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Mercury(II), silver(I) and gold(I) thioether crown chemistry:
synthesis, electrochemistry and structures of [(HgBr2)2([24]aneS8)],
[{Ag2([24]aneS8)(CF3SO3)2(MeCN)2}∞], [Ag2([28]aneS8)][NO3]2 and
[Au2([28]aneS8)][PF6]2 ([24]aneS8 5 1,4,7,10,13,16,19,22-octathia-
cyclotetracosane; [28]aneS8 5 1,4,8,11,15,18,22,25-octathiacyclo-
octacosane)
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The complexes [(HgBr2)2([24]aneS8)], [{Ag2([24]aneS8)(CF3SO3)2(MeCN)2}∞] ([24]aneS8 = 1,4,7,10,13,16,19,22-
octathiacyclotetracosane), [Au2([28]aneS8)][PF6]2 and [Ag2([28]aneS8)][NO3]2 ([28]aneS8 = 1,4,8,11,15,18,22,25-
octathiacyclooctacosane) have been synthesized, characterised and their crystal structures determined. In
[(HgBr2)2([24]aneS8)] two HgBr2 units are bound to the macrocycle forming a discrete binuclear complex,
Hg(1)]Br(1) 2.511(2), Hg(1)]Br(2) 2.588(2), Hg(1)]S(4) 2.835(4), Hg(1)]S(7) 2.581(4) Å. In [{Ag2([24]aneS8)-
(CF3SO3)2(MeCN)2}∞] infinite polymeric chains of [24]aneS8 molecules and silver() ions are observed, Ag(1)]S(1)
2.5400(14), Ag(1)]S(4) 2.627(2), Ag(1)]S(7i) 2.556(2), Ag(1)]S(10i) = 2.5984(14) Å (i x, y 1 1, z), with the large-
ring crown acting as a bidentate ligand to two tetrahedral silver() centres. In contrast, [Ag2([28]aneS8)][NO3]2

is a binuclear complex with each AgI co-ordinated to four S-donors of the macrocyclic ligand, Ag(1)]S(1)
2.5257(12), Ag(1)]S(4) 2.6314(11), Ag(1)]S(8) 2.8932(12), Ag(1)]S(11) 2.4921(11) Å, and one NO3

2 completing
a very distorted trigonal bipyramidal co-ordination sphere, Ag(1)]O(2) 2.759(3) Å. In [Au2([28]aneS8)][PF6]2

two gold() centres are complexed tetrahedrally within the octathiamacrocycle in a [2 1 2] manner, Au(1)]S(1)
2.330(2), Au(1)]S(4) 2.789(2), Au(1)]S(8) 2.763(2), Au(1)]S(11) 2.338(2) Å. The redox properties of the
complexes are described.

In recent years the co-ordination chemistry of crown thioethers
has attracted much attention.1 These macrocycles show a
remarkable ability to form stable and inert complexes with a
wide range of d-2–12 and p-block 13 elements, in many cases for-
cing the metal centre to adopt unusual co-ordination geom-
etries or oxidation states.1,14,15 The thioethers employed in
these studies have principally been 1,4,7-trithiacyclononane
([9]aneS3), 1,4,7,10-tetrathiacyclododecane ([12]aneS4), 1,5,9,
13-tetrathiacyclohexadecane ([16]aneS4) and 1,4,7,10,13,16-
hexathiacyclooctadecane ([18]aneS6). In contrast, the co-
ordination chemistry of larger rings such as 1,4,7,10,13,16,19,
22-octathiacyclotetracosane ([24]aneS8) and 1,4,8,11,15,18,22,
25-octathiacyclooctacosane ([28]aneS8) is practically unknown.
Furthermore, only a few examples of thioether macrocyclic
complexes of CdII, PbII, HgII and AuI have been reported 16–20

and it is only recently that the corresponding co-ordination
chemistry of AgI has received any attention.21–28 Nevertheless,
macrocyclic polythioethers remain a useful starting point in the
design of selective metal complexation agents for soft d10 metal
ions.16,20,22,29

As a continuation of our studies on macrocyclic thioether
complexes of second and third row transition metal ions we
report herein the synthesis and the electrochemical properties
of the complexes of AgI, HgII and AuI with [24]aneS8 and
[28]aneS8. In particular, the structures of the silver() 30 and
mercury() complexes of [24]aneS8 and the gold() and silver()
complexes of [28]aneS8 are described; these, together with
[Cu2([24]aneS8)][BF4]2 and [Cu2([28]aneS8)][ClO4]2

3 represent
the only complexes of these large-ring crown thioethers to be
structurally characterised.31

Results and Discussion
[(HgBr2)2([24]aneS8)]

Stirring [24]aneS8 with 2 molar equivalents of HgBr2 in CH2Cl2–
MeCN (1 :1 v/v ratio) for 12 h at room temperature affords a
white precipitate. Analytical and mass spectrometric data for
this product are consistent with the stoichiometry (HgBr2)2-
[24]aneS8. The analogous complex with [28]aneS8 can be pre-
pared in the same way as a white microcrystalline powder.
However, colourless block-shaped crystals of adequate diffrac-
tion quality were only obtained for the complex with [24]aneS8,
by vapour diffusion of Et2O into a solution of the complex in
MeCN.

