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Abstract: A novel AuICoIII coordination system that is derived
from the newly prepared [Co(d-nmp)2]

� (1� ; d-nmp = N-
methyl-d-penicillaminate) and a gold(I) precursor AuI is
reported. Complex 1� acts as a sulfur-donating metallaligand
and reacts with the gold(I) precursor to give [Au2Co2(d-nmp)4]
(2), which has an eight-membered AuI

2CoIII
2 metallaring.

Treatment of 2 with [Au2(dppe)2]
2+ (dppe = 1,2-bis(diphenyl-

phosphino)ethane) leads to the formation of [Au4Co2(dppe)2-
(d-nmp)4]

2+ (32+), which consists of an 18-membered
AuI

4CoIII
2 metallaring that accommodates a tetrahedral anion

(BF4
� , ClO4

� , ReO4
�). In solution, the metallaring structure of

32+ is readily interconvertible with the nine-membered
AuI

2CoIII metallaring structure of [Au2Co(dppe)(d-nmp)2]
+

(4+); this process depends on external factors, such as solvent,
concentration, and nature of the counteranion. These results
reveal the lability of the Au�S and Au�P bonds, which is
essential for metallaring expansion and contraction.

The development of efficient strategies for the synthesis of
coordination compounds that show reversible changes in their
structural and physicochemical properties in response to
external factors has attracted much attention in recent years.[1]

These compounds are of fundamental importance not only
because of their sophisticated molecular designs but also
because of their potential application as switching devices and
molecular machines.[2] Among the structural motifs of coor-
dination compounds, discrete metallarings are suitable can-
didates for creating switchable systems, owing to the flexi-
bility of the coordination bonds around their metal centers. In
general, a coordination-driven self-assembly of predesigned
metal acceptor units and bridging organic ligands is employed
to construct metallaring structures,[3] the sizes and geometries
of which are often controlled by the introduction of templat-
ing molecules or ions.[4, 5] Although this approach is highly
effective for the construction of homometallic rings of higher
symmetry, functional heterometallic rings with lower symme-

try are rarely obtained using this approach. An alternative
method that may overcome this limitation is the use of
metallaligands that can link metal ions in a cyclic manner.[6,7]

We previously showed that [Co(d-pen)2]
� (d-pen =d-

penicillaminate) serves as a bridging metallaligand for gold(I)
centers to produce the sulfur-bridged AuI

3CoIII
3 hexanuclear

complex [Au3Co3(d-pen)6].[8] In this complex, three octahe-
dral [Co(d-pen)2]

� units are linked by three linear AuI ions to
form a twelve-membered heterometallic ring. Unfortunately,
further studies on the stability and reactivity of [Au3Co3(d-
pen)6] in solution could not be conducted owing to its poor
solubility in most common solvents. This property is ascribed
to multiple intermolecular hydrogen bonds that are formed
between the amine and carboxylate groups of d-pen, which
results in the construction of a rigid 2D sheet-like structure in
the solid state. Therefore, we thought it worthwhile to employ
[Co(d-nmp)2]

� (1� ; d-nmp = N-methyl-d-penicillaminate) as
a metallaligand instead of [Co(d-pen)2]

� for the synthesis of
a related AuICoIII heterometallic complex. It was anticipated
that this complex would possess sufficient solubility for an
assessment of its behavior in solution because of the presence
of the methyl groups on each amine, which should prevent the
formation of intermolecular NH···O hydrogen bonds. Thus,
[Co(d-nmp)2]

� (1�) was prepared and subsequently reacted
with a gold(I) precursor. Contrary to our anticipation, this
reaction did not give an AuI

3CoIII
3 hexanuclear complex

analogous to [Au3Co3(d-pen)6], but produced the AuI
2CoIII

2

tetranuclear complex [Au2Co2(d-nmp)4] (2), which is soluble
in various solvents. Remarkably, 2 shows good reactivity
toward [Au2(dppe)2]

