Au(C6F5)3}2(�-SH)] [32]. Its treatment with triph-

nylphsophinegold(I) or silver(I) starting materials and an
xcess of Na2CO3 leads to the trinuclear AuIII/MI derivatives
Bu4[{Au(C6F5)3}2(MPPh3)(�3-S)] (M = Au, Ag) as shown
n Scheme 2 [32]. The crystal structures of these last three
omplexes have been determined, showing a trigonal–pyramidal
eometry at sulfur with no short Au–Au or Au–Ag interactions.
he Au–C bond distances trans to sulfur are generally shorter

l
t
l
t

Scheme 1

Scheme 2
stry Reviews 252 (2008) 1630–1667

han the cis ones, indicating a greater trans influence for the
entafluorophenyl group if compared to sulfide or hydrosulfide,
nd also greater than for PPh3 as demonstrated by the Au–S
ond lengths in NBu4[{Au(C6F5)3}2(AuPPh3)(�3-S)], which
re longer for gold(III) (2.374(5) Å) than for gold(I) (2.303(5)
˚ ) in spite of the shorter radium of trivalent gold [32].

Other homo- or heteropolynuclear (from three-
o heptanuclear) compounds containing a sulfide or
elenide ligand bridging three or four gold atoms can
e prepared by reaction of the phosphino derivatives
{Au(PPh3)}2(�-E)] or [{Au2(�-dppf)}(�-E)] (E = S, Se;
ppf = 1,1′-bis(diphenylphosphino)ferrocene) with the appro-
riate pentafluorophenylgold(I) or gold(III) starting complexes
s shown in Scheme 3 [33–36].

The crystal structures of some of these derivatives:
{Au(C6F5)3}{Au2(dppf) }(�3 - E)] (E = S, Se) [35,36],
{Au(C6F5)3}2{Au2(dppf)}(�4-S)] [34], [{Au(C6F5)3}2-
Au(PPh3)}2(�4-S)] [34], [{� - Au(C6F5)2}{Au(PPh3)} -
�3-Se)]2 [36] and [{Au(C6F5)2}{Au2(dppf)(�3-S)}2]OTf
OTf = trifluoromethylsulfonate, O3SCF3) [35] have been
stablished by X-ray diffraction methods, with linear or
quare-planar gold(I) or gold(III) atoms, respectively. The
eometry at the sulfur or selenium atoms is essentially trigonal
yramidal in the triply bridging sulfido or selenido complexes
r tetrahedral in the �4-E derivatives. With the only exception of
{�-Au(C6F5)2}{Au(PPh3)}(�3-Se)]2, they show AuI· · ·AuI

urophilic interactions in the range 2.8889(8)–3.2244(19)
˚ that are correlated with the narrower Au–E–Au angles
73.81(3)–87.75(11)◦) and that compare well with those
bserved for related sulfur-centered derivatives [27–30,37,38].
here are also some AuI· · ·AuIII contacts, although these are
lways weaker than the AuI· · ·AuI interactions. The Au–S
istances are generally longer than in the starting materials and,
s commented above, the Au(III)–S distances (ranging from
.374(4) to 2.397(4) Å) are surprisingly longer than the Au(I)–S

engths (2.319(4)–2.368(4) Å). The same pattern is observed in
he Au(III)–Se and Au(I)–Se bond distances, showing Au–Se
engths to gold(III) (2.4802(8)–2.5038(13) Å) longer than those
o gold(I) (2.4225(9)–2.4569(11) Å). The AuI–Se distances are

.

.
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Scheme 3
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enerally of the same order as those in the related complexes
{Au(PPh3)}3(�3-Se)]+ [39] or [{Au2(dppf)}{Au2(dppf)(�4-
e)}2](OTf)2 [40] (2.4240(10)–2.4704(10) Å), while the

uIII–Se ones are longer than in [AuCl3(SePh2)] (2.445(1) Å)
41].

.2. Thiolates and selenolates

The potential use of thiolate gold(I) complexes in medicine,
ncluding uses as antiarthritic and cancerostatic drugs [42], has
ed to the synthesis of a great variety of thiols and their corre-
ponding thiolate derivatives. One example of a non-classical

hiol is the borane derivative 1-methyl-2-sulfanyl-1,2-dicarba-
loso-dodecaborane (HSCB10H10CMe), which reacts with
Bu4[Au(C6F5)3Br] to afford the thiolate gold(III) derivative
Bu4[Au(C6F5)3(SCB10H10CMe)] [43] Eq. (3).

d
S
t
b

.

(3)

The dinuclear mixed gold(I)–gold(III) thiolate
{Au(C6F5)3}{Au(PPh3)}(2-SC6H4NH2)] is obtained by
he reaction of [Au(PPh3)(2-SC6H4NH2)] with one equivalent
f [Au(C6F5)3(tht)], as shown in Eq. (4) [44].

(4)

Similarly, the homo- and heteropolynuclear thiolate or
elenolate complexes [{Au(C6F5)3(�-ER)}2{Au2(L,L)}]
L,L = dppm, ER = 2-SC6H4NH2; L,L = dppf, ER = SC6F5,
ePh), [{�-Au(C6F5)3}(�-SePh2)2{Au2(dppf)}] or
{Au(C6F5)2}{(�3-SC6F5)(Au2dppf)}2](ClO4)3 [44–46]
an be prepared when thiolate- or selenolatephosphinogold(I)
omplexes of the type [{Au2(�-L,L)}(ER)] (L,L = dppm,
R = 2-SC6H4NH2; L,L = dppf, ER = SC6F5, SePh) are treated
ith gold(III) reagents containing labile ligands.
Some of them have been characterized by X-ray
iffraction methods. Complex [{Au(C6F5)3(�-2-
C6H4NH2)}2{Au2(dppm)}] [44], which crystallizes with

wo independent molecules in the asymmetric unit, shows
oth AuI–AuI and AuI–AuIII contacts of different magnitude
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Fig. 1a). After complexation of the gold(III) fragments, there
s a shortening of the AuI–AuI distance to 2.9353(7) and
.9332(7) Å [3.1346(4) Å in the starting compound]. The
uI–AuIII lengths range from 3.2812(7) to 3.4052(7) Å, shorter

han in other sulfide, thiolate, or selenide-mixed derivatives
3.404(1)–4.011(1) Å] [34–36]. In the crystal structure of the
eteropentanuclear [{Au(C6F5)3(�-SC6F5)}2{Au2(dppf)}]
45], the AuI–AuI distance of 3.834(2) Å is too long to
e considered a significant interaction, and is longer than
he AuI–AuIII distance (3.608(2) Å) (Fig. 1b). Lastly, in
{Au(C6F5)3(�-SePh)}2{Au2(dppf)}] [46] an intermediate
ituation has been observed, with AuI–AuI distances shorter
han the AuI–AuIII lengths (3.693 and 3.578 Å) (Fig. 1c). As
xpected, all of them show linear and square-planar gold(I)
nd gold(III) atoms, respectively, and, as in the structures
ommented above, the Au(III)–S (2.372(3)–2.380(2) Å) or
u(III)–Se distances (2.4878(4) and 2.4896(4) Å) are again

onger than the Au(I)–S (2.332(3)–2.342(3) Å) or Au(I)–Se
engths (2.4408(5)–2.4392(5) Å), and the Au(III)–C distances
onfirm the greater trans influence of the perhalophenyl group
hen compared with the thiolate or selenolate.
When dithiolate ligands are used instead of thiolate ones,

nionic dinuclear gold(I) species containing the sulfur donor
igands 2-thioxo-1,3-dithiole-4,5-dithiolate (C3S5

2−, dmit) [47]
r 1,2-dithiolate-o-carborane [48] can be prepared by reaction
f pentafluorophenylhaloaurate(I) with the ligand (deprotonated
n situ) in a 2:1 molar ratio, as shown in Scheme 4. In these
omplexes, the dithiolate acts as a bridging ligand between two
old(I) complexes, but it can be transformed into a chelate lig-
nd by oxidation of Q[{Au(C6F5)}2(dmit)] (Q = PPN, NBu4)
ith 7,7,8,8-tetracyanoquinodimethane (TCNQ), affording the
old(III) derivatives Q[Au(C6F5)2(dmit)] [47]. A similar com-

lex in which the bidentate sulfur donor ligand acts as chelate
s the carborane derivative NBu4[Au(C6F5)2(S2C2B10H10)],
btained from NBu4[Au(C6F5)2Cl2] and H2S2C2B10H10 under
asic conditions [49].

[
[
e
s

Scheme 4
6F5.

A number of neutral dithiolate gold(III) complexes
ith general formula [Au(C6F5)(S–S)L] and with the
identate ligand acting as chelate can be prepared by
eaction of cis-[Au(C6F5)Cl2L] with tin or zinc reagents
f the types [SnMe2(S–S)] or Q2[Zn(S–S)2], which can
ransfer the dithiolate group under mild conditions [50]
see Scheme 5). The labile ligand triphenylarsine can be
asily displaced from [Au(C6F5)(S–S)(AsPh3)] [S–S = 1,2-
enzenedithiolate (1,2-S2C6H4

2−), 3,4-toluenedithiolate
3,4-S2C6H3CH3

2−)] by treatment with diphosphines to
ield [Au(C6F5)(S–S)(dppm)] or [{Au(C6F5)(S–S)}2(dppe)]
dppe = bis(diphenylphosphino)ethane) [51]. The dppm deriva-
ives, which display a free phosphorus atom, can also react
ith an equimolecular amount of [AuX(tht)] (X = Cl, C6F5) to
roduce AuI/AuIII products [Au(C6F5)(S–S)(dppm)AuX] [51].

If cis- or trans-[Au(C6F5)Cl2(tht)] is used instead of
is-[Au(C6F5)Cl2L] in the reaction with [SnMe2(S–S)] or
2[Zn(S–S)2] in acetone or dichloromethane, a different result

s obtained as a consequence of the displacement of tht, and thus
he trinuclear cyclic compounds [Au(C6F5)(S–S)]3 (S–S = 1,2-
2C6H4, 3,4-S2C6H3CH3, dmit) are isolated and from the
other liquors [SnMe2Cl2] or Q2[ZnCl4] are recovered [52].
hese trimers react under very mild conditions with neutral or
nionic ligands or give dithiolates of formula [Au(C6F5)(S–S)L]
L = PPh3, py (pyridine)] or Q[Au(C6F5)(S–S)X], respectively
52], as shown in Scheme 5. When S–S = 1,2-S2C6H4 is used,

small quantity of pink complex precipitates, identified as
Au(C6F5)(1,2-S2C6H4)(SC6H4SPPh3)] and containing a new
hiolate ligand formed by an unprecedented coupling of triph-
nylphosphine and one S terminus of dithiolate [52].

The molecular structures of the complexes
PN[Au(C6F5)2(dmit)] [47], [Au(C6F5)(1,2-S2C6H4)(PPh3)]

50], [Au(C6F5)(1,2-S2C6H4)(SC6H4SPPh3)] [52] and
Au(C6F5)(1,2-S2C6H4)(dppm)Au(C6F5)] [51] have been
stablished by X-ray diffraction studies. All of them exhibit
quare-planar geometry at gold(III), contain chelate dithiolate

.
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igands and the 1,2-benzenedithiolate derivatives display
ery similar [Au(C6F5)(1,2-S2C6H4)] fragments. The Au–C
istances, which range from 2.059(5) to 2.07(2) Å, com-
are well with those in other pentafluorophenylgold(III)
omplexes [Au(C6F5)4]− (2.054(7)–2.058(8) Å) [53,54]
nd [Au(C6F5)2{S2CN(CH2Ph)2}] (2.047(6)–2.049(6) Å)
55]. The comparison of the Au–S distances trans to C6F5
2.308(3)–2.324(2) Å) with the Au–S distance trans to PPh3
2.299(1) Å) or to dppm (2.296(3) Å) reflects a higher
rans influence of the pentafluorophenyl group compared to
hosphines [56]. These distances are very similar to those
bserved in the bis(dithiolate) complexes [Au{S2C2(CN)2}2]−
2.309 Å) [57], [Au(1,2-S2C6H4)2]− (2.305 Å) [58] or [Au(3,4-
2C6H3CH3)2]− (2.287(3) and 2.329(4) Å) [59]. Finally, the
u–P distances of 2.340(1) and 2.336(3) Å compare well with

hose for [AuCl3(PPh3)] (2.335(4) Å) [60] or [AuMe3(PPh3)]
2.350(6) and 2.347(6) Å) [61]. In the dinuclear complex
he AuIII–C and AuIII–P lengths (2.060(11) and 2.336(3) Å,
espectively) are longer than the AuI–C and AuI–P lengths of
.039(12) and 2.264(3) Å, respectively, following the same
nexpected tendency that the Au–S bond distances in the
hiolate derivatives described above.

Finally, the molecular structure of the trinuclear product
Au(C6F5)(1,2-S2C6H4)]3 [52], which displays crystallographic
hreefold symmetry, shows the central six-membered Au3S3 ring
n a chair configuration (Fig. 2) and a slightly distorted square-
lanar arrangement for the gold centers. One sulfur atom of each
enzenedithiolate ligand bridges a pair of gold atoms and is thus
hree-coordinate, while the other only binds one gold atom. The
elatively short Au–Au distance of 3.515 Å is very similar to

he 3.563 and 3.545 Å in [Au(CH3)2NH2]3 [62] and is proba-
ly imposed by the ring. The Au–S distances differ significantly
nd those to the bridging S are, as expected, longer (2.352(2)
nd 2.395(2) Å) than the other one (2.292(2) Å), although sur-

r
a
c
[

Fig. 2. R = C6F5.

risingly the Au–S trans to S is longer than the Au–S trans to C
n spite of the appreciable trans influence of carbon ligands at
old.