A single crystal structure analysis confirms the complex
to be the binuclear species [(HgBr2)2([24]aneS8)] (Fig. 1). This
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molecule lies across a crystallographic inversion centre and the
asymmetric unit therefore consists of one HgBr2 moiety and
half of a [24]aneS8 macrocycle. Each HgII essentially has a dis-
torted tetrahedral geometry, being co-ordinated to two con-
secutive S atoms of the macrocycle and to two Br2 ligands;
Hg(1)]Br(1) 2.511(2), Hg(1)]Br(2) 2.588(2), Hg(1)]S(4)
2.835(4) and Hg(1)]S(7) 2.581(4) Å. Two factors can be sug-
gested to explain the clear inequivalence of the Hg]S bond
distances in this complex. One is the different dispositions of the
two co-ordinated S-donors relative to the cavity of the macro-
cycle, S(4) being endo- and S(7) being exo-oriented; the other is
the presence of a short interaction of 3.110(4) Å between the
metal centre and the S(10) donor (Fig. 1). Including this inter-
action, the metal centres have an overall distorted trigonal
bipyramidal geometry with the S(4) and S(10) donors occupy-
ing the apical positions [S(4)]Hg(1)]S(10) 146.3(13)8]. The
Hg ? ? ? Hg distance across the inversion centre is 5.476(2) Å
with one HgBr2 moiety situated above the mean plane of the
macrocycle and the other positioned below to give an overall
anti configuration. Moreover, the two bulky HgBr2 groups are
oriented towards the centre of the large macrocyclic cavity.

Selected molecular geometry parameters are summarised in
Table 1. The crystal lattice comprises stacks of the binuclear

Fig. 1 View of [(HgBr2)2([24]aneS8)] with the numbering scheme
adopted; i 2x 1 2, 2y, 2z. Displacement ellipsoids are drawn at 50%
probability

Table 1 Selected bond lengths (Å), angles and torsion angles (8) for
[(HgBr2)2([24]aneS8)]

Hg(1)]Br(1)
Hg(1)]Br(2)

Br(1)]Hg(1)]Br(2)
Br(1)]Hg(1)]S(4)
Br(1)]Hg(1)]S(7)

C(12i)]S(1)]C(2)]C(3)
S(1)]C(2)]C(3)]S(4)
C(2)]C(3)]S(4)]C(5)
C(3)]S(4)]C(5)]C(6)
S(4)]C(5)]C(6)]S(7)
C(5)]C(6)]S(7)]C(8)
C(6)]S(7)]C(8)]C(9)
S(7)]C(8)]C(9)]S(10)
C(8)]C(9)]S(10)]C(11)
C(9)]S(10)]C(11)]C(12)
S(10)]C(11)]C(12)]S(1i)
C(11)]C(12)]S(1i)]C(2i)

2.511(2)
2.588(2)

120.76(7)
118.03(10)
125.66(10)

265.8(14)
253.8(15)

2156.9(12)
262.4(15)
264(2)
279.2(15)

2173.7(14)
261(2)
126.3(14)

271(2)
172.3(11)
61.7(15)

Hg(1)]S(4)
Hg(1)]S(7)

Br(2)]Hg(1)]S(4)
Br(2)]Hg(1)]S(7)
S(4)]Hg(1)]S(7)

2.835(4)
2.581(4)

84.87(9)
110.77(10)
80.89(12)

Symmetry transformation used to generate equivalent atoms: i 2x 1 2,
2y, 2z.

complex which propagate along the crystallographic b axis via
S ? ? ? S contacts of 3.529(6) Å between successive units (Fig. 2).
The structure of [(HgBr2)2([24]aneS8)] resembles that reported
for [(HgCl2)2([14]aneS4)]

17 and that proposed for [(HgCl2)2-
([16]aneS4)].

19 Halide ligands seem to have a marked effect
on the co-ordination chemistry of HgII with macrocyclic
polythioethers; they prevent occupation of all co-ordination
sites by S-donors while still allowing a tetrahedral geometry
at the metal centre. Interestingly, the structures of [Hg([14]-
aneS4)(OH2)(ClO4)2],

17 [Hg([15]aneS5)(PF6)2],
18 [Hg([16]aneS4)-

(ClO4)2],
16b,19 and [Hg([9]aneS3)2(PF6)2]

16a all show the metal ion
in co-ordination geometries other than tetrahedral (either dis-
torted square pyramidal or distorted octahedral) involving all
the available sulfur atoms of the ligands. Further examples arise
in the complexes [{(HgI2)2([14]aneS4)}∞] 32 and [{(HgCl2)2([6]-
aneS3)}∞] 33 in which the HgX2 moieties bridge between two
macrocycles acting as monodentate ligands.

Cyclic voltammetry of [(HgBr2)2([24]aneS8)] in dmf at 298 K
(0.1  NBun

4PF6 supporting electrolyte) at platinum electrodes
shows two irreversible reductions at Epc = 20.50 and 20.80 V
vs. ferrocene–ferrocenium at a scan rate of 100 mV s21.
Controlled-potential electrolysis in dmf at 298 K confirms
each of these processes to be two-electron transfers generating
colourless solutions. The colourless solution obtained after
reductive electrolysis by two electrons was EPR silent as a
frozen glass, consistent with the formation of HgI]HgI or
Hg0]HgII species. Controlled-potential re-oxidation gives rise to
a colourless solution having the same cyclic voltammogram as
that of the starting material. The two irreversible reduction
processes can therefore be assigned to formation of HgI]HgI

or Hg0]HgII, and Hg0]Hg0 species, respectively. Significantly,
therefore, the two metal centres can be reduced by two electrons
per Hg. For the overall four-electron process, metal deposition
on the platinum electrode or in solution is not apparent visually,
suggesting that Hg0 might remain bound or associated with the
thioether crown. The irreversibility of the reductive processes in
the cyclic voltammogram is probably due either to a change
in the co-ordination geometry of the reduced metal centres
coupled with HgI]HgI interactions, or to separate, sequential
two-electron reductions of each mercury centre separately. For
mononuclear mercury() thioether complexes such as [Hg([15]-
aneS5)]

