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A digold(I) complex, [Au2(D-Hpen-S)2(dppm)] ([1]), newly
prepared from [Au2Cl2(dppm)] and D-H2pen, readily reacted
with Ni2+ to give a S-bridged NiIIAuI2 trinuclear complex
having an 8-membered chelating metalloring, [Au2(dppm)-
{Ni(D-pen-N,O,S)2}] ([2]). Complex [2] was reversibly con-
verted to a NiIIAuI3 tetranuclear complex having a 12-membered
metalloring, [Au3(dppm)2{Ni(D-pen-N,O,S)2}]Cl ([3]Cl), retain-
ing the coordination environment about a NiII center.

Molecular rings, ranging from simple benzene rings to
sophisticated supramolecular rings, represent one of the most
essential structural motifs in chemistry.1 In coordination
chemistry, ring structures have commonly been observed, as
represented by chelate rings, and furthermore, metalloring
structures have often been found in coordination oligomers.2 A
representative approach to create a large-membered ring in
coordination compounds is the linkage of plural rigid ligands
with use of metal ions in a closed form through self-assembly
processes,3 as well as the chelation of long, flexible ligands to a
metal center.4 While these methods enable the formation of
intended ring structures with specific sizes, the expansion and
contraction of a given ring, which requires the cleavage/
formation of coordination bonds, has scarcely been achieved in
coordination systems.5 Thus, the finding of a methodology that
leads to metalloring-expansion/contraction reactions is a key
concern and a great challenge in coordination chemistry. As
part of our ongoing efforts in the development of a gold(I)
metalloligand system derived from thiol-containing amino
acids,6 herein we report a novel digold(I) complex, [Au2(D-
Hpen-S)2(dppm)] (D-H2pen = D-penicillamine, dppm = bis(di-
phenylphosphino)methane), which acts as a hexadentate metal-
loligand toward NiII to form an 8-membered chelating metal-
loring. Remarkably, a [Au(dppm)]+ unit was reversibly inserted
into the 8-membered metalloring, allowing the reversible
conversion to a 12-membered metalloring, while the coordina-
tion environment about a NiII center remained intact during the
reactions (Scheme 1).

The reaction of [Au2Cl2(dppm)]7 with 2 molar equiv of D-
H2pen in ethanol, followed by the addition of NaOH, gave a
colorless solution, from which a white powder ([1]¢5H2O) was
isolated in a high yield.8 The 1HNMR spectrum of this
compound in methanol-d4 shows a methine and two methyl
singlet signals due to D-pen (¤ 3.57, 1.76, and 1.43) and aromatic
multiplet signals due to dppm (¤ 7.74­7.35) in an integral
intensity ratio of 1:3:3:10.8,9 From this spectrum, together with
the elemental analysis, [1] is assigned to an expected digold(I)
complex, [Au2(D-Hpen-S)2(dppm)], in which Cl¹ donors in the
starting [Au2Cl2(dppm)] is replaced by thiolato groups of D-

Hpen¹. In the IR spectrum, [1] gives a strong ¯CO band at
1627 cm¹1,8 indicative of the presence of deprotonated carboxyl
groups.10 Thus, D-Hpen¹ is assumed to exist in a zwitterionic
form with COO¹ and NH3

+ groups, like free D-H2pen.11

When [1]¢5H2O was treated with 1 molar equiv of
NiCl2¢6H2O in ethanol, followed by the addition of NaOH, a
colorless solution immediately turned to green in color, and
green crystals with a block-like shape ([2]¢7H2O¢0.5EtOH)
were obtained from the green solution in a good yield.8 X-ray
fluorescence spectrometry implied that this compound contains
Ni and Au atoms in a 1:2 ratio, and its elemental analytical data
were in agreement with the formula for a 1:1 adduct of [Au2(D-
pen)2(dppm)]2¹ and Ni2+. The electronic absorption spectral
behavior of [2] in ethanol (Figure 1) is reminiscent of that of
[Au2{Ni(D-pen-N,O,S)2}2]2¹ composed of octahedral [Ni(D-pen-
N,O,S)2]2¹ units,6b giving a broad near IR band at 1020 nm and a
visible band at 589 nm assignable to 3T2g ← 3A2g and 3T1g ←
3A2g transitions. Based on these results, [2] is assigned as a
NiIIAuI2 trinuclear complex, [Au2(dppm){Ni(D-pen-N,O,S)2}],
in which a NiII center has an N2O2S2 octahedral geometry
surrounded by two tridentate-N,O,S D-pen ligands. Compatible
with this assignment, a ¯CO band due to deprotonated carboxyl
groups is observed at 1596 cm¹1 in the IR spectrum of [2].8

