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Abstract

The number of arylgold complexes has increased considerably, thanks to the use of perfluoroaryl groups, which confer the compounds a higher
thermodynamic and kinetic stability. The present review covers the evolution of the knowledge on perfluoroarylgold chemistry since 1994. It
focuses not only on the synthesis and structures, but also on the possible applications, such as those derived from the optical properties. Particular
attention has been devoted to homo- or hetero-nuclear compounds displaying intra- or intermolecular metal-metal interactions. The complexes
cited 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
ferrocene derivatives or metalloligands.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The chemistry of organogold derivatives is an old discipline
of organometallic chemistry, being known for almost a century
[1,2]. It developed very slowly in the earlier stages — the first
review of this field of research was published in 1970 [3] —but has
grown considerably in recent decades, as reflected by the number
of reviews of organogold chemistry [4—10], although it has only
been in the last 2025 years that practical applications have been
found for organogold compounds. Arylgold chemistry is one of
the most relevant sub-disciplines of organometallic chemistry
that has also enjoyed important development in recent years, due
mainly to the use of polyhalophenyl groups, which confer the
complexes a higher thermodynamic and kinetic stability. Thus,
some reviews of arylgold chemistry have been published since
1986 [11-13], the last update coming in 1994 [14] with a more
recent one (in 2005) dealing with arylgold(I) derivatives [15].

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

2. Group 17 donor atom ligands: halides

Arylhalide compounds are among the simplest per-
halophenylgold derivatives and are usually obtained by
displacement of the labile S-donor ligand tetrahydrothiophene
(tht) form [Au(CgFs)(tht)] in its reaction with an halide Eq. (1).
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method [17], although attempts to generate the phosphonium
ylide complex [Au(Cg¢Fs){CH,=PMe,(C=CPh)}] by treat-
ment with a strong base were not successful. In contrast, the
related phosphonium salt (MePh3P)[Au(Cg¢Fs5)Br] leads to
the corresponding ylide derivative [Au(CgF5)(CH, =PPh3)]
when treated with NaH, thus avoiding the need for prior
preparation of the free ylide [18]. This last halide complex has
been structurally characterized by X-ray diffraction methods,
showing discrete linear molecules with Au—C and Au-Br
distances of 2.009(5) and 2.4137(7) A [19].

The crystal structure of the related complex
(BzPPh3)[Au(CgF5)CI] has also been previously determined,
showing longer Au—C bond lengths (2.054(17) and 2.042(15)
A), which could be due to the greater trans influence of the
bromine ligand [20]. Even greater is the trans influence of the
pentafluorophenyl group, as deduced from the Au—C distances
in the gold(IIT) anion [Au(CgF5)3Cl]™, whose crystal structure
has been described with two different gold(I) cations: [Auz(j-
dppm),Cl]* (dppm = bis(diphenylphosphino)methane)
[21] and  [Aug(p-dpmp)2Cly]**  (dpmp =bis(diphenyl-
phosphinomethyl)phenylphosphine) [22].

In an attempt to prepare new superconductor materi-
als of gold the -cation-radical salts (TTF)[Au(CeF5)CI],
(TTFPhy)> 5[Au(CsFs),Cla]  or  (TTFPhy)[Au(CsFs),1>]
(TTF = tetrathiafulvalene, TTFPh, =4,4'-diphenyltetra-
thiafulvalene) have been synthesized by electrocrystallization,
although they have only shown semiconductor behavior with
an E; =0.13 eV in the range of 300-200 K [23]. This synthetic
method consists in the treatment of the electron-donor molecule
TTF or TTFPh, with the corresponding organoaurate salt
containing a classical cation under a controlled current.

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

[A U(C6F5)(tht)] + Q X

The anionic derivatives PPN[Au(CgF5)CI],
NMey4[Au(CgF5)C1] (PPN =N(PPh3);) [16] or (Me3PC=CPh)-
[Au(CgFs)Br] have recently been synthesized using this general

2-pyBN

> Q[Au(C4Fs)X] + tht (1)

N-benzyl-C(2-pyridil)nitrone (2-pyBN) and methylacrilate (Eq.
(2)), decreasing reaction time and favoring the formation of the
exo (cis) isomer [26].
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In order to identify possible intermediates in the cycloaddi-
tion reaction, new nitrone derivatives [Au(CgF5)Cly(2-pyBN)]
and [Au(CgF5)>Cl(2-pyBN)] have been prepared by treating
[Au(CgFs)Cl,(tht)] or [Au(CgFs)2(-Cl)], with the free ligand
[26].

3. Group 16 donor atom ligands
3.1. Sulfides and selenides

Treatment of halide complexes of the type Q[Au(CgFs),X]
(n=1, 3) with SH» in the presence of a base leads to
the corresponding hydrosulfido derivatives Q[Au(CgFs5)(SH)]
(Q=PPN, NBuy, NEty) or to trinuclear bridging sulfido com-
plexes Q[{Au(CgFs)}3(13-S)] (Q=PPN, NBuy, NEt4, NMey4)
[16] (Scheme 1). The crystal structure of one of these trinu-
clear derivatives was determined by X-ray diffraction methods,
showing the sulfur atom in a distorted trigonal pyramidal
environment with Au---Au contacts between 3.1844(9) and
3.4772(9) A and, correspondingly, a narrow Au-S—Au angle
(86.68(12)-97.65(13)°). Two of these pairs of parameters
are in the normal range observed for related sulfur-centered
derivatives [27-30] (Au- - -Au 2.990(1)-3.420(1) A; Au-S-Au
79.5(1)-95.0(3)°). All these Au---Au and Au-S—Au values
are similar to those calculated for S(AuPH3)3* using relativis-
tic potentials (Au---Au 3.05, 3.52 A; Au-S—Au 82.3, 98.5°)
[31].

Similarly, the reaction of NBus[Au(CgFs)3Br] with Na(SH)
leads to the synthesis of NBus[Au(CgF5)3(SH)], which then
reacts with one equivalent of [Au(Cg¢Fs5)3(OEt;)] to afford
a dinuclear species with a bridging hydrosulfido ligand
NBuy[{Au(Ce¢Fs)3}2(n-SH)] [32]. Its treatment with triph-
enylphsophinegold(I) or silver(I) starting materials and an
excess of NayCOj3 leads to the trinuclear Au'/M! derivatives
NBu4[{Au(CgFs)3 }2(MPPh3)(1.3-S)] (M = Au, Ag) as shown
in Scheme 2 [32]. The crystal structures of these last three
complexes have been determined, showing a trigonal-pyramidal
geometry at sulfur with no short Au—Au or Au—Ag interactions.
The Au—C bond distances trans to sulfur are generally shorter

SH, + NHEt,

than the cis ones, indicating a greater trans influence for the
pentafluorophenyl group if compared to sulfide or hydrosulfide,
and also greater than for PPh3 as demonstrated by the Au-S
bond lengths in NBuy[{Au(CgFs)3 }2(AuPPh3)(p.3-S)], which
are longer for gold(IIl) (2.374(5) A) than for gold(I) (2.303(5)
A) in spite of the shorter radium of trivalent gold [32].

Other homo- or heteropolynuclear (from three-
to heptanuclear) compounds containing a sulfide or
selenide ligand bridging three or four gold atoms can
be prepared by reaction of the phosphino derivatives
[{Au(PPh3)}2(w-E)] or [{Auy(u-dppD}(p-E)] (E=S, Se;
dppf =1,1"-bis(diphenylphosphino)ferrocene) with the appro-
priate pentafluorophenylgold(I) or gold(IIl) starting complexes
as shown in Scheme 3 [33-36].

The crystal structures of some of these derivatives:
[{Au(CeFs)3 H{Aux(dpph) }(n3-E)]  (E=S, Se) [35.36],
[{Au(CgFs)3 }2{Aua(dpph) } (n4-S)]  [34], [{Au(CeFs)3}2-
{Au(PPh3)}2(pa-S)]  [34], [{p-Au(CeFs)2 }{Au(PPh3)} -
(u3-Se)l> [36] and [{Au(CeFs)2}{Aux(dppf)(ps-S)}2]OTE
(OTf =trifluoromethylsulfonate, O3SCF3;) [35] have been
established by X-ray diffraction methods, with linear or
square-planar gold(I) or gold(Ill) atoms, respectively. The
geometry at the sulfur or selenium atoms is essentially trigonal
pyramidal in the triply bridging sulfido or selenido complexes
or tetrahedral in the p4-E derivatives. With the only exception of
[{w-Au(CgFs)2 H{Au(PPh3)} (n3-Se)la, they show Aul.-.Au!
aurophilic interactions in the range 2.8889(8)-3.2244(19)
A that are correlated with the narrower Au-E-Au angles
(73.81(3)-87.75(11)°) and that compare well with those
observed for related sulfur-centered derivatives [27-30,37,38].
There are also some Aul---Aull contacts, although these are
always weaker than the Aul--.Au' interactions. The Au-S
distances are generally longer than in the starting materials and,
as commented above, the Au(Ill)-S distances (ranging from
2.374(4) t02.397(4) 10\) are surprisingly longer than the Au(I)-S
lengths (2.319(4)-2.368(4) A). The same pattern is observed in
the Au(Ill)-Se and Au(I)-Se bond distances, showing Au—Se
lengths to gold(III) (2.4802(8)-2.5038(13) A) longer than those
to gold(I) (2.4225(9)-2.4569(11) A). The Aul-Se distances are

Q[Au(CeF5),(SH)]
Q = PPN, NBu, NEt,

Q[Au(CeF5),X]
(n=1,3)

SH, + NHE,

QUEAWCF )1 (is-$)] ~Lhm Q{AU(CEF5) 5(u-S)]
(Q = NEt, NMey)

(Q'= PPN.NBuy)

Scheme 1.

(AR, x—N20H)

R = C6F5

[AuR,(SH

. [AuR;(OEL)]
'

[{AuR3},(p-SH)I
[MA(PPh;)]
+ Nﬂ.zC03

[{AuR;}o(MPPhy)(ps-5)]
M = Au, A = 0CIO;
M= Ag, A= OssCFS

Scheme 2.
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generally of the same order as those in the related complexes

[{Au(PPh3)}3(p3-Se)l™ [39] or [{Auz(dppf)}H{ Auz(dppf)(pa-
Se)}z](OTf)z [40] (2.4240(10)-2.4704(10) A), while the

S—Au—FPPh,

NH,

Au"_Se ones are longer than in [AuCl3(SePhy)] (2.445(1) A)
(41].

3.2. Thiolates and selenolates

The potential use of thiolate gold(I) complexes in medicine,
including uses as antiarthritic and cancerostatic drugs [42], has
led to the synthesis of a great variety of thiols and their corre-
sponding thiolate derivatives. One example of a non-classical
thiol is the borane derivative 1-methyl-2-sulfanyl-1,2-dicarba-
closo-dodecaborane (HSCBoH;9CMe), which reacts with
NBu4[Au(CgF5)3Br] to afford the thiolate gold(IIl) derivative
NBu4[Au(CeFs5)3(SCB1oH10CMe)] [43] Eq. (3).

I 1/2 [AuRy(OEty),]*

VAY,
+ NBuy[Au(C4Fs5);Br] ———— > NBu, ? ‘
i

R:C6F5

+

C|6F 5
S —Alu —C¢F5
CeFs
Me 3)
The  dinuclear mixed  gold(I)-gold(IIl) thiolate

[{Au(CgFs)3 }{Au(PPh3)}(2-SC¢H4NH;)] is obtained by
the reaction of [Au(PPh3)(2-SC¢H4NH;)] with one equivalent
of [Au(CgFs)3(tht)], as shown in Eq. (4) [44].

NH, 4)

Similarly, the homo- and heteropolynuclear thiolate or
selenolate  complexes  [{Au(Cg¢Fs5)3(-ER) }2{Aua(L,L)}]
(L,LL=dppm, ER=2-SCgH4NH;; L,L=dppf, ER=SCgFs,
SePh),  [{p-Au(CeFs)3}(n-SePho)2{Aux(dppf)}]  or
[{Au(CFs)2 }{(n3-SCeFs)(Auadpph) }1(CI04)s  [44-46]
can be prepared when thiolate- or selenolatephosphinogold(I)
complexes of the type [{Auz(p-L,L)}(ER)] (L,.L=dppm,
ER =2-SCgH4NH>; L,L =dppf, ER =SC¢Fs, SePh) are treated
with gold(III) reagents containing labile ligands.

Some of them have been characterized by X-ray
diffraction methods. Complex [{Au(CgFs)3(ju-2-
SCsH4NH2)}2{Aua(dppm)}] [44], which crystallizes with
two independent molecules in the asymmetric unit, shows
both Au'-Au' and Au'-Au contacts of different magnitude



1634

E.J. Ferndndez et al. / Coordination Chemistry Reviews 252 (2008) 1630-1667

R:C6F5
R R R R
\ / \ /
e E{--".'-‘\u""S STAu—R . R\
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f_ -/ R Au Au R R, L l v R
/AU\ ,Au--.. \ | Au-——==--= Au
R s [~1 R Ph,P PPh A | "
R Au====Au R 2 : Ph,P PPh
\ / 2
Ph,P<_PPh, Fe
“Fe
(a) (b) (c)
Fig. I. R=CgFs.

(Fig. 1a). After complexation of the gold(Ill) fragments, there
is a shortening of the Aul-Au! distance to 2.9353(7) and
2.9332(7) A [3.1346(4) A in the starting compound]. The
Au'-Au"™ lengths range from 3.2812(7) to 3.4052(7) A, shorter
than in other sulfide, thiolate, or selenide-mixed derivatives
[3.404(1)-4.011(1) A] [34-36]. In the crystal structure of the
heteropentanuclear  [{Au(CgFs5)3(.-SCgFs)}2{Auz(dpph)}]
[45], the Au'-Au' distance of 3.834(2) A is too long to
be considered a significant interaction, and is longer than
the Au'-Aul distance (3.608(2) A) (Fig. 1b). Lastly, in
[{Au(CgFs)3(ie-SePh) }2{Aua(dppf)}] [46] an intermediate
situation has been observed, with Aul-Au! distances shorter
than the Au'-Au'™! lengths (3.693 and 3.578 A) (Fig. lc). As
expected, all of them show linear and square-planar gold(I)
and gold(IIl) atoms, respectively, and, as in the structures
commented above, the Au(Il)-S (2.372(3)-2.380(2) A) or
Au(IIl)-Se distances (2.4878(4) and 2.4896(4) A) are again
longer than the Au(I)-S (2.332(3)-2.342(3) A) or Au(I)-Se
lengths (2.4408(5)-2.4392(5) A), and the Au(II)-C distances
confirm the greater trans influence of the perhalophenyl group
when compared with the thiolate or selenolate.

When dithiolate ligands are used instead of thiolate ones,
anionic dinuclear gold(I) species containing the sulfur donor
ligands 2-thioxo-1,3-dithiole-4,5-dithiolate (C3 S52~, dmit) [47]
or 1,2-dithiolate-o-carborane [48] can be prepared by reaction
of pentafluorophenylhaloaurate(I) with the ligand (deprotonated
in situ) in a 2:1 molar ratio, as shown in Scheme 4. In these
complexes, the dithiolate acts as a bridging ligand between two
gold(I) complexes, but it can be transformed into a chelate lig-
and by oxidation of Q[{Au(CgFs)}2(dmit)] (Q=PPN, NBuy)
with 7,7,8,8-tetracyanoquinodimethane (TCNQ), affording the
gold(IIT) derivatives Q[Au(CgF5)>(dmit)] [47]. A similar com-
plex in which the bidentate sulfur donor ligand acts as chelate
is the carborane derivative NBuyg[Au(CgF5)2(S2C2B1oH10)],
obtained from NBuy[Au(CgF5)2Cl;] and HpS,C>B1gH g under
basic conditions [49].