21 and [Hg([18]aneN2S4)]
21 only one irreversible reduc-

tions are observed at 10.17 and 21.16 V vs. ferrocene–
ferrocenium, respectively,18 whereas one reversible reduction is
observed for [Hg([9]aneS3)2]

21 at 20.15 V.16a

The complex [(HgBr2)2([28]aneS8)] shows similar electro-

Fig. 2 Packing diagram for [(HgBr2)2([24]aneS8)] viewed along the
c axis
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chemical behaviour to that of [(HgBr2)2([24]aneS8)]. Cyclic vol-
tammetry in dmf at 298 K (0.1  NBun

4PF6 supporting electro-
lyte) at platinum electrodes shows two irreversible reductions
at Epc = 20.40 and 20.70 V at a scan rate of 100 mV s21.
Controlled-potential electrolysis in dmf at 298 K confirms each
of these processes to be two-electron transfers to generate

Fig. 3 View of the partial molecular structure of [{Ag2([24]-
aneS8)

21}∞] showing two asymmetric units and links to the polymeric
structure (hollow bonds) with the numbering scheme adopted; i x,
y 1 1, z; ii 2x, 2y, 2z. Displacement ellipsoids are drawn at the 50%
probability level

Table 2 Selected bond lengths (Å), angles and torsion angles (8) for
[{Ag2([24]aneS8)(CF3SO3)2(MeCN)2}∞]

Ag(1)]S(1)
Ag(1)]S(7i)

S(1)]Ag(1)]S(7i)
S(1)]Ag(1)]S(10i)
S(7i)]Ag(1)]S(10i)

C(12ii)]S(1)]C(2)]C(3)
S(1)]C(2)]C(3)]S(4)
C(2)]C(3)]S(4)]C(5)
C(3)]S(4)]C(5)]C(6)
S(4)]C(5)]C(6)]S(7)
C(5)]C(6)]S(7)]C(8)
C(6)]S(7)]C(8)]C(9)
S(7)]C(8)]C(9)]S(10)
C(8)]C(9)]S(10)]C(11)
C(9)]S(10)]C(11)]C(12)
S(10)]C(11)]C(12)]S(1ii)
C(11)]C(12)]S(1ii)]C(2ii)

2.5400(14)
2.556(2)

127.36(5)
121.61(5)
85.83(5)

68.8(4)
64.2(5)
73.2(5)

169.9(4)
279.0(5)
114.7(4)

276.9(5)
257.7(5)
268.8(4)
276.7(4)
271.7(5)
119.7(4)

Ag(1)]S(10i)
Ag(1)]S(4)

S(1)]Ag(1)]S(4)
S(7i)]Ag(1)]S(4)
S(10i)]Ag(1)]S(4)

2.5984(14)
2.627(2)

86.12(4)
122.97(5)
116.89(5)

Symmetry transformations used to generate equivalent atoms: i x,
y 1 1, z; ii 2x, 2y, 2z.

colourless solutions, with no metal deposition on the platinum
electrode apparent. In this case also the solution obtained after
the electrolysis at 20.55 V was EPR silent as a frozen glass indi-
cating an HgI]HgI interaction in the resulting reduced complex
or the formation of an Hg0]HgII species.

[{Ag2([24]aneS8)(CF3SO3)2(MeCN)2}∞] and [Ag2([28]aneS8)]-
[NO3]2

Reaction of [24]aneS8 with 2 molar equivalents of Ag(O3SCF3)
in CH2Cl2–MeCN (1 :1 v/v ratio) affords a white precipitate
after 1 h stirring at room temperature, for which microanalyt-
ical and mass spectrometric data support the stoichiometry
[Ag2([24]aneS8)(CF3SO3)2(MeCN)2]. Colourless plates suitable
for X-ray diffraction studies were obtained by vapour diffusion
of Et2O into a solution of the complex in MeCN. A single
crystal structure determination of the complex 30 shows each
AgI in a distorted tetrahedral environment co-ordinated to
four S-donors, Ag]S 2.5400(14)–2.627(2) Å, S]Ag]S 85.83(5)–
127.36(5)8 (Fig. 3, Table 2) from two different ligand molecules;
pairs of symmetry related silver() ions bridge pairs of macro-
cyclic ligands forming an infinite ladder running along the
crystallographic b axis (Fig. 4) within which all eight S-donors
of each [24]aneS8 molecule are engaged in co-ordination to
AgI. Each metal centre acts as the spiro-centre for two almost
perpendicular AgS2C2 cyclic fragments (Fig. 4). The polymeric
chains are separated by layers of CF3SO3

2 ions and MeCN
molecules.