2+ (dppe = 1,2-bis(diphenylphosphino)-
ethane) in solution, affording the larger AuI

4CoIII
2 metallaring

structure [Au4Co2(dppe)2(d-nmp)4]
2+ (32+), which accommo-

dates an appropriate inorganic anion inside the ring. Fur-
thermore, this AuI

4CoIII
2 metallaring was found to be inter-

convertible with the smaller AuI
2CoIII metallaring structure

[Au2Co(dppe)(d-nmp)2]
+ (4+) in response to several external

factors. Herein, we describe this fascinating AuICoIII coordi-
nation system that is derived from 1� and a gold(I) species,
and which is an example of the rational creation, expansion,
and interconversion of heterometallic ring structures
(Scheme 1).

The starting complex, Na[Co(d-nmp)2] (Na-1), which was
expected to act as a sulfur-donating metallaligand, was
obtained as a brown powder by the reaction of Na3[Co(CO3)3]
with d-H2nmp (2 equiv) in water.[9] Complex Na-1 was
characterized using IR, 1H NMR, electronic absorption, and
CD spectroscopy (Supporting Information, Figure S1–S3)
and elemental analysis.[9] The structure of the potassium salt
of 1� was determined by single-crystal X-ray analysis.[10] As
shown in Figure 1 a, 1� has a normal octahedral structure in
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which two d-nmp ligands coordinate to a CoIII center through
the nitrogen, oxygen, and sulfur atoms. The geometrical
configuration of 1� entails the nitrogen atoms in a trans
arrangement (trans(N)), which is the same as that of [Co(d-
pen)2]

� .[11] Furthermore, the two nitrogen donor atoms in 1�

are chiral centers with an S configuration.
To investigate the coordination ability of 1� towards

gold(I) species, Na-1 was reacted with [AuCl{S-
(CH2CH2OH)2}] (1 equiv) in water. This reaction gave
a dark brown solution from which a brown powder (2) was
isolated in a satisfactory yield.[9] X-ray fluorescence spectros-
copy indicated that 2 contains cobalt and gold as the metal
components. The presence of [Co(d-nmp)2]

� as a constitu-
tional unit in 2 is suggested by the absorption spectrum, which
resembles that of 1� over the entire region, although each
band for 2 is slightly shifted to higher energy compared with
the corresponding bands for 1� (Figure S3).[9] This conclusion
is also supported by the IR spectrum of 2, which is very
similar to that of 1� and shows a strong band at 1637 cm�1,
which is characteristic of coordinated COO� groups (Fig-
ure S1).[9, 12] On the basis of these results and elemental
analysis data, 2 was assigned to be a 1:1 adduct of 1� and
gold(I) cations. Single-crystal X-ray analysis revealed that 2
has a sulfur-bridged AuI

2CoIII
2 tetranuclear structure with the

formula [Au2Co2(d-nmp)4] (Figure 1b).[10] In this complex,
two [Co(d-nmp)2]

� units are linked by two linearly coordi-
nated gold(I) ions (average distance for Au–S: 2.29 �,
average angle for S-Au-S: 166.78), forming an Au2Co2S4

eight-membered metallaring. Each [Co(d-nmp)2]
� unit has

a trans(N)-N2O2S2 octahedral geometry with S-configured

nitrogen donors (average distances: Co�N: 1.97 �, Co�O:
1.96 �, Co�S, 2.23 �), indicating that the geometry of 1� is
retained during the reaction. This retention of geometry is in
contrast to observations for the reaction of [Co(d-pen)2]

�with
AuI, which is accompanied by a change from trans(N) to
trans(O), affording a sulfur-bridged AuI

3CoIII
3 hexanuclear

structure with the formula [Au3Co3(d-pen)6].[8] The presence
of a methyl group on each nitrogen donor in the [Co(d-
nmp)2]

