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ABSTRACT: A phenanthroline-based macrocycle 1 has been newly developed which has two chemically equivalent metal
chelating sites within the spatially restricted cavity for dinuclear metal arrangement. The macrocycle 1 reacts with Zn(CF3CO2)2
or ZnCl2 to form homodinuclear Zn(II)-complexes. A single-crystal X-ray structural analysis of the resulting Zn21(CF3CO2)4
determined the complex structure in which two Zn(II) ions are bound by two phenanthroline sites and two CF3CO2

− ions bind
to each Zn(II) ion in a tetrahedral geometry. Similarly, a homodinuclear Cu(I)-macrocycle was formed from 1 and
Cu(CH3CN)4BF4. Notably, from 1 and an equimolar mixture of Cu(CH3CN)4BF4 and Zn(CF3CO2)2, a heterodinuclear Cu(I)−
Zn(II)-macrocycle was exclusively formed in high yield (>90%) because of the relatively low stability of the dinuclear Cu(I)-
macrocycle. A heterodinuclear Ag(I)−Zn(II)-macrocycle was similarly formed with fairly high selectivity from a mixture of Ag(I)
and Zn(II) ions. Such selective heterodinuclear metal arrangement was not observed with other combinations of M-Zn(II) (M =
Li(I), Mg(II), Pd(II), Hg(II), La(III), and Tb(III)).

■ INTRODUCTION
In recent years, a number of examples of organic macrocycles
capable of binding multiple metal ions within their inner space
have been reported. These macrocyclic ligands possess centrally
directed coordination sites such as Schiff base,1 pyrrole,2

pyridine ring,3 amine,4 phosphine,5 sulfide,6 and so on. Such
metallo-macrocycles are known to have metal-centered
chemical functions such as anion1m,4a,5 and cation1g,j,l

recognition, activation of reacting molecules,3b,4d,e metal
assembly,1d−f,h,6d spontaneous stacking,1i−k or construction of
distinctive topological molecules.1n,2d,3c The relationship
between their structures and functions highly depends on the
number, kind, and arrangement of metal ions. In particular, it is
getting more challenging to develop heteronuclear metal
arrangement within one molecule to give rise to the diversity
of metallo-macrocycles. In general, heteronuclear metal
arrangement within one molecule requires different metal
binding sites each of which has an affinity for a specific metal
ion. Only a few examples of heteronuclear metal arrangement
using a ligand with chemically equivalent metal binding sites are
known so far.7

Herein, we report a flat macrocyclic ligand 1 which is capable
of accommodating two different metal ions by two chemically
equivalent metal chelating sites. The macrocycle 1 possesses
two centrally directed phenanthroline coordination sites and

reacts with Zn(II) or Cu(I) ions to form a homodinuclear
Zn(II)-macrocycle or Cu(I)-macrocycle, respectively. Interest-
ingly, when the macrocycle 1 reacts with an equimolar mixture
of Cu(I) and Zn(II) ions, a heterodinuclear Cu(I)−Zn(II)-
macrocycle is selectively formed in high yield (>90%).
Similarly, a heterodinuclear Ag(I)−Zn(II)-macrocycle is
obtained from a mixture of Ag(I) and Zn(II) ions (Figure 1).
Thus, the spatially restricted cavity of macrocycle 1 provides a
platform for heterodinuclear metal arrangement based largely
on the metal-centered coordination geometry, charge number,
and ligands other than macrocycle 1.

■ RESULTS AND DISCUSSION
Design and Synthesis of a Macrocyclic Ligand. A

macrocyclic ligand 1 which possesses two phenanthroline
coordination sites was synthesized as a platform for metal
arrangement. Two coordination sites are directed inward so
that two metal ions can be included in a face-to-face fashion
within the macrocyclic cavity. The macrocycle 1 was prepared
by sequential connections of 2,9-dichloro-1,10-phenanthroline
(6), 1,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
benzene (7), and 1,3-dibromo-5-(hexyloxy)benzene (8) to
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afford precursors 9 and 10, followed by the intermolecular
cyclization between them by Suzuki−Miyaura coupling
(Scheme 1 and Supporting Information, Scheme S1; for the
synthetic details, see Supporting Information). The yield of the
final cyclization step was 15%. Its rhombic macrocyclic
structure with a nanometer-sized cavity (long axis: 1.3 nm,
short axis: 0.8 nm) was determined by the X-ray crystal analysis
(Figure 2a and Supporting Information, Figure S8). The
structure was relatively flat with small dihedral angles between

phenanthroline and adjacent benzene rings (C−C−C−C and
N−C−C−C; ϕ = 24.2−29.9°).

Homodinuclear Metal Complexes of Macrocycle 1.
Macrocycle 1 has two chemically equivalent metal coordination
sites capable of binding two identical metal ions within the
cavity. First, complexation of 1 with Zn(CF3CO2)2 (2.0 equiv)
in CDCl3/CD3CN = 10:1 resulted in the formation of a
homodinuclear Zn(II)-macrocycle, Zn21(CF3CO2)4 (2a). In
the 1H NMR spectroscopic titration study, the spectra first

Figure 1. Various metal including macrocycles formed from a macrocyclic ligand 1.