The formation of polymeric structures by d10 transition metal
ion complexes of thioether crowns seems to be dependent
on the tetrahedral environment of the metal centre. Thus,
complexes such as [{(HgI2)2([14]aneS4)}∞],32 [{Cu([14]aneS4)-
(ClO4)}∞],34 [{Ag([18]aneS6)(Br)}∞],26 [{Ag([12]aneS3)(CF3SO3)-
(MeCN)}∞],26 [{Ag{(OH)2[16]aneS4}(NO3)}∞] 12 and [{Ag{(O-
H)2[16]aneS4}(O2CMe)}∞] 12 all show the metal ions in tetra-
hedral environments linking two or more macrocyclic ligand
molecules to form one- or three-dimensional polymeric net-
works. To confirm this idea, we argued that the larger 28-
membered ring macrocycle [28]aneS8 would have a sufficiently
large cavity to encapsulate two silver() centres, making the pos-
sibility of a polymeric or bridged species less likely than in the
smaller 24-membered ring analogue. Reaction of [28]aneS8 with
2 molar equivalents of AgNO3 in CH2Cl2–MeCN (1 :1 v/v
ratio) affords a colourless solution from which well shaped
crystals of [Ag2([28]aneS8)][NO3]2 are obtained after partial
removal of the solvent and diethyl ether diffusion. A single
crystal structure determination shows the complex to be
binuclear rather than polymeric, with two AgI placed within the
cavity of [28]aneS8 in a very distorted trigonal bipyramidal
environment (Fig. 5). The three equatorial co-ordination sites
and one of the axial positions are taken up by four S-donors
from the macrocycle, Ag]S 2.4921(11)–2.8932(12) Å, S]Ag]S
80.30(3)–136.98(4)8 (Table 3); the second axial position of the
trigonal bipyramid is instead occupied by one oxygen atom
O(2) from the NO3

2 counter anion, Ag(1)]O(2) 2.759(3) Å,

Fig. 4 Packing diagram for the [{Ag2([24]aneS8)
21}∞] polymeric chain viewed along the c axis
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O(2)]Ag(1)]S(8) 148.57(8)8. The crystal lattice features chains
of the binuclear complex which propagate along the crystallo-
graphic a axis via S ? ? ? S contacts of 3.327(2) Å between succes-
sive units (Fig. 6).

Cyclic voltammetry of [{Ag2([24]aneS8)(CF3SO3)2(Me-
CN)2}∞] measured in dmf at 298 K (0.1  NBun

4PF6 supporting
electrolyte) at platinum electrodes shows two irreversible reduc-
tions at Epc = 20.38 and 20.64 V and an intense desorption
spike at 0 V at a scan rate of 100 mV s21. The first reduction
occurs at similar redox potentials to the AgI–Ag0 couples in
[Ag([15]aneS5)]

1 and [Ag([18]aneS6)]
1 observed at 20.37 and

20.42 V respectively,35a whereas the second correspond
to the reduction potentials observed for the couple AgI–Ag0

in [Ag([18]aneN2S4)]
1, [Ag(Me2[18]aneN2S4)]

1 and [Ag([9]-
aneS3)2]

1 which range from 20.57 to 20.78 V.35a Controlled
potential reductions in dmf at 298 K confirm each of the reduc-
tion processes to be single-electron transfers giving rise to
colourless solutions and a black layer of Ag0 on the platinum
electrode. In this case therefore the two metal centres are not
reduced simultaneously at the same potential. Furthermore, as
a consequence of the reduction of AgI to Ag0 demetallation of
the complex is observed. No oxidation waves are observed in
the cyclic voltammogram up to 12.0 V. Nevertheless, if the
complex is treated with concentrated (98%) H2SO4 a transient
purple species is formed. The X-band EPR spectrum measured
as a frozen glass at 77 K shows a weak rhombic signal with

Fig. 5 View of [Ag2([28]aneS8)][NO3]2 with the numbering scheme
adopted; i 2x, 2y 1 1, 2z 1 2. Displacement ellipsoids are drawn at
50% probability

Table 3 Selected bond lengths (Å), angles and torsion angles (8) for
[Ag2([28]aneS8)][NO3]2

Ag(1)]S(1)
Ag(1)]S(4)
Ag(1)]S(8)

S(1)]Ag(1)]S(4)
S(1)]Ag(1)]S(8)
S(1)]Ag(1)]S(11)
S(4)]Ag(1)]S(8)
S(4)]Ag(1)]S(11)

C(14i)]S(1)]C(2)]C(3)
S(1)]C(2)]C(3)]S(4)
C(2)]C(3)]S(4)]C(5)
C(3)]S(4)]C(5)]C(6)
S(4)]C(5)]C(6)]C(7)
C(5)]C(6)]C(7)]S(8)
C(6)]C(7)]S(8)]C(9)
C(7)]S(8)]C(9)]C(10)
S(8)]C(9)]C(10)]S(11)
C(9)]C(10)]S(11)]C(12)
C(10)]S(11)]C(12)]C(13)
S(11)]C(12)]C(13)]C(14)
C(12)]C(13)]C(14)]S(1i)
C(13)]C(14)]S(1i)]C(2i)

2.5257(12)
2.6314(11)
2.8932(12)

86.33(4)
114.85(4)
136.98(4)
86.16(3)

136.26(4)

66.7(3)
60.5(4)
64.8(3)

177.2(3)
56.2(5)
50.3(5)

173.7(3)
126.5(3)

270.0(4)
173.0(3)
70.2(3)

2173.9(3)
266.9(4)