.3. Dithiocarbamates

Dithiocarbamate and their derivatives have also been fre-
uently employed as S-donor ligands for the synthesis of gold
ompounds due to their applications as vulcanization accel-
rators, flotation agents, fungicides and pesticides, and their
ntimicrobial activity has also been reported [63–65]. They usu-
lly act as bidentate ligands bridging two metal atoms, although
few gold complexes containing monodentate dithiocarbamates
ave also been reported, such as [Au3(�-S2CNMe2)2{�3-
PPh2)3CH}]ClO4 [66]. In order to test the coordinative ability
f the free sulfur atom that this species presents, it was treated
ith [Au(C6F5)(tht)]. However, this reaction, instead of pro-
esulted in the precipitation of gold(I) dimethyldithiocarbamate
nd the coordination of the pentafluorophenyl group to the gold
enter previously bonded to S2CNMe2

−, as shown in Eq. (5)
66].
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In a similar reaction, the insolubility of the polymeric
pecies [Au(S2CNMe2)]n also enabled the synthesis of the neu-
ral [Au3(C6F5)Cl(�-S2CNMe2)(�3-dpmp)] (see Scheme 6).
his arrangement of ligands, with dithiocarbamate and chlo-

ide acting as bridges, is proposed on the basis of its 31P{1H}
MR spectrum, which implies that this complex should be a

acemic mixture. This complex can also be transformed into the
ationic derivative [Au3(C6F5)(�-S2CNMe2)(�3-dpmp)]TfO
TfO = trifluoromethylsulfonate, SO3CF3) by elimination of the
hlorine atom as silver chloride when it reacts with AgTfO [67].

In the tetranuclear gold(II) products [{Au2(C6F5)(�-
H2PPh2CH2)2}2(�-S2CNR2)]ClO4 (R = Me, Et, Bz),

btained by displacement of tht from [Au2(C6F5)(�-
H2PPh2CH2)2(tht)]ClO4 when treated with Na2S2CNR2

2:1) (Eq. (6)), dialkyldithiocarbamate also acts as bidentate
nd bridges two dinuclear bis(ylide) units [68].

C
t
s
n

(5)

(6)

The presence of a methyl group bonded to one of
he sulfur atoms of the dithiocarbamate favors monoden-
ate coordination. Thus, reaction of methyl dithiocarbamates
(MeS)CNHR (R = p-C6H4Me, o-C6H4Me, p-C6H4OMe, 3,5-
6H3Me2) with [Au(C6F5)(tht)] or [Au(C6F5)3(OEt2)] gives

he corresponding mononuclear gold(I) or gold(III) derivatives
Au(C6F5)n{S(MeS)CNHR}] (n = 1, 3) containing S-donor lig-
nds [69]. Reaction of the gold(I) complexes with primary
mines results in the thioacylation of the primary amines
ffording the neutral complexes [Au(C6F5)n{S(R′HN)CNHR}]
R = p-C6H4Me, R′ = nBu, Cy, CH2CH2Ph; R = p-C6H4OMe,
′ = nBu) in low yields and mercaptanes [69] (see Scheme 7).

Finally, when the methylenebis(dialkyldithiocarbamates)
H2(S2CNR2)2 (R = Me, Et, Bz) is used in the reaction with

he same gold(I) or gold(III) precursors as above, the dinuclear
pecies [{Au(C6F5)n}2{CH2(S2CNR2)2}] (n = 1, 3), coordi-
ated to gold via the C S function, are isolated [70] (Eq. (7)).
(7)
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[Au2]4+ core in which the gold centers are not stabilized by any
chelating ligand.

The crystal structure of [Au(C6F5)(tht)] shows linear
monomers with paddle-like geometries forming an infinite chain
Sch

.4. Small neutral molecules with group 6 donor atoms

As commented in Section 2, the gold(III) nitrone
erivatives [Au(C6F5)Cl2(2-pyBN)] (2-pyBN = N-benzyl-C(2-
yridil)nitrone) and [Au(C6F5)2Cl(2-pyBN)], which are pos-
ible intermediates in the cycloaddition of 2-pyBN and
ethylacrilate, have been obtained according to Eq. (8) [26].

Similarly, treatment of equimolecular amounts of
Au(C6F5)(tht)] with the same nitrone or the thiazole–thione
igand S2C4NH5 readily affects the substitution of the tht to
roduce the gold(I) complexes [Au(C6F5)2Cl(2-pyBN)] or

, respectively (Scheme 8)
26,71].

The latter has been characterized by X-ray diffraction meth-
ds, showing a linear environment for the gold(I) atom by
oordination to almost coplanar perfluorophenyl and thione
igands with Au–C and Au–S bond lengths of 2.057(14) and
.304(4) Å, respectively [71]. Although gold(I) complexes of
he type [AuRL] frequently associate into pairs via Au–Au
ontacts, no aurophilic interactions were observed in this
ase, although hydrogen bonding and arene–arene interac-
ions seem to dominate lattice organization. As a result of
he N–H· · ·F interactions of 3.203(15) and 3.320(17) Å, the

olecules in the crystal were arranged in sheets, in which the
olecules were arranged to form dimers with the molecules

n the neighboring sheets via Au· · ·S contacts (see Fig. 3)

ith Au–S distances of 3.529(4) Å. This general pattern was

lso observed in [Au(SCN)(2,6-NC6H3Me2)] (Au–S 3.459(2)
˚ ) and [Au(SCN)(2,3,6-NC6H2Me3)] (Au–S 3.938(2) and
.719(2) Å) [72].
.

(8)

Tetrahydrothiophene complexes [Au(C6F5)n(tht)] (n = 1, 3)
ave been known for a long time [73,74] and have been
sed extensively as starting materials in the coordination
hemistry of gold, but surprisingly their crystal structure
eterminations have only been reported very recently [75]
ogether with the synthesis and crystal structure of another
wo pentafluorophenyl gold products with tht as ligand.

unique rearrangement of [Au(C6F5)3(tht)] in solution
ffects ionic compound formation between two gold(III) com-
lexes in [Au(C6F5)2(tht)2][Au(C6F5)4], and by reaction of
Au(C6F5)(tht)] and [Au(C6F5)3(tht)] the gold(II) compound
Au2(C6F5)4(tht)2] is obtained as a crystalline product, repre-
enting the first example of an unbridged complex with a formal
Fig. 3. Dimers of [Au(C6F5){S CN(H)C(CH3) C(H)S}]
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Fig. 4. Chains of [Au(C6F5)(tht))]

long the a axis through alternating long (3.306 Å) and short
3.191 and 3.128 Å) aurophilic interactions. Alternating pairs
f molecules are rotated 180◦ (Fig. 4). The Au–C (2.014(9)
nd 2.03(1) Å) and Au–S (2.317(3) and 2.320(3) Å) bond dis-
ances compare well with those observed in the nitrone derivative
ommented above.

Crystals of the gold(III) compound [Au(C6F5)3(tht)] were
btained in two polymorphic forms, with the orientation of the
ht as the only obvious difference between the two polymorphs.
wing to the large mutual trans influence of the two oppos-

ng C6F5 ligands, their Au–C lengths (2.067(3) Å) are longer
han when the pentafluorophenyl ligand is trans to tht (2.031(3)
˚ ). The Au–C and Au–S (2.3754(9) Å) bond lengths are in
lose agreement with those observed in [Au(C6F5)3(S2PEt3)]
2.067(4), 2.076(4) and 2.037(3), and 2.366(1) Å, respectively)
76].

In the ionic compound [Au(C6F5)2(tht)2][Au(C6F5)4], the
omoleptic anion has the same propeller-like appearance as
eported for PPN[Au(C6F5)4] [53] with Au–C bond lengths in
he range 2.050(6)–2.065(6) Å. The cation contains a gold(III)
enter comparable to that in the complex [Au(C6F5)2(tht)2]TfO
77] displaying mutual pentafluorophenyl ligands with Au–C
istances of 2.066(7) Å.

Finally, in the gold(II) derivative [Au2(C6F5)4(tht)2] the
old atoms occur in two distorted square-planar configurations,
eaturing an essentially linear S–Au–Au–S axis and two orthog-
nally oriented C6F5–Au–C6F5 moieties with all aromatic rings
n parallel planes (see Fig. 5). The Au(II)–Au(II) bond length
f 2.567(7) Å is within the range of interactions displayed
y the unbridged AuII–AuII compounds (2.5355(5)–2.6405(8)

˚ ) [78–80]. The Au–C (2.110(2) and 2.078(2) Å) and Au–S
2.418(3) Å) bond lengths are longer than in the rest of
he pentafluorophenyl tetrahydrothiophene complexes, with
ecreasing lengths in the order AuII > AuIII > AuI.

.5. Phosphine or methanide sulfides and selenides
Most common neutral ligands with sulfur or sele-
ium as donor atoms are phosphine sulfides or selenides,
hich readily displace tht or diethyl ether from gold(I)
r gold(III) starting materials such as [Au(C6F5)n(tht)]

[

C
t

Fig. 5. Structure of [Au2(C6F5)4(tht)2]

n = 1, 3) or [Au(C6F5)2(OEt2)2]ClO4 to afford mono- or
inuclear complexes of the types [Au(C6F5)3(L,L)] [81],
Au(C6F5)2(L,L)]ClO4 [82,83] or [{Au(C6F5)n}2(L,L)] [82]
n = 1, 3; L,L = diphosphine disulfide or diselenide) accord-
ng to the procedure shown in Scheme 9. Similarly, reaction
f S2vdpp [S2vdpp = vinylidenebis(diphenylphosphine) disul-
de, (SPPh2)2C = CH2] with [Au(C6F5)2(�-Cl)]2 in a 2:1 molar
atio leads to the rupture of the chlorine bridges to give
he monodentate [Au(C6F5)2Cl{SPPh2C( CH2)PPh2S}] [83].

hen the same reactions are performed using potassium dis-
lenoimidodiphosphinato (K[(SePPh2)2N]) instead of S2vdpp,
he precipitation of potassium chloride forces the coordination
f the ligand as a chelating ligand, leading to the synthesis of
he neutral compound [Au(C6F5)2{(SePPh2)2N}] [84].

X-ray diffraction studies have been performed for
wo of these derivatives, [{Au(C6F5)3}2(1,2-(SPPh2NH)2-4-

eC6H3)] [82] and [Au(C6F5)2{(SePPh2)2N}] [84], showing
he typical square-planar environment for the gold(III) centers.
he crystal structure of the former is similar to that of the

elated complex [{Au(C6F5)3}2(1,2-(PPh2NH)2-4-MeC6H3)]
82], although the backbone conformation is much more reg-
lar with approximate twofold symmetry, and neither of these
wo compounds display aurophilic interactions (Au· · ·Au sep-
rations of 7.631(3) and 8.972(2) Å, respectively). The Au–C
istances for the mononuclear derivative (2.052(2) and 2.055(2)

˚ ) lie in the range of Au–C bond lengths found for the dinuclear
erivative (2.039(19)–2.08(2) Å), displaying similar distances
or the Au–C bonds trans to sulfur or selenium, and they
lso compared well with the AuIII–C distances trans to sul-
ur observed in the complexes commented above. The Au–S
istances in [{Au(C6F5)3}2(1,2-(SPPh2NH)2-4-MeC6H3)] [82]
2.403(5) and 2.400(5) Å) are longer than the Au–S distances
rans to C6F5 in the complexes described in previous sections
2.308(3)–2.324(2) Å) [47,50–52,72], while the Au–Se lengths
n [Au(C6F5)2{(SePPh2)2N}] [84] (2.4808(3) and 2.4832(3)
˚ ) are close to the Au(III)–Se distances found in the sele-
ium derivatives commented above (2.4802(8)–2.5038(13) Å)

34–36,46].

The diphosphine disulfide complexes [Au(C6F5)3(SPPh2
H2Ph2P = S)] or [Au(C6F5)2{(SPPh2)2CH2}]ClO4 afford

he methanediide derivatives [Au(C6F5)3{SPPh2C(AuPPh3)2
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h2P = S}] or [Au(C6F5)2{(SPPh2)2C(AuL)2}]ClO4 (L = PPh3,
sPh3) in a one-step reaction when treated with two equivalents
f [Au(acac)L] (acac = acetylacetonate) with the simultane-
us formation of acetylacetone that remains in the mother
iquors (Eqs. (9) and (10)) [85]. Similarly, when the start-
ng complex is the S, C-donor [Au(C6F5)2(SPPh2CHPh2P S)],
eaction with [Au(acac)(PPh3)] (1:1) leads to the synthesis of
Au(C6F5)2{SPPh2C(AuPPh3)Ph2P S}] as shown in Eq. (11)
85]. The crystal structure of the triphenylarsine compound has
een established by X-ray diffraction methods, showing the
ethanediide ligand acting as an eight electron-donor bridg-

ng three metal atoms and the gold(I) centers in this complex
ppear only 2.873(2) Å from each other [85].

[Au(C6F5)2{(SPPh2)2C CH2}]ClO4 reacts rapidly with
arbon- or oxygen-donor nucleophiles (Nu−) to form the

ethanide-type derivatives [Au(C6F5)2{(SPPh2)2CCH2Nu}]

Nu = acac, CN, C5H5, OEt] [83], products that can be consid-
red as intermediates in Michael-type additions of HNu to the

C bond, which are particularly stable in this case. The acety-

(
C
t
t

.

(9)

(10)

(11)

acetonate derivative can also be prepared by treatment of the
ree ligand S2vdpp with [Au(C6F5)2(acac)], which contains the
ucleophile in the gold starting material [83] (see Scheme 10).