The crystal structure of [2]¢7H2O¢0.5EtOH was determined
by single-crystal X-ray crystallography, which revealed the
presence of two independent, yet nearly the same complex
molecules in the asymmetric unit, besides solvated water and
ethanol molecules.8,12 As shown in Figure 2, [2] contains a
[Ni(D-pen-N,O,S)2]2¹ unit that is bound to a [Au2(dppm)]2+

moiety to form a S-bridged NiIIAuI2 trinuclear structure with 8-
membered NiAu2S2P2C metalloring.13 The NiII atom in [2]
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Scheme 1. Synthesis and conversion of [1], [2], and [3]+.
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adopts a distorted N2O2S2 octahedral geometry with a trans(O)
geometric configuration (av. Ni­N = 2.076(3)¡, Ni­O =
2.093(2)¡, Ni­S = 2.4267(8)¡, N­Ni­S = 175.54(8)°, O­Ni­
O = 167.52(13)°). The two AuI atoms are each situated in a
linear geometry coordinated by P and S atoms (av. Au­
P = 2.2681(8)¡, Au­S = 2.3172(8)¡, P­Au­S = 174.52(3)°).
In [2], the intramolecular separation between two AuI atoms is
3.1346(2)¡, suggestive of the presence of an aurophilic
interaction.14 A similar aurophilic interaction has commonly
been observed for other gold(I) species with a [Au2(dppm)]2+

moiety.15 The two bridging S atoms have R and S chiral
configurations such that the 8-membered metalloring forms a
twisted boat-like conformation.

It has been reported that [Au3Cl2(dppm)2]Cl equilibrates
with a mixture of [Au2Cl2(dppm)] and [Au2(dppm)2]Cl2 in

solution.16 This is suggestive of the conversion of a dppm
digold(I) species to a dppm trigold(I) species by reacting with
[Au2(dppm)2]Cl2. Thus, we carried out the reaction of [2] with
[Au2(dppm)2]Cl2 in ethanol to examine whether the digold(I)
structure in [2] is converted to a trigold(I) structure. Indeed, the
initial green solution of [2] quickly turned to yellow-green on
adding 0.5 molar equiv of [Au2(dppm)2]Cl2, and yellow-green
crystals with a needle-like shape ([3]Cl¢17H2O) were isolated
from the yellow-green solution in a good yield.8 X-ray
fluorescence and elemental analyses suggested that this com-
pound is a 1:1 adduct of [2] and [Au(dppm)]Cl, and its IR
spectrum was very similar to that of [2] over the whole region. In
addition, the absorption spectrum of [3]Cl resembles that of [2]
especially in the d­d absorption region, showing a broad near
IR band at 1020 nm and a visible band at 593 nm (Figure 1).
However, a marked spectroscopic difference between [2] and
[3]Cl was found in the CD spectra in the region of 250­350 nm.
That is, the CD spectrum of [2] exhibits negative and positive
CD signs from longer wavelengths in this region, while that of
[3]Cl shows CD signs opposite to [2] (Figure 1). Thus, it is
assumed that [3]Cl has a metalloring structure different from that
in [2], although the coordination mode of D-pen, as well as the
coordination environment of a NiII ion, is similar.