2147.8(3)

Ag(1)]S(11)
Ag(1)]O(2)

S(8)]Ag(1)]S(11)
O(2)]Ag(1)]S(1)
O(2)]Ag(1)]S(4)
O(2)]Ag(1)]S(8)
O(2)]Ag(1)]S(11)

2.4921(11)
2.759(3)

80.30(3)
91.71(8)
78.77(8)

148.57(8)
91.72(8)

Symmetry transformation used to generate equivalent atoms: i 2x,
2y 1 1, 2z 1 2. g1 = 2.0392, g2 = 2.0174, g3 = 1.9911 with hyperfine coupling to

107Ag and 109Ag not being observed. The use of acidic media for
oxidation of complexes of thioether crowns is based upon the
stabilisation of the products via inhibition of base-promoted
ring opening reactions.35b

The cyclic voltammetry of [Ag2([28]aneS8)][NO3]2 measured
in dmf at 298 K (0.1  NBun

4PF6 supporting electrolyte) is very
similar to that recorded for [{Ag2([24]aneS8)(CF3SO3)2-
(MeCN)2}∞]. Two irreversible reductions are observed at
Epc = 20.10 and 20.50 V together with an intense desorption
spike at 0 V at a scan rate of 100 mV s21. In this case also,
controlled coulometric measurements in dmf confirm the two
reductions to be single-electron processes giving rise to colour-
less solutions and a black layer of Ag0 on the platinum elec-
trode. The complex can be oxidised chemically with 98% H2SO4

to give a transient purple species which shows a weak rhombic
signal in the EPR spectrum measured as a frozen glass at 77 K
with g1 = 2.0388, g2 = 2.0243, g3 = 1.9905. As before, hyperfine
coupling to 107Ag and 109Ag is not observed in the X-band.
Significantly, on chemical oxidation, silver() complexes of
[12]aneS4, [14]aneS4, [16]aneS4, [15]aneS5 and [18]aneS6 all give
more stable purple-blue silver() species with comparable EPR
spectral parameters, where hyperfine coupling to 107Ag and
109Ag is observable in Q-band EPR spectra.35a

[Au2([28]aneS8)][PF6]2 and [Au2([24]aneS8)][PF6]2

Reaction of [28]aneS8 with 2 molar equivalents of [Au(tht)2]PF6

(tht = tetrahydrothiophene) in MeNO2 affords a white precipi-
tate upon addition of ice-cold Et2O. The product shows FAB
mass spectral peaks (M1) at m/z 1075, 929 and 733 assigned to
[197Au2([28]aneS8)(PF6)]

1, [197Au2([28]aneS8 2 H)]1 and [197Au-
([28]aneS8)]

1 respectively. On the basis of this evidence together
with microanalytical and IR spectroscopic data the product is
assigned as [Au2([28]aneS8)][PF6]2. A single crystal structure
determination confirmed the compound to be a genuine bi-
nuclear gold() complex (Fig. 7, Table 4). The two encapsulated
gold() centres are related by a crystallographic inversion centre
and are each co-ordinated to two S-donors, Au]S(1) 2.330(2)
Au]S(11) 2.338(2) Å, with two additional longer interactions,
Au]S(4) 2.789(2), Au]S(8) 2.763(2) Å conferring a [2 1 2] dis-
torted tetrahedral geometry on the metal ion. The co-
ordination at AuI is comparable to that observed for CuI in the
analogous [Cu2([28]aneS8)]

21 cation,3 the main difference being
the angle at S(1)]M]S(11). The preference of AuI for linear co-

Fig. 6 Packing diagram for [Ag2([28]aneS8)][NO3]2
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ordination with thioether donors is reflected in the opening up
of this angle to 155.58(6) from 133.4(2)8 in the copper() cation.
The greater distortion of the tetrahedral geometry for the
gold() complex pulls the gold() centres closer together, to
5.6977(6) Å in comparison to 6.454(3) Å between the two CuI

centres. Interestingly, the [2 1 2] distorted tetrahedral stereo-
chemistry at AuI in [Au2([28]aneS8)][PF6]2 is very similar to that
observed for AuI when bound to other thioether ligands, e.g.
[9]aneS3, [18]aneS6 and [15]aneS5.

35a

Cyclic voltammetry of [Au2([28]aneS8)][PF6]2 at platinum
electrodes in MeCN at 298 K (0.1  NBun

4PF6) shows a broad
chemically reversible oxidation at E₂

₁ = 10.55 V (∆Ep = 230 mV)
at a scan rate of 140 mV s21. Coulometric measurements con-
firmed this process to be a four-electron transfer step. Electro-
chemical oxidation of [Au2([28]aneS8)][PF6]2 at 11.0 V affords
a pale yellow, EPR silent species, consistent with the production
of a binuclear gold() species. During the oxidation of the
colourless gold() complex to the pale yellow gold() product
transient, paramagnetic canary yellow species are formed. The
EPR spectrum recorded for the intermediate species as a
frozen glass at 77 K shows a complicated multiplet (gav ≈ 2.019).
The return reduction to [Au2([28]aneS8)]

21 involves the
same intermediate(s). The oxidation of [Au2([28]aneS8)]

21 to
[Au2([28]aneS8)]

61 therefore involves EPR active gold() inter-
mediates, with signals arising from mixtures of the intermediate
species AuI]AuII, AuII]AuII and AuII]AuIII. The AuII]AuII

species may be EPR silent in the presence of metal–metal
interactions.