The crystal structure of the cyclopentadienyl derivative
83] (Fig. 6) resembles that of [Au(C6F5)2{(SePPh2)2N}],
ith a square-planar geometry for gold and Au–C (2.033(3)

nd 2.032(3) Å) and Au–S lengths (2.3552(9) and 2.3626(9)
˚ ) shorter than in [Au(C6F5)2{(SePPh2)2N}] (2.052(2)
nd 2.055(2) Å) [84] or [{Au(C6F5)3}2(1,2-(SPPh2NH)2-4-
eC6H3)] (2.403(5) and 2.400(5) Å) [82], respectively. The

–C bond lengths to the methanide carbon are 1.709(3) and
.719(3) Å, shorter than those found in complexes with the

iphosphine, such as [AuCl{PPh2C(C CH2)PPh2}]2

1.828(6) and 1.833(6) Å) [86]. This, together with the
–C distance of 1.538(4) Å, indicates that the nega-

ive charge of the methanide carbon is delocalized over
he P–C bonds, conferring them a degree of multiple



1640 E.J. Fernández et al. / Coordination Chemistry Reviews 252 (2008) 1630–1667

Scheme 10. R = C6F5. Nu− = aca

b

w

w
c
a
f
d
[

c
n
l
e
[
t
a
g
t
a
s
(

4

4

t

[
a
h
w
p
(
h
o
l

2
L
d
t
a
s
c

m
a
a
a
g
a
t
t
involves an Au· · ·F contact (Au· · ·F distance of 3.507(4) Å) that
Fig. 6. Structure of [Au(C6F5)2{SPPh2)2CCH2(C5H5)}]

onding.
When the same gold reagent as before reacts with Se2dppm,

hich contains extractable hydrogen atoms, the reaction occurs

ith deprotonation of the methylene group, and the methanide
omplex [Au(C6F5)2(SePPh2CHPPh2Se)] is obtained [81], with
bidentate chelate Se, C coordination to the gold(III) center. The

ree selenium atom also reacts with [Au(C6F5)3(tht)] to give the
inuclear species [Au(C6F5)2{SePPh2CHPPh2SeAu(C6F5)3}]
81] (Scheme 11).

In the molecular structure of the latter, the two gold(III)
enters are coordinated to the ligand in a different man-
er: bidentate chelate and monodentate [81]. The Au–Se
engths of 2.4639(4) and 2.4940(4) Å are significantly differ-
nt, more so than those found in [Au(C6F5)2{(SePPh2)2N}]
84] (2.4808(3) and 2.4832(3) Å). The Au–C bond distances
o pentafluorophenyl lie in the range 2.048(3)–2.077(3) Å
nd seem to indicate a higher trans influence for the C6F5
roups than for the Se-donor ligand. The longest Au–C dis-
ance is that to the methanide carbon atom (2.153(3) Å),
nd is similar to those observed in methanide complexes,

uch as [Au(C6F5)3{SPPh2CH(AuC6F5)PPh2CHCOOMe}]
2.119(21) Å) [87].

l

f

Scheme 1
c−, CN−, C5H5
−, OEt2−.

. Group 15 donor atom ligands

.1. N-donor ligands

A number of mononuclear complexes of the
ype [Au(C6F5)L] (L = 4-methylthiazole, its thioether

, piperidine [71], benzophenoneimine
88], 3-picoline [89], diphenyldiazomethane [90] or 2-
minothiazoline (2-amino-4,5-dihydrothiazole or 2-amt) [91])
ave recently been prepared by rapid displacement of the
eakly coordinated tetrahydrothiophene ligand from the
recursor with different types of nitrogen donor ligands (Eq.
12)). Nitrogen coordination in the two first imine complexes
as been confirmed by 15N NMR [71] and the crystal structures
f four of them have been determined exhibiting the expected
inear N-coordination [71,88–90].

(12)

The Au–C distances are all very similar, ranging from
.002(10) Å for L = N(H) CPh2 [88] to 1.992(6) Å for
= Ph2C2N2 [90], and shorter than in complexes with other

onor atoms, such as phosphorus or carbon, indicating a lower
rans influence for the nitrogen donor ligands. The Au–N lengths
re in the range 2.044(8)–2.081(8) Å and are comparable to the
eparations in gold(I) amine [92], imine [93,94] and amide [95]
omplexes (2.024(7)–2.0806 Å).

The benzophenoneimine derivative displays an interesting
olecular packing, which reveal discrete dimers in an antipar-

llel conformation. Both Au· · ·Au interactions (3.5884(7) Å)
nd N–H· · ·F hydrogen bonds (H· · ·F 2.75 Å, N–H· · ·F 116◦)
re present within the dimeric units (see Fig. 7a) [88]. The
old atoms in the 4-methylthiazole derivative are involved in
urophilic interactions (Au–Au 3.345(1) Å) [71], while the other
wo compounds display no intermolecular Au· · ·Au interac-
ions, although the molecular packing of [Au(C6F5)(3-picoline)]
inks two molecules as shown in Fig. 7b [89].
The gold(III) complex [Au(C6F5)3(2-amt)] can be obtained

rom [Au(C6F5)3(tht)] and 2-aminothiazoline using the same

1.
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Fig. 7. Dime

ynthetic procedure [91]. Its crystal structure shows a shorter
uIII–C bond length (2.016(2) Å) for the pentafluorophenyl
roups trans to nitrogen than those trans to C6F5 (2.063(2)
nd 2.068(2) Å), confirming the stronger trans influence
or carbon- than for nitrogen-donor ligands. The AuIII–N
ength of 2.0664(18) Å is in the range of AuI–N distances
2.044(8)–2.081(8) Å) observed in the complexes commented
bove.

Finally, the trinuclear mixed-valence complex
Au(C6F5)2{(4,4′-bipy)Au(PPh3)}2](NO3)3 (bipy = 4,4′-
ipyridine) [96] can be prepared by reaction of
Au(C6F5)2(NO3)2] and [Au(PPh3)(NO3)] prepared in
itu with 4,4′-bipyridine (1:2:2) (Eq. (13)), and multinuclear
MR research (1H, 1H–1H COSY, 13C, 19F and 31P) has been

arried out to study this.

.2. P-donor ligands
.2.1. Primary and secondary phosphines and phosphides
The usual method for displacing the labile ligand tht by

hosphorus donor ligands extensively employed with a vari-

[
a

r

Scheme 1
Au(C6F5)L]

(13)

ty of tertiary phosphines has also been used recently for the
ynthesis of pentafluorophenyl complexes containing primary
r secondary phosphines, such as diphenylphosphine [97,98],
henylphosphine [99] or 1,2-diphosphinobenzene [100]. Thus,
he gold(I) or gold(III) phosphino derivatives [Au(C6F5)(LH)]
LH = PPh2H, PPhH2), [Au(C6F5)3(LH)] (LH = PPh2H, PPhH2,
,2-C6H4(PH2)2) or trans-[Au(C6F5)2(PPh2H)2]ClO4 have
een described, the latter showing a trans disposition of the lig-
nds as its IR spectrum indicates [97] (see Scheme 12). These
roducts, and mainly the gold(I) compounds, are moderately sta-
le and can be easily deprotonated due to the high acidity of the
hosphinic protons. Even each chlorine atom of [Au2(C6F5)4(�-
l)2] can extract one proton when treated with PPh2H or
PhH2, and the cyclic di- or trinuclear phosphide derivatives
Au(C6F5)2(�-PPh2)]2 [101] or [Au(C6F5)2(�-PPhH)]3 [99]
re isolated.

The latter still contains acidic protons and also
eacts with [Au(acac)(PPh3)] to afford the tetranuclear

2.
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cheme 13. R = C6F5; (i) [AuR(tht)] + NBu4(acac); (ii) [Au(acac)(PPh3)], [Ag
/2 AgClO4 + PPN(acac) or 1/2 [Cu(NCMe)4]TfO + PPN(acac); (iv) [AuR3(tht

hosphide/phosphodiide derivative [{Au(C6F5)2(�-
PhH)}2{Au(C6F5)2(�3-PPh)Au(PPh3)}] [99] (Eq. (14)).
oth the di- and trinuclear cyclic compounds have been

tructurally characterized, displaying, respectively, a tetra- or
exanuclear ring of alternating square-planar gold(III) and
etrahedral phosphorus atoms, the latter in a twisted boat
onformation.

The low stability of the gold(I) phosphino derivatives of
Ph2H and PPhH2 means that they cannot be used as start-

ng complexes, but the gold(III) products are stable enough
o study their reactivity against 11 group metal complexes in
he presence of a basic anion. Thus, freshly prepared solu-
ions of [Au(C6F5)3(LH)] (LH = PPh2H, PPhH2) react with
quimolecular amounts of AuIII or MI (M = Ag, Au) reagents
n the presence of acetylacetonate to yield dinuclear species
f formula [{Au(C6F5)3}2(�-L)]−, [Au(C6F5)3(�-L)M(PR′

3)]
L = PPh2, M = Ag, Au, R′ = Ph; L = PPhH, M = Au, R′ = Ph, Me)
r [Au(C6F5)3(�-PPh2)Au(C6F5)]− [97,99,101] as shown in
cheme 13.

The trinuclear compounds PPN[{Au(C6F5)3(�-L)}2M]
L = PPh2, M = Cu, Ag, Au; L = PPhH, M = Ag, Au), also
btained from [Au(C6F5)3(LH)], contain perfectly linear MI

enters bonded to two phosphido gold(III) fragments [98,99].
he X-ray crystal structure determinations were carried out
or the silver(I) and gold(I) diphenylphosphido species [98],
nabling their covalent radii to be compared, and revealing that
old is smaller than silver in 0.07 Å, confirming the results
btained by Schmidbaur [102]. An alternative synthesis strategy

p
u
o

)(PPh3)] + NBu4(acac) or [AuCl(PMe3)] + Tl(acac); (iii) 1/2 PPN[Au(acac)2],
Bu4(acac); (v) 1/2 [Au(PPh2H)2]TfO; (vi) [AuR3(PPh2H)].

(14)

onsisted in the use of [Au(C6F5)3(acac)]- as gold(III) precursor,
s shown in Scheme 13.

The phenylphosphide derivative PPN[{Au(C6F5)3}2(�-
PhH)] also reacts with similar gold(I) precursors to
fford higher nuclearity phosphodiide anions, such
s the trinuclear [{Au(C6F5)3}2(�3-PPh)Au(PPh3)]−,
{Au(C6F5)3}2(�3-PPh)Au(C6F5)]2− or the pentanuclear

rianion [{(Au(C6F5)3)2(�3-PPh)}2Au]3− [99]
Scheme 14). Some other phosphodiides, such as
{Au(C6F5)3}(�3-PPh){Au(PPh3)}2] or [{Au(C6F5)3}(�3-
Ph){Au(C6F5)}{Au(PPh3)}]−, have also been synthesized
sing the same strategy [99].

Similarly, starting from trans-[Au(C6F5)2(PPh2H)2]
lO4, the trinuclear derivatives trans-NBu4[Au(C6F5)2
(�-PPh2)Au(C6F5)}2], cis-[Au(C6F5)2{(�-PPh2)
u(PPh3)}2]ClO4 or PPN[{Au(C6F5)2(�-PPh2)2}2Cu],
hich contain two (the first two) or four (the latter) phos-
hido bridging ligands, have been obtained [97]. A series
f tetranuclear neutral complexes [Au(C6F5)2(�-PPh2)2M]2
M = Cu, Ag, Au) can also be isolated by reaction of the same
old(III) starting material with M(I) salts in the presence of
cetylacetonate as deprotonating agent (2:1), as shown in
cheme 15.
Furthermore, reaction of the mixed AuIII/AgI diphenylphos-
hide complex [Au(C6F5)2(�-PPh2)2Ag]2 with an equimolec-
lar amount of [AgCl(PPh3)] leads to the formal insertion
f the latter into the starting complex, yielding the
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Scheme 14.

Scheme 15. R = C6F5; (i) 2 [AuR(tht)] + 2 NBu4(acac); (ii) 2 [Au(acac)(PPh3)]; (iii
Ag(OClO3) + 2 PPN(acac) or PPN[Au(acac)2].
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silver(I) center (see Scheme 17). The bridging chlorine atom of
ig. 8. Structure of [{Au(C6F5)2{(PPh2)AgPPh3}(PPh2)}2(Ag)(Cl)]

entanuclear derivative [{Au(C6F5)2{(�-PPh2)AgPPh3}(�-
Ph2)}2(�-Ag)(�3-Cl)] [103]. This compound displays an
nusual perfectly planar T-frame �3-Cl bridging the three sil-
er atoms [Ag–Cl–Ag 91.66(4) and 176.68(8)◦] (see Fig. 8).
urprisingly, this compound is also obtained by treatment
f trans-[Au(C6F5)2(PPh2H)2]ClO4 with [Ag(TfO)(PPh3)]
TfO = trifluoromethylsulfonate) and AgTfO (2:2:1) in the pres-

nce of PPN(acac) and PPNCl [103].

A number of cyclic or non-cyclic gold(III) phosphino-
hosphides or diphosphides were synthesized from
,2-diphosphinobenzene (Scheme 16) [100]. The diphos-

[
f
c

) 1/2 [Cu(NCMe)4]TfO + 2 PPN(acac); (iv) [Cu(NCMe)4]TfO + 2 PPN(acac),

hino complex [{Au(C6F5)3}(1,2-PH2C6H4PH2)] or the
hosphane–phosphide [{Au(C6F5)3}2(1,2-PHC6H4PH2)]−
eact with suitable pentafluorophenylgold(III) precursors in
he presence of free or coordinated acetylacetonate to afford
he di- or trinuclear species shown in Scheme 16. In some
f these reactions, the migration of one Au(C6F5)3 group
rom one phosphorus to the other was observed. In the case
f trans-[{Au(C6F5)3}(1,2-PHC6H4PH){Au(C6F5)2Cl}{�-
u(C6F5)2}]−, both the acetylacetonate and one of the

hlorine atoms of [Au(�-Cl)(C6F5)2]2 act as deprotonating
gents in a reaction that occurs with the breaking of the
inuclear compound and that leads to a complex with three
ifferent pentafluorophenylgold(III) fragments, which has been
onfirmed by its crystal structure.