� unit appears to prevent the formation of a sterically
crowded trans(O) geometry with cis configured nitrogen
donor atoms. Furthermore, the four bridging sulfur atoms in 2
are also chiral, and all of them adopt the S configuration so as
to form an aurophilic interaction between the two AuI atoms
(Au···Au = 2.8991(3) �).[13] The 1H NMR spectrum of 2 in
D2O shows only a single set of signals owing to the d-nmp
ligands (Figure S2),[9] which suggests that on average, the
sulfur-bridged AuI

2CoIII
2 tetranuclear structure with

D2 symmetry is retained in solution. It should also be noted
that the CD spectrum of 2 in H2O is largely different from
that of 1� (Figure S3),[9] and corroborates the retention of
a tetranuclear structure in solution that possesses additional
chirality owing to the bridging sulfur atoms.

We recently found that a {Au(dppm)}+ moiety (dppm =

bis(diphenylphosphino)methane) is inserted into the sulfur-
bridged AuI

2NiII structure in [Au2Ni(dppm)(d-pen)2] upon
treatment with [Au2(dppm)2]

2+, which leads to an expansion
of the eight-membered metallaring to a twelve-membered
metallaring.[14] Prompted by this result, 2 was treated with
[Au2(dppe)2](BF4)2 (1 equiv) in methanol with the expect-
ation that two {Au(dppe)}+ moieties would be inserted into 2
to create a larger metallaring. Indeed, brown crystals (3-
(BF4)2) were isolated in good yield from this reaction.[9] The
presence of d-nmp, dppe, and BF4

� in this product was
confirmed by its IR spectrum (Figure S1), which shows
characteristic bands at 1648 (COO�), 1436 (Ph), 1103 (P�
Ph), and 1061 cm�1 (BF4

�).[9, 12] Furthermore, the elemental
analysis data were consistent with the formation of a 1:1
adduct of 2 and [Au2(dppe)2](BF4)2. Single-crystal X-ray
analysis established that 32+ has an AuI

4CoIII
2 hexanuclear

structure with the formula [Au4Co2(dppe)2(d-nmp)4]
2+, in

which two [Co(d-nmp)2]
� units are connected by two {Au2-

(dppe)}2+ linkers to form an Au4Co2S4P4C4 18-membered
metallaring (Figure 2 and Figure S4).[9, 10] As in 2, each [Co(d-
nmp)2]

� unit has a trans(N)-N2O2S2 octahedral geometry with

Scheme 1. Synthetic route to 2 and 32+ and interconversion between
32+ and 4+.

Figure 1. a,b) Perspective views of 1� (a) and 2 (b). A minor portion of
the disordered atoms and the hydrogen atoms are omitted for clarity.

Figure 2. a,b) Perspective views of 32+ accommodating a BF4
� ion; top

view (a) and side view (b). Hydrogen atoms are omitted. Dotted lines
represent the interactions between the complex cation and BF4

� .
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S-configured nitrogen donors (average distances: Co�N:
1.97 �, Co�O: 1.90 �, Co�S: 2.26 �). This result implies
that two {Au2(dppe)}2+ moieties that originate from [Au2-
(dppe)2]

2+ were inserted into two Au�S bonds in 2, with
retention of the geometry of the [Co(d-nmp)2]

� units.
Furthermore, each AuI atom is in a nearly linear arrangement
with a sulfur atom of [Co(d-nmp)2]

� and a phosphorus atom
of dppe (average values: Au�P: 2.26 �, Au�S: 2.31 �, P-Au-
S = 1748), and the two asymmetric bridging sulfur atoms in
each [Co(d-nmp)2]

� unit adopt the R and S configurations to
form a C2-symmetric metallaring structure. Furthermore, the
intramolecular separation between the nearest two gold(I)
centers in 32+ is 5.141 �, which is indicative of the absence of
an aurophilic interaction. Notably, one BF4