Fig. 7 View of [Au2([28]aneS8)]
21 with the numbering scheme

adopted; i 2x 1 2, 2y, 2z. Displacement ellipsoids are drawn at 50%
probability

Table 4 Selected bond lengths (Å), angles and torsion angles (8) for
[Au2([28]aneS8)][PF6]2

Au(1)]S(1)
Au(1)]S(4)

S(1)]Au(1)]S(4)
S(1)]Au(1)]S(8)
S(1)]Au(1)]S(11)

S(1)]C(2)]C(3)]S(4)
C(2)]C(3)]S(4)]C(5)
C(3)]S(4)]C(5)]C(6)
S(4)]C(5)]C(6)]C(7)
C(5)]C(6)]C(7)]S(8)
C(6)]C(7)]S(8)]C(9)
C(7)]S(8)]C(9)]C(10)
S(8)]C(9)]C(10)]S(11)
C(9)]C(10)]S(11)]C(12)
C(10)]S(11)]C(12)]C(13)
S(11)]C(12)]C(13)]C(14)
C(12)]C(13)]C(14)]S(1i)
C(13)]C(14)]S(1i)]C(2i)
C(14)]S(1i)]C(2i)]C(3i)

2.330(2)
2.789(2)

86.24(6)
108.14(6)
155.58(6)

60.1(7)
77.8(6)

295.1(6)
263.5(8)
114.3(6)

2167.8(5)
67.9(6)
57.2(7)
63.3(6)
65.8(6)

166.7(5)
271.2(7)

2157.3(5)
273.8(6)

Au(1)]S(8)
Au(1)]S(11)

S(4)]Au(1)]S(8)
S(4)]Au(1)]S(11)
S(8)]Au(1)]S(11)

2.763(2)
2.338(2)

91.88(6)
113.93(6)
87.77(6)

Symmetry transformation used to generate equivalent atoms: i 2 2 x,
2y, 2z.

The four-electron oxidation of [Au2([28]aneS8)][PF6]2 was
also monitored by UV/VIS spectroscopy. The in situ electro-
chemical oxidation of [Au2([28]aneS8)][PF6]2 was carried out in
MeCN (0.1  NBun

4PF6) at 253 K (Fig. 8). The study shows the
conversion of [Au2([28]aneS8)]

21 [λmax = 238 nm (εmax = 17 500
21 cm21)] to [Au2([28]aneS8)]

61 [λmax = 324 (εmax = 26 750) and
245 nm (14 770 21 cm21)] at 11.0 V. The oxidation proceeds
through an intermediate species, confirmed by the presence of
the overlapping band at λmax = 400 nm. This process is chem-
ically reversible with the starting material being regenerated on
re-reduction at 10.1 V. We have reported previously the stabil-
isation of mononuclear gold() centres by thioether crowns.15

In general, this has been achieved via control of the ligation
environment to afford elongated octahedral co-ordination at
the d9 metal centre. In the absence of additional ligands, gold()
centres within the complex cation [Au2([28]aneS8)]

x1 would be
expected to retain four-co-ordination and would therefore be
readily oxidised to d8 AuIII for which four-co-ordinate, square-
planar co-ordination is preferred. It appears therefore that
[28]aneS8 is capable of supporting the four-electron oxidation
of distorted tetrahedral AuI

2 to square-planar AuIII
2 within its

own co-ordination sphere.
The reaction of [24]aneS8 with 2 molar equivalents of [Au-

(tht)2]PF6 in MeNO2 affords a white precipitate on the add-
ition of Et2O for which analytical and mass spectroscopic data
support the stoichiometry [Au2([24]aneS8)][PF6]2. Unfortu-
nately the complex proved to be unstable both in solution and
in the solid state, making further characterisation difficult.
Attempts to grow suitable single crystals for a crystal structure
determination resulted in decomposition of the complex to
colloidal gold. Owing to this instability, a pure sample of
[Au2([24]aneS8)][PF6]2 for electrochemical studies was not
obtained. These results suggest that the gold() centres are
bound in very strained stereochemistries by [24]aneS8 in com-
parison to the unstrained co-ordination at AuI in the stable
[28]aneS8 analogue. This is a function of the smaller ring size
of [24]aneS8 in comparison to [28]aneS8 which may promote
demetallation of the binuclear complex to form a mononuclear
species.

Experimental
Melting points are uncorrected. The IR spectra were recorded
as KBr discs using a Perkin-Elmer 598 spectrometer over the
range 200–4000 cm21. Microanalyses were performed by the
University of Nottingham Chemistry Department Micro-
analytical service. Electrochemical measurements were per-
formed on a Bruker E310 Universal Modular Polarograph.
All readings were taken using a three-electrode potentiostatic

Fig. 8 In situ electronic spectrum for conversion of [Au2([28]aneS8)]
21

into [Au2([28]aneS8)]
61 (OTE, MeCN, 0.1  NBun

4PF6, 253 K, 11.0 V
vs. ferrocene–ferrocenium)
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Table 5 Crystallographic data

Formula
M
Crystal system
Space group
a/Å
b/Å
c/Å
α/8
β/8
γ/8
U/Å3

Z
T/K
µ(Mo-Kα)/mm21

Reflections collected
Unique reflections, Rint

Tmin, Tmax

R1
wR2 (all data) 37,38

R 39

R9 39

[(HgBr2)2([24]aneS8)]