[{Au(C6F5)3}2(1,2-PHC6H4PH2)]− has also been shown to
e a useful starting material for the synthesis of mixed AuIII/MI

M = coinage metal) diphosphide or diphosphodiide compounds
sing a similar synthetic strategy [100]. Thus, its reaction
ith phosphino- or pentafluorophenylgold(I) or silver(I) com-
lexes in the presence of the same deprotonating agent leads
o trinuclear diphosphides displaying a tricoordinated gold(I) or
{Au(PPh3)}2(�-Cl)]+ is able to extract one phosphinic proton
rom [{Au(C6F5)3}2(1,2-PHC6H4PH2)]− to yield the tetranu-
lear diphosphodiide complex [{Au(C6F5)3}(AuPPh3)(1,2-
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Scheme 16. R = C6F5; (i) [AuR3(tht)] + acac

HC6H4PH){Au(C6F5)3}(AuPPh3)]. As in other cases, reac-
ion takes place with the concomitant migration of one
u(C6F5)3 group from one phosphorus to the other, lead-

ng to a more symmetric product. Lastly, the hexanuclear
iphosphodiides [{Au(C6F5)3}(1,2-PC6H4P){Au(C6F5)3}{�-
(dppe)M}2] (M = Cu, Ag, Au) were prepared in good yields

sing similar procedures [100].
The crystal structures of the hexanuclear AuIII/AuI and

uIII/AgI species were determined [100], showing discrete
olecules consisting of a 16-membered bicycle formed by

he ipso carbon atoms and both phosphorus of the 1,2-
iphosphodiidebenzene ligand and two M(dppe)M units, with
ach phosphorus of the diphosphodiide also bonded to a
ris(pentafluorophenyl)gold(III) unit. An important feature in
hese structures is the presence of intramolecular MI· · ·MI con-
acts of 2.9385(5), 3.0273(5) and 3.1105(5) Å for M = Au or
.9215(15), 2.9822(16) and 3.0514(16) Å for M = Ag.

Probably thanks to the stabilizing effect of the perfluo-

ophenyl groups, the crystal structures of many phosphidegold
erivatives (14) has been established [97-101,103]. The com-
arison of the AuIII–C distances trans to phosphide (average
.073 Å) and trans to pentafluorophenyl (average 2.061 Å) indi-

P
b
t
p

cheme 17. R = C6F5; (i) [Au(acac)(PPh3)] or [AuCl(PMe3)] + Tl(acac) or [Ag(TfO)
[(AuCl)2(dppe)] + 4 Ag(OClO3) + 3 PPN(acac) or 2 [M2(dppe)](ClO4)2 (M = Ag, C
[Au(�-Cl)R2]2 + acac−; (iii) [AuR2(acac)].

ates a stronger trans influence for phosphide ligands than for the
arbon donor group. The MI–P lengths trans to phosphide [aver-
ge 2.323 (M = Au), 2.400 Å (M = Ag)] are generally longer
han those trans to phosphine [average 2.305 (M = Au), 2.387 Å
M = Ag)] are in accordance with a stronger trans influence for
hosphide groups than for phosphines. The AuIII–P–M angles
re generally wider than expected in a tetrahedral environment
or phosphorus atoms, and avoid the presence of intermolecular
uIII· · ·M interactions.

.2.2. Tertiary phosphines and derivatives

.2.2.1. Monophosphines. A large number of mononu-
lear gold(I) or gold(III) complexes with general
ormula [Au(C6F5)L] (L = TPA (TPA = 1,3,5-triaza-
-phosphaadamantane) [77], PPh2C CH [104],
Ph2C( S)N(H)Me [105], PPh2CH2SPh [106], PPh2(2-
6H4OH) [107], PPh2(2-C6H4OSiMe3) [107]) or

Au(C6F5)3L] (L = TPA [77], PPh2(2-C6H4SH) [108],

Ph2(2-C6H4NH2) [109] and PPh2C CH [110]) have recently
een prepared by rapid displacement of the weakly coordinated
etrahydrothiophene ligand from the precursor with the free
hosphorus donor ligand.

(PPh3)] + PPN(acac); (ii) [AuR(tht)] + acac−; (iii) [{Au(PPh3)}2(�-Cl)]+; (iv)
u) + 3 PPN(acac).
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and the carbon–carbon coupling of the PR2C6H4 units, as
shown in Eq. (15) [116]. Nevertheless, this reaction occurs with
the simultaneous formation of a small amount of zwitterionic
heterovalent complexes [Au{�-2,2′-(PR2C6H4)}2Au(C6F5)2].
Sch

The molecular packing of [Au(C6F5)(PPh2C CH)] involves
n Au· · ·H contact from the acidic alkynyl proton (Au· · ·H dis-
ance of 3.07 Å, C–H–Au angle of 143◦) that links the molecules
y translation parallel to the a axis [104].

Other gold(III) complexes of the same type can be
btained by alternative methods, such as the double
ddition of alcohol to the acetylene phosphine fragment
f [Au(C6F5)3(PPh2C(CH)] by reaction with sodium
lkoxides to obtain [Au(C6F5)3(PPh2CH CHOR)] or
Au(C6F5)3{PPh2CH2CH(OR)2}] (R = Me, Et) [110], as
hown in Scheme 18.

The solid-state structures of the tris(pentafluorophenyl)
erivatives of TPA [77], PPh2(2-C6H4SH) [108] and
Ph2CH2CH(OMe)2 [110] show Au–P distances that are
onsiderably shorter for the TPA complex (2.3285(10) and
.3228(10) Å) than those found in the other two phosphine
omplexes (2.3884(16) and 2.3692(8) Å, respectively); this
hortening is likely due to the low steric bulk of the TPA ligand.
he Au–C bond lengths for the C6F5 groups trans and cis to

he phosphine are almost equal in the three structures ranging
rom 2.057(5) to 2.079(2) Å.

The related bis(pentafluorophenyl) phosphine com-
ounds cis-[Au(C6F5)2Cl{PPh2(2-C6H4NH2)}] [109],
is-[Au(C6F5)2(PPh2CH2SPh)2]ClO4 [111] and trans-
Au(C6F5)2(TPA)2]TfO [77] can also be synthesized by
hlorine bridge rupture or displacement reactions. The cis
rrangement of the aryl groups in the former two has been
onfirmed by X-ray diffraction studies; both display rather long
u–P bonds (2.3818(14)–2.3990(15) Å) if compared with other
hosphinogold(III) complexes and the greater trans influence
f 2-diphenylphosphinoaniline compared with chlorine is
eflected in the Au–C distances of 2.038(4) and 2.068(4)
˚ in cis-[Au(C6F5)2Cl{PPh2(2-C6H4NH2)}] [109]. In this

olecular structure, the amine group forms an intramolecular
ydrogen bond to a fluorine atom (Fig. 9).

.2.2.2. Diphosphines. When diphosphines are employed in
ubstitution reactions with [Au(C6F5)n(tht)] (n = 1, 3), the
esulting product mainly depends on the number of pentaflu-
rophenyl groups attached to gold. Thus, while the gold(I)

eagent always leads to dinuclear species [{Au(C6F5)}2(L,L)]
82,112–114] whatever the molar ratio is, the reaction with
he tris(pentafluorophenyl) complex usually affords the mon-
dentate [Au(C6F5)3(L,L)] [82,112,113] even if excess of
8.

Au(C6F5)3(tht)] is used (see Scheme 19). Only in the
ases of (1,2-PPh2NH)2-4-MeC6H3, 1,2-(PPh2NH)2C6H4 [82]
r PPh2C CPPh2 [114] has the use of two moles of the
old(III) starting material resulted in dinuclear derivatives
{Au(C6F5)3}2(L,L)].

Similarly, the reaction of [Au(C6F5)2(�-Cl)]2 with vdpp
vdpp = vinylidenebis(diphenylphosphine) (PPh2)2C CH2]
eads to [Au(C6F5)2Cl{PPh2C( CH2)PPh2}] [115]. The
oordination of the diphosphine to a gold(III) center strongly
ctivates the carbon–carbon double bond, and this complex
asily undergoes Michael-type additions with different nucle-
philes. Treatment of [Au(C6F5)2Cl{PPh2C( CH2)PPh2}]
ith Ag(OClO3) in diethyl or diisopropyl ether led surprisingly

o [Au(C6F5)2{(PPh2)2CHCH2OR′}]ClO4 (R′ = Et, iPr),
robably the result of adding a molecule of R′ to the C C
ond in [Au(C6F5)2{(PPh2)2C CH2}]ClO4, a product that
annot be isolated due to its great reactivity [115]. The same
omplexes are also obtained when the free diphosphine is
reated with [Au(C6F5)2(OR′)2]ClO4 (R′ = Et, iPr) in the
ame solvents (Scheme 20). Protonation of the methanide
omplexes [Au(C6F5)2{(PPh2)2CCH2Nu}] (Nu = OEt,
cac) with HClO4 also affords the diphosphino derivatives
Au(C6F5)2{(PPh2)2CHCH2Nu}]ClO4 [115].

Although displacement of tht is the most common
ynthetic approach, digold(I) products [{(C6F5)Au}2{�-2,2′-
PR2C6H4)2}] (R = Ph, Et) are obtained after prolonged heating
n toluene of gold(II) complexes [Au(C6F5)(�-2-PR2C6H4)]2
n a reaction that takes place with a rearrangement of ligands
Fig. 9. Structure of Au(C6F5)2Cl{PPh2(2-C6H4NH2)}]
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Scheme 19.
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One aminic proton can be removed from
{Au(C6F5)n(PPh2NH)}2-4-RC6H3] (n = 1, 3;

= Me, H) by addition of the deprotonating agent
Bu4(acac) yielding the dinuclear anionic complexes
Bu4[{Au(C6F5)n(PPh2N)}{Au(C6F5)n(PPh2NH)}-4-
C6H3] (n = 1, 3; R = Me, H) [82] and the further auration of

he benzene gold(III) derivative with [Au(OClO3)(PPh3)] leads

o a trinuclear complex containing a P,P,N-tridentate ligand, as
onfirmed by X-ray diffraction methods.

In some [Au(C6F5)3(L,L)] complexes, the oxi-
ation or sulfuration of uncoordinated phosphorus

1
[
A
[

(15)

iving [Au(C6F5)3{PPh2C( CH2)PPh2O}] [113] or
Au(C6F5)3(PPh2CH2PPh2S)] [85] has been reported (see
cheme 19). Coordination of the free P atom to Au(I)
r Ag(I) by treatment with the adequate metal precursor
ith labile ligands results in the formation of di- or trinu-

lear species [Au(C6F5)3(L,L)AuX] (P,P (PPh2)2C CH2,

,2-(PPh2NH)2-4-MeC6H3; X = Cl, C6F5) [82,113] or
{Au(C6F5)3(L,L)}2M]ClO4 (P,P (PPh2)2C CH2, M = Au,
g; P,P = dppm, M = Au) [113,117]. Finally, the treatment of

Au(C6F5)3{PPh2C(=CH2)PPh2}AuCl] with Tl(acac) leads
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Fig. 10. Structure

o the substitution of the chlorine atom with the concomitant
recipitation of TlCl (Scheme 19) instead of nucleophilic
ddition to the C C bond [113].

The crystal structures of the gold(I) compounds
{Au(C6F5)}2(L,L)] (L,L = 1,2-(PPh2NH)2-4-MeC6H3]
82], PiPr2CH2PPh2 [112], PPh2C(CPPh2 [114] and 2,2′-
PR2C6H4)2 (R = Ph, Et) [116]) show Au–C and Au–P
istances ranging from 2.02(1) to 2.056(9) Å and from 2.263(2)
o 2.285(3) Å, respectively. The orientation and rigidity of the
igand backbone are responsible for the presence or absence of
ntramolecular aurophilic contacts, which are only observed for
iPr2CH2PPh2 (Au· · ·Au 3.0926(3) Å) and 2,2′-(PPh2C6H4)2
Au· · ·Au 3.0688(8) Å) and even very similar complexes, such
s the 2,2′-(PR2C6H4)2 derivatives, can display noticeable
ifferences depending on the torsion around the central C–C
ond (Fig. 10).

The solid-state structures of three AuIII/AuI com-
ounds namely [{Au(C6F5)3(PPh2NH)}2-4-MeC6H3],
{Au(C6F5)3}2(PPh2NH)C6H4{N(AuPPh3)PPh2}] [82] and

Au(C6F5)3{PPh2C( CH2)PPh2}Au(C6F5)] [113], have
lso been established. The comparison of the AuIII–C
2.051(6)–2.088(9) Å) and AuIII–P (2.346(2)–2.23829(15)
˚ ) bond lengths with the AuI–C (2.02(1)–2.056(9) Å) and

t
w
3

t

Scheme 2
u(C6F5)}2(L,L)]

uI–P (2.2404(16)–2.285(3) Å) separations in the diphosphine
omplexes structurally characterized have again revealed an
nexpected tendency of longer Au–P and Au–C distances to
old(III) than to gold(I) (see above).

.2.2.3. Triphosphines. As in the case of diphosphines,
igher nuclearity complexes have been obtained in the
eaction of triphosphines with [Au(C6F5)(tht)] than with
Au(C6F5)3(tht)], the former leading to trinuclear deriva-
ives of the type [{Au(C6F5)}3(�3-L,L,L)], as described
or PPh(CH2CH2PPh2)2 (triphos) [118], PPh(CH2PPh2)2
dpmp) [119] or (PPh2CH2)3CCH3 (tdppme) [120]. The
eaction of tdppme with [Au(C6F5)(tht)] in a 1:2 molar
atio occurs with the concomitant oxidation of one of the
hosphorus to afford the dinuclear complex [{Au(C6F5)}2{�-
PPh2CH2)2C(CH3)CH2PPh2O] (see Scheme 21) and no
ononuclear gold(I) product can be prepared from the

riphoshine [120].
In contrast, if the gold(III) precursor is used in the reac-
ion with dpmp or tdppme (1:1) complexes [Au(C6F5)3(L,L,L)],
hich display phosphine as monodentate, are isolated [119,120].

1P{1H} NMR data in CDCl3 even at −60 ◦C show that
he dpmp derivative is a mixture of two isomers because of

1.
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he coordination of gold to the central or the lateral phos-
horus, although it would appear that only the first isomer
rystallizes at −18 ◦C. The addition of a second equivalent of
Au(C6F5)3(tht)] to [Au(C6F5)3(dpmp)] or the same reaction in
:1 ratio evolves cleanly to the formation of a unique deriva-
ive, [{Au(C6F5)3}2(�-dpmp)], which presumably displays the
u(C6F5)3 fragments coordinated to the most external phospho-

us [119] (see Scheme 21). This complex reacts with [AuX(tht)]
X = Cl, C6F5) to give the mixed-valence AuI–AuIII–AuI com-
lexes [{Au(C6F5)3}2(�3-dpmp)AuX] [119].