Na,(S-S
2 Q[Au(C4F5)X] L" Q: |:<

Q =PPN: X =ClL 8-S = dmit
Q = NBuy: X = Br; §-§ = dmit
Q =PPhyMe: X = Br: §-§ = §,C,B4H

S_AU_C(,F:;

S'_AU_C(,F‘

A number of neutral dithiolate gold(Ill) complexes
with general formula [Au(CgF5)(S-S)L] and with the
bidentate ligand acting as chelate can be prepared by
reaction of cis-[Au(CgFs)ClL,L] with tin or zinc reagents
of the types [SnMe>(S-S)] or Qz[Zn(S-S);], which can
transfer the dithiolate group under mild conditions [50]
(see Scheme 5). The labile ligand triphenylarsine can be
easily displaced from [Au(CeF5)(S—-S)(AsPh3)] [S-S=1,2-
benzenedithiolate (1,2-SQC6H42_), 3,4-toluenedithiolate
(3,4-82C6H3CH32_)] by treatment with diphosphines to
yield [Au(C6Fs)(S-S)(dppm)] or [{Au(CeFs)(S-S)}2(dppe)]
(dppe = bis(diphenylphosphino)ethane) [51]. The dppm deriva-
tives, which display a free phosphorus atom, can also react
with an equimolecular amount of [AuX(tht)] (X=Cl, CgFs) to
produce Au'/Au'™ products [Au(C¢F5)(S—S)(dppm)AuX] [51].

If cis- or trans-[Au(CgFs)Cly(tht)] is used instead of
cis-[Au(CgF5)ClL] in the reaction with [SnMe(S-S)] or
Q2[Zn(S-S),] in acetone or dichloromethane, a different result
is obtained as a consequence of the displacement of tht, and thus
the trinuclear cyclic compounds [Au(CgFs)(S-S)]3 (S-S=1,2-
S>,CeHy, 3,4-SpCgH3CH3, dmit) are isolated and from the
mother liquors [SnMe;Cl;] or Q2[ZnCly] are recovered [52].
These trimers react under very mild conditions with neutral or
anionic ligands or give dithiolates of formula [Au(CgFs)(S—S)L]
[L =PPh3, py (pyridine)] or Q[Au(CgFs5)(S-S)X], respectively
[52], as shown in Scheme 5. When S-S =1,2-S,CgHy4 is used,
a small quantity of pink complex precipitates, identified as
[Au(CgFs5)(1,2-S2CeHa)(SCeH4SPPh3)] and containing a new
thiolate ligand formed by an unprecedented coupling of triph-
enylphosphine and one S terminus of dithiolate [52].

The  molecular  structures of the  complexes
PPN[Au(CsFs)2(dmit)] [47], [Au(CeFs5)(1,2-S2C6H4)(PPh3)]
[50], [Au(CgFs)(1,2-SoCeHa)(SCcH4SPPh3)] [52] and
[Au(CeFs5)(1,2-S2CeHy)(dppm)Au(CgFs)] [51] have been
established by X-ray diffraction studies. All of them exhibit
square-planar geometry at gold(IIl), contain chelate dithiolate

C.1

TCNQ el
— s

§7 C4Fs

Q =PPN.NBuy: $-8 = dmit

Scheme 4.
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~
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[AURCl,(tht)]
i S

BN N/
S Py A
| e ( Vi ll\

$-8 = 1,2-8,C¢H,

Scheme 5.

ligands and the 1,2-benzenedithiolate derivatives display
very similar [Au(CgFs)(1,2-SoCgH4)] fragments. The Au—C
distances, which range from 2.059(5) to 2.07(2) A, com-
pare well with those in other pentafluorophenylgold(IIl)
complexes [Au(Cg¢Fs5)4]™ (2.054(7)-2.058(8) A) [53,54]
and [Au(CgFs5)2{S2CN(CH,Ph),}] (2.047(6)-2.049(6) A)
[55]. The comparison of the Au-S distances trans to CgFs
(2.308(3)-2.324(2) A) with the Au-S distance frans to PPhs
(2.299(1) A) or to dppm (2.296(3) A) reflects a higher
trans influence of the pentafluorophenyl group compared to
phosphines [56]. These distances are very similar to those
observed in the bis(dithiolate) complexes [Au{S2C2(CN); }2]~
(2.309 A) [57], [Au(1,2-S2CgHy)2]~ (2.305 A) [58] or [Au(3,4-
S2C¢H3CH3)2]1™ (2.287(3) and 2.329(4) A) [59]. Finally, the
Au-P distances of 2.340(1) and 2.336(3) A compare well with
those for [AuCl3(PPh3)] (2.335(4) A) [60] or [AuMe3(PPh3)]
(2.350(6) and 2.347(6) A) [61]. In the dinuclear complex
the Au'-C and AuM-P lengths (2.060(11) and 2.336(3) A,
respectively) are longer than the Au'-C and Au'-P lengths of
2.039(12) and 2.264(3) A, respectively, following the same
unexpected tendency that the Au—S bond distances in the
thiolate derivatives described above.

Finally, the molecular structure of the trinuclear product
[Au(CeFs)(1,2-S2CeHa)l3 [52], which displays crystallographic
threefold symmetry, shows the central six-membered Au3S3 ring
in a chair configuration (Fig. 2) and a slightly distorted square-
planar arrangement for the gold centers. One sulfur atom of each
benzenedithiolate ligand bridges a pair of gold atoms and is thus
three-coordinate, while the other only binds one gold atom. The
relatively short Au—Au distance of 3.515 A is very similar to
the 3.563 and 3.545 A in [Au(CH3),NH>]3 [62] and is proba-
bly imposed by the ring. The Au-S distances differ significantly
and those to the bridging S are, as expected, longer (2.352(2)
and 2.395(2) A) than the other one (2.292(2) A), although sur-

Fig. 2. R=CgFs.

prisingly the Au-S frans to S is longer than the Au-S trans to C
in spite of the appreciable frans influence of carbon ligands at
gold.

3.3. Dithiocarbamates

Dithiocarbamate and their derivatives have also been fre-
quently employed as S-donor ligands for the synthesis of gold
compounds due to their applications as vulcanization accel-
erators, flotation agents, fungicides and pesticides, and their
antimicrobial activity has also been reported [63—-65]. They usu-
ally act as bidentate ligands bridging two metal atoms, although
afew gold complexes containing monodentate dithiocarbamates
have also been reported, such as [Auz(pu-S2CNMep)a{p3-
(PPh2)3CH}]CIO4 [66]. In order to test the coordinative ability
of the free sulfur atom that this species presents, it was treated
with [Au(CgFs)(tht)]. However, this reaction, instead of pro-
moting coordination of the new metallic center to the sulfur,
resulted in the precipitation of gold(I) dimethyldithiocarbamate
and the coordination of the pentafluorophenyl group to the gold
center previously bonded to SoCNMe, ™, as shown in Eq. (5)
[66].
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In a similar reaction, the insolubility of the polymeric
species [Au(S2CNMe,)], also enabled the synthesis of the neu-
tral [Au3(CgF5)Cl(-S2CNMe;)(p3-dpmp)] (see Scheme 6).
This arrangement of ligands, with dithiocarbamate and chlo-
ride acting as bridges, is proposed on the basis of its 31P{lH}
NMR spectrum, which implies that this complex should be a
racemic mixture. This complex can also be transformed into the
cationic derivative [Auz(CgFs)(u-S2CNMe;)(w3-dpmp)]TfO
(TfO = trifluoromethylsulfonate, SO3CF3) by elimination of the
chlorine atom as silver chloride when it reacts with AgTfO [67].

In the tetranuclear gold(Il) products [{Aux(CeFs)(p-
CH,PPh;CH)), }2(p-S2CNR)ICI0s  (R=Me, Et, Bz),
obtained by displacement of tht from [Auy(CgFs5)(j-
CH;,PPh,;CHj;),(tht)]C104 when treated with NayS,CNRj
(2:1) (Eq. (6)), dialkyldithiocarbamate also acts as bidentate
and bridges two dinuclear bis(ylide) units [68].

The presence of a methyl group bonded to one of
the sulfur atoms of the dithiocarbamate favors monoden-
tate coordination. Thus, reaction of methyl dithiocarbamates
S(MeS)CNHR (R =p-CgHsMe, 0-CcHsMe, p-C¢H4OMe, 3,5-
CgH3Me;) with [Au(CgFs5)(tht)] or [Au(CgF5)3(OEty)] gives
the corresponding mononuclear gold(I) or gold(III) derivatives
[Au(CgFs),{S(MeS)CNHR}] (n=1, 3) containing S-donor lig-
ands [69]. Reaction of the gold(I) complexes with primary
amines results in the thioacylation of the primary amines
affording the neutral complexes [Au(CgFs),{S(R'HN)CNHR}]
(R=p-C¢HyMe, R’ ="Bu, Cy, CH,CH;,Ph; R =p-C¢H4OMe,
R’ ="Bu) in low yields and mercaptanes [69] (see Scheme 7).

Finally, when the methylenebis(dialkyldithiocarbamates)
CH,(S2CNR»)> (R=Me, Et, Bz) is used in the reaction with
the same gold(I) or gold(III) precursors as above, the dinuclear
species [{Au(CgFs),}2{CH2(S2CNRy)2}] (n=1, 3), coordi-
nated to gold via the C=S function, are isolated [70] (Eq. (7)).

Fs),——Au—S
S ~NR; (CoFs)y u S\CI/NRz
| R,N S S
RzN\ /S\/S [Au(C()FS)(tht)] or 2 \C/ ~~—

¢ [Au(C4Fs)3(0EL)] I
Il S\
S Au

R = Me, Et, Bz \(C6F5)n N
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3.4. Small neutral molecules with group 6 donor atoms

As commented in Section 2, the gold(Ill) nitrone
derivatives [Au(CgFs5)Cl>(2-pyBN)] (2-pyBN = N-benzyl-C(2-
pyridil)nitrone) and [Au(CgFs),Cl(2-pyBN)], which are pos-
sible intermediates in the cycloaddition of 2-pyBN and
methylacrilate, have been obtained according to Eq. (8) [26].

Tetrahydrothiophene complexes [Au(CgFs),(tht)] (n=1, 3)
have been known for a long time [73,74] and have been
used extensively as starting materials in the coordination
chemistry of gold, but surprisingly their crystal structure
determinations have only been reported very recently [75]
together with the synthesis and crystal structure of another
two pentafluorophenyl gold products with tht as ligand.

CI ~(C4Fs)

u
AN - S \
N ¢ [Au(CFsrw-chl, [ N ¢ X
AN~ P or [Au(CeFs);(tht)] A ~=N~_-Ph
X = Cl, C6F5 (8)

Similarly, treatment of equimolecular amounts of
[Au(CgFs)(tht)] with the same nitrone or the thiazole—thione
ligand S,C4NH;5 readily affects the substitution of the tht to
produce the gold(I) complexes [Au(CgF5)>Cl(2-pyBN)] or

|
[AU(CﬁFs){S:CN(H)C(CHs):C(H)é}] , respectively (Scheme 8)
[26,71].

The latter has been characterized by X-ray diffraction meth-
ods, showing a linear environment for the gold(I) atom by
coordination to almost coplanar perfluorophenyl and thione
ligands with Au—C and Au-S bond lengths of 2.057(14) and
2.304(4) A, respectively [71]. Although gold(I) complexes of
the type [AuRL] frequently associate into pairs via Au—Au
contacts, no aurophilic interactions were observed in this
case, although hydrogen bonding and arene—arene interac-
tions seem to dominate lattice organization. As a result of
the N-H. - -F interactions of 3.203(15) and 3.320(17) A, the
molecules in the crystal were arranged in sheets, in which the
molecules were arranged to form dimers with the molecules
in the neighboring sheets via Au---S contacts (see Fig. 3)
with Au-S distances of 3.529(4) A. This general pattern was
also observed in [Au(SCN)(2,6-NCgH3Mes)] (Au-S 3.459(2)
A) and [Au(SCN)(2,3,6-NCgHrMe3)] (Au-S 3.938(2) and
3.719(2) A) [72).

A unique rearrangement of [Au(CgFs)3(tht)] in solution
affects ionic compound formation between two gold(IIT) com-
plexes in [Au(CgFs)a(tht);][Au(CeF5)4], and by reaction of
[Au(CgFs)(tht)] and [Au(CgFs)3(tht)] the gold(Il) compound
[Auy(CgFs5)4(tht),] is obtained as a crystalline product, repre-
senting the first example of an unbridged complex with a formal
[Aus]** core in which the gold centers are not stabilized by any
chelating ligand.

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

S‘---'A‘u
F F A '1‘ F F
! \
F A‘ —35 H
u
D>—n7
. F Sw\
CH;

Fig. 3. Dimers of [Au(C¢F5){S=CN(H)C(CH3)=C(H)S}]



1638 E.J. Ferndndez et al. / Coordination Chemistry Reviews 252 (2008) 1630-1667

Fig. 4. Chains of [Au(CgFs)(tht))]

along the a axis through alternating long (3.306 A) and short
(3.191 and 3.128 A) aurophilic interactions. Alternating pairs
of molecules are rotated 180° (Fig. 4). The Au—C (2.014(9)
and 2.03(1) A) and Au-S (2.317(3) and 2.320(3) A) bond dis-
tances compare well with those observed in the nitrone derivative
commented above.

Crystals of the gold(IIl) compound [Au(CgFs5)3(tht)] were
obtained in two polymorphic forms, with the orientation of the
tht as the only obvious difference between the two polymorphs.
Owing to the large mutual trans influence of the two oppos-
ing CgFs5 ligands, their Au—C lengths (2.067(3) A) are longer
than when the pentafluorophenyl ligand is trans to tht (2.031(3)
A). The Au-C and Au-S (2.3754(9) A) bond lengths are in
close agreement with those observed in [Au(CgFs)3(S2PEt3)]
(2.067(4), 2.076(4) and 2.037(3), and 2.366(1) A, respectively)
[76].

In the ionic compound [Au(CgF5)>(tht);][[Au(CeFs5)4], the
homoleptic anion has the same propeller-like appearance as
reported for PPN[Au(CgFs)4] [53] with Au—C bond lengths in
the range 2.050(6)-2.065(6) A. The cation contains a gold(IIT)
center comparable to that in the complex [Au(CgFs)>(tht), ] TfO
[77] displaying mutual pentafluorophenyl ligands with Au—C
distances of 2.066(7) A.

Finally, in the gold(I) derivative [Auy(CgF5)4(tht)2] the
gold atoms occur in two distorted square-planar configurations,
featuring an essentially linear S—Au—Au-S axis and two orthog-
onally oriented CgFs—Au—CgF5 moieties with all aromatic rings
in parallel planes (see Fig. 5). The Au(I)-Au(Il) bond length
of 2.567(7) A is within the range of interactions displayed
by the unbridged Au''-Au! compounds (2.5355(5)-2.6405(8)
A) [78-80]. The Au—C (2.110(2) and 2.078(2) A) and Au-S
(2.418(3) A) bond lengths are longer than in the rest of
the pentafluorophenyl tetrahydrothiophene complexes, with
decreasing lengths in the order Au'l > Au'"' > Aul.