� anion is accom-
modated in the cavity of the 18-membered metallaring in 32+

and forms hydrogen bonds with d-nmp and dppe ligands
(N···F: 3.221 �, average distance for C···F: 3.16 �), whereas
the other BF4

� anion is positioned outside of the ring
(Figure S5).[9]

In the 1H NMR spectrum of 3-(BF4)2 in CD2Cl2, two sets
of signals are found for the four d-nmp ligands in the complex
(Figure 3a and Figure S6 a).[9] Furthermore, two fluorine
signals that arise from the BF4

� anions are observed in its

19F NMR spectrum (Figure S7).[9] These spectral features are
compatible with a C2-symmetric metallaring structure for 32+

in which one BF4
� ion is accommodated inside the ring,

whereas the other ion is located outside of the ring. However,
the NMR spectra of 3-(BF4)2 in CD3OD and D2O do not
reflect such a structure; a single set of signals is predominantly
observed at different chemical shifts in CD3OD, and the
signals for 32+ are significantly less intense (Figure 3 b and
Figure S6 b). Meanwhile, in D2O (Figure 3c and Figure S6 c),
only this single set of signals is observed.[9] These observations
imply that in the polar solvents CD3OD and D2O, 32+ is
converted into a species 4+ that has high symmetry, whereas
32+ is structurally stable in nonpolar CD2Cl2.

[15] The 2D
diffusion-ordered 1H NMR spectrum (DOSY) in CD3OD
revealed that the diffusion coefficient for 4+ (logD� 4.1) is
larger than that for 32+ (logD� 3.3; Figure S9);[9] therefore,
the molecular size of 4+ is considered to be smaller than that

of 32+. Furthermore, the ESI mass spectrum of 3-(BF4)2 in
methanol/water (1:1) gave a major signal for a monocationic
species at m/z = 1173.10, which corresponds to the formula of
the AuI

2CoIII trinuclear complex, [Au2Co(dppe)(d-nmp)2]
+

(Figure S10).[9] On the basis of these results, it was concluded
that, upon dissolution in a polar solvent, the AuI

4CoIII
2

hexanuclear structure of 32+ is converted into the AuI
2CoIII

trinuclear structure in [Au2Co(dppe)(d-nmp)2]
+ (4+), in which

a [Co(d-nmp)2]
� unit is spanned by a [Au2(dppe)]2+ moiety

through two Au�S bonds. Given that the metallaring struc-
ture of 32+ is stabilized by the accommodation of a BF4

� ion
inside its cavity, it is reasonable to assume that the solvation of
BF4

� by a polar solvent leads to the removal of the
accommodated BF4

� in 32+, which is then converted into the
thermodynamically more stable, compact, and rigid AuI

2CoIII

trinuclear structure of 4+. Unfortunately, attempts to isolate
a salt of 4+ were unsuccessful. Instead, we obtained reddish
brown crystals (4’) when tetrabutylammonium chloride was
added to an acetonitrile solution containing 32+. Single-crystal
X-ray analysis revealed that 4’ has an acyclic AuI

2CoIII

trinuclear structure with the formula [Au2CoCl(dppe)(d-
nmp)2], in which one of the two AuI atoms in the [Au2-
(dppe)]2+ moiety is bound by a [Co(d-nmp)2]

� unit, and the
other AuI atom is bound to a chloride ion (Figure S11).[9,10]

Interestingly, the 1H NMR spectrum of 4’ in CD3OD is
coincident with that of 4+, implying that the acyclic AuI

2CoIII

trinuclear structure in 4’ is converted into the cyclic AuI
2CoIII

trinuclear structure in 4+ in the absence of excess Cl� ions in
solution. This conversion occurs with replacement of a Cl�

donor in 4’ by a non-bridging sulfur donor in the [Co(d-
nmp)2]

� unit (Scheme 2).