In contrast, the use of a ligand with longer hydrocarbon
hains, such as triphos, leads to the synthesis of both the di- and
rinuclear complexes [{Au(C6F5)3}n(triphos)] (n = 2, 3) [118].
1P{1H} NMR data seem to indicate that the dinuclear product
s a mixture of three isomers. In the crystal structure of the trin-
clear product, the structure of the ligand allows the three bulky
u(C6F5)3 units to be coordinated at the same time, and shows
ery long Au–Au distances (the shortest one 7.095 Å), which
recludes any form of metal–metal bonding.

It has been observed that the dpmp and triphos gold(I) deriva-
ives are luminescent at low temperature in solid state [118,119],
hich is usually related to the presence of AuI· · ·AuI interac-

ions, although in these cases no X-ray crystal structure were
etermined to confirm the presence of such interactions. Even
{Au(C6F5)3}3(triphos)] [118] shows the same optical proper-
ies, which is not usual in gold(III) derivatives.

A couple of complexes containing a
riphoshine as bidentate chelate, namely
Au(C6F5)2{(PPh2CH2)2C(CH3)CH2PPh2}]Cl and

Au(C6F5)2{(PPh2)2CHPPh2}]BF4, have been obtained
y reaction of tdppme with [Au(C6F5)2(�-Cl)]2
120] or by protonation of the methanide derivative
Au(C6F5)2{(PPh2)2CPPh2}] with HBF4 [121].

d
s
M
m

Scheme 2
Fig. 11. Structure of [(CO)4Mo{(PPh2)2CHPPh2}Au(C6F5)]

The reactivity of the mononuclear tdppme prod-
cts [Au(C6F5)3{PPh2CH2C(CH3)(CH2PPh2)2}]
Au(C6F5)2{(PPh2CH2)2C(CH3)CH2PPh2}]Cl, which still
resent two or one free phosphorus, respectively, has been
tudied. Di- or trinuclear gold(III) or mixed-valence complexes,
hich contain the ligand in different coordination modes, have

hus been synthesized via displacement reactions with gold(I)
r gold(III) reagents as schematized in Scheme 22 [120].

Finally, the heterometal complexes
(CO)4M{(PPh2CH2)2C(CH3)CH2PPh2}Au(C6F5)nX]
M = Mo, W; n = 0, X = C6F5; n = 2, X = Cl,
6F5) or [(CO)4M{(PPh2)2CHPPh2}Au(C6F5)]

M = Cr, Mo, W) have also been prepared
rom [(CO)4M{(PPh2CH2)2C(CH3)CH2PPh2}] or
(CO)4M{(PPh2)2CHPPh2}], respectively, by ligand-
isplacement or bridge-cleavage [122,123]. The solid-state

tructure of one of the latter shows the ligand bridging a

o(CO)4 and a Au(C6F5) unit and acting as chelating ligand at
olybdenum (Fig. 11). The parallel alignment of the linear gold

2.
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ystem with one of the carbonyl groups, with a torsion angle
–Mo· · ·P–Au of 3◦, allows the Au· · ·C contact of 3.441 Å

123].

.2.2.4. Phosphino methanides. As can be deduced from the
arge number of phosphino-methanide and methanediide deriva-
ives already known, mainly of bis(diphenylphosphino)methane,
he formation of cyclic methanides is more likely than the
reparation of open ones, probably due to the stabilization pro-
uced by the delocalization of electronic density through the
ing [124]. As in the case of phosphide derivatives, the most
ffective and simple way to synthesize phosphinomethanide
omplexes consists in the use of acetylacetonate, both unco-
rdinated and bonded to a gold atom, as base. Thus, the reaction
f tris(diphenylphosphino)methane with [Au(C6F5)2(acac)]
roduces methanide [Au(C6F5)2{(PPh2)2CPPh2}], which dis-
lays a four-membered metallacycle. The presence of a
ree phosphorus allows the coordination of new metallic
ragments and, consequently, the di- or trinuclear species
Au(C6F5)2{(PPh2)2CPPh2}AuX(C6F5)n] (n = 0, 2; X = Cl,
6F5), [{Au(C6F5)2{(PPh2)2CPPh2}}2M]ClO4 (M = Ag, Au)
r [{Au(C6F5)2{(PPh2)2CPPh2}}2Au(C6F5)2]ClO4 can be iso-
ated from its reaction with the appropriate metal precursor in
:1 or 2:1 molar ratio, respectively [121] (Scheme 23). The
ethanide CP3 system is so stable that the new metal atoms

re always incorporated in the phosphorus, and even with an
xcess of metal reagent the methanide carbon atom remains
ncoordinated.

The related methanide complexes
Bu4[M(CO)4{(PPh2)2CPPh2}Au(C6F5)] (M = Cr,
o, W) can also been prepared by reaction of
M(CO)4{(PPh2)2CHPPh2}Au(C6F5)] with NBu4(acac) [123].
n the crystal structures of [Au(C6F5)2{(PPh2)2CPPh2}],
Au(C6F5)2{(PPh2)2CPPh2}AuCl] or
Bu4[Mo(CO)4{(PPh2)2CPPh2}Au(C6F5)], the coordina-

[
b
s
t

Scheme 2
stry Reviews 252 (2008) 1630–1667 1649

ion of gold(III) or molybdenum(0) is slightly distorted from
quare-planar or octahedral, respectively, probably imposed
y the chelate ligand, with a P–M–P angle of 70.1(2),
0.78(7) or 65.14(5)◦. The P–C distances (1.74(2)–1.79(2)

˚ , 1.742(7)–1.770(7) Å and 1.761(6)–1.775(6) Å, respec-
ively) are similar and shorter than in free (PPh2)3CH [125]
1.867(1)–1.877(1) Å) or in other phosphine derivatives. This
an be attributed to a degree of multiple P–C bonding in
he methanide ligand, which is also consistent with a sp2

ybridization for the central methanide carbon atom.
Similar cyclic methanide complexes with general

ormula [Au(C6F5)2{(PPh2)2CCH2Nu}] [Nu = C CPh,
5H5, acac, SPh, S2CNR2 (R = Me, Et, Bz), OEt] or
{Au(C6F5)2{(PPh2)2CCH2}}2O], intermediates in Michael-
ype additions of HNu to the C C bond of vdpp, are obtained
y reaction of [Au(C6F5)2Cl{PPh2C( CH2)PPh2}] with C, S
r O-donor nucleophiles (Scheme 24) [115] due to the strong
ctivation of the carbon–carbon double bond of the diphosphine
pon coordination with a gold(III) center.

The crystal structures of the thiophenol, diethyldithiocarba-
ate and oxide derivatives, established by X-ray diffraction
ethods [115], resemble those of the (PPh2)3C− species com-
ented above, with distorted square-planar geometry at gold

phosphine bite angle 69.87(9), 69.97(6) and 69.9(3)◦, respec-
ively) and trigonal planar methanide carbon atoms. The negative
harge of the methanide carbon is delocalized over the P–C
onds, giving them a degree of multiple bonding, while the C–C
ond distance is consistent with a single bond.

Although non-cyclic gold methanides can be syn-
hesized from [Au(C6F5)3(PPh2CH2PPh2)], such
s NBu4[{Au(C6F5)3(PPh2CHPPh2)}2Au] [117] or

Au(C6F5)3(PPh2CHPPh2)Au(tdppme)Mo(CO)4] [122],
y reaction with the appropriate acetylacetonategold(I) precur-
ors, there are two main effective strategies for synthesizing
hem: the use of the phosphino-phosphonium or calcogenide

3.
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erivatives of dppm, where the formation of cycles is avoided
ecause of the presence of the quaternary phosphorus; and the
se of dinuclear complexes with a dppm bridging ligand, with a
aturated coordination sphere for the metal centers, which also
revents ring formation. Thus, [Au(C6F5)3(PPh2CH2Ph2P E)]
E O, S) or [Au(C6F5)nClx(PPh2CH2PPh2Me)]ClO4
n = 1, 3, x = 0; n = 2, x = 1) react with

Au(acac)(PPh3)] to afford [Au(C6F5)3{PPh2CH(AuPPh3)
h2P E}] [85], [Au(C6F5){PPh2C(AuPPh3)2PPh2Me}]ClO4
r [Au(C6F5)nCl(3−n){PPh2CH(AuPPh3)PPh2Me}]ClO4
n = 2, 3) [126]. Thus, the two latter are obtained in a
ne-step reaction but can also be prepared in two stages,
onsisting in the deprotonation and coordination of the new
old fragment to the methanide carbon, as summarized in
cheme 25.

Similar reactions of [Au(C6F5)n(PPh2CH2PPh2)Au(C6F5)]
n = 1, 3) with [Au(acac)(PPh3)] or with PPN(acac)

ollowed by addition of [Au(PPh3)(tht)]ClO4 or
AuX(tht)] enable the isolation of the di- or trinuclear
pecies [Au(C6F5)n{PPh2CH(AuPPh3)PPh2}Au(C6F5)]
n = 1, 3), PPN[Au(C6F5)3(PPh2CHPPh2)Au(C6F5)] or

d
p
P
[

Scheme 2
4.

PN[Au(C6F5)n{PPh2CH(AuX)PPh2}Au(C6F5)] (X = Cl,
6F5). The same strategy has been used to prepare higher
uclearity complexes, such as the pentanuclear anionic com-
ounds PPN[{Au(C6F5)3(PPh2CHPPh2)Au(C6F5)}Au] [126]
Eq. (16)) or NBu4[{Au(C6F5)3{PPh2CH(AuX)PPh2}}2Au]
117] or the heptanuclear species
Bu4[{Au(C6F5)3{PPh2C(AuPPh3)2PPh2}}2Au] [117]

Scheme 26).

(16)

The crystal structure of the trinuclear
Bu4[{Au(C6F5)3(PPh2CHPPh2)}2Au] [117] displays

imilar features to those commented above, although no
istortion of the square-planar or trigonal geometry at gold
r methanide carbon, respectively, has been observed as the
hosphino-methanide ligand acts as a bridge instead of as a
helate.

A special case is the formation of
Au4(C6F5)2(PPh2CHPPh2)2X2] (X = Cl, Br) by oxida-
ive addition of chlorine or bromine to the cyclic

imethanide [Au4(C6F5)2(PPh2CHPPh2)2] [127]. Dis-
lacement of chlorine by reaction with [Ag(OClO3)L] (L = tht,
Ph3, PPh2Me, PTol3) produces the cationic complexes
Au4(C6F5)2(PPh2CHPPh2)2L2](ClO4)2. The crystal structure

5.
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f the triphenylphosphine compound shows its backbone as a
inear chain of three four-coordinated gold atoms in a distorted
lanar environment with Au–Au distances of 2.7305(11)

˚ (see Fig. 12) [127]. The formal charge of the Au3 unit
s +5, but integral oxidation states consistent with normal
oordination geometry cannot be assigned. It is tentatively
escribed as AuII–AuI–AuII, but other possibilities cannot be
uled out.

.2.2.5. Heterofunctional phosphines. The phosphino alkynyl
erivative PPN[(C6F5)Au(�-PPh2C C)Au(C6F5)] has recently
een prepared by treatment of [Au(C6F5)(PPh2C CH)] with
odium methoxide in the presence of chloropentafluorophenyl-
old(I) [104], as shown in Eq. (17).
The use of acetylacetonate metal complexes as depro-
onating agent has been also be employed for the
6.

(17)

ynthesis of the related AuIII or mixed AuIII/MI com-
lexes [(C6F5)3Au(PPh2C C)M(PPh3)] (M = Au, Ag),
{(C6F5)3Au(�-PPh2C C)Au}2(�-dppe)] or PPN[{(C6F5)3Au
�-PPh2C C)}2Au] from [Au(C6F5)3(PPh2C CH)]
Scheme 27) [110].

Arylation with LiC6F5, a traditional method for synthesizing
entafluorophenylgold species, has recently yielded cycloau-
ated AuII [Au(C6F5)(�-2-PR2C6H4)]2 (R = Ph, Et) or mixed
uIII/AuI [(C6F5)Au(�-2-PPh2-6-MeC6H3)Au(C6F5)(�2-2-
Ph2-6-MeC6H3)] from their corresponding benzoate analogs,
s shown in Eqs. (18) and (19) [116,128]. As commented above
see Eq. (15)), the digold(II) complex gives the zwitterionic
eterovalent complexes [Au{�-2,2′-(PR2C6H4)}2Au(C6F5)2]
fter prolonged heating in toluene as by-products in the
ynthesis of [{(C6F5)Au}2{�-2,2′-(PR2C6H4)2}] [116].
(18)
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Fig. 12. Structure of the cation [Au4(C6F5)2(PPh2CHPPh2)2L2]

The Au–P and Au–C bond distances trans to P and trans
o C in the crystal structures of some of these compounds
eflect a similar trans influence for both types of ligands,
nd, as observed in other molecular structures commented
n Sections 3.4 and 4.2.2.2, curiously the AuIII–P (2.374(1)
nd 2.3572(8) Å) and AuIII–C (2.063(8)–2.099(4) Å) lengths
re longer than the AuI–P (2.274(1)–2.309(5) Å) and AuI–C
1.982(8) and 2.056(4) Å) ones [110,116,128]. The dinuclear

Au(C6F5)(�-2-PPh2C6H4)]2 [116] and [(C6F5)Au(�-2-PPh2-
-MeC6H3)Au(C6F5)(�2-2-PPh2-6-MeC6H3)] [128] display
hort intramolecular Au–Au distances of 2.6139(4) and
.1948(2) Å, according to the presence of a metal–metal bond

S

C
[

Scheme 2
stry Reviews 252 (2008) 1630–1667

(19)

n the gold(II) complex and suggesting a weak interaction in the
ixed-valence compound.
Regarding P, N-donor ligands, a series of phosphino-

mine and -amido derivatives of 2-(diphenylphosphino)aniline
2-PPh2(C6H4NH2), PNH2] have been described [109].
he cationic [Au(C6F5)2{�2-PPh2(2-C6H4NH2)}]ClO4 can
e obtained from the free ligand or by elimination
f chlorine from cis-[Au(C6F5)2Cl{PPh2(2-C6H4NH2)}], as
hown in Scheme 28. Both mononuclear products, as well
s uncoordinated 2-(diphenylphosphino)aniline, afford the
hosphino-amido complex [Au(C6F5)2{�2-PPh2(2-C6H4NH}]

hen treated with the adequate acetylacetonate reagent,
hich then reacts with [M(OClO3)(PPh3)] (M = Au,
g) to give the dinuclear [Au(C6F5)2{�2-PPh2{2-
6H4NH(MPPh3)}}]ClO4. The digold product can also
e obtained by reaction of [Au(C6F5)2{�2-PPh2(2-
6H4NH2)}]ClO4 with [Au(acac)(PPh3)] (1:1), and when

he molar ratio is 1:2 the trinuclear species [Au(C6F5)2{�2-
Ph2{2-C6H4N(AuPPh3)2}}]ClO4 is the resulting product (see

cheme 28).