3.5. Phosphine or methanide sulfides and selenides

Most common neutral ligands with sulfur or sele-
nium as donor atoms are phosphine sulfides or selenides,
which readily displace tht or diethyl ether from gold(I)
or gold(IIl) starting materials such as [Au(CgFs),(tht)]

7

F F
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F F
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u
<3N <

F FJF
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Fig. 5. Structure of [Auy(CgFs)4(tht)2]

(n=1, 3) or [Au(CgF5)2(0OEty)2]Cl04 to afford mono- or
dinuclear complexes of the types [Au(CgFs)3(L,L)] [81],
[Au(CeF5)2(L,L)ICIO4 [82,83] or [{Au(CeFs),}2(L,L)] [82]
(n=1, 3; L,L=diphosphine disulfide or diselenide) accord-
ing to the procedure shown in Scheme 9. Similarly, reaction
of Spvdpp [Savdpp = vinylidenebis(diphenylphosphine) disul-
fide, (SPPhy),C = CH;] with [Au(CgF5)2(-Cl)]5 in a 2:1 molar
ratio leads to the rupture of the chlorine bridges to give
the monodentate [Au(CgFs),Cl{ SPPhyC(=CH,)PPh;,S}] [83].
When the same reactions are performed using potassium dis-
elenoimidodiphosphinato (K[(SePPh,),N]) instead of S,vdpp,
the precipitation of potassium chloride forces the coordination
of the ligand as a chelating ligand, leading to the synthesis of
the neutral compound [Au(CgFs)2{(SePPh;),N}] [84].

X-ray diffraction studies have been performed for
two of these derivatives, [{Au(CgFs)3}2(1,2-(SPPhyNH);,-4-
MeCgH3)] [82] and [Au(CeFs)2{(SePPh,),N}] [84], showing
the typical square-planar environment for the gold(IIl) centers.
The crystal structure of the former is similar to that of the
related complex [{Au(CgFs)3}2(1,2-(PPhyNH),-4-MeCgH3)]
[82], although the backbone conformation is much more reg-
ular with approximate twofold symmetry, and neither of these
two compounds display aurophilic interactions (Au- - -Au sep-
arations of 7.631(3) and 8.972(2) A, respectively). The Au—-C
distances for the mononuclear derivative (2.052(2) and 2.055(2)
A) lie in the range of Au—C bond lengths found for the dinuclear
derivative (2.039(19)-2.08(2) A), displaying similar distances
for the Au-C bonds trans to sulfur or selenium, and they
also compared well with the Aul-C distances trans to sul-
fur observed in the complexes commented above. The Au-S
distances in [{ Au(CgFs)3 }2(1,2-(SPPhyNH),-4-MeCgH3)] [82]
(2.403(5) and 2.400(5) A) are longer than the Au-S distances
trans to CeF5 in the complexes described in previous sections
(2.308(3)-2.324(2) A) [47,50-52,72], while the Au-Se lengths
in [Au(CgFs)2{(SePPh;),N}] [84] (2.4808(3) and 2.4832(3)
A) are close to the Au(Ill)-Se distances found in the sele-
nium derivatives commented above (2.4802(8)-2.5038(13) A)
[34-36,46].

The diphosphine disulfide complexes [Au(CgF5)3(SPPhy
CH,PhyP=S)] or [Au(CeFs)2{(SPPhy),CH,}]ClO4 afford
the methanediide derivatives [Au(CgFs5)3{SPPh,C(AuPPhs),
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PhyP=S}]or [Au(CgFs)2{(SPPhy)2C(AuL); }]1C104 (L =PPh3,
AsPh3) in a one-step reaction when treated with two equivalents
of [Au(acac)L] (acac=acetylacetonate) with the simultane-
ous formation of acetylacetone that remains in the mother
liquors (Egs. (9) and (10)) [85]. Similarly, when the start-
ing complex is the S, C-donor [Au(C¢Fs5)2(SPPho CHPhy P=S)],
reaction with [Au(acac)(PPh3)] (1:1) leads to the synthesis of
[Au(CgFs)2{SPPh, C(AuPPh3)Ph,P=S}] as shown in Eq. (11)
[85]. The crystal structure of the triphenylarsine compound has
been established by X-ray diffraction methods, showing the
methanediide ligand acting as an eight electron-donor bridg-
ing three metal atoms and the gold(I) centers in this complex
appear only 2.873(2) A from each other [85].

lacetonate derivative can also be prepared by treatment of the
free ligand S2vdpp with [Au(CgF5)2(acac)], which contains the
nucleophile in the gold starting material [83] (see Scheme 10).

The crystal structure of the cyclopentadienyl derivative
[83] (Fig. 6) resembles that of [Au(CgFs),{(SePPh;);N}],
with a square-planar geometry for gold and Au-C (2.033(3)
and 2.032(3) A) and Au-S lengths (2.3552(9) and 2.3626(9)
A) shorter than in [Au(CgFs5)2{(SePPhp)2N}] (2.052(2)
and 2.055(2) A) [84] or [{Au(CgFs)3}2(1,2-(SPPhyNH),-4-
MeCgH3)] (2.403(5) and 2.400(5) A) [82], respectively. The
P-C bond lengths to the methanide carbon are 1.709(3) and
1.719(3) A, shorter than those found in complexes with the

(CeFs)sAu——S—PPh, C¢F5)3Au——S—PPh
2 [Au(acac)PPh;] (CoFs)sAv \Z’AUPP}B
CH, - c S
_ / A UPPh3
S_PPhZ S=PPh2 (9)
o
Fs —PPh, CeFs S—PPh,
CeF's i Plih” 2 [Au(acac)L] ¢ 2 AuL
Au /CH2 Au\ -
ek s—pbh, c(,pj/ S—PPh,
L = PPh; AsPh; (10)
CoFs S CeFs S
N AN N
A1< PPh, [Au(acac)PPh;] i _peh,
ek ek
H™ phyp=s PhsPAu™ pp p=sg (11)
[Au(CgFs5)2{(SPPhy),C=CH; }]ClO4 reacts rapidly with
carbon- or oxygen-donor nucleophiles (Nu~) to form the  diphosphine, such as  [AuCl{PPh,C(C=CH;)PPh;}]»

methanide-type derivatives [Au(CgFs)2{(SPPh;),CCH,Nu}]
[Nu=acac, CN, CsHs, OEt] [83], products that can be consid-
ered as intermediates in Michael-type additions of HNu to the
C=C bond, which are particularly stable in this case. The acety-

(1.828(6) and 1.833(6) A) [86]. This, together with the
C-C distance of 1.538(4) Z\, indicates that the nega-
tive charge of the methanide carbon is delocalized over
the P-C bonds, conferring them a degree of multiple
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bonding.
When the same gold reagent as before reacts with Sexdppm,
which contains extractable hydrogen atoms, the reaction occurs

4. Group 15 donor atom ligands
4.1. N-donor ligands

of the
thioether

A number of mononuclear complexes
type [Au(CeFs5)L] (L =4-methylthiazole, its

CH;3;SC=NC(CH3)=C(H)S | piperidine [71], benzophenoneimine
[88], 3-picoline [89], diphenyldiazomethane [90] or 2-
aminothiazoline (2-amino-4,5-dihydrothiazole or 2-amt) [91])
have recently been prepared by rapid displacement of the
weakly coordinated tetrahydrothiophene ligand from the
precursor with different types of nitrogen donor ligands (Eq.
(12)). Nitrogen coordination in the two first imine complexes
has been confirmed by I5N'NMR [71] and the crystal structures
of four of them have been determined exhibiting the expected
linear N-coordination [71,88-90].

-

[Au(C4Fs)(tht)] + L

with deprotonation of the methylene group, and the methanide
complex [Au(CgFs)>(SePPh CHPPh;Se)] is obtained [81], with
a bidentate chelate Se, C coordination to the gold(IIT) center. The
free selenium atom also reacts with [Au(CgFs)3(tht)] to give the
dinuclear species [Au(CgFs)2{SePPhyCHPPh;SeAu(CgFs)3}]
[81] (Scheme 11).

In the molecular structure of the latter, the two gold(IIl)
centers are coordinated to the ligand in a different man-
ner: bidentate chelate and monodentate [81]. The Au-Se
lengths of 2.4639(4) and 2.4940(4) A are significantly differ-
ent, more so than those found in [Au(Cg¢Fs)2{(SePPhy),N}]
[84] (2.4808(3) and 2.4832(3) A). The Au—C bond distances
to pentafluorophenyl lie in the range 2.048(3)-2.077(3) A
and seem to indicate a higher trans influence for the CgF;
groups than for the Se-donor ligand. The longest Au—C dis-
tance is that to the methanide carbon atom (2.153(3) A),
and is similar to those observed in methanide complexes,
such as [Au(CgFs)3{SPPh, CH(AuCcFs)PPh,CHCOOMe}]
(2.119(21) A) [87].

§e=PPh, CeFs Se
b 5 [Au(C¢Fs),(acac)] \A/ \PP
A ———— - u
2 PP
Se=PPh, CﬁFS/ \CH
PhﬂP"\
- \Se

h

[Au(C¢Fs5)L] + tht (12)

The Au-C distances are all very similar, ranging from
2.002(10) A for L=N(H)=CPh, [88] to 1.992(6) A for
L=PhyC,N> [90], and shorter than in complexes with other
donor atoms, such as phosphorus or carbon, indicating a lower
trans influence for the nitrogen donor ligands. The Au—N lengths
are in the range 2.044(8)-2.081(8) A and are comparable to the
separations in gold(I) amine [92], imine [93,94] and amide [95]
complexes (2.024(7)-2.0806 A).

The benzophenoneimine derivative displays an interesting
molecular packing, which reveal discrete dimers in an antipar-
allel conformation. Both Au- - -Au interactions (3.5884(7) A)
and N-H. - -F hydrogen bonds (H---F 2.75 A, N-H. - -F 116°)
are present within the dimeric units (see Fig. 7a) [88]. The
gold atoms in the 4-methylthiazole derivative are involved in
aurophilic interactions (Au—Au 3.345(1) 1&) [71], while the other
two compounds display no intermolecular Au---Au interac-
tions, although the molecular packing of [Au(C¢F5)(3-picoline)]
involves an Au- - -F contact (Au- - -F distance of 3.507(4) A) that
links two molecules as shown in Fig. 7b [89].

The gold(IIT) complex [Au(CgF5)3(2-amt)] can be obtained
from [Au(CgFs5)3(tht)] and 2-aminothiazoline using the same

C(,Fj Se
[Au(CFs)5(thy)] NN
e A PPh,
CeF \CH/
655 | (l‘(aFS
Ph,P
i \Se—Alu—C(,F_;
CGF_i

Scheme 11.
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Fig. 7. Dimers of [Au(C¢Fs)L]

synthetic procedure [91]. Its crystal structure shows a shorter
Au'_C bond length (2.016(2) A) for the pentafluorophenyl
groups trans to nitrogen than those trans to CgF5 (2.063(2)
and 2.068(2) A), confirming the stronger trans influence
for carbon- than for nitrogen-donor ligands. The Aul-N
length of 2.0664(18) A is in the range of Au!-N distances
(2.044(8)-2.081(8) A) observed in the complexes commented
above.

Finally, the trinuclear = mixed-valence
[Au(CgFs)2{(4,4"-bipy) Au(PPh3) }2](NO3)3
bipyridine) [96] can be prepared by reaction of
[Au(CeFs5)2(NO3)2] and  [Au(PPh3)(NO3)] prepared in
situ with 4,4’-bipyridine (1:2:2) (Eq. (13)), and multinuclear
NMR research (‘H, "H-"H COSY, 3C, '°F and *'P) has been
carried out to study this.

complex
(bipy =4,4’-

ety of tertiary phosphines has also been used recently for the
synthesis of pentafluorophenyl complexes containing primary
or secondary phosphines, such as diphenylphosphine [97,98],
phenylphosphine [99] or 1,2-diphosphinobenzene [100]. Thus,
the gold(I) or gold(IIT) phosphino derivatives [Au(CgFs)(LH)]
(LH =PPhyH, PPhH>), [Au(CgFs)3(LH)] (LH = PPhoH, PPhH>,
1,2-C¢H4(PH3),2) or trans-[Au(CgFs)2(PPhoH),]CIO4 have
been described, the latter showing a trans disposition of the lig-
ands as its IR spectrum indicates [97] (see Scheme 12). These
products, and mainly the gold(I) compounds, are moderately sta-
ble and can be easily deprotonated due to the high acidity of the
phosphinic protons. Even each chlorine atom of [Au, (CgFs)4 (.-
Cl)2] can extract one proton when treated with PPhoH or
PPhH;, and the cyclic di- or trinuclear phosphide derivatives

NBu,[Au(C¢F5),Bry] + 2 AgNO5 + 2 [AuCI(PPh;)] + 2 AgNO; + 4,4"-bipyridine —

CeFs

> |Php—A—N, _N—A| —" Y N—au—rrn
’ ! \ 7 \ v |” — _ u 3| (NO3);

4.2. P-donor ligands

4.2.1. Primary and secondary phosphines and phosphides
The usual method for displacing the labile ligand tht by
phosphorus donor ligands extensively employed with a vari-

R—Au—L

C6F5 (13)

[Au(CeFs)2(p-PPhp)]2 [101] or [Au(CeFs)2(p-PPhH)]3 [99]
are isolated.

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

Phﬁ
L = PPh,H, PPhH, R P
O
[AuR(tht)] ‘ e
AN
/R AuRj;(th K \P/ .
A tht
R—AT—L L) I [AuRy(p-CD)] Ph,
R RR\ Ph
L = PPhyH, PPhH, [AUR,(OEty),]" S }VH
1,2-C¢Hy(PH), W . 7]-R
PPhH]* el
/. Ph /P ps HU—R
— R—AI—R H\
R =C4F % IH R
HPh,P Ph

Scheme 12.
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Scheme 13. R=C¢Fs; (i) [AuR(tht)] + NBug(acac); (ii) [Au(acac)(PPh3)], [Ag(TfO)(PPh3)] + NBug(acac) or [AuCl(PMe3)] + Tl(acac); (iii) 1/2 PPN[Au(acac);],
1/2 AgClO4 + PPN(acac) or 1/2 [Cu(NCMe)4]TfO + PPN(acac); (iv) [AuRj3(tht)] + NBug(acac); (v) 1/2 [Au(PPhyH),]TfO; (vi) [AuR3(PPhyH)].

phosphide/phosphodiide derivative [{Au(CgFs)a(je-
PPhH)}>{Au(CgFs)2(13-PPh)Au(PPh3)}] [99] (Eq. (14)).
Both the di- and trinuclear cyclic compounds have been
structurally characterized, displaying, respectively, a tetra- or
hexanuclear ring of alternating square-planar gold(III) and
tetrahedral phosphorus atoms, the latter in a twisted boat
conformation.

consisted in the use of [Au(CgFs)3(acac)]™ as gold(III) precursor,
as shown in Scheme 13.