Next, to examine the influence of coexisting anions on the
stability of the AuI

4CoIII
2 metallaring structure in 32+ in

solution, 3-(BF4)2 was dissolved in CD3OD (1.5 � 10�3
m), and

its 1H NMR spectrum was measured immediately after the
addition of an excess of various salts (10 equiv; Figure 4 and
Figure S12). Whereas the integration ratio of the 1H NMR
signals for 32+ and 4+ was 1:40 without added salt, the ratio
changed to 1:10 (increase in the signals for 32+) upon addition
of NH4BF4 (Figure 4b), indicating that the AuI

4CoIII
2 struc-

ture of 32+ was stabilized by BF4
� anions. A marked increase

in the intensity of the signals for 32+ was also observed when
NH4ClO4 or NH4ReO4 were added to the solution (Fig-
ure 4c, d).[16] On the other hand, the addition of NH4PF6 or
NH4OTf (OTf = trifluoromethanesulfonate) had little effect
on the signal ratio.[9, 17] It is assumed that the tetrahedral
geometry of BF4

� , ClO4
� , and ReO4

� enables these anions to
fit into the cavity of the metallaring of 32+ to form multiple
hydrogen bonds that sustain its structure. Indeed, X-ray

Figure 3. a–c) 1H NMR spectra of 3-(BF4)2 in CD2Cl2 (a), CD3OD (b),
and D2O (c). The methyl signals of 32+ and 4+ are represented by ~

and *, respectively. d Values are given relative to tetramethylsilane
(TMS; a,b) or sodium 4,4’-dimethyl-4-silapentane-1-sulfonate (DSS; c).

Scheme 2. Interconversion between 4+ and 4’.
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analysis of 3-Cl(ClO4), which was obtained from 2 and
[Au2(dppe)2]Cl2 in MeOH following the addition of tetrabu-
tylammonium perchlorate, confirmed the presence of a ClO4

�

ion inside the cavity of the metallaring in 32+ (Figure S13) and
the formation of multiple hydrogen bonds (N···O: 3.179 �;
average distance for C···O: 3.23 �) that appear to be stronger
that those found in 3-(BF4)2.

[9] The equilibrium between 32+

and 4+ is affected by the solution concentration; the intensity
of the 1H NMR signals for 32+ increases in a concentrated
CD3OD solution of 3-(BF4)2 compared to that in a dilute
solution (Figure S14).[9] This behavior is believed to be due to
the more effective solvation of the BF4

� anions in a more
diluted solution, which prevents the accommodation of
a BF4

� ion in the cavity of the metallaring of 32+.
In summary, we have shown that trans(N)-[Co(d-nmp)2]

�

(1�) functions as a sulfur-donating metallaligand toward
a gold(I) center with retention of its geometry, and that the
presence of a methyl group on each nitrogen donor leads to
the formation of [Au2Co2(d-nmp)4] (2), which is soluble in
various solvents. The solubility of 2 enabled the investigation
of its reaction with [Au2(dppe)2]

2+, which revealed a unique
expansion of the eight-membered AuI

2CoIII
2 ring in 2 to the

18-membered AuI
4CoIII

2 ring in [Au4Co2(dppe)2(d-nmp)4]
2+

(32+), which selects and accommodates a tetrahedral anion
inside the ring. Remarkably, 32+ is readily interconvertible
with a nine-membered AuI

2CoIII ring in [Au2Co(dppe)(d-
nmp)2]

+ (4+) in solution; this process depends on several
external factors, such as solvent, concentration, and counter-
anion. To the best of our knowledge, such an interconversion
between heteroleptic and heterometallic rings is unprece-
dented, although several examples of the interconversion of
homoleptic and homometallic rings have been reported.[5a,f,g]

The interconversion between 32+ and 4+, together with the
conversion of 2 into 32+, confirms the lability of the Au�S and
Au�P bonds, which is essential for the observed metallaring
expansion and contraction events. Finally, the present study
should provide insight into the development of metallaring
coordination systems with tunable and switchable structures
and properties.
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