The solid-state structures of [Au(C6F5)2{�2-PPh2(2-
6H4NH2)}]ClO4, [Au(C6F5)2{�2-PPh2(2-C6H4NH}] and

Au(C6F5)2{�2-PPh2{2-C6H4N(AuPPh3)2}}]ClO4 show the

7.
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S gClO4; (iv) [Au(acac)R2]; (v) Tl(acac); (vi) PPN(acac); (vii) [Ag(OClO3)(PPh3)];
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cheme 28. R = C6F5; (i) 1/2 [AuR2(�-Cl)]2; (ii) [AuR2(OEt2)2]ClO4; (iii) A
viii) [Au(OClO3)(PPh3)]; (ix) [Au(acac)(PPh3)]; (x) 2 [Au(acac)(PPh3)].

old(III) centers in a square-planar environment bonded to two
entafluorophenyl rings and chelated by the PNH2, [PNH]− or
N(AuPPh3)2 ligands [109]. The narrowest angle is always the
ne restricted by the chelating ligand (812.09(13)–84.81(16)◦).
he AuIII–C bond distances clearly indicate a higher trans

nfluence of the PPh2 group than the NH2 or N(AuPPh3)2, as
ell as a higher trans influence from the deprotonated NH
roup than from NH2 or N(AuPPh3)2 since the Au–C distances
n [Au(C6F5)2{�2-PPh2(2-C6H4NH)}] are more similar.
n intramolecular interaction between the gold(I) centers

2.9749(3) Å) is present in the trinuclear derivative (Fig. 13),
nd the AuI–AuIII distances of 3.3219(3) and 3.4961(3) Å may
ndicate weak interactions between the gold(I) and the gold(III)
enters, which, although infrequent, have also been described in
ther complexes and have been the object of theoretical studies
34,35,45,128].

The monooxidized dppmO in
Au(C6F5)3(PPh2CH2Ph2P O)] acts as P, O-donor
igand in the gold/thallium products [{Au(C6F5)3(�-
Ph2CH2Ph2PO)}2Tl(C6F5)2X] (X = Cl, C6F5) synthesized by
eaction of the former with [Tl(C6F5)2Cl] or [Tl(C6F5)3(diox)]
diox = dioxane) [129]. The structure of the former (Fig. 14),
etermined by X-ray diffraction methods, shows similar Au–C
nd Au–P distances to other tris(pentafluorophenyl) phosphine

s
(
a

Fig. 13. Structure of [Au(C6F5)2{PPh2(2-C6H4N(AuPPh3)2]}

old(III) complexes, indicating a nearly equal trans influence of
he P- and C-donor ligands.

The sulfur atom of [Au(C6F5)3(PPh2CH2Ph2P S)] can also
eact with other metal complexes, such as [Au(PPh3)]TfO, to
ive a species with the ligand acting as P, S-donor, namely
Au(C6F5)3(�-PPh2CH2Ph2PS)Au(PPh3)] [85] (Eq. (20)).

(20)
The same type of reaction prompts the synthesis of the
nake-type complexes [{Au(C6F5)}2(�-PPh2CH2SPh)2M]TfO
M = Cu, Ag) by addition of [Cu(NCMe)4]TfO or AgTfO to

solution of [Au(C6F5)(PPh2CH2SPh)] (1:1 or 1:2) [106]
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Fig. 14. Structure of [{Au(C6F5

Scheme 29). When the same reaction takes place using silver
rifluoroacetate instead of triflate salt, the tetranuclear complex
Au(C6F5)(�-PPh2CH2SPh)Ag(�-CF3CO2)]2 is isolated; this
s an example of how changes in a counterion can significantly
ffect the final geometry of a product [106]. If the molar ratio
f the reagents in this reaction is 2:1 instead of 1:1, a complex
f stoichiometry [AuAg2(C6F5)(CF3CO2)2(PPh2CH2SPh)], in
hich the thioether ligand is expected to be coordinated to

wo silver trifluoroacetate moieties through the silver atoms, is
btained.

The crystal structure of the Au2Ag2 species (Fig. 15)
hows the metallic centers forming a zig-zag chain with
he Ph2PCH2SPh ligands bridging the gold and silver
toms (with Au–P and Ag–S bonds) and the silver atoms
ridged by the trifluoroacetate ligands. There are short
u· · ·Au and Ag· · ·Ag bonding interactions of 3.0335(8)
nd 2.8155(9) Å. The former is slightly longer than in the
elated [AuAg(�-PPh2CH2SPh)2](TfO)2 (2.9314(5) Å) [106],
hereas the latter is shorter than in the homodinuclear [Ag(�-
Ph2CH2SPh)]2(ClO4)2 (2.9732(9) Å) [130] and even shorter

o
t
t
i

Scheme 2
Fig. 15. Structure of [Au(C6F5)(PPh2CH2SPh)Ag(CF3CO2)]2

han the values found in metallic silver (2.89 Å) or in many silver
xides [131]. The geometry at the gold centers is distorted from

he linearity (C–Au–P 170.16(9)◦), perhaps as a consequence of
he Au· · ·Ag interaction, while the silver atoms present a more
rregular geometry.

9.
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Fig. 16. Structure of [{Au(C6F5)}2{PPh2C( S)N(H)Me}

Again, the use of [Au(C6F5)(tht)] has been shown as a useful
athway for the synthesis of new arylgold(I) compounds. Thus,
ts treatment with free P, S-donor ligands, such as diphenylphos-
hinothioformamide [PPh2C( S)N(H)Me] or the perfluorinated
enzothiazolephosphine ligand PPh2(CNS)(C6F4), or with
etal complexes with donor capacity, such as [SnR2(2-
C6H4PPh2)2] (R = Me, tBu, Ph), afford the neutral species
{Au(C6F5)}2{�-PPh2C(=S)N(H)Me}] [105], [Au(C6F5){�-
Ph2(CNS)(C6F4)}] [132] or the SnIV/AuI derivatives
{Au(C6F5)(2-PPh2C6H4S)}2SnR2] [133] (Scheme 30).

In the case of [{Au(C6F5)}2{�-PPh2C(=S)N(H)Me}] [105],
lthough it is considered a dinuclear compound, it crys-
allizes into tetranuclear units formed by an intermolecular
u· · ·Au interaction of 3.2712(5) Å between two dinuclear
nits (Fig. 16) and it is described in the paper as a tetranu-
lear complex. The shortest intermetallic distances between
djacent tetranuclear units of approximately 6 Å. The inter-

olecular Au· · ·Au contact is longer than the intramolecular

istances, which are 3.1631(5) and 3.0391(5) Å. These
ntramolecular distances are associated with the cis confor-

ation observed in the complex, which is also the preferred

[
t
i
(

0.

onformation in dinuclear products containing a single dppm
ridge, such as [{Au(C6H5)}2(�-dppm)] (3.154(1) Å) [134] or
{Au(C6F5)}2(�-dppm)] (3.162(1) Å) [135] or in the biphenyl
erivative [{Au(C6F5)}2{�-2,2′-(PPh2C6H4)2}] (3.0688(8) Å)
116].

[Au(C6F5){�-PPh2(CNS)(C6F4)}] has been included in this
ection although the sulfur atom of PPh2(CNS)(C6F4) only there
s only weak interaction with the gold centers (Au–S distance
.3409(9) Å) [132]. The crystal structure of [{Au(C6F5)(2-
Ph2C6H4S)}2SntBu2] [133] shows no significant interactions
etween the metallic centers.

Finally, the comparison of AuI–P distances trans to
hosphorus (2.269(3)–2.2886(10) Å) and trans to nitrogen
2.2395(9)–2.2505(9) Å) in the species containing heterofunc-
ional phosphines that have been structurally characterized
econfirms the higher trans influence of the P-donor ligands
hen compared with P-donor ones. Similarly, the com-
arison of the AuIII–C bond lengths trans to phosphorus
2.050(5)–2.088(8) Å), C6F5 (2.063(8)–2.099(4) Å) and nitro-
en (2.019(6)–2.053(4) Å) indicate that the trans influence
roduced by the C-donor and P-donor ligands is of the same
rder and stronger than that from N-donor ligands.

. Group 14 donor atom ligands

.1. Carbenes and carbines

A small number of carbene and carbine gold complexes
ave been described in recent years, such as the monocarbene

[136]

136] or [137], obtained by pro-
onation or methylation from their corresponding thiazolyl or
sothioazolyl derivatives, as exemplified for the former in Eq.
21).
(21)
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Fig. 17. Structure of [Au(C6F5){CN(Et)Me}W(C5H5)(CO)2]

The displacement reaction of [W{(CN(Et)Me}(�5-
5H5)(CO)2] with [Au(C6F5)(tht)] has enabled the

ynthesis of the hetero-nuclear aminocarbyne [Au(C6F5){�-
N(Et)Me}W(�5-C5H5)(CO)2] [138], an adduct that exhibits
molecule of the starting product bonded to the Au(C6F5) frag-
ent through one of the W–Ccarbyne � bonds, with the formation

f a WCAu ring (see Fig. 17). The tungsten atom acquires its
losed electronic configuration through a mechanism which is
omewhere in between the resonance structures N–C W and
+ = C = W−. The Au(C6F5) fragment achieves the preferred

wo-coordinative 14-electron configuration by accepting an
lectron pair from the in-plane localized W–Ccarbyne � orbital,
esembling the coordination of an olefin ligand. This interac-
ion perturbs, but does not disrupt, the electronic structure of the
onor.

The Au–W and Au–Ccarbyne distances of 2.727(1) and
.13(2) Å, respectively, can be compared with the corresponding
alues in the related compound [AuWBr(bipy)(C6F5)(CO)2(�-
C6H4Me-4)] (2.783(1) and 2.080(3) Å) [139] and the Au–Caryl

istance of 2.07(2) Å compares well with that observed
n [Au(Fmes)(Me3SiC C)2Ti(�5-C5H4SiMe3)2] (2.079(7) Å)
140,141].

.2. Alkynyls

Alkynylgold compounds are poorly represented, and only
he ethynylgold(I) derivative PPN[Au(C6F5)(C CH)] has been
escribed in recent years, and which is obtained from treatment
f PPN[Au(C6F5)(acac)] with C2H2 [142].

Its crystal structure (Fig. 18) displays a quasi-linear
–Au–C≡CH fragment with C–Au–C and Au–C≡C bond
ngles of 176.9(2) and 174.6(5)◦, respectively. The Au–Caryl

ond distance in this complex (2.049(5) Å), as well as that in the

elated PPN[Au{2,4,6-(NO2)3C6H2}(C≡CH)] [142] (2.039(5)
˚ ), are longer than the Au–Cethynyl lengths of 1.984(6) and
.0148(56) Å, respectively, consistent with a stronger trans influ-
nce of alkynyl than aryl ligands.

c
t
m
o

Fig. 18. Structure of the cation Au(C6F5)(CCH)]

.3. Ylides

Although the chemistry of gold ylides was extensively
eveloped in the eighties and led to the description of
any gold(II) species, this field of research has been

ess productive in recent years, with only a few gold
lides having been reported in this period. The phospho-
anium salt [CH(PPh2Me)2]TfO, synthesized from the ylide
PPh2CH PPh2Me], reacts with [Au(C6F5)(tht)] to afford its
rst metallic complex, [Au(C6F5){CH(PPh2Me)2}]TfO, which,
espite the weak nucleophilic character of the ylidic carbon, is
table [143] (Eq. (22)).

(22)

Its crystal structure displays a Au–Caryl distance of 2.029(6)
˚ , of the same order as those found in related complexes

ith C6F5 groups trans to an ylidic carbon atom (mean dis-
ance 2.024 Å) [144–146] and close to the Au–Caryl distance
n PPN[Au(C6F5)(C≡CH)] (2.049(5) Å), commented above
142]. The Au–Cylide bond length (2.112(6) Å) is longer than
he Au–Caryl one, and its value agrees well with those in the
omplexes mentioned and with a stronger trans influence from
he aryl group than from ylide ligands.

Reaction of the asymmetric gold(II) ylide
(C6F5)Au(CH2PPh2CH2)2AuCl] with silver perchlo-
ate led to [(C6F5)Au(CH2PPh2CH2)2Au(OClO3)]
147], which further reacts with gold(I) species such as
Bu4[Au(C6F5)2] or [Au(CH2PPh2CH2)2Au] in a 2:1
olar ratio (Scheme 31) to give the penta- or hexanuclear

erivatives [{(C6F5)Au(CH2PPh2CH2)2Au}2Au(C6F5)2]ClO4
r [{(C6F5)Au(CH2PPh2CH2)2Au}2Au(CH2PPh2CH2)2Au]-
ClO4)2, respectively. The same results can be achieved
f the reactions are carried out with [(C6F5)Au-
CH2PPh2CH2)2Au(tht)].

Although none of them have been structurally characterized,
he molecular structure of the hexanuclear 2,4,6-trifluorophenyl
erivative was determined by X-ray diffraction methods, show-
ng an hexametallic AuII–AuII–AuI· · ·AuI–AuII–AuII skeleton
omprising three pairs of gold atoms, each doubly bridged by

wo bis-ylide ligands, and the three [Au(CH2PPh2CH2)2Au]

oieties held together through two unsupported Au–Au bonds
f 2.7370(7) Å [147].
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. Metal-containing ligands

.1. Ferrocene derivatives as ligands

The search of non-traditional ligands, and recent interest
n the preparation of ferrocene-containing complexes due to
heir increasing role in the rapidly growing areas of organic
ynthesis and catalysis in material science [148–150], has led
o the synthesis of a large number of functionalized ferrocene
erivatives as ligands in recent years. Ferrocene has become a
ersatile building block for the synthesis of compounds with
ailor-made properties, and numerous products in which one or
oth cyclopentadienyl rings are bound to organic groups con-
aining one or more donor atoms have been reported [148].