The phenylphosphide derivative PPN[{Au(CgFs)3}a(ju-
PPhH)] also reacts with similar gold(I) precursors to
afford higher nuclearity phosphodiide anions, such
as the trinuclear [{Au(CgFs)3}2(p3-PPh)Au(PPhs)] ™,
[{Au(CgFs)3}2(n3-PPh)Au(CgFs)]>~ or the pentanuclear

R R
Ph Ph PPh;
A \\A u \P —H A \\A p—A &
/4-R 5 —~
>\P ,Aul [Au(acac)(PPhj)] .~ \§P _Au/ R
Ph H//P\/R/ Au\R R = C4Fs Phg//[)\/R/ AU\R
H R
Ph pp H R (14)
The low stability of the gold(I) phosphino derivatives of o -
PPh,H and PPhH, means that they cannot be used as start-  trianion [{(Au(C6F5)3)2(n3-PPh) }o Aul [99]
ing complexes, but the gold(IIl) products are stable enough (Scheme 14).  Some other phosphodiides, such as

to study their reactivity against 11 group metal complexes in
the presence of a basic anion. Thus, freshly prepared solu-
tions of [Au(CgFs)3(LH)] (LH=PPhyH, PPhH;) react with
equimolecular amounts of Aull or Ml (M=Ag, Au) reagents
in the presence of acetylacetonate to yield dinuclear species
of formula [{Au(CgFs)3 }2(u-L)]~, [Au(CgFs)3(u-L)M(PR})]
(L=PPhy,M=Ag, Au,R’ =Ph; L=PPhH, M = Au, R’ =Ph, Me)
or [Au(CgFs)3(-PPhy)Au(CgFs)]™ [97,99,101] as shown in
Scheme 13.

The trinuclear compounds PPN[{Au(CgFs)3(p.-L)}2M]
(L=PPhy, M=Cu, Ag, Au; L=PPhH, M=Ag, Au), also
obtained from [Au(Cg¢Fs5)3(LH)], contain perfectly linear m!
centers bonded to two phosphido gold(IIl) fragments [98,99].
The X-ray crystal structure determinations were carried out
for the silver(I) and gold(I) diphenylphosphido species [98],
enabling their covalent radii to be compared, and revealing that
gold is smaller than silver in 0.07 10\, confirming the results
obtained by Schmidbaur [102]. An alternative synthesis strategy

[{Au(CgFs)3 }(n3-PPh){Au(PPh3)}2] or [{Au(CeFs)3}(p3-
PPh){Au(C¢Fs)}{Au(PPh3)}]~, have also been synthesized
using the same strategy [99].

Similarly, starting from trans-[Au(CgFs)>(PPhyH);]
ClO4, the trinuclear derivatives trans-NBuy[Au(CgFs),
{(n-PPh)Au(CgFs)}21, cis-[Au(CgFs)2{ (n-PPhy)
Au(PPh3)},]ClO4 or  PPN[{Au(CgFs)2(.-PPhy); }2Cul,

which contain two (the first two) or four (the latter) phos-
phido bridging ligands, have been obtained [97]. A series
of tetranuclear neutral complexes [Au(CgFs)2(w-PPhs)oM]o
(M =Cu, Ag, Au) can also be isolated by reaction of the same
gold(IT) starting material with M(I) salts in the presence of
acetylacetonate as deprotonating agent (2:1), as shown in
Scheme 15.

Furthermore, reaction of the mixed Au''/Ag' diphenylphos-
phide complex [Au(CgFs)>(u-PPhy)2Agl, with an equimolec-
ular amount of [AgCl(PPh3)] leads to the formal insertion
of the latter into the starting complex, yielding the
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Ag(OCl0O3) + 2 PPN(acac) or PPN[Au(acac);].
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Fig. 8. Structure of [{ Au(C¢Fs),{(PPhy)AgPPhs } (PPhy)}2(Ag)(C1)]

pentanuclear derivative [{Au(CgFs)2{(n-PPhy)AgPPh3 }(p-
PPhy)}2(-Ag)(3-Cl)] [103]. This compound displays an
unusual perfectly planar T-frame w3-Cl bridging the three sil-
ver atoms [Ag—Cl-Ag 91.66(4) and 176.68(8)°] (see Fig. 8).
Surprisingly, this compound is also obtained by treatment
of trans-[Au(CgFs5)2(PPhoH),>]Cl104 with [Ag(TfO)(PPh3)]
(TfO = trifluoromethylsulfonate) and AgTfO (2:2:1) in the pres-
ence of PPN(acac) and PPNCI [103].

A number of cyclic or non-cyclic gold(Il) phosphino-
phosphides or diphosphides were synthesized from
1,2-diphosphinobenzene (Scheme 16) [100]. The diphos-

phino complex [{Au(C¢Fs)3}(1,2-PH,CcH4PH,)] or the
phosphane—phosphide  [{Au(CgFs)3}2(1,2-PHCcH4PH,)]~
react with suitable pentafluorophenylgold(IIl) precursors in
the presence of free or coordinated acetylacetonate to afford
the di- or trinuclear species shown in Scheme 16. In some
of these reactions, the migration of one Au(CgFs)3; group
from one phosphorus to the other was observed. In the case
of  trans-[{Au(CgFs)3 }(1,2-PHCeH4PH){ Au(CgFs),Cl}H{ -
Au(CgFs)2}]1~, both the acetylacetonate and one of the
chlorine atoms of [Au(u-Cl)(CgFs5)2]2 act as deprotonating
agents in a reaction that occurs with the breaking of the
dinuclear compound and that leads to a complex with three
different pentafluorophenylgold(Ill) fragments, which has been
confirmed by its crystal structure.

[{Au(CgFs)3 }2(1,2-PHCgH4PH>)]~ has also been shown to
be a useful starting material for the synthesis of mixed Aul/M!
(M = coinage metal) diphosphide or diphosphodiide compounds
using a similar synthetic strategy [100]. Thus, its reaction
with phosphino- or pentafluorophenylgold(I) or silver(I) com-
plexes in the presence of the same deprotonating agent leads
to trinuclear diphosphides displaying a tricoordinated gold(I) or
silver(I) center (see Scheme 17). The bridging chlorine atom of
[{Au(PPh3)}2(-CI)]* is able to extract one phosphinic proton
from [{Au(CgFs)3 }2(1,2-PHC¢H4PH;)]~ to yield the tetranu-
clear diphosphodiide complex [{Au(CgFs)3}(AuPPh3)(1,2-
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Scheme 16. R =CgFs; (i) [AuR3(tht)] +acac™; (ii) [Au(n-CDR2 ] +acac™; (iii) [AuRz(acac)].

PHCgH4PH){Au(CsFs)3 }(AuPPh3)]. As in other cases, reac-
tion takes place with the concomitant migration of one
Au(CgFs)3 group from one phosphorus to the other, lead-
ing to a more symmetric product. Lastly, the hexanuclear
diphosphodiides [{Au(C6F5)3}(1,2-PC6H4P){AU(C6F5)3}{}L-
M(dppe)M}2] (M =Cu, Ag, Au) were prepared in good yields
using similar procedures [100].

The crystal structures of the hexanuclear Au'/Au! and
Au/Ag! species were determined [100], showing discrete
molecules consisting of a 16-membered bicycle formed by
the ipso carbon atoms and both phosphorus of the 1,2-
diphosphodiidebenzene ligand and two M(dppe)M units, with
each phosphorus of the diphosphodiide also bonded to a
tris(pentafluorophenyl)gold(IIl) unit. An important feature in
these structures is the presence of intramolecular M!- - -M! con-
tacts of 2.9385(5), 3.0273(5) and 3.1105(5) A for M=Au or
2.9215(15), 2.9822(16) and 3.0514(16) A for M= Ag.

Probably thanks to the stabilizing effect of the perfluo-
rophenyl groups, the crystal structures of many phosphidegold
derivatives (14) has been established [97-101,103]. The com-
parison of the Au'-C distances trans to phosphide (average
2.073 A) and trans to pentafluorophenyl (average 2.061 A) indi-

cates a stronger trans influence for phosphide ligands than for the
carbon donor group. The M!-P lengths trans to phosphide [aver-
age 2.323 (M=Au), 2.400 A (M=Ag)] are generally longer
than those trans to phosphine [average 2.305 (M = Au), 2.387 A
(M =Ag)] are in accordance with a stronger frans influence for
phosphide groups than for phosphines. The Au'-P-M angles
are generally wider than expected in a tetrahedral environment
for phosphorus atoms, and avoid the presence of intermolecular
Au'l. . .M interactions.

4.2.2. Tertiary phosphines and derivatives

4.2.2.1. Monophosphines. A large number of mononu-
clear gold(I) or gold(Ill) complexes with general
formula [Au(CgFs5)L] (L=TPA (TPA =1,3,5-triaza-
7-phosphaadamantane) [77], PPh,C=CH [104],
PPh,C(=S)N(H)Me [105], PPhoCH,SPh [106], PPh;(2-
CsH4OH) [107], PPhy(2-C¢H4OSiMe3) [107]) or
[Au(CeFs)3L] (L=TPA [77], PPhy(2-C¢H4SH) [108],
PPh,(2-C¢H4NH>) [109] and PPh,C=CH [110]) have recently
been prepared by rapid displacement of the weakly coordinated
tetrahydrothiophene ligand from the precursor with the free
phosphorus donor ligand.

H AuR
Hy AuR; H, AuR; |- W -
15 ; P—AuR; i N
— pR' Au—R
P
R PH, DA
g %AuRJ 2 H' “AuR,
M = Au; R' = Ph, Me / \ .
M= Ag; R' =Ph R.A "
£ 3 u‘ ﬂ[;\d
H AuR; @P\M“P
P—AuPPh :
3 PAIM/P
¢ u
£ RgAuPPhs Rghn a
H AuR; N
; P P =dppe
M = Cu, Ag, Au

Scheme 17. R=CgFs; (i) [Au(acac)(PPh3)] or [AuCl(PMe3)] + Tl(acac) or [Ag(TfO)(PPh3)] + PPN(acac); (ii) [AuR(tht)] + acac™; (iii) [{Au(PPh3)}2(n-CD1*; (iv)
2 [(AuCl)2(dppe)] +4 Ag(OClO3) + 3 PPN(acac) or 2 [M2(dppe)](ClO4), (M =Ag, Cu) +3 PPN(acac).
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The molecular packing of [Au(CgFs5)(PPhoC=CH)] involves
an Au- - -H contact from the acidic alkynyl proton (Au- - -H dis-
tance of 3.07 A, C—H-Au angle of 143°) that links the molecules
by translation parallel to the a axis [104].

Other gold(Ill) complexes of the same type can be
obtained by alternative methods, such as the double
addition of alcohol to the acetylene phosphine fragment
of [Au(CgFs)3(PPh,C(CH)] by reaction with sodium
alkoxides to obtain [Au(CgFs)3(PPh,CH=CHOR)] or
[Au(CgF5)3{PPh,CH,CH(OR),}] (R=Me, Et) [110], as
shown in Scheme 18.

The solid-state structures of the tris(pentafluorophenyl)
derivatives of TPA [77], PPhy(2-C¢H4SH) [108] and
PPh,CH,CH(OMe); [110] show Au-P distances that are
considerably shorter for the TPA complex (2.3285(10) and
2.3228(10) A) than those found in the other two phosphine
complexes (2.3884(16) and 2.3692(8) A, respectively); this
shortening is likely due to the low steric bulk of the TPA ligand.
The Au—C bond lengths for the C¢Fs5 groups frans and cis to
the phosphine are almost equal in the three structures ranging
from 2.057(5) to 2.079(2) A.

The related bis(pentafluorophenyl) phosphine com-
pounds cis-[Au(CgFs5)2Cl{PPhy(2-CsHsNH;) }] [109],
cis-[Au(Cg¢Fs)2(PPhyCH,SPh),]JC1I04  [111]  and  trans-

[Au(CgFs)2(TPA)>]TfO [77] can also be synthesized by
chlorine bridge rupture or displacement reactions. The cis
arrangement of the aryl groups in the former two has been
confirmed by X-ray diffraction studies; both display rather long
Au-P bonds (2.3818(14)-2.3990(15) A) if compared with other
phosphinogold(IIT) complexes and the greater frans influence
of 2-diphenylphosphinoaniline compared with chlorine is
reflected in the Au-C distances of 2.038(4) and 2.068(4)
A in cis-[Au(CgFs5)2CI{PPhy(2-C¢H4NH;)}] [109]. In this
molecular structure, the amine group forms an intramolecular
hydrogen bond to a fluorine atom (Fig. 9).

4.2.2.2. Diphosphines. When diphosphines are employed in
substitution reactions with [Au(CgFs),(tht)] (n=1, 3), the
resulting product mainly depends on the number of pentaflu-
orophenyl groups attached to gold. Thus, while the gold(I)
reagent always leads to dinuclear species [{Au(CgFs)}2(L,L)]
[82,112-114] whatever the molar ratio is, the reaction with
the tris(pentafluorophenyl) complex usually affords the mon-
odentate [Au(CgFs5)3(L,L)] [82,112,113] even if excess of

[Au(CeFs)3(tht)] is used (see Scheme 19). Only in the
cases of (1,2-PPhoNH),-4-MeCgHs, 1,2-(PPhoNH)>CgH4 [82]
or PPh,C=CPPh, [114] has the use of two moles of the
gold(Il) starting material resulted in dinuclear derivatives
[{Au(CgFs)3}2(L,L)].

Similarly, the reaction of [Au(CgF5)2(pn-Cl)]o» with vdpp
[vdpp = vinylidenebis(diphenylphosphine) (PPh;),C=CH;]
leads to [Au(CgFs),Cl{PPhyC(=CH;)PPhy}] [115]. The
coordination of the diphosphine to a gold(IIl) center strongly
activates the carbon—carbon double bond, and this complex
easily undergoes Michael-type additions with different nucle-
ophiles. Treatment of [Au(CgFs),Cl{PPh,C(=CH,)PPh;}]
with Ag(OClO3) in diethyl or diisopropyl ether led surprisingly
to [Au(C¢Fs)2{(PPhy),CHCH,OR'}]ClIO4 (R’'=Et, Pr),
probably the result of adding a molecule of R’ to the C=C
bond in [Au(CgFs),{(PPhy),C=CH;}]ClO4, a product that
cannot be isolated due to its great reactivity [115]. The same
complexes are also obtained when the free diphosphine is
treated with [Au(CgF5)2(OR'),]ClOs (R’ =Et, ‘Pr) in the
same solvents (Scheme 20). Protonation of the methanide
complexes [Au(CgFs)2{(PPhy)2CCH,Nu}] (Nu=OEt,
acac) with HClO4 also affords the diphosphino derivatives
[Au(CgFs),{(PPh,),CHCH,;Nu}]ClO4 [115].

Although displacement of tht is the most common
synthetic approach, digold(I) products [{(C¢Fs)Au}s{p-2,2'-
(PR2Cg¢Ha)2 }1 (R =Ph, Et) are obtained after prolonged heating
in toluene of gold(Il) complexes [Au(CeF5)(u-2-PR2CeHa)lo
in a reaction that takes place with a rearrangement of ligands
and the carbon—carbon coupling of the PRyCgHy 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'-(PR2C¢Ha) }2Au(CgFs)a].

F
F F
F F
: F F
I
e,p—b-nu—L
’H | F
N, a
H CI

Fig. 9. Structure of Au(C6F5)2C1{PPh2(2-C6H4NH2)}]
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One aminic proton can be removed from
[{Au(CgFs),(PPhpNH)},-4-RCgH3] (n=1, 3; giving  [Au(CgFs)3{PPh,C(=CH;,)PPh,O}] [113] or

R=Me, H) by addition of the deprotonating agent
NBuy(acac) yielding the dinuclear anionic complexes
NBu4[{Au(CgFs),(PPh;N)} { Au(CgFs),(PPhoNH) }-4-
RCgH3] (n=1, 3; R=Me, H) [82] and the further auration of
the benzene gold(I1I) derivative with [Au(OCIO3)(PPh3)] leads
to a trinuclear complex containing a P,P,N-tridentate ligand, as
confirmed by X-ray diffraction methods.