C16H32Br4Hg2S8

1201.72
Monoclinic
P21/n (no. 14)
8.5311(11)
8.100(4)
22.425(3)

100.461(14)

1523.9(8)
2
150(2)
15.862
3112
2877, 0.088
0.016, 0.059
0.0626 [2190 F > 4σ(F)]
0.1766
—
—

[Ag2([24]aneS8)(CF3SO3)2(MeCN)2]

C22H38Ag2F6N2O6S10

1076.88
Monoclinic
P21/c (no. 14)
13.285(2)
6.3340(10)
22.547(3)

94.752(9)

1890.7(5)
2
150(2)
1.656
3344
3344, —
0.61, 0.81
0.0431 [2255 F > 4σ(F)]
0.0779
—
—

[Au2([28]aneS8)][PF6]2

C20H40Au2F12P2S8

1220.76
Monoclinic
P21/n (no. 14)
6.6156(14)
19.836(5)
13.190(6)

97.73(2)

1715
2
173(1)
9.171
3166
2166, 0.0156
0.074, 0.188
—
—
0.0288 [1912 F > 6σ(F)]
0.0336

[Ag2([28]aneS8)][NO3]2

C20H40Ag2N2O6S8

876.76
Triclinic
P1̄ (no. 2)
8.9759(14)
9.584(2)
11.200(2)
109.83(2)
94.43(2)
116.95(2)
776.7(2)
1
150(2)
1.837
2765
2734, 0.0347
0.494, 0.657
0.0326 [2493 F > 4σ(F)]
0.0709
—
—

system in dmf and/or MeCN containing 0.1  NBun
4PF6 as

supporting electrolyte. Cyclic voltammetric measurements were
carried out using a double platinum electrode and an Ag–AgCl
reference electrode. The UV/VIS spectra were measured in
quartz cells using a Perkin-Elmer Lambda 9 spectrophotometer,
mass spectra at the EPSRC National Mass Spectrometry Ser-
vice at Swansea and EPR spectra on Bruker EMX 6/1 and
Bruker ER-200D spectrometers. The complex [Au(tht)2]PF6

was prepared as reported in the literature.36

Preparations

[(HgBr2)2([24]aneS8)]. To a well stirred solution of [24]aneS8

(25 mg, 0.052 mmol) in CH2Cl2–MeCN (20 cm3, 1 : 1 v/v ratio)
was added a solution of HgBr2 (37.5 g, 0.104 mmol) in MeCN
(5 cm3). The mixture was stirred at room temperature over-
night, and the resulting white precipitate was filtered off,
washed with CH2Cl2 and dried in vacuo (38.4 mg, 61.5% yield).
Colourless blocks suitable for X-ray diffraction studies were
grown by diffusion of diethyl ether vapour into a MeCN solu-
tion of the white solid. M.p. 130 8C [Found (Calc. for C8H16-
Br2HgS4): C, 16.04 (15.99); H, 2.72 (2.68%)]. IR spectrum (KBr
disc): 2955w, 2911m, 1411s, 1250s, 1211m, 1144m, 905m, 861w
and 822w cm21. ES1 mass spectrum: m/z = 1204; calc. for
[(202HgBr2)2([24]aneS8)]

1 (M1) 1204, with the correct isotopic
distribution.

[(HgBr2)2([28]aneS8)]. A solution of HgBr2 (67.04 mg, 0.186
mmol) in MeCN (6 cm3) was added to a well stirred solution of
[28]aneS8 (50 mg, 0.093 mmol) in CH2Cl2 (10 cm3). After 10 min
stirring a white solid started precipitating. The mixture was
stirred for 3 h at room temperature, and the resulting white
precipitate filtered off, washed with CH2Cl2 and dried in vacuo
(64 mg, 76.6% yield). M.p. 168–170 8C [Found (Calc. for
C10H20Br2HgS4): C, 18.87 (19.10); H, 2.95 (3.21%)]. FAB mass
spectrum (3-nitrobenzyl alcohol matrix): very poor ionisation
and the expected ions were not found. IR spectrum (KBr disc):
2917m, 1439m, 1405s, 1344w, 1255m, 889w, 844w, 722w, 683w
and 628w cm21.

[{Ag2([24]aneS8)(CF3SO3)2(MeCN)2}∞]. To a well stirred
solution of [24]aneS8 (50 mg, 0.104 mmol) in CH2Cl2–MeCN
(20 cm3, 1 : 1 v/v ratio) was added a solution of Ag(O3SCF3)
(53.44 mg, 0.208 mmol) in MeCN (5 cm3). The mixture was
stirred at room temperature for 1 h. The white solid was filtered
off and dried in vacuo (70 mg, 62.5% yield). Colourless blocks
suitable for X-ray diffraction studies were grown by diffusion of

diethyl ether vapour into a MeCN solution of the white solid.
M.p. 182–184 8C [Found (Calc. for C11H19AgF3NO3S5): C,
21.85 (21.74); H, 3.35 (3.21); N, 2.45 (2.60%)]. IR spectrum
(KBr disc): 2967w, 2900w, 2255w, 1427m, 1405m, 1278vs,
1255vs, 1155s, 1027s, 905w, 822w, 755w, 633s, 572w and 511m
cm21. FAB mass spectrum (3-nitrobenzyl alcohol matrix):
m/z = 845, 695 and 589; calc. for [107Ag2([24]aneS8)(CF3SO3)]

1

(M1) 845, [107Ag2([24]aneS8)]
1 (M1) 695 and [107Ag([24]-

aneS8)]
1 (M1) 589, with the correct isotopic distributions.