For the isolation of perfluorophenylgold derivatives ligands
ith different donor atoms, such as sulfur [Fc(S2CNEt2)2,
c(SPh)2, Fc(PPh2S)2], selenium [Fc(SePh)2], nitrogen [Fcpy,
c(Spy)2, FcCH2pz, FcCH2NHpyMe, Fcterpy] or phospho-
us [FcCH2PPh2, FcCH2PPh2CH2PPh2

+, Fc(SPh)PPh2,
′
c(SePh)PPh2, PFc2Ph, Fc (PPh2)2], [Fc = ferrocenyl

�5-C5H5)Fe(�5-C5H4) or ferrocenediyl, Fe(�5-C5H4)2;
c′ = octamethylferrocenediyl, Fe(�5-C5Me4)2] have been
mployed.

t
[
P

1.

The donor atoms present in these ligands have enough
onor capability to displace weakly coordinated molecules,
uch as tetrahydrothiophene or diethyl ether, from their gold(I)
r gold (III) complexes, or to break the chlorine bridges in
Au(C6F5)2(�-Cl)]2, affording different nuclearity heterometal
u/Fe products of the types [Au(C6F5)L], [{Au(C6F5)}2L],
{Au(C6F5)}3L], [Au(C6F5)3L], [Au(C6F5)2ClL],
Au(C6F5)2L]ClO4, [Au(C6F5)2L2]ClO4, [{Au(C6F5)3}2L] or
{Au(C6F5)2Cl}2L], which are summarized in Tables 1 and 2
151–163].

Different synthetic procedures can only be followed
n specific cases, for example in the case of the 1,1′-
is(diphenylphosphino)octamethylferrocene derivative
{Au(C6F5)}2{Fc′(PPh2)2}], a complex that can be alter-
atively obtained by arylation of the chlorine derivative with
i(C6F5) [158] (Eq. (23)). This species, as well as other related
u/Fe complexes containing the same ligand, has been tested

n vitro against various human cancer cells. Cytotoxicity,
lthough improved by the presence of gold, is not better
han that of known drugs. Its related mononuclear compound
{�-Au(C6F5)}{Fc′(PPh2)2}] was the first example of a
–Au(–P)–C tricoordinate gold(I) [158].
(23)
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Table 1
Gold(I) complexes with ferrocene derivatives as ligands

Complex Au–C (Å) Au–N (Å) Au–P (Å) Au· · ·Au (Å) Reference

[Au(C6F5)(Fcpy)] 2.00(2) 2.124(15) 3.301(2) 151
[Au(C6F5)(FcCH2pz)] 2.023(7) 2.072(5) 3.1204(6) 152
[Au(C6F5)(FcCH2NHpyMe)] 1.988(4) 2.073(4) 3.429 153
[Au(C6F5)(FcCH2PPh2)] 2.070(5) 2.284(2) [5.560] 154
[Au(C6F5){Fc(SPh)PPh2}] 2.056(6) 2.2701(16) 155
[Au(C6F5){Fc(SePh)PPh2}] 2.049(5) 2.2773(14) 155

2.037(5) 2.2643(15)
[Au(C6F5)(FcCH2PPh2CH2PPh2)]TfO 156
[Au(C6F5)(PFc2Ph)] 157
[{�-Au(C6F5)}{Fc′(PPh2)2}] 158
[{Au(C6F5)}2{Fc(Spy)2}] 159
[{Au(C6F5)}2{Fc(PPh2S)2}] 160
[{Au(C6F5)}2{Fc′(PPh2)2}] 158
[{Au(C6F5)}3(�3-Fcterpy)] 2.068(10)–2.106(8) 3.0678(6)–3.1559(7) 161
[

[
m
b

T
G

C

[

[
[

[

[
[
[
[

[
[
[

[
[

[
[
[

[
[
[

Au(C6F5){FcCH2N(AuPPh3)pyMe}]
The heterotrinuclear product
Au(C6F5){FcCH2N(AuPPh3)pyMe}], which contains a
ixed pyridine–amide ligand, is obtained in good yield

y deprotonation of the NH group of the ferrocene lig-

a
[
a
(

able 2
old(III) complexes with ferrocene derivatives as ligands

omplex Au–C (Å) Au–N (Å

Au(C6F5)3(Fcpy)] 2.017(3)N 2.101(3)
2.067(3)R

2.068(3)R

Au(C6F5)3(FcCH2pz)]
Au(C6F5)3(FcCH2NHpyMe)] 2.026(6)N 2.104(4)

2.064(5)R

2.071(5)R

Au(C6F5)3(FcCH2PPh2)] 2.067(3)P

2.080(4)R

2.068(4)R

Au(C6F5)3{Fc(SPh)PPh2}]
Au(C6F5)3{Fc(SePh)PPh2}]
Au(C6F5)3(PFc2Ph)]
Au(C6F5)2Cl(FcCH2NHpyMe)] 2.012(2)N 2.101(2)

2.028(3)Cl

Au(C6F5)2Cl(PFc2Ph)]
Au(C6F5)2{Fc(SePh)PPh2}]ClO4

Au(C6F5)2(Fcpy)2]ClO4 2.011(9)N 2.076(7)
2.015(9)N 2.089(7)

{Au(C6F5)3}2{Fc(S2CNEt2)2}]
{Au(C6F5)3}2{Fc(SPh)2}] 2.028(4)S

2.068(4)R

2.073(4)R

{Au(C6F5)3}2{Fc(SePh)2}]
{Au(C6F5)3}2{Fc(PPh2S)2}]
{Au(C6F5)3}2{Fc(Spy)2}] 2.005(5)N 2.105(4)

2.058(6)R

2.077(6)R

{Au(C6F5)3}2{Fc(SePh)PPh2}]
{Au(C6F5)2Cl}2{Fc(S2CNEt2)2}]
{Au(C6F5)2Cl}2{Fc(PPh2S)2}] 2.008(8)Cl

2.040(8)S
153
nd 6-[(ferrrocenylmethyl)amino]-2-picoline present in
Au(C6F5){FcCH2NHpyMe}] with [Au(acac)(PPh3)]
nd simultaneous coordination of AuPPh3

+ moiety [153]
Eq. (24)).

) Au–S (Å) Au–P (Å) Reference

151

152
153

2.3503(9) 154

155
155
157
153

157
155
151

162
2.3786(11) 163

163
160
159

155
162

2.386(2) 160
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Fig. 19. Different Au Au intera

The crystal structures of half the AuI/FeII complexes
ave been determined by X-ray diffraction methods, show-
ng a typical linear environment for the gold(I) center, nearly
clipsed aromatic rings at iron, and none of them display
ntramolecular Au· · ·Fe interactions. [Au(C6F5)(FcCH2PPh2)]
154], [Au(C6F5){Fc(EPh)PPh2}] (E = S, Se) [155] and
{Au(C6F5)}3(�3-Fcterpy)] [161] do not display Au· · ·Au inter-
ctions either (the shortest gold–gold distance in the former
s 5.560 Å), but there are intramolecular Au· · ·Au interac-
ions of 3.0678(6) and 3.1559(7) Å in the terpy derivative
hat may contribute to the overall stability of the system

Fig. 19a), as was shown by DTF calculations [161], and
ntermolecular aurophilic contacts (see Table 1) that led to
ssociation into pairs in [Au(C6F5)(Fcpy)] [151] (Fig. 19b)
nd [Au(C6F5)(FcCH2pz)] [152] or into chains in the case of

t
[
t
h

(24)

Au(C6F5)(FcCH2NHpyMe)] [153] (Fig. 19c). In the selenium
erivative [Au(C6F5){Fc(SePh)PPh2}], there is one intermolec-
lar Au· · ·Se contact of 3.643 Å that leads to the formation of
ouples as shown in Fig. 20 [155]. Furthermore, in most of the
tructures of gold(I) complexes, the lattice shows F· · ·H and/or
u· · ·H contacts that give rise to three-dimensional networks.
The gold(III) products that have been structurally

haracterized do not display intermolecular secondary
nteractions, aurophilic contacts or hydrogen bonds, and
ppear as monomers in the lattice with the exception of

he 6-[(ferrrocenylmethyl)amino]-2-picoline derivatives
Au(C6F5)2X(FcCH2NHpyMe)] (X = Cl, C6F5) [153]. In these
wo species, apart from intramolecular N–H· · ·Au and N–H· · ·X
ydrogen bonds, intermolecular C–H· · ·F and C–H· · ·Cl con-
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the [Ag(py)3] and [Au(C6F5)2] units with the fourth pyri-
dine molecule not coordinated to the metal centers (Fig. 21).
This arrangement is the result of the formation of molecular
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Fig. 20. Dimers pf [Au(C6F5){Fc(SePh)PPh2}]

acts create a 3D structure in the former or lead to the disposition
f the molecules into planes in the latter. Different intramolecu-
ar secondary interactions, such as C–H· · ·O between the cation
nd the anion of [Au(C6F5)2(Fcpy)2]ClO4 [151], C–H· · ·Cl
nd C–H· · ·F in [{Au(C6F5)2Cl}2{Fc(PPh2S)2}] [160] or
u· · ·Se in [{Au(C6F5)3}2{Fc(Spy)2}] [159], are present in
ther compounds. Although the sulfur atom is 3.124 Å from
he gold(III) center in the 1,1′-bis(2-pyridylthio)ferrocene
erivative, the position should be attributed more to the rigidity
f the ligand than to any significant bonding interaction.

.2. Metalloligands

.2.1. Au/Ag and Au/Cu complexes
The use of bis(perhalophenyl)aurate(I) as Lewis base in order

o generate unsupported Au· · ·M interactions between closed-
hell metal atoms by acid–base reactions with acid metal ions
as increased continually in recent years. A number of polymeric
uI/AgI complexes of stoichiometry [Au2Ag2(C6F5)4L2]n were
repared about 20 years ago using this strategy, as shown in Eq.

25) [164,165].

A

able 3
old/silver and gold/copper complexes

omplex Au–C (Å) C–Au–C (

AuAg(C6F5)2(py)4]n

Au2Ag2(C6F5)4(1,10-phen)2]n

Au2Ag2(C6F5)4(2,2′-bipy)2]n

Au2Ag2(C6F5)4(tht)2]n

Au2Ag2(C6F5)4(O = CMe2)2]n 2.086(8) 177.3(3)
2.092(7)

Au2Ag2(C6F5)4(N≡CMe)2]n 2.055(6) 175.9(2)
2.088(6)

Au2Cu2(C6F5)4(N≡CMe)2]n 2.043(5) 175.92(15)
2.090(4)

AuCu(C6F5)2(N≡CMe)(N2C4H4)]n 2.056(5) 178.09(16)
2.045(5)
Fig. 21. Chains of [AuAg(C6F5)2(py)4]

Although they were isolated as solids whose colors varied
rom pale yellow to red, while in solution they were color-
ess. The optical properties of such materials were not studied
ntil 2000, when [Au2Ag2(C6F5)4(O = CMe2)2]n and its opti-
al properties were studied in solid state at room temperature
nd at 77K, as well as in acetone solution. This yielded very
nteresting results [166]. The interesting properties and potential
pplication of certain derivatives of this type as sensors based
n vapochromic behavior has promoted the synthesis of new
elated species through similar procedures (see Table 3).

When the reaction shown in Eq. (25) is carried out in
ichloromethane in the presence of excess pyridine, a colorless
olid of stoichiometry [AuAg(C6F5)2(py)4] is obtained [167].
he single-crystal X-ray diffraction study of this species shows

he silver atom distorted over two positions (50% each one),
hich does not enable a valid analysis of its bond distances and

ngles. Anyway, it univocally shows an extended unsupported
ne-dimensional chain of alternating gold and silver atoms of

+ −
(25)

u–Ag ion pairs, to the �-stacking interactions between C6F5

Å) M· · ·M (Å) Au· · ·M (Å) Reference

[167]
[168]
[168]
[168]

3.1674(11)Au 2.7829(9) [166]
3.1810(13)Ag 2.7903(9)
2.8807(4)Au 2.7577(5) [169]
3.1084(10)Ag 2.7267(5)
2.9129(3)Au 2.5876(5) [169]
3.0197(11)Cu 2.5741(6)

2.8216(6) [170]
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the gold atom of a linear [Au(C6F5)2]− unit via an unsupported
Au· · ·Cu bonding interaction of 2.8216(6) Å (Fig. 23). It is worth
noting that this is the first unsupported Au· · ·Cu contact reported,
Fig. 22. Chain of tetranule

nd pyridine arene ligands and to packing effects. Moreover, the-
retical calculations based on approximate distances and angles
ave been carried out, revealing the presence of both metal-
ophilic AuI· · ·AgI and aromatic C6F5–py interactions [167].

The rest of Au/Ag materials present a general formula
Au2Ag2(C6F5)4L2]n (L = 1,10-phen, 2,2′-bipy, tht, O CMe2,
≡CMe) and they all seem to be one-dimensional polymers, in

ccordance with the structures of the acetone [166] and ace-
onitrile [169] derivatives, recently determined, and to those
reviously described for other complexes of the same stoichiom-
try [164,165]. The same stoichiometry and structure is shown
n the copper complex [Au2Cu2(C6F5)4(N≡CMe)2]n, readily
ynthesized in acetonitrile by reaction of equimolecular amounts
f the silver derivative and CuCl in a transmetallation reaction
169] (Eq. (26)).