Single-crystal X-ray analysis of [3]Cl¢17H2O revealed the
presence of a NiIIAuI3 complex-cation and a chloride anion in a
1:1 ratio, besides solvated water molecules.8,17 As shown in
Figure 3, the complex-cation [3]+ contains an octahedral [Ni(D-
pen-N,O,S)2]2¹ unit with a trans(O) geometry (Ni­N =
2.061(4)¡, Ni­O = 2.076(3)¡, Ni­S = 2.4624(15)¡, N­Ni­
S = 177.48(13)°, O­Ni­O = 167.7(2)°), the structure of which
is almost the same as that in [2]. However, [3]+ possesses a
[Au3(dppm)2]3+ linker, in place of [Au2(dppm)]2+ in [2],
constructing a S-bridged NiIIAuI3 tetranuclear structure bearing
a 12-membered NiAu3S2P4C2 metalloring.13 This metalloring
forms a skewed conformation with two S atoms being fixed to R
configuration. In [3]+, each of the two terminal Au atoms
is coordinated by P and S atoms to form a linear geometry
(Au­P = 2.2737(14)¡, Au­S = 2.3262(13)¡, P­Au­S =

a)

b)

Figure 2. ORTEP drawings of [2]. One of two independent
complex molecules of [2] is selected. a) Entire trinuclear
complex molecule, b) 8-membered metalloring structure in [2].
Hydrogen atoms are omitted for clarity.

a)

b)

Figure 3. ORTEP drawings of complex-cation [3]+. a) Entire
tetranuclear complex-cation, b) 12-membered metalloring struc-
ture in [3]+. Hydrogen atoms are omitted for clarity. Symmetry
code: (¤) ¹x + 1, ¹y, z.
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Figure 1. Electronic absorption and CD spectra of [2] (®) and
[3]Cl (- - -) in ethanol.
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174.30(5)°), while the geometry of the central Au atom is
considerably distorted from linearity with two P donor atoms
(Au­P = 2.3347(12)¡, P­Au­P = 162.49(6)°). This distortion
appears to result from Au1£Au2 and Au1¤£Au2 aurophilic
interactions (2.9774(3)¡), which sustain this unique 12-mem-
bered metalloring structure.

Prompted by the successful conversion of [2] to [3]Cl by
treatment with [Au2(dppm)2]Cl2, we also investigated the
possibility of the reverse conversion. Based on the idea that
the removal of a [Au(dppm)]+ moiety from [3]+ ([Au3(dppm)2-
{Ni(D-pen-N,O,S)2}]+) leads to the formation of [2]
([Au2(dppm){Ni(D-pen-N,O,S)2}]) and that the formula for [2]
is equal to the 1:1:1 combination of [Au(D-pen)2]3¹, Ni2+, and
[Au(dppm)]+, 1 molar equiv each of (NH4)[Au(D-Hpen-S)2] and
NiCl2 was added to an ethanolic solution containing [3]Cl,
together with NaOH.8 Interestingly, this procedure caused the
solution color change from yellow-green to green in a few
minutes, and the absorption and CD spectra of the resulting
green solution were identical with those of [2]. Thus, it is
concluded that [3]+ is quickly reverted back to [2] by reacting
with [Au(D-pen-S)2]3¹ in combination with Ni2+.

In summary, we designed and synthesized a new digold(I)
complex ([1]), in which two D-penicillaminates are spanned by a
bended [Au2(dppm)]2+ linker through thiolato groups. The
functionality of [1] as a hexadentate-N2O2S2 metalloligand was
evidenced by the reaction with Ni2+, which gave a S-bridged
NiIIAuI2 trinuclear complex with an 8-membered chelating
metalloring ([2]). Of note is the quick, reversible conversion of
the 8-membered metalloring to the larger 12-membered metal-
loring by simple treatment with [Au2(dppm)2]2+, retaining the
coordination environment about a NiII center.18 As far as we
know, such an expansion reaction of chelating metalloring has
not been reported so far. To develop this attractive chemistry, the
reactions of [2] with other [Au2(diphosphine)2]2+ complexes,
together with the creation of other metalloligands analogous to
[1], are underway in our laboratory.
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Scientific Research C (No. 20550053) from Japan Society for
the Promotion of Science.
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