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

[Au(CgFs5)3(PPhoCH,PPh,S)] [85] has been reported (see
Scheme 19). Coordination of the free P atom to Au(l)
or Ag(l) by treatment with the adequate metal precursor
with labile ligands results in the formation of di- or trinu-
clear species [Au(Cg¢Fs5)3(L,.L)AuX] (P,P=(PPh;),C=CH,,
1,2-(PPhoNH);-4-MeC¢H3; X=Cl, CgFs) [82,113] or
[{Au(C6F5)3(L,L)}2M]CIO4 (P,P=(PPh;),C=CH,;, M=Auy,
Ag; PP=dppm, M=Au) [113,117]. Finally, the treatment of
[Au(CgFs)3{PPhyC(=CH,)PPh; } AuCl] with Tl(acac) leads
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Fig. 10. Structure of [{ Au(C¢Fs)}2(L,L)]

to the substitution of the chlorine atom with the concomitant
precipitation of TICl (Scheme 19) instead of nucleophilic
addition to the C=C bond [113].

The crystal structures of the gold(I) compounds
[{Au(CgFs)}a(L,L)] (L,L=1,2-(PPhpNH),-4-MeCgH3]
[82], PPro,CH,PPh, [112], PPhyC(CPPh, [114] and 2,2'-
(PR,CgHys), (R=Ph, Et) [116]) show Au-C and Au-P
distances ranging from 2.02(1) to 2.056(9) A and from 2.263(2)
to 2.285(3) A, respectively. The orientation and rigidity of the
ligand backbone are responsible for the presence or absence of
intramolecular aurophilic contacts, which are only observed for
P‘Pr,CH,PPh; (Au- - -Au 3.0926(3) A) and 2,2'-(PPh,C¢Hy),
(Au---Au 3.0688(8) A) and even very similar complexes, such
as the 2,2/-(PR;CgHy), derivatives, can display noticeable
differences depending on the torsion around the central C—C
bond (Fig. 10).

The solid-state structures of three Au/Au' com-
pounds namely [{Au(CgFs)3(PPhoNH)},-4-MeCcH3],
[{Au(CgFs)3 }2(PPhyNH)CgHs {N(AuPPh3)PPh; }] [82] and
[Au(CgFs)3{PPhyC(=CH;)PPh; } Au(Ce¢Fs)]  [113], have
also been established. The comparison of the Au''-C
(2.051(6)-2.088(9) A) and Aul-P (2.346(2)-2.23829(15)
A) bond lengths with the Au'-C (2.02(1)-2.056(9) A) and

P R;Au—P
R;Au—P{ P)
P) )
P,P,P = dpmp

T2 [AuR;(tht)]

Aul-P (2.2404(16)-2.285(3) A) separations in the diphosphine
complexes structurally characterized have again revealed an
unexpected tendency of longer Au—P and Au—C distances to
gold(IIT) than to gold(I) (see above).

4.2.2.3. Triphosphines. As in the case of diphosphines,
higher nuclearity complexes have been obtained in the
reaction of triphosphines with [Au(CgFs)(tht)] than with
[Au(CgFs)3(tht)], the former leading to trinuclear deriva-
tives of the type [{Au(CgFs)}3(ns-L,L,L)], as described
for PPh(CH,CH,PPhy), (triphos) [118], PPh(CH,PPh;),
(dpmp) [119] or (PPhpCH;)3CCH3 (tdppme) [120]. The
reaction of tdppme with [Au(CgFs5)(tht)] in a 1:2 molar
ratio occurs with the concomitant oxidation of one of the
phosphorus to afford the dinuclear complex [{Au(Cg¢Fs)}2{p-
(PPhyCH;3),C(CH3)CH,;PPh;O] (see Scheme 21) and no
mononuclear gold(I) product can be prepared from the
triphoshine [120].

In contrast, if the gold(Il) precursor is used in the reac-
tion with dpmp or tdppme (1:1) complexes [Au(C¢Fs5)3(L,L,L)],
which display phosphine as monodentate, are isolated [119,120].
3'P{'H} NMR data in CDCl3 even at —60°C show that
the dpmp derivative is a mixture of two isomers because of

[AuR(tht)]

RAu—P) P RsAu—P)
3 [AuR(tht AuR;(tht)

Bl P)= 3 [AuR(tho)] P) [AuRy(thD] P)

RAu—P P) R;Au—FP

P,P.P = dpmp,
triphos, tdppme

2 [AuR(tht)] 3 [AuRs(tht)] P,P,P = dpmp, triphos
/ \ N

Ph, R_;Au-E
— P
RAu—P s An=—1
th _ -
RAu—P P=0 RyAu—-P
Phy Ph,

Scheme 21.
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the coordination of gold to the central or the lateral phos-
phorus, although it would appear that only the first isomer
crystallizes at —18 °C. The addition of a second equivalent of
[Au(CgFs)3(tht)] to [Au(CgF5)3(dpmp)] or the same reaction in
2:1 ratio evolves cleanly to the formation of a unique deriva-
tive, [{ Au(CgFs)3 }2(u-dpmp)], which presumably displays the
Au(CgFs)3 fragments coordinated to the most external phospho-
rus [119] (see Scheme 21). This complex reacts with [AuX(tht)]
(X =Cl, CgF5s) to give the mixed-valence Aul-Au-Au! com-
plexes [{ Au(CgFs)3 }2(3-dpmp)AuX] [119].

In contrast, the use of a ligand with longer hydrocarbon
chains, such as triphos, leads to the synthesis of both the di- and
trinuclear complexes [{Au(CgFs)3 }(triphos)] (n=2, 3) [118].
3Ip{TH} NMR data seem to indicate that the dinuclear product
is a mixture of three isomers. In the crystal structure of the trin-
uclear product, the structure of the ligand allows the three bulky
Au(CgFs)3 units to be coordinated at the same time, and shows
very long Au—Au distances (the shortest one 7.095 A), which
precludes any form of metal-metal bonding.

It has been observed that the dpmp and triphos gold(I) deriva-
tives are luminescent at low temperature in solid state [118,119],
which is usually related to the presence of Au'---Aul interac-
tions, although in these cases no X-ray crystal structure were
determined to confirm the presence of such interactions. Even
[{Au(CgFs)3 }3(triphos)] [118] shows the same optical proper-
ties, which is not usual in gold(III) derivatives.

A couple of complexes containing a
triphoshine as bidentate chelate, namely
[AU(C6F5)2{(PthCHz)QC(CHQCHQPPhQ}]Cl and
[Au(CgFs)2{(PPh;),CHPPh; }|BF4, have been obtained
by reaction of tdppme with [Au(CgFs)2(pn-CDl2
[120] or by protonation of the methanide derivative
[Au(CgFs)2{(PPh2),CPPh; }] with HBF4 [121].

Phy Ph,

RF‘Au_PXP;‘AuX R =
P—AuX

Ph,
X=CLR

2 [AuX(tht)]

173 [AuR,(p-Ch]; R
Ph, / Ph,
PPh,

R;Au—Px
PPh,

[AuL(tht)]C10,

Ph,

R ;Au—P
)C o

—L|clo,

L = PPhy CH,PPh;

2 [AuR,(OEt,),]C10,
\ Phw

/5 [Au(tht)

(0]
" O Ph, ///

F """-\C\\
th /\/ \

Ph C\\\
(0]

\0

Fig. 11. Structure of [(CO)sMo{(PPh,),CHPPh; } Au(CsFs)]

The reactivity of the mononuclear tdppme prod-
ucts [Au(C6F5 )3 {PthCHzC(CH3 )(CHQPth)z }]
[Au(CgFs)2{(PPhpCH;),C(CH3)CH,PPh, }]Cl, which still
present two or one free phosphorus, respectively, has been
studied. Di- or trinuclear gold(IIT) or mixed-valence complexes,
which contain the ligand in different coordination modes, have
thus been synthesized via displacement reactions with gold(I)
or gold(IIl) reagents as schematized in Scheme 22 [120].

Finally, the heterometal complexes
[(CO)sM{(PPh,CH,),C(CH3)CH,PPh; } Au(CgFs),X]

(M =Mo, Ww; n=0, X =CgFs; n=2, X=Cl,
CsFs) or [(CO)4M{(PPh;),CHPPh; } Au(C¢Fs)]
M=Cr, Mo, W) have also been prepared
from [(CO)4M{(PPh,CH;),C(CH3)CH,PPh; }] or
[(CO)4M{(PPh2),CHPPh,}], respectively, by ligand-
displacement or bridge-cleavage [122,123]. The solid-state
structure of one of the latter shows the ligand bridging a
Mo(CO)4 and a Au(CgFs) unit and acting as chelating ligand at
molybdenum (Fig. 11). The parallel alignment of the linear gold

Ph,
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Ph,
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Xth clo,
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Ph,
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2
Ph, 12 p—Au—>P

— clo,
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Scheme 22.
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system with one of the carbonyl groups, with a torsion angle
C—Mo- - -P-Au of 3°, allows the Au---C contact of 3.441 A
[123].

4.2.2.4. Phosphino methanides. As can be deduced from the
large number of phosphino-methanide and methanediide deriva-
tives already known, mainly of bis(diphenylphosphino)methane,
the formation of cyclic methanides is more likely than the
preparation of open ones, probably due to the stabilization pro-
duced by the delocalization of electronic density through the
ring [124]. As in the case of phosphide derivatives, the most
effective and simple way to synthesize phosphinomethanide
complexes consists in the use of acetylacetonate, both unco-
ordinated and bonded to a gold atom, as base. Thus, the reaction
of tris(diphenylphosphino)methane with [Au(CgFs)>(acac)]
produces methanide [Au(CgFs)2{(PPh2),CPPh; }], which dis-
plays a four-membered metallacycle. The presence of a
free phosphorus allows the coordination of new metallic
fragments and, consequently, the di- or trinuclear species
[Au(CgFs)2{(PPhy),CPPhy } AuX(CgFs),] (n=0, 2; X=Cl,
CeFs), [{Au(Cg¢Fs)2{(PPhy),CPPh;}}2M]CIO4 (M=Ag, Au)
or [{Au(CgFs),{(PPhy),CPPh; } }» Au(CgFs),]Cl04 can be iso-
lated from its reaction with the appropriate metal precursor in
1:1 or 2:1 molar ratio, respectively [121] (Scheme 23). The
methanide CP3 system is so stable that the new metal atoms
are always incorporated in the phosphorus, and even with an
excess of metal reagent the methanide carbon atom remains
uncoordinated.

The related methanide complexes
NBuy[M(CO)4{(PPh,),CPPh; } Au(CgFs)] M=Cr,
Mo, W) can also been prepared by reaction of

[M(CO)4{(PPh;),CHPPh; } Au(CgFs)] with NBugy(acac) [123].
In the crystal structures of [Au(CgFs)2{(PPhy),CPPhy}],
[Au(CFs)2{(PPhy),CPPh, } AuCl] or
NBuy[Mo(CO)4{(PPh;),CPPhy } Au(C¢Fs)], the coordina-

tion of gold(IIT) or molybdenum(0) is slightly distorted from
square-planar or octahedral, respectively, probably imposed
by the chelate ligand, with a P-M-P angle of 70.1(2),
70.78(7) or 65.14(5)°. The P-C distances (1.74(2)-1.79(2)
A, 1.742(7)-1.770(7) A and 1.761(6)-1.775(6) A, respec-
tively) are similar and shorter than in free (PPhy)3CH [125]
(1.867(1)-1.877(1) A) or in other phosphine derivatives. This
can be attributed to a degree of multiple P-C bonding in
the methanide ligand, which is also consistent with a sp?
hybridization for the central methanide carbon atom.

Similar cyclic methanide complexes with general
formula  [Au(CgFs)2{(PPhy),CCH,Nu}] [Nu=C=CPh,
CsHs, acac, SPh, S,CNR; (R=Me, Et, Bz), OEt] or

[{Au(CgFs)2{(PPh;),CCH,} },0], intermediates in Michael-
type additions of HNu to the C=C bond of vdpp, are obtained
by reaction of [Au(CgFs),C1{PPh,C(=CH,)PPh;}] with C, S
or O-donor nucleophiles (Scheme 24) [115] due to the strong
activation of the carbon—carbon double bond of the diphosphine
upon coordination with a gold(IIT) center.

The crystal structures of the thiophenol, diethyldithiocarba-
mate and oxide derivatives, established by X-ray diffraction
methods [115], resemble those of the (PPh,)3C™ species com-
mented above, with distorted square-planar geometry at gold
(phosphine bite angle 69.87(9), 69.97(6) and 69.9(3)°, respec-
tively) and trigonal planar methanide carbon atoms. The negative
charge of the methanide carbon is delocalized over the P-C
bonds, giving them a degree of multiple bonding, while the C—C
bond distance is consistent with a single bond.

Although non-cyclic gold methanides can be syn-

thesized from [Au(C¢Fs5)3(PPhyCH,PPhy)], such
as NBuy4[{Au(CgFs)3(PPh,CHPPh,) }, Au] [117] or
[Au(CgFs)3(PPhy CHPPh;)Au(tdppme)Mo(CO)4] [122],

by reaction with the appropriate acetylacetonategold(I) precur-
sors, there are two main effective strategies for synthesizing
them: the use of the phosphino-phosphonium or calcogenide

R ghg Ph2 Plll
P R
/ th / th ph2
N }P Au—X \ o PR N leo
7N PN .
. b p R
Ph, bh,
X =CLR
[AuX(tht)]
1/, Ag(0CI03) or
1/, [Au(tht),]C10,
[AuR,(acac)] \ /
(PPhy)sCH ————  A{ PPh,
N
/5 [AuR(u-CD)], or Ph,
[AuR3(0Ety)] woh, 2|C104
1h | th :
R P, P "
G W > Ph, ph, Ph,
P P—Au—-~R p_< >l< clo,
. i | p R
iy X th Ph,
R
%=0LR

Scheme 23.



1650

E.J. Ferndndez et al. / Coordination Chemistry Reviews 252 (2008) 1630-1667

th R
Nu R-»\u—PPlh 4507
Au -— C CH, — AU
thP

th p]l)
MNu = AgC=CPh, TICsH; -
Tlacac, NaSPh, NaS,CNR",
(R'= Me. Et. Bz), NaOEt

Scheme 24.

derivatives of dppm, where the formation of cycles is avoided
because of the presence of the quaternary phosphorus; and the
use of dinuclear complexes with a dppm bridging ligand, with a
saturated coordination sphere for the metal centers, which also
prevents ring formation. Thus, [Au(CgF5)3(PPh, CH,Phy,P=E)]

(E=O0, S) or [Au(CgFs),Cl.(PPhyCH;PPhy;Me)]ClO4
(n=1, 3, x=0; n=2, x=1) react with
/R
R—Au=—7PPh,
2 PPN[Au(acac),
2 R” ,\CHz [Aulacach] PPN
R—Au—P"P
Ph,

[Au(acac)(PPh3)] to afford [Au(CgFs)3{PPhoCH(AuPPhs3)
PhyP=E}] [85], [Au(C¢Fs){PPh,C(AuPPh3),PPh,Me}]ClO4
or [Au(CgFs),,Cl;3—y) { PPhoCH(AuPPh3)PPh,Me } |C104
(n=2, 3) [126]. Thus, the two latter are obtained in a
one-step reaction but can also be prepared in two stages,
consisting in the deprotonation and coordination of the new
gold fragment to the methanide carbon, as summarized in
Scheme 25.