Their crystal structures show polymeric chains by repetition
f [Au2M2(C6F5)4L2] units through Au· · ·Au contacts rang-
ng form 2.8807(4) to 3.1674(11) Å, and M· · ·M interactions of
.1810(13) and 3.1084(10) Å are present within the tetranuclear
ore in the silver derivatives, which are absent in the copper
ne (Cu–Cu separation 3.0197(11) Å) (see Fig. 22). Each sil-
er or copper atom is bonded to two gold centers with Au–M
istances in the range 2.7267(5)–2.7903(9) Å (M = Ag) or of
.5876(5) and 2.5741(6) Å (M = Cu), which implies a stronger
onding interaction in the silver derivative than in the copper
ne taking into account the van der Waals radii for the three
etals (Cu: 1.40, Ag: 1.72, Au: 1.66 Å) [171]. Although the

hree structures are very similar, there are some differences in
heir bonding structure. First, while in the silver complexes all
he pentafluorophenyl groups bridge the gold and silver atoms
symmetrically (see Fig. 2a) with Au–C and Ag–C distances in
he range 2.055(6)–2.092(7) Å and 2.440(8)–2.687(6) Å, respec-
ively, in the copper species half of the C6F5 groups also act as an
symmetric bridge between gold and copper (Au–C and Cu–C

istances of 2.043(5) and 2.8642(38) Å, respectively), and the
ther half bind Au and Cu more symmetrically (see Fig. 22b)
ith Au–C and Cu–C bond distances of 2.090(4) and 2.141 Å,

espectively.
u2M2] (M = Ag, Cu) units

(26)

These three complexes are brightly luminescent in the solid
tate at room temperature and at 77 K with lifetimes in the
anosecond range. They undergo olygomerization in solution
ia Au· · ·Au interactions as observed through UV–vis and
xcitation spectra in acetone or acetonitrile solutions at high con-
entrations. Thus, a correlation between the excitation spectra in
olution at different concentrations and the absorption spectra
n solid-state can be established. Time-dependent DFT calcu-
ations carried out based on models of these systems support
he idea that the origin of the luminescence of these complexes
tems from orbitals located in the tetranuclear Au2M2 units.

If the reaction shown in Eq. (26) is carried out with two equiv-
lents of copper chloride in the presence of one equivalent of
yrimidine, a different type of AuI/CuI organometallic poly-
er, [AuCu(C6F5)2(N≡CMe)(N2C4H4)]n, is obtained [170].

ts crystal structure consists of a polymeric chain formed by
he repetition of [Cu(N2C4H4)] units joint together through the
ridging pyrimidine ligands, and with the additional coordina-
ion of each Cu(I) center to a molecule of acetonitrile and to
Fig. 23. Chain of [AuCu(C6F5)2(NCMe)(N2C4H4)]
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Table 4
Gold/thallium complexes

Complex Au–C (Å) C–Au–C (◦) Tl–Au–Tl (◦) Au–Tl–Au (◦) M· · ·M (Å) Au· · ·Tl (Å) Reference

[AuTl(C6F5)2]n [172]
[AuTl(C6F5)2(py2)]n [175]
[AuTl(C6F5)2(2,2′-bipy)]n 2.064(3) 171.86(14) 140.52(1) 176.08(1) 3.0825(4) [175]

3.1397(4)
[AuTl(C6F5)2(1,10-phen)]n 2.069(8) 173.2(4) 120.19(2) 120.19(2) 3.0120(6) [175]

3.4899(6)
[AuTl(C6F5)2(4,4′-bipy)(THF)]n 2.040(6) 177.2(2) 163.24(1) 163.24(1) 3.2155(3) [175]

3.4800(3)
[AuTl(C6F5)2(4,4′-bipy)]n 2.048(3) 177.6(1) 164.92(1)[Tl–Au–Au] 3.4092(3)Au 3.0161(2) [173]

2.049(3)
[AuTl(C6F5)2(OPPh3)2]n 2.058(5) 180.0 180.0 163.1(8) 3.0358(8) [174]

2.053(6) 3.0862(8)
[AuTl(C6F5)2(L1)] [177]
[AuTl(C6F5)2(L2)]n [177]
[AuTl(C6F5)2(L3)]n 2.045(6) 180.0 180.0 139.20(1) 3.0479(2) [177]

2.047(6) 3.1427(2)
[AuTl(C6F5)2(L4)]n [177]
[Au2Tl2(C6F5)4(�-DMSO)3]n 2.057(8) 179.1(4) 178.82(2) 67.09(2) [4.100]Tl 3.2225(6) [176]

2.060(8) 179.9(4) 3.2465(6)
3.5182(8)

[AuTl3(C6F5)2(acac)2]n 2.047(5) 177.3(3) 165.07(1)[Tl–Tl–Tl] 3.6688(4)Tl 3.0653(4) [172]
97.91(1)[Tl–Tl–Tl] 3.7200(4)Tl

97.02(1)[Tl–Tl–Tl] 3.7607(4)Tl

82.87(1)[Tl–Tl–Tl]

82.19(1)[Tl–Tl–Tl]
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ince the intramolecular Au· · ·Au separation is longer than 6 Å
nd no additional secondary interactions were detected.

The strong luminescence observed in the pyrimidine deriva-
ive, which has a rich photophysics in solution and in the solid
tate, is tentatively assigned to a LMCT phosphorescent process.
his result is interpreted in terms of the Lewis basic character
f the gold center interacting with the Cu(I) Lewis acid, which
avors the copper to pyrimidine charge transfer transition [170].

.2.2. Au/Tl complexes
The acid–base synthetic strategy has also been used to isolate

eterometallic AuI/TlI polymeric systems, and thus by react-
ng equimolecular amounts of bis(pentahalophenyl)aurate(I)
nd thallium(I) hexafluorophosphate in tetrahydrofuran high
ields of the complex [AuTl(C6F5)2]n are obtained [172].
f this reaction is carried out in the presence of N- or O-
onor ligands, such as 4,4′-bipy [173] or OPPh3 [174], the
eutral ligand is incorporated in the coordination sphere of
he thallium atoms, affording [AuTl(C6F5)2(4,4′-bipy)]n or
AuTl(C6F5)2(OPPh3)2]n, respectively, as shown in Scheme 32.

The heteropolynuclear complex [AuTl(C6F5)2]n also reacts
ith organic molecules such as pyridine, bipyridine, phenan-
hroline, dimethysulfoxide or ethylenediamine in the adequate
roportions to give materials of the type [AuTl(C6F5)2L2]n,
AuTl(C6F5)2(L–L)]n or [Au2Tl2(C6F5)4(�-DMSO)3]n

175–177] or with metal compounds, such as thallium acety-

d
t
c
t

Scheme 32.

acetonate (1:1) to afford [AuTl3(C6F5)2(acac)2]n [172] (see
able 4).

Treatment of the ethylenediamine derivative
AuTl(C6F5)2(L1)] with ketones at room temperature yields
table amine–imine or diimine complexes (see Scheme 33);
hese reactions occur in a few seconds even when the solid-state
recursor is exposed to ketone vapors [177]. This reactivity
ontrasts with the classical synthesis of imines, which requires
igh temperatures, prolonged reaction periods and the presence
f dehydrating agents [178–181], and opens the door for the
tudy of new potential applications of heterometallic systems
nd their use as reagents in organic synthesis.

The crystal structures of most of these species have been

etermined and their polymeric nature has been confirmed
hanks to the presence of unsupported interactions between the
losed-shell metal ions (AuI and TlI) with Au–Tl distances in
he range 3.0120(6)–3.5182(8) Å. The crystal structures of the
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Scheme 3
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Fig. 24. Chain of [AuTl(C6F5)2L2]

iimine ligand L3, 2,2′-bipyridine, 1,10-phenantroline or OPPh3
how one-dimensional chains with alternating square-planar AuI

nd distorted trigonal bipyramidal TlI centers (considering the
ntermetallic contacts) with a vacant equatorial coordination site
pparently associated with the stereochemically active lone pair

nd the gold centers occupying the apical positions (Fig. 24).

In the case of [AuTl(C6F5)2(4,4′-bipy)(THF)]n, the bidentate
igands act as bridges between TlI centers of adjacent chains,
esulting in a 2D-network represented in Fig. 25. Interestingly,

Fig. 25. 2D structure of [AuTl(C6F5)2(4,4-bipy)(THF)]

r
[
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t
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3.

his structure displays an unusual distorted octahedral envi-
onment for the thallium atoms, which, besides the Au· · ·Tl
ontacts, bind two nitrogen atoms, the oxygen of a THF molecule
nd interact with a fluorine atom of an adjacent layer. Consid-
ring this Tl· · ·F contacts the structure can be described as a
hree-dimensional polymer [175].

The 4,4′-bipyridine derivative is formed by tetranuclear
nits with an unusual sequence Tl–Au–Au–Tl, where repul-
ive instead of attractive forces could be expected, linked
hrough bridging bipyridine ligands forming planar polymers
see Fig. 26). If additional Tl· · ·F contacts that connect adjacent
lanes are taken into account, the structure of this complex can
e seen as an infinite 3D polymer [173].

The solid-state structure of the product with DMSO
DMSO = dimethylsulfoxide) as ligand, which exhibits a differ-
nt stoichiometry, can be viewed as an extended linear chain built
y the repetition of [· · ·(C6F5)2Au· · ·Tl–(�-DMSO)3–Tl· · ·]
nits linked via both unsupported Au· · ·Tl interactions and
ridging DMSO molecules bonded to thallium, and with an addi-
ional terminal [Au(C6F5)2]− fragment interacting with one of
he thallium centers (Fig. 27) [176].

Finally, the crystal structure of the acetylacetonate deriva-
ive [AuTl3(C6F5)2(acac)2]n, which presents a different Au/Tl
atio than the other complexes, contains Tl2(acac)2 and
AuTl(C6F5)2] units linked via two Tl–O bonds [172]. Poly-
erization occurs as a consequence of the presence of

nsupported Tl· · ·Tl contacts of 3.7200(4) and 3.7607(4) Å,
nd each Tl2(acac)2 unit links one [AuTl(C6F5)2] unit form-
ng a double-chain one-dimensional polymer (Fig. 28), while in
he related pentachlorophenyl complex [AuTl2(C6Cl5)2(acac)]n

ach Tl2(acac)2 unit links two [AuTl(C6F5)2] units and forms
two-dimensional network [172]. The thallium atoms in the
l2(acac)2 units display a Tl· · ·Tl contact of 3.6688(4) Å.

All these Au/Tl complexes are strongly luminescent in the
olid state both at room temperature and at 77 K, showing a
emperature-dependence that is assumed to be a result of the
hermal contraction that occurs when temperature is lowered,
enerally losing this characteristic in solution. This lumines-
ence, which is also affected by the structural arrangements,
an therefore be attributed to intermetallic interactions, which is

lso suggested by the DFT calculations that reveal the metallic
ature of the orbitals involved in each transition [173].

When Tl· · ·Tl contacts are present in addition to the Au· · ·Tl
nes, the luminescence remains in solution. The comparison
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Fig. 26. 2D structure of [AuTl(C6F5)2(4,4-bipy)]

Fig. 27. Chain of [Au2Tl2(C6F5)4(DMSO)3]

Fig. 28. Polimeric structure of [AuTl3(C6F5)2(acac)2]



hemi

o
i
p
a
s
c
t

7

b
t
t
g
e
l
r
a
u
a
l
i
t

R

E.J. Fernández et al. / Coordination C

f these properties in solution with that of Tl(acac) seems to
ndicate that the Tl· · ·Tl interactions are not broken when the
roducts are dissolved. Thus, both the Au· · ·Tl and Tl· · ·Tl inter-
ctions are considered to be responsible for luminescence in
olid state, while experimental observations and TD-DFT cal-
ulations show that the Tl2(acac)2 unit would be responsible for
he luminescent behavior in solution [172].

. Summary

As a conclusion, pentafluorophenyl groups confer a great sta-
ility on metal complexes and make then much more stable than
heir corresponding phenyl derivatives. This has allowed the syn-
hesis and isolation of a high number of compounds, mainly
old(I) and gold(III) derivatives, which include homo and het-
rometal species and that can also contain neutral or anionic
igands with a great variety of donor atoms, including some fer-
ocene derivatives as non-classical ligands. The stability of the
nion bis(perfluorophenyl)aurate(I) is so high that it can even be
sed as a metalloligand in acid–base reactions against Lewis
cids, such as silver(I), copper(I) or thallium(I) salts, which
ead to supramolecular arrays with potential applications and
n which metal–metal interactions are frequent, and are often
he responsible for their interesting photophysical properties.
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M.D. Villacampa, Inorg. Chem. 45 (2006) 1059.
[45] O. Crespo, F. Canales, M.C. Gimeno, P.G. Jones, A. Laguna,

Organometallics 18 (1999) 3142.
[46] S. Canales, O. Crespo, M.C. Gimeno, P.G. Jones, A. Laguna, Inorg. Chem.

43 (2004) 7234.
[47] E. Cerrada, P.G. Jones, A. Laguna, M. Laguna, Inorg. Chem. 35 (1996)

2995.
[48] O. Crespo, M.C. Gimeno, P.G. Jones, B. Ahrens, A. Laguna, Inorg. Chem.

36 (1997) 495.
[49] O. Crespo, M.C. Gimeno, P.G. Jones, A. Laguna, J. Organometall. Chem.

547 (1997) 89.
[50] E. Cerrada, E.J. Fernández, M.C. Gimeno, A. Laguna, M. Laguna, R.

Terroba, M.D. Villacampa, J. Organometall. Chem. 492 (1995) 105.
[51] R. Terroba, E.J. Fernández, M.B. Hursthouse, M. Laguna, Polyhedron 17

(1998) 2433.
[52] E. Cerrada, E.J. Fernández, P.G. Jones, A. Laguna, M. Laguna, R. Terroba,

Organometallics 14 (1995) 5537.
[53] P.G. Jones, E.Z. Bembenek, Z. Kristallogr. 209 (1994) 690.
[54] R. Usón, A. Laguna, J. Vicente, J. Garcı́a, P.G. Jones, G.M. Sheldrick, J.

Chem. Soc., Dalton Trans. (1981) 655.
[55] R. Usón, A. Laguna, M. Laguna, M.L. Castilla, P.G. Jones, K. Meyer-
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Pyykkö, N. Runeberg, Eur. J. Inorg. Chem. (2002) 750.
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Luzuriaga, A. Mendı́a, M. Monge, M.E. Olmos, Chem. Commun. (1998)
2233.

[175] E.J. Fernández, P.G. Jones, A. Laguna, J.M. López-de-Luzuriaga, M.
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