[Ag2([28]aneS8)][NO3]2. Reaction of [28]aneS8 (19.9 mg,
0.037 mmol) with AgNO3 (12.57 mg, 0.074 mmol) in stirring
CH2Cl2–MeCN (1 :1 v/v, 10 cm3) for 2 h in the dark gave a
colourless solution, which was then reduced in volume (2.5 cm3)
under reduced pressure. Crystallisation by Et2O diffusion
afforded colourless irregular plates (27.1 mg, 83.54% yield).
M.p. 180 8C with decomposition [Found (Calc. for C10H20-
AgNO3S4): C, 27.35 (27.40); H, 4.62 (4.60); N, 3.24 (3.19%)]. IR
spectrum (KBr disc): 2918w, 1646w, 1439s, 1370s, 1250s,
1150m, 901m, 824m, 748w and 725w cm21. FAB mass spectrum
(3-nitrobenzyl alcohol matrix): m/z = 814, 751 and 645; calc. for
[107Ag2([28]aneS8)(NO3)]

1 (M1) 813, [107Ag2([24]aneS8)]
1 (M1)

751 and [107Ag([24]aneS8)]
1 (M1) 644, with correct isotopic

distributions.

[Au2([24]aneS8)][PF6]2. Reaction of [24]aneS8 (40 mg, 0.083
mmol) with [Au(tht)2]PF6 (90 mg, 0.174 mmol) in stirring
MeNO2 (10 cm3) for 3 h in the dark gave a colourless solution,
which was then reduced in volume (5 cm3) in vacuo. Filtration
into ice-cold Et2O (30 cm3) afforded a white precipitate on cool-
ing to 220 8C (72 mg, 28% yield) [Found (Calc. for C8H16-
AuF6PS4): C, 17.8 (16.5); H, 3.01 (2.75%)]. IR spectrum (KBr
disc): 2960w, 2920w, 1420m, 1260m, 1200m, 1140m, 860–840s
and 560m cm21. FAB mass spectrum (3-nitrobenzyl alcohol
matrix): m/z = 1019, 873 and 677; calc. for [197Au2([24]-
aneS8)(PF6)]

1 (M1) 1019, [197Au2([24]aneS8 2 H)]1 (M1) 873
and [197Au([24]aneS8)]

1 (M1) 677, with correct isotopic
distributions.

[Au2([28]aneS8)][PF6]2. Reaction of [28]aneS8 (40 mg, 0.075
mmol) with [Au(tht)2]PF6 (83 mg, 0.160 mmol) in stirring
MeNO2 (10 cm3) for 3 h in the dark gave a colourless solution,
which was then reduced in volume (3 cm3) in vacuo. Filtration
into ice-cold Et2O (30 cm3) afforded a white precipitate on cool-
ing to 220 8C. The product was filtered off and washed with
Et2O and CH2Cl2, yielding a white microcrystalline solid which
was dried in vacuo and stored at 220 8C (yield 82 mg, 75%)
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[Found (Calc. for C10H20AuF6PS4): C, 19.7 (19.7); H, 3.26
(3.30%)]. IR spectrum (KBr disc): 2910w, 2860w, 1550m,
1440m, 1420m, 1340w, 1300w, 1260m, 1250m, 1240m, 1200m,
1140m, 1040s, 920m, 860m, 840w, 740w, 650w and 555w cm21.
FAB mass spectrum (3-nitrobenzyl alcohol matrix): m/z = 1075,
929 and 733; calc. for [197Au2([28]aneS8)(PF6)]

1 (M1) 1075,
[197Au2([28]aneS8 2 H)]1 (M1) 929 and [197Au([28]aneS8)]

1

(M1) 733, with correct isotopic distributions.

X-Ray crystallography

A summary of the crystal data and refinement details for
[(HgBr2)2([24]aneS8)], [{Ag2([24]aneS8)(CF3SO3)2(MeCN)2}∞],
[Au2([28]aneS8)][PF6]2 and [Ag2([28]aneS8)][NO3]2 is given in
Table 5. The crystals were cooled using an Oxford Cryosystems
open-flow nitrogen cryostat 40 and data were collected using a
Stoe Stadi-4 four-circle diffractometer using ω–θ scans. Data
were corrected for Lorentz-polarisation effects and absorption
corrections were applied by using ψ scans; for [Au2([28]ane-
S8)][PF6]2, corrections for absorption were applied at isotropic
convergence using DIFABS.41 The structures were solved
by direct methods 42 and subsequent Fourier-difference syn-
theses;37,38 for [Au2([28]aneS8)][PF6]2 the structure was solved by
Patterson synthesis and subsequent refinement by least squares
on F.39 All non-H atoms were refined anisotropically and all
H atoms placed at calculated positions (CH2) or located from
a circular ∆F synthesis (CH3) and thereafter refined with
Uiso(H) = xUeq(C) (x = 1.2 for CH2, 1.5 for CH3). For the
mercury complex the largest residual electron density features
lay near the Hg and Br atoms.

CCDC reference number 186/1058.
See http://www.rsc.org/suppdata/dt/1998/2931/ for crystallo-

graphic files in .cif format.
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