Similar reactions of [Au(CgFs),(PPhoCH,PPhy)Au(CgFs)]
(n=1, 3) with [Au(acac)(PPh3)] or with PPN(acac)
followed by addition of [Au(PPh3)(tht)]C1O4 or
[AuX(tht)] enable the isolation of the di- or trinuclear
species [Au(CgFs), {PPh,CH(AuPPh3)PPh; } Au(CgFs)]

(n=1, 3), PPN[Au(CgFs)3;(PPhoCHPPh,)Au(CeFs)] or

PPN[Au(C¢Fs), {PPh,CH(AuX)PPh; } Au(CgFs)] X=ql,
CgFs). The same strategy has been used to prepare higher
nuclearity complexes, such as the pentanuclear anionic com-
pounds PPN[{Au(CsFs)3(PPhoCHPPh,)Au(CsFs)}Au] [126]
(Eq. (16)) or NBus[{Au(CgFs)3{PPhoCH(AuX)PPh;}}>Au]

[117] or the heptanuclear species
NBuy[{Au(CgFs)3{PPh,C(AuPPh3),PPh; } }, Au] [117]
(Scheme 26).
— /R -
R—AU=—PEh;
R C th
R—Au—p” AU P—Au—R
th H /C N\ /R
Ph,P—Au—R
s
L R . (16)
The crystal structure of the trinuclear
NBuy[{Au(CgFs)3(PPh,CHPPhy) }2Au] [117] displays

similar features to those commented above, although no
distortion of the square-planar or trigonal geometry at gold
or methanide carbon, respectively, has been observed as the
phosphino-methanide ligand acts as a bridge instead of as a
chelate.

A special case is the
[Aug(CeFs)2(PPh,CHPPh2 )2 Xo] (X =Cl,
tive addition of chlorine or bromine to the cyclic
dimethanide  [Au4(CgFs)2(PPhyCHPPhy),] [127]. Dis-
placement of chlorine by reaction with [Ag(OClO3)L] (L =tht,
PPh3, PPh,Me, PTolsz) produces the cationic complexes
[Aug(CgFs5)2(PPhyCHPPh; )7L, ](Cl04),. The crystal structure

formation of
Br) by oxida-
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of the triphenylphosphine compound shows its backbone as a
linear chain of three four-coordinated gold atoms in a distorted
planar environment with Au—Au distances of 2.7305(11)
A (see Fig. 12) [127]. The formal charge of the Aus unit
is +5, but integral oxidation states consistent with normal
coordination geometry cannot be assigned. It is tentatively
described as Aull-Au'-Au!!, but other possibilities cannot be
ruled out.

4.2.2.5. Heterofunctional phosphines. The phosphino alkynyl
derivative PPN[(CgFs)Au(pu-PPhyC=C)Au(C¢Fs)] has recently
been prepared by treatment of [Au(CgFs)(PPh,C=CH)] with
sodium methoxide in the presence of chloropentafluorophenyl-
gold(I) [104], as shown in Eq. (17).

[Au(C¢F5)(PPh,C=CH)] PPN[Au(C4F5)Cl]

+ NaOMe/MeOH

The use of acetylacetonate metal complexes as depro-
tonating agent has been also be employed for the

R,P

| 2 LiC ¢Fs

BzO—Au—Au—0Bz

PR,

R = Ph, Et

> PPN[(C¢Fs)Au(u-PPhyC=C)Au(C(Fs)]

synthesis of the related Au''! or mixed Au//M! com-
plexes [(C¢Fs5)3Au(PPh,C=C)M(PPh3)] (M=Au, Ag),
[{(CF5)3Au(-PPhyC=C)Au},(j.-dppe)] or PPN[{(CsF5)3 Au
(n-PPhaC=C)}1Au] from [Au(C¢Fs)3(PPhyC=CH)]
(Scheme 27) [110].

Arylation with LiCgFs, a traditional method for synthesizing
pentafluorophenylgold species, has recently yielded cycloau-
rated Aul [Au(CgFs)(u-2-PR2CgHs)1» (R =Ph, Et) or mixed
Aul/Au!  [(C¢F5)Au(pu-2-PPhy-6-MeCgH3)Au(CgFs)(n>-2-
PPh;-6-MeCgH3)] from their corresponding benzoate analogs,
as shown in Egs. (18) and (19) [116,128]. As commented above
(see Eq. (15)), the digold(Il) complex gives the zwitterionic
heterovalent complexes [Au{p-2,2’-(PR,CeHyg)}2Au(CgFs)2]
after prolonged heating in toluene as by-products in the
synthesis of [{(C6F5)Au}2{}L-Z,Z’-(PRQC6H4)2}] [116].

a7

R,P

C6F5_AU_A|U_C ()FS

PR,

(18)
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Ph3P C6F5

Fig. 12. Structure of the cation [Aus(CgF5),(PPh CHPPh; ), L]
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Au /AU. Me 2 L1C6F5
|BZO
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The Au-P and Au-C bond distances trans to P and trans
to C in the crystal structures of some of these compounds
reflect a similar trans influence for both types of ligands,
and, as observed in other molecular structures commented
in Sections 3.4 and 4.2.2.2, curiously the Aull-P (2.374(1)
and 2.3572(8) A) and Au™-C (2.063(8)-2.099(4) A) lengths
are longer than the Au'-P (2.274(1)-2.309(5) A) and Au'-C
(1.982(8) and 2.056(4) A) ones [110,116,128]. The dinuclear
[Au(CeFs)(u-2-PPhyCgHy)]2 [116] and [(CgFs5)Au(jw-2-PPh;-
6-MeCgH3)Au(CgFs)(m?-2-PPhy-6-MeCgH3)] [128] display
short intramolecular Au-Au distances of 2.6139(4) and
3.1948(2) A, according to the presence of a metal-metal bond

E.J. Ferndndez et al. / Coordination Chemistry Reviews 252 (2008) 1630-1667

in the gold(II) complex and suggesting a weak interaction in the
mixed-valence compound.

Regarding P, N-donor ligands, a series of phosphino-
amine and -amido derivatives of 2-(diphenylphosphino)aniline
[2-PPhy(C¢H4NH,), PNH;] have been described [109].
The cationic [Au(C6F5)2{nz—PPh2(2—C6H4NH2)}]CIO4 can
be obtained from the free ligand or by elimination
of chlorine from cis-[Au(CgFs),Cl{PPhy(2-C¢HsNH;)}], as
shown in Scheme 28. Both mononuclear products, as well
as uncoordinated 2-(diphenylphosphino)aniline, afford the
phosphino-amido complex [Au(CgFs);{n>-PPhy(2-CsH4sNH}]

“““”TQ

!
[
P

h,

19)

when treated with the adequate acetylacetonate reagent,
which then reacts with [M(OCIO3)(PPh3)] (M=Au,
Ag) to give the dinuclear [Au(C¢Fs)y{m?>-PPhy{2-
CcH4NH(MPPh3)} }1C104. The digold product can also
be obtained by reaction of [Au(CgFs)2{m>-PPhy(2-
Ce¢H4NH,)}CIO4 with [Au(acac)(PPh3)] (1:1), and when
the molar ratio is 1:2 the trinuclear species [Au(C6F5)2{n2—
PPh, {2-C¢H4N(AuPPhs), } }1C10y is the resulting product (see
Scheme 28).

The solid-state structures of [Au(C6F5)2{n2-PPh2(2-
Ce¢Hy4NH) }HClOy, [Au(C6F5)2{n2—PPh2(2—C6H4NH}] and
[Au(CgFs)2{m>-PPh,{2-C¢H4N(AuPPh3);}}]ClO4 show the
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Scheme 28. R=Cg¢Fs; (i) 1/2 [AuR2(n-CD)]s; (ii) [AuR2(OEt,)2]1C104; (iii) AgClOy4; (iv) [Au(acac)R;]; (v) Tl(acac); (vi) PPN(acac); (vii) [Ag(OClO3)(PPh3)];

(viii) [Au(OClO3)(PPh3)]; (ix) [Au(acac)(PPh3)]; (x) 2 [Au(acac)(PPh3)].

gold(III) centers in a square-planar environment bonded to two
pentafluorophenyl rings and chelated by the PNH,, [PNH] ™ or
PN(AuPPh3); ligands [109]. The narrowest angle is always the
one restricted by the chelating ligand (812.09(13)-84.81(16)°).
The Au'-C bond distances clearly indicate a higher trans
influence of the PPhy group than the NH; or N(AuPPhj3),, as
well as a higher trans influence from the deprotonated NH
group than from NH; or N(AuPPhj3); since the Au—C distances
in [Au(CgFs)2{m?-PPhy(2-C¢H4NH)}] are more similar.
An intramolecular interaction between the gold(I) centers
(2.9749(3) A) is present in the trinuclear derivative (Fig. 13),
and the Au'—Au'" distances of 3.3219(3) and 3.4961(3) A may
indicate weak interactions between the gold(I) and the gold(IIT)
centers, which, although infrequent, have also been described in
other complexes and have been the object of theoretical studies
[34,35,45,128].

The monooxidized dppmO in
[Au(CgFs5)3(PPh,CH,Ph,P=0)] acts as P, O-donor
ligand in the gold/thallium products [{Au(CgFs)3(j-

PPh,CH,Ph,PO)}, TI(CeFs5)2X] (X =Cl, CgFs) synthesized by
reaction of the former with [T1(CgF5),Cl] or [TI(CgFs)3(diox)]

th
{_TZ"::-:A
AUl . TPPh,
Au
FF
PPh;

F F

F

Fig. 13. Structure of [Au(CgFs) {Pth(2—C6 H4N(AuPPhj )2]}

gold(IT) complexes, indicating a nearly equal trans influence of
the P- and C-donor ligands.

The sulfur atom of [Au(CgFs)3(PPhoCH;Phy; P=S)] can also
react with other metal complexes, such as [Au(PPh3)]TfO, to
give a species with the ligand acting as P, S-donor, namely
[Au(CgFs)3(-PPho CHoPho PS)Au(PPhy)] [85] (Eq. (20)).

/R /R
R—Au~PPh, R—Au=—PPh,
. CH, _[AuPPh)ITIO _ CH,
s=p” _S—P
Ph, Al Ph,
/
Ph;P (20)

(diox =dioxane) [129]. The structure of the former (Fig. 14),
determined by X-ray diffraction methods, shows similar Au—C
and Au-P distances to other tris(pentafluorophenyl) phosphine

The same type of reaction prompts the synthesis of the
snake-type complexes [{ Au(CgFs)}2(u-PPhpCH,SPh), M]TfO
(M =Cu, Ag) by addition of [Cu(NCMe)4]TfO or AgTfO to
a solution of [Au(CgFs)(PPho,CH,SPh)] (1:1 or 1:2) [106]
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Fig. 14. Structure of [{AU(C6F5)3(PthCHzPhQPO)}le(C6F5)2C1]

(Scheme 29). When the same reaction takes place using silver
trifluoroacetate instead of triflate salt, the tetranuclear complex
[Au(CgFs)(w-PPhoCH2SPh)Ag(-CF3CO3)], is isolated; this
is an example of how changes in a counterion can significantly
affect the final geometry of a product [106]. If the molar ratio
of the reagents in this reaction is 2:1 instead of 1:1, a complex
of stoichiometry [AuAg,(CeFs5)(CF3CO3)2(PPhoCH,SPh)], in
which the thioether ligand is expected to be coordinated to
two silver trifluoroacetate moieties through the silver atoms, is
obtained.

The crystal structure of the AupAg, species (Fig. 15)
shows the metallic centers forming a zig-zag chain with
the PhoPCH,SPh ligands bridging the gold and silver
atoms (with Au-P and Ag-S bonds) and the silver atoms
bridged by the trifluoroacetate ligands. There are short
Au---Au and Ag---Ag bonding interactions of 3.0335(8)
and 2.8155(9) A. The former is slightly longer than in the
related [AuAg(-PPhyCH,SPh), |(TfO), (2.9314(5) A) [106],
whereas the latter is shorter than in the homodinuclear [Ag(j.-
PPhyCH,SPh)],(ClO4), (2.9732(9) A) [130] and even shorter

Fig. 15. Structure of [Au(CgFs)(PPhoCH,SPh)Ag(CF3CO;)]n

than the values found in metallic silver (2.89 A) or in many silver
oxides [131]. The geometry at the gold centers is distorted from
the linearity (C—Au-P 170.16(9)°), perhaps as a consequence of
the Au- - -Ag interaction, while the silver atoms present a more
irregular geometry.

CgFs—Au—PRh,
JCH,
PES—M—SPh TfO
H,C
[Cu(NCMe),]TfQ Ph,P —Au—CF;
ORAgTIl M = Cu, Ag
C()F AU_PPh2
CTT Ag(CF;CO,) 0 /0 /CH7
2 Phs/C2 - P;S7Ag""/“Ag—SPh
HZC\W
thp_’;‘“_c(,Fs

2 Ag(CF,C0,)

TAg[CFscoz)
[AuAgy(CeF5)(CF5CO,),(PPh,CH,SPh)]

Scheme 29.
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Scheme 30.
Me conformation in dinuclear products containing a single dppm
N-y M o H bridge, such as [{ Au(Cg¢Hs)}2(u-dppm)] (3.154(1) A) [134] or

Fig. 16. Structure of [{ Au(Cg¢Fs)}2{PPh,C(=S)N(H)Me}

Again, the use of [Au(CgFs)(tht)] has been shown as a useful
pathway for the synthesis of new arylgold(I) compounds. Thus,
its treatment with free P, S-donor ligands, such as diphenylphos-
phinothioformamide [PPh, C(=S)N(H)Me] or the perfluorinated
benzothiazolephosphine ligand PPhy(CNS)(CgF4), or with
metal complexes with donor capacity, such as [SnR»(2-
SC¢H4PPh;),] (R=Me, ‘Bu, Ph), afford the neutral species
[{Au(C6Fs)}2 {p-PPhyC(=S)N(H)Me}] [105], [Au(CoFs){p-
PPhy(CNS)(C¢F4)}] [132] or the Sn'Y/Au! derivatives
[{Au(CgFs5)(2-PPhyCgH4S) }2SnR7] [133] (Scheme 30).

In the case of [{ Au(CgFs) }2{n-PPhoC(=S)N(H)Me}] [105],
although it is considered a dinuclear compound, it crys-
tallizes into tetranuclear units formed by an intermolecular
Au- - -Au interaction of 3.2712(5) A between two dinuclear
units (Fig. 16) and it is described in the paper as a tetranu-
clear complex. The shortest intermetallic distances between
adjacent tetranuclear units of approximately 6 A. The inter-
molecular Au---Au contact is longer than the intramolecular
distances, which are 3.1631(5) and 3.0391(5) A. These
intramolecular distances are associated with the cis confor-
mation observed in the complex, which is also the preferred

N
CeFs—Au—c” |
645 \s

[{ Au(CgFs) }2(p-dppm)] (3.162(1) A) [135] or in the biphenyl
derivative [{Au(CgFs)}2{p-2,2"-(PPhoCsHs)2 }1 (3.0688(8) A)
[116].

[Au(CgFs5){n-PPhy(CNS)(CgF4)}] has been included in this
section although the sulfur atom of PPh, (CNS)(CgF4) only there
is only weak interaction with the gold centers (Au-S distance
3.3409(9) A) [132]. The crystal structure of [{Au(CeFs)(2-
PPhyCgH4S)}>Sn’Bu,] [133] shows no significant interactions
between the metallic centers.

Finally, the comparison of Au'-P distances trans to
phosphorus (2.269(3)-2.2886(10) A) and rrans to nitrogen
(2.2395(9)-2.2505(9) A) in the species containing heterofunc-
tional phosphines that have been structurally characterized
reconfirms the higher frans influence of the P-donor ligands
when compared with P-donor ones. Similarly, the com-
parison of the AuM-C bond lengths trans to phosphorus
(2.050(5)-2.088(8) A), CeFs (2.063(8)-2.099(4) A) and nitro-
gen (2.019(6)-2.053(4) A) indicate that the rrans influence
produced by the C-donor and P-donor ligands is of the same
order and stronger than that from N-donor ligands.

5. Group 14 donor atom ligands
5.1. Carbenes and carbines

A small number of carbene and carbine gold complexes
have been described in recent years, such as the monocarbene
[Au(C4F5)(CNHC4H,S-0)] [136] [Au(C4F5) {CN(Me)C(Me)=CHS}
[136] or [Au(C4Fs) {CCH=CHN(Me)S}] [137], obtained by pro-
tonation or methylation from their corresponding thiazolyl or
isothioazolyl derivatives, as exemplified for the former in Eq.
@20n.

H
|

H* N
_— = CeFs—Au=—iC_ j@
S @1
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Fig. 17. Structure of [Au(CgFs){CN(Et)Me } W(CsHs)(CO),]

The displacement reaction of [W{(CN(Et)Me}(n’-
CsHs5)(CO);]  with  [Au(CgFs)(tht)] has enabled the
synthesis of the hetero-nuclear aminocarbyne [Au(CgFs){-
CN(Et)Me}W(nS—C5H5)(CO)2] [138], an adduct that exhibits
a molecule of the starting product bonded to the Au(CgFs) frag-
ment through one of the W—Cyrpyne 7 bonds, with the formation
of a WCAu ring (see Fig. 17). The tungsten atom acquires its
closed electronic configuration through a mechanism which is
somewhere in between the resonance structures N-C=W and
N*=C=W~. The Au(C¢Fs) fragment achieves the preferred

F F
F Au——C=CH

F F

Fig. 18. Structure of the cation Au(Cg¢Fs)(CCH)]

5.3. Ylides

Although the chemistry of gold ylides was extensively
developed in the eighties and led to the description of
many gold(I) species, this field of research has been
less productive in recent years, with only a few gold
ylides having been reported in this period. The phospho-
ranium salt [CH(PPh,Me),]TfO, synthesized from the ylide
[PPh,CH=PPh,Me], reacts with [Au(CgF5)(tht)] to afford its
first metallic complex, [Au(Cg¢Fs){ CH(PPhyMe), } ITfO, which,
despite the weak nucleophilic character of the ylidic carbon, is
stable [143] (Eq. (22)).

/él\ 10 —AUCHID] MePhZP\CH—A —CF5|THO
MePh,P7 NPPh,Me y; el

two-coordinative 14-electron configuration by accepting an
electron pair from the in-plane localized W—Cecarbyne ™ orbital,
resembling the coordination of an olefin ligand. This interac-
tion perturbs, but does not disrupt, the electronic structure of the
donor.

The Au-W and Au—Ccypyne distances of 2.727(1) and
2.13(2) A, respectively, can be compared with the corresponding
values in the related compound [AuWBr(bipy)(CeF5)(CO)a(jr-
CCgH4Me-4)] (2.783(1) and 2.080(3) A) [139] and the Au—Cyry
distance of 2.07(2) A compares well with that observed
in [Au(Fmes)(Me3SiC=C),Ti(n’-CsH4SiMe3)2] (2.079(7) A)
[140,141].

5.2. Alkynyls

Alkynylgold compounds are poorly represented, and only
the ethynylgold(I) derivative PPN[Au(CgF5)(C=CH)] has been
described in recent years, and which is obtained from treatment
of PPN[Au(CgFs)(acac)] with CoH, [142].

Its crystal structure (Fig. 18) displays a quasi-linear
C-Au-C=CH fragment with C-Au-C and Au-C=C bond
angles of 176.9(2) and 174.6(5)°, respectively. The Au—Cyy
bond distance in this complex (2.049(5) A), as well as that in the
related PPN[Au{2,4,6-(NO;)3CcH, }(C=CH)] [142] (2.039(5)
A), are longer than the Au—Cemynyr lengths of 1.984(6) and
2.0148(56) 10\, respectively, consistent with a stronger trans influ-
ence of alkynyl than aryl ligands.

Its crystal structure displays a Au—Cyy distance of 2.029(6)
A, of the same order as those found in related complexes
with CgF5 groups frans to an ylidic carbon atom (mean dis-
tance 2.024 A) [144-146] and close to the Au—Cyy distance
in PPN[Au(CgFs)(C=CH)] (2.049(5) A), commented above
[142]. The Au-Cyjige bond length (2.112(6) 10\) is longer than
the Au—Cyy one, and its value agrees well with those in the
complexes mentioned and with a stronger trans influence from
the aryl group than from ylide ligands.

Reaction of the  asymmetric  gold(Il) ylide
[(C¢F5)Au(CH,PPhCH)>,AuCl]  with  silver  perchlo-
rate led to [(CeFs)Au(CH2PPhyCH2)2 Au(OCl0O3)]
[147], which further reacts with gold(I) species such as
NBus[Au(CgFs)2] or [Au(CH2PPhpCH2)2Au] in a 2:1
molar ratio (Scheme 31) to give the penta- or hexanuclear
derivatives [{(C¢Fs)Au(CH,PPh,CH)2Au}2Au(CeFs)2]Cl104
or [{(C¢Fs5)Au(CH,PPh,CH;);Au},Au(CH,PPhyCH; ) Aul-
(ClO4),, respectively. The same results can be achieved
if the reactions are carried out with [(CgFs5)Au-
(CH,PPhy;CH» ), Au(tht)].

Although none of them have been structurally characterized,
the molecular structure of the hexanuclear 2,4,6-trifluorophenyl
derivative was determined by X-ray diffraction methods, show-
ing an hexametallic Au''-Au'-Au!. . . Au'-Au''-Au! skeleton
comprising three pairs of gold atoms, each doubly bridged by
two bis-ylide ligands, and the three [Au(CH;PPhCHj3),Au]
moieties held together through two unsupported Au—Au bonds
of 2.7370(7) A [147].
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6. Metal-containing ligands
6.1. Ferrocene derivatives as ligands

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

For the isolation of perfluorophenylgold derivatives ligands
with different donor atoms, such as sulfur [Fc(S,CNEt,),,
Fc(SPh),, Fc(PPh;S),], selenium [Fc(SePh);], nitrogen [Fcpy,
Fc(Spy),, FcCHypz, FcCH,NHpyMe, Fcterpy] or phospho-
rus  [FcCHPPhy, FcCH,PPh,CH,PPhy*, Fc(SPh)PPhy,
Fc(SePh)PPhy,  PFcpPh,  Fc/(PPhp)],  [Fc=ferrocenyl
(nS—C5H5)Fe(n5 -CsHs) or ferrocenediyl, Fe(nS—C5H4)2;
Fc’ = octamethylferrocenediyl, Fe(nS—CSMe4)2] have been

employed.
—_—
Dt
| Ph,

Cl

2 Li(C4Fs)

The donor atoms present in these ligands have enough
donor capability to displace weakly coordinated molecules,
such as tetrahydrothiophene or diethyl ether, from their gold(I)
or gold (IIT) complexes, or to break the chlorine bridges in
[Au(CgFs5)2(-CD]o, affording different nuclearity heterometal
Au/Fe products of the types [Au(Cg¢Fs)L], [{Au(CgFs)},L1],
[{Au(CeFs)}3L1, [Au(CgFs)3L], [Au(CgF5)2CIL],
[Au(CgFs),L]C104, [Au(C6F5)2L2]Cl04, [{Au(CgFs)3 }2L] or
[{Au(CgFs)2Cl},L], which are summarized in Tables 1 and 2
[151-163].

Different synthetic procedures can only be followed
in specific cases, for example in the case of the 1,1-
bis(diphenylphosphino)octamethylferrocene derivative
[{Au(CgFs)}2{Fc(PPhy);}], a complex that can be alter-
natively obtained by arylation of the chlorine derivative with
Li(CgFs) [158] (Eq. (23)). This species, as well as other related
Au/Fe complexes containing the same ligand, has been tested
in vitro against various human cancer cells. Cytotoxicity,
although improved by the presence of gold, is not better
than that of known drugs. Its related mononuclear compound
[{m-Au(CeFs) }{Fc/(PPhy)2}] was the first example of a
P-Au(-P)-C tricoordinate gold(I) [158].

l)/Au
Ph,

/C()FS

Fes

P
\Au\Cl

S ! ?P

(23)
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Table 1
Gold(I) complexes with ferrocene derivatives as ligands
Complex Au-C (A) Au-N (A) Au-P (A) Au---Au (A) Reference
[Au(CsFs)(Fcpy)] 2.00(2) 2.124(15) 3.301(2) 151
[Au(CgFs)(FcCH,pz)] 2.023(7) 2.072(5) 3.1204(6) 152
[Au(CsFs)(FcCH,NHpyMe)] 1.988(4) 2.073(4) 3.429 153
[Au(CgFs)(FcCH,PPh,)] 2.070(5) 2.284(2) [5.560] 154
[Au(C¢Fs){Fc(SPh)PPh; }] 2.056(6) 2.2701(16) 155
[Au(CgFs){Fc(SePh)PPh; }] 2.049(5) 2.2773(14) 155
2.037(5) 2.2643(15)

[Au(CgFs)(FcCH,PPh, CH,PPh,)]TfO 156
[Au(CgFs)(PFc,Ph)] 157
[{-Au(CgFs) H{Fc/(PPhy), }] 158
[{Au(C6F5)}2{Fc(Spy)2}1 159
[{Au(CgFs)}2{Fc(PPh,S), }] 160
[{Au(CgFs)}2{Fc/(PPhy), }] 158
[{Au(CgFs)}3(m3-Feterpy)] 2.068(10)-2.106(8) 3.0678(6)-3.1559(7) 161
[Au(CsFs){FcCH2N(AuPPh3)pyMe}] 153

The heterotrinuclear product  and  6-[(ferrrocenylmethyl)amino]-2-picoline  present in
[Au(C¢Fs5){FcCH,N(AuPPh3)pyMe}], which contains a [Au(CgFs){FcCH,NHpyMe}] with [Au(acac)(PPh3)]

mixed pyridine—amide ligand, is obtained in good yield
by deprotonation of the NH group of the ferrocene lig-

and simultaneous coordination of AuPPh3* moiety [153]
(Eq. (24)).

Table 2
Gold(III) complexes with ferrocene derivatives as ligands
Complex Au-C (A) Au-N (A) Au-S (A) Au-P (A) Reference
[Au(CgFs)3(Fepy)l 2.0173)n 2.101(3) 151
2.067(3)r
2.068(3)r
[Au(CgFs)3(FcCH,pz)] 152
[Au(CgFs)3(FcCH,NHpyMe)] 2.026(6)n 2.104(4) 153
2.064(5)r
2.071(5)r
[Au(CgFs)3(FcCH,PPhy)] 2.067(3)p 2.3503(9) 154
2.080(4)r
2.068(4)r
[Au(CFs)3{Fc(SPh)PPh; }] 155
[Au(CsFs)3{Fc(SePh)PPh;, }] 155
[Au(CgFs)3(PFc,yPh)] 157
[Au(CgFs)2Cl(FcCH,NHpyMe)] 2.012(2)N 2.101(2) 153
2.028(3)ci
[Au(CgFs5)2Cl(PFc,Ph)] 157
[Au(CsFs)2{Fc(SePh)PPh; }]1C104 155
[Au(CgFs)2(Fepy)21Cl04 2.0119)N 2.076(7) 151
2.01509)n 2.089(7)
[{Au(CsFs)3 }2{Fc(S2CNEt)2 } 162
[{Au(CsFs)3 }2{Fc(SPh), }] 2.028(4)s 2.3786(11) 163
2.068(4)r
2.073(4)r
[{Au(CsFs)3 }2{Fc(SePh), }] 163
[{Au(C(,F5)3}z{FC(Pths)z}J 160
[{Au(C4F5)s }2 {Fe(Spy)a }] 2.005(5)x 2.105(4) 159
2.058(6)r
2.077(6)r
[{Au(C6F5)3}z{FC(SePh)Pth}] 155
[{Au(CsFs)2Cl}2{Fc(S2CNEt )2 }H 162
[{Au(CsF5)2Cl}2{Fc(PPhaS)2 }H 2.008(8)c1 2.386(2) 160

2.040(8)s
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Fig. 19. Different Au—Au interactions is some ferrocenyl derivatives

Me [Au(acac)(PPhj)]

The crystal structures of half the Aul/Fel' complexes
have been determined by X-ray diffraction methods, show-
ing a typical linear environment for the gold(I) center, nearly
eclipsed aromatic rings at iron, and none of them display
intramolecular Au- - -Fe interactions. [Au(CgF5)(FcCH,PPh;)]
[154], [Au(CgFs){Fc(EPh)PPhy}] (E=S, Se) [155] and
[{Au(CgFs)}3(n3-Fcterpy)] [161] do not display Au- - -Au inter-
actions either (the shortest gold—gold distance in the former
is 5.5601&), but there are intramolecular Au---Au interac-
tions of 3.0678(6) and 3.1559(7) A in the terpy derivative
that may contribute to the overall stability of the system
(Fig. 19a), as was shown by DTF calculations [161], and
intermolecular aurophilic contacts (see Table 1) that led to
association into pairs in [Au(CeFs5)(Fcpy)] [151] (Fig. 19b)
and [Au(CgFs)(FcCHypz)] [152] or into chains in the case of

H
@I—CZ\N/@MG,
> Fe | ’
= Y
PPh; CeFs (24)

[Au(CeFs)(FcCH,NHpyMe)] [153] (Fig. 19¢). In the selenium
derivative [Au(CgFs){Fc(SePh)PPh; }], there is one intermolec-
ular Au- - -Se contact of 3.643 A that leads to the formation of
couples as shown in Fig. 20 [155]. Furthermore, in most of the
structures of gold(I) complexes, the lattice shows F- - -H and/or
Au- - -H contacts that give rise to three-dimensional networks.
The gold(IIl) products that have been structurally
characterized do not display intermolecular secondary
interactions, aurophilic contacts or hydrogen bonds, and
appear as monomers in the lattice with the exception of
the  6-[(ferrrocenylmethyl)amino]-2-picoline  derivatives
[Au(CgFs)2X(FcCHaNHpyMe)] (X =Cl, CgFs) [153]. In these
two species, apart from intramolecular N-H- - -Auand N-H. - -X
hydrogen bonds, intermolecular C-H. - -F and C-H- - -Cl con-
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Fig. 20. Dimers pf [Au(CeFs){Fc(SePh)PPh; }]

tacts create a 3D structure in the former or lead to the disposition
of the molecules into planes in the latter. Different intramolecu-
lar secondary interactions, such as C—H- - -O between the cation
and the anion of [Au(CgFs),(Fcepy)2]ClO4 [151], C-H---Cl
and C-H---F in [{Au(CgFs)2Cl}2{Fc(PPh,S);}] [160] or
Au---Se in [{Au(Cg¢Fs)3}2{Fc(Spy)2}] [159], are present in
other compounds. Although the sulfur atom is 3.124 A from
the gold(Ill) center in the 1,1’-bis(2-pyridylthio)ferrocene
derivative, the position should be attributed more to the rigidity
of the ligand than to any significant bonding interaction.

6.2. Metalloligands

6.2.1. Au/Ag and Au/Cu complexes

The use of bis(perhalophenyl)aurate(I) as Lewis base in order
to generate unsupported Au- - -M interactions between closed-
shell metal atoms by acid-base reactions with acid metal ions
has increased continually in recent years. A number of polymeric
AuI/AgI complexes of stoichiometry [Auy Ag>(CgFs5)4L2], were
prepared about 20 years ago using this strategy, as shown in Eq.
(25) [164,165].

Fig. 21. Chains of [AuAg(CsFs5)2(py)4]

Although they were isolated as solids whose colors varied
from pale yellow to red, while in solution they were color-
less. The optical properties of such materials were not studied
until 2000, when [AuyAgs(CeF5)4(0=CMe;)2], and its opti-
cal properties were studied in solid state at room temperature
and at 77K, as well as in acetone solution. This yielded very
interesting results [166]. The interesting properties and potential
application of certain derivatives of this type as sensors based
on vapochromic behavior has promoted the synthesis of new
related species through similar procedures (see Table 3).

When the reaction shown in Eq. (25) is carried out in
dichloromethane in the presence of excess pyridine, a colorless
solid of stoichiometry [AuAg(CgFs5)2(py)4] is obtained [167].
The single-crystal X-ray diffraction study of this species shows
the silver atom distorted over two positions (50% each one),
which does not enable a valid analysis of its bond distances and
angles. Anyway, it univocally shows an extended unsupported
one-dimensional chain of alternating gold and silver atoms of
the [Ag(py)s3]* and [Au(Cg¢Fs)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
Au—-Ag ion pairs, to the m-stacking interactions between CgF5

AgClO nlL
NBuy[Au(C4Fs),] E-t e [AuAg(CeFs)y] — = 1/2n [Au,Agy(CeFs)iLls], (25)
Table 3
Gold/silver and gold/copper complexes
Complex Au-C (A) C-Au-C (A) M- --M (A) Au---M (A) Reference
[AuAg(CoFs)2(py)als [167]
[AuzAgs(CgFs)4(1,10-phen), ], [168]
[Auz Ag2(CgFs)4(2,2"-bipy)2]n [168]
[Auz Agy(CgFs)4(tht) ], [168]
[AupAgr(CeFs5)4(O=CMey)2 1, 2.086(8) 177.3(3) 3.1674(11)ay 2.7829(9) [166]
2.092(7) 3.1810(13)A¢ 2.7903(9)
[AupAgyr(CeFs)4s(N=CMe); ], 2.055(6) 175.9(2) 2.8807(4)Au 2.7577(5) [169]
2.088(6) 3.1084(10)ag 2.7267(5)
[AupCuy(CeFs)4(N=CMe), |, 2.043(5) 175.92(15) 2.9129(3)Au 2.5876(5) [169]
2.090(4) 3.0197(11)cy 2.5741(6)
[AuCu(CgFs)2(N=CMe)(N>C4Hy)1, 2.056(5) 178.09(16) 2.8216(6) [170]

2.045(5)
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Fig. 22. Chain of tetranulear [Au;M>] (M =Ag, Cu) units

and pyridine arene ligands and to packing effects. Moreover, the-
oretical calculations based on approximate distances and angles
have been carried out, revealing the presence of both metal-
lophilic Au'- - -Ag! and aromatic C¢Fs—py interactions [167].

The rest of Au/Ag materials present a general formula
[AupAgy(CeFs)4L2], (L=1,10-phen, 2,2'-bipy, tht, O=CMe,,
N=CMe) and they all seem to be one-dimensional polymers, in
accordance with the structures of the acetone [166] and ace-
tonitrile [169] derivatives, recently determined, and to those
previously described for other complexes of the same stoichiom-
etry [164,165]. The same stoichiometry and structure is shown
in the copper complex [AuyCuy(CgFs)a(N=CMe),],, readily
synthesized in acetonitrile by reaction of equimolecular amounts
of the silver derivative and CuCl in a transmetallation reaction
[169] (Eq. (26)).

CuCl

[AusAg,(CFs)y(N=CMe),], N=CMe

Their crystal structures show polymeric chains by repetition
of [AupM>(CgFs)4L>] units through Au---Au contacts rang-
ing form 2.8807(4) to 3.1674(11) A, and M- - -M interactions of
3.1810(13) and 3.1084(10) A are present within the tetranuclear
core in the silver derivatives, which are absent in the copper
one (Cu—Cu separation 3.0197(11) A) (see Fig. 22). Each sil-
ver or copper atom is bonded to two gold centers with Au—-M
distances in the range 2.7267(5)-2.7903(9) A M=Ag) or of
2.5876(5) and 2.5741(6) A (M = Cu), which implies a stronger
bonding interaction in the silver derivative than in the copper
one taking into account the van der Waals radii for the three
metals (Cu: 1.40, Ag: 1.72, Au: 1.66 A) [171]. Although the
three structures are very similar, there are some differences in
their bonding structure. First, while in the silver complexes all
the pentafluorophenyl groups bridge the gold and silver atoms
asymmetrically (see Fig. 2a) with Au—C and Ag—C distances in
therange 2.055(6)-2.092(7) Aand 2.440(8)-2.687(6) A, respec-
tively, in the copper species half of the C¢F5 groups also act as an
asymmetric bridge between gold and copper (Au—C and Cu-C
distances of 2.043(5) and 2.8642(38) A, respectively), and the
other half bind Au and Cu more symmetrically (see Fig. 22b)
with Au—C and Cu-C bond distances of 2.090(4) and 2.141 A,
respectively.

Y

These three complexes are brightly luminescent in the solid
state at room temperature and at 77 K with lifetimes in the
nanosecond range. They undergo olygomerization in solution
via Au---Au interactions as observed through UV-vis and
excitation spectra in acetone or acetonitrile solutions at high con-
centrations. Thus, a correlation between the excitation spectra in
solution at different concentrations and the absorption spectra
in solid-state can be established. Time-dependent DFT calcu-
lations carried out based on models of these systems support
the idea that the origin of the luminescence of these complexes
stems from orbitals located in the tetranuclear Au, M, units.

If the reaction shown in Eq. (26) is carried out with two equiv-
alents of copper chloride in the presence of one equivalent of
pyrimidine, a different type of Au!/Cu' organometallic poly-
mer, [AuCu(CgF5),(N=CMe)(N,C4Hy)],, is obtained [170].

[AuyCuy(CgFs)s(N=CMe), ],
(26)

Its crystal structure consists of a polymeric chain formed by
the repetition of [Cu(N,C4Hy)] units joint together through the
bridging pyrimidine ligands, and with the additional coordina-
tion of each Cu(I) center to a molecule of acetonitrile and to
the gold atom of a linear [Au(CgF5)2]™ unit via an unsupported
Au- - -Cubonding interaction of 2.8216(6) A (Fig.23).Itis worth
noting that this is the first unsupported Au- - -Cu contactreported,

R fF Me
F Au F é
\ i
F F l'.F P ﬁ N
L NN/
\NﬁN/Cu ('?u-....__Nf\N/
I fRU
h F. F :rF F
* I
Me F
p F F

Fig. 23. Chain of [AuCu(C6F5)2(NCM6)(N2C4H4)]
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Table 4
Gold/thallium complexes
Complex Au-C (A) C-Au-C (°) TI-Au-TI (°) Au-TI-Au (°) M-:--M (A) Au-- Tl (A) Reference
[AuTI(C6Fs)21n [172]
[AuTI(C6Fs5)2(py2)ln [175]
[AuT1(CgFs)2(2,2'-bipy)l, 2.064(3) 171.86(14) 140.52(1) 176.08(1) 3.0825(4) [175]
3.1397(4)
[AuTI(CeFs)2(1,10-phen)], 2.069(8) 173.2(4) 120.19(2) 120.192) 3.0120(6) [175]
3.4899(6)
[AuTI(CgFs)2(4,4'-bipy)(THF)], 2.040(6) 177.2(2) 163.24(1) 163.24(1) 3.2155(3) [175]
3.4800(3)
[AuTI(CgFs)2(4,4'-bipy)]n 2.048(3) 177.6(1) 164.92(1)[T1-Au-Au] 3.4092(3) Au 3.0161(2) [173]
2.049(3)
[AuT1(CgF5)2(OPPh3), ], 2.058(5) 180.0 180.0 163.1(8) 3.0358(8) [174]
2.053(6) 3.0862(8)
[AuTI(C6Fs)2(L1)] [177]
[AuTI(C6Fs )2 (L)1, [177]
[AuTI(CgFs)2(L?)], 2.045(6) 180.0 180.0 139.20(1) 3.0479(2) [177]
2.047(6) 3.1427(2)
[AuTI(C6Fs )2 (LY, [177]
[AuTly(C6Fs)4(n-DMSO0)31, 2.057(8) 179.1(4) 178.82(2) 67.092) [4.100]7 3.2225(6) [176]
2.060(8) 179.9(4) 3.2465(6)
3.5182(8)
[AuTI13(CgFs)a(acac)a ], 2.047(5) 177.3(3) 165.07(1)[Ti—T1-T11 3.6688(4)11 3.0653(4) [172]
97.91(D)r11-T1-1) 3.7200(4)1
97.02(D)[m1-T1-) 3.7607(4)m
82.87()mi-1-1)
82.19()mi-T1-)
\"/ ~ Ph

~ N N
H,N N j j
J NN
LU oHNT 2 DN s e pp

since the intramolecular Au- - -Au separation is longer than 6 A
and no additional secondary interactions were detected.

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

6.2.2. Au/Tl complexes

The acid—base synthetic strategy has also been used to isolate
heterometallic Au'/TI' polymeric systems, and thus by react-
ing equimolecular amounts of bis(pentahalophenyl)aurate(I)
and thallium(I) hexafluorophosphate in tetrahydrofuran high
yields of the complex [AuTIl(CgFs),], are obtained [172].
If this reaction is carried out in the presence of N- or O-
donor ligands, such as 4,4’-bipy [173] or OPPhs [174], the
neutral ligand is incorporated in the coordination sphere of
the thallium atoms, affording [AuTI(CgFs),(4,4'-bipy)], or
[AuTI(CeFs5)2(OPPh3),],, respectively, as shown in Scheme 32.

The heteropolynuclear complex [AuTI(CgFs),], also reacts
with organic molecules such as pyridine, bipyridine, phenan-
throline, dimethysulfoxide or ethylenediamine in the adequate
proportions to give materials of the type [AuTI(CeF5)2L0],,
[AuTI(CeFs)o(L-)], ~ or  [AuaTlh(CgFs)4(u-DMSO)3],
[175-177] or with metal compounds, such as thallium acety-

TI[PF4] (THF)

[AuTI(C4F )]s

[AuTI(C¢Fs)(4,4"-bipy)],

[AuTI(C4F 5)2(OPPh;3),],

Scheme 32.

lacetonate (1:1) to afford [AuTIl3(CgFs)a(acac)y], [172] (see
Table 4).

Treatment of  the ethylenediamine derivative
[AuTI(CgFs)>(L")] with ketones at room temperature yields
stable amine—imine or diimine complexes (see Scheme 33);
these reactions occur in a few seconds even when the solid-state
precursor is exposed to ketone vapors [177]. This reactivity
contrasts with the classical synthesis of imines, which requires
high temperatures, prolonged reaction periods and the presence
of dehydrating agents [178—181], and opens the door for the
study of new potential applications of heterometallic systems
and their use as reagents in organic synthesis.

The crystal structures of most of these species have been
determined and their polymeric nature has been confirmed
thanks to the presence of unsupported interactions between the
closed-shell metal ions (Au' and TI') with Au-TI distances in
the range 3.0120(6)-3.5182(8) A. The crystal structures of the
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diimine ligand L, 2,2’-bipyridine, 1,10-phenantroline or OPPh3
show one-dimensional chains with alternating square-planar Au'
and distorted trigonal bipyramidal TI! centers (considering the
intermetallic contacts) with a vacant equatorial coordination site
apparently associated with the stereochemically active lone pair
and the gold centers occupying the apical positions (Fig. 24).
In the case of [AuTI(CgFs),(4,4’-bipy)(THF)],,, the bidentate
ligands act as bridges between TI' centers of adjacent chains,
resulting in a 2D-network represented in Fig. 25. Interestingly,

Q Q »~ QN
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N, Rr Ny r N N

R
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N

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

this structure displays an unusual distorted octahedral envi-
ronment for the thallium atoms, which, besides the Au---TI
contacts, bind two nitrogen atoms, the oxygen of a THF molecule
and interact with a fluorine atom of an adjacent layer. Consid-
ering this TI- - -F contacts the structure can be described as a
three-dimensional polymer [175].

The 4,4’-bipyridine derivative is formed by tetranuclear
units with an unusual sequence Tl-Au—Au-TIl, where repul-
sive instead of attractive forces could be expected, linked
through bridging bipyridine ligands forming planar polymers
(see Fig. 26). If additional TI- - -F contacts that connect adjacent
planes are taken into account, the structure of this complex can
be seen as an infinite 3D polymer [173].

The solid-state structure of the product with DMSO
(DMSO = dimethylsulfoxide) as ligand, which exhibits a differ-
ent stoichiometry, can be viewed as an extended linear chain built
by the repetition of [---(CgFs)2Au- - -TI-(u-DMSO)3-T1- - -]
units linked via both unsupported Au---TI interactions and
bridging DMSO molecules bonded to thallium, and with an addi-
tional terminal [Au(C¢Fs5)2]~ fragment interacting with one of
the thallium centers (Fig. 27) [176].

Finally, the crystal structure of the acetylacetonate deriva-
tive [AuTl3(CgFs)a(acac),],, which presents a different Au/Tl
ratio than the other complexes, contains Tly(acac), and
[AuT1(CgFs5)2] units linked via two TI-O bonds [172]. Poly-
merization occurs as a consequence of the presence of
unsupported TI---TI contacts of 3.7200(4) and 3.7607(4) A,
and each Tly(acac), unit links one [AuTI(CgF5);] unit form-
ing a double-chain one-dimensional polymer (Fig. 28), while in
the related pentachlorophenyl complex [AuTI,(CeCls)z(acac)],
each Tly(acac), unit links two [AuTI(CgFs);] units and forms
a two-dimensional network [172]. The thallium atoms in the
Tly(acac); units display a Tl- - - T1 contact of 3.6688(4) A.

All these Au/T] complexes are strongly luminescent in the
solid state both at room temperature and at 77 K, showing a
temperature-dependence that is assumed to be a result of the
thermal contraction that occurs when temperature is lowered,
generally losing this characteristic in solution. This lumines-
cence, which is also affected by the structural arrangements,
can therefore be attributed to intermetallic interactions, which is
also suggested by the DFT calculations that reveal the metallic
nature of the orbitals involved in each transition [173].

When TI. - -T1 contacts are present in addition to the Au- - - Tl
ones, the luminescence remains in solution. The comparison
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of these properties in solution with that of Tl(acac) seems to
indicate that the TI- - Tl interactions are not broken when the
products are dissolved. Thus, both the Au- - -Tland Tl- - - Tl inter-
actions are considered to be responsible for luminescence in
solid state, while experimental observations and TD-DFT cal-
culations show that the Tl,(acac); unit would be responsible for
the luminescent behavior in solution [172].

7. Summary

As a conclusion, pentafluorophenyl groups confer a great sta-
bility on metal complexes and make then much more stable than
their corresponding phenyl derivatives. This has allowed the syn-
thesis and isolation of a high number of compounds, mainly
gold(I) and gold(IIl) derivatives, which include homo and het-
erometal species and that can also contain neutral or anionic
ligands with a great variety of donor atoms, including some fer-
rocene derivatives as non-classical ligands. The stability of the
anion bis(perfluorophenyl)aurate(]) is so high that it can even be
used as a metalloligand in acid-base reactions against Lewis
acids, such as silver(I), copper(I) or thallium(I) salts, which
lead to supramolecular arrays with potential applications and
in which metal-metal interactions are frequent, and are often
the responsible for their interesting photophysical properties.
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