Scheme 1. Synthesis of Macrocycle 1a

aReagents and conditions: (a) Pd(PPh3)4, Na2CO3, dioxane, ethanol, H2O, 60 °C, 29%; (b) Pd(PPh3)4, n-Bu4NBr, Na2CO3, toluene, H2O, 100 °C,
57%; (c) Pd(PPh3)4, n-Bu4NBr, Na2CO3, toluene, H2O, 90 °C, 15%.

Figure 2. Crystal structures of (a) macrocycle 1 and (b) homodinuclear Zn(II)-macrocycle, Zn21(CF3CO2)4 (2a) (solvents, side-alkyl-chains, and
hydrogen atoms are omitted for clarity). The molecular structures are represented with 50% thermal ellipsoids. ϕ denotes the dihedral angle.
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expressed signal patterns corresponding to a complex with C2v-
symmetry and then changed to that with D2h-symmetry,
suggesting the conversion from a mononuclear intermediate to
a dinuclear Zn21(CF3CO2)4 with increasing the concentration
of Zn(II) ions (Figure 3b and Supporting Information, Figure

S9). The phenanthroline proton signals showed downfield shift
(signals (a) and (b); Δδ = +0.31 and +0.40 ppm, respectively)
because of the Zn(II) binding. Concurrently with the metal
binding, para-phenylene protons (d) next to the phenanthro-
line groups showed significant upfield shift (Δδ = −0.70 ppm).
This indicates that the shielding effect of phenanthroline
groups is induced because of the solution-phase conformational
changes of these para-phenylene moieties to rotate in a
direction perpendicular to the macrocyclic plane. The
formation of dinuclear complex, Zn21(CF3CO2)4 (2a), was
also supported by electrospray ionization-time-of-flight (ESI-
TOF) mass spectrometry (m/z 1617.4 as [Zn21(CF3CO2)4 +
Na]+, Supporting Information, Figure S16).
Furthermore, the crystal structure of Zn21(CF3CO2)4 was

determined by an X-ray analysis (Figure 2b, Supporting
Information, Figures S17, and S18). In the resulting structure,
two Zn(II) ions are bound by two phenanthroline sites in the
rhombic cavity of 1 with a Zn−Zn distance of 9.43 Å. In
addition, two CF3CO2

− ions are bound to each Zn(II) ion to
result in a tetrahedral coordination geometry with Zn−O bond
distances from 1.88 to 1.97 Å. Relatively large dihedral angles
between phenanthroline and adjacent benzene (C−C−C−C
and N−C−C−C) compared to the metal-free ligand 1 also

suggest the steric repulsion between para-phenylene rings and
CF3CO2

− l igands (Figure 2, ϕ = 33.5−42.1° for
Zn21(CF3CO2)4 whereas ϕ = 24.2−29.9° for 1). This result
is consistent with the upfield shift of proton signals (d) in the
1H NMR spectrum of 2a in solution.
When ZnCl2 was used instead of Zn(CF3CO2)2, another

dinuclear Zn(II)-macrocycle was obtained. Upon the addition
of ZnCl2 (2.0 equiv) to macrocycle 1 in a CDCl3/CD3CN =
10:1 solution, a dinuclear [Zn21(X)4]

n+ (2b) (X = Cl or
solvent) was formed via a mononuclear [Zn1(X)2]

n+ (Figure 3c
and Supporting Information, Figure S19, see signals (a) and
(b); Δδ = +0.27 and +0.34 ppm, respectively). The 1H NMR
spectrum of 2b also indicated the D2h-symmetrical structure,
but it was different from that of 2a which was formed from 1
and Zn(CF3CO2)2 as seen in the proton signals (d) of the para-
phenylene ring next to phenanthroline (Δδ = −0.70 ppm and
−0.23 ppm for 2a and 2b, respectively). This result suggests
that the two CF3CO2

− or Cl− (or solvent) ligands are bound to
each Zn(II) ion to form a tetrahedral coordination geometry
and interact differently with the para-phenylene rings within
the macrocycle. The formation of 2b was also supported by
ESI-TOF mass spectrometry (m/z 607.1 as [Zn21Cl2]

2+,
Supporting Information, Figure S23).
Furthermore, Cu(I) ions, which prefer a tetrahedral

coordination, were also included within the macrocycle.
Upon the addition of Cu(CH3CN)4BF4 (2.3 equiv) to
macrocycle 1 in a CDCl3/CD3CN = 10:1 solution, the 1H
NMR signals of phenanthroline protons gradually shifted to the
lower magnetic field, indicating the complexation between
Cu(I) ions and the phenanthroline sites (Figure 3d and
Supporting Information, Figure S24, see signals (a) and (b);
Δδ = +0.22 and +0.26 ppm, respectively). Different from the
case with Zn(II), proton signals for mononuclear [Cu1(sol)2]

+

and dinuclear [Cu21(sol)4]
2+ were not separately observed

because the ligand exchange rate was faster than the NMR time
scale. The formation of homodinuclear complex [Cu21(sol)4]

2+

(3) was confirmed by ESI-TOF mass spectrometry measure-
ment (m/z 1268.4 as [Cu21BF4(CH3CN)]

+, Supporting
Information, Figure S26). Complexation of 1 with an
alternative Zn(II) source, Zn(CF3SO3)2, and other metals
favoring a tetrahedral coordination geometry such as
AgCF3CO2 and Hg(CF3SO3)2 was further examined but
resulted in broadening of 1H NMR signals or forming
unidentified precipitates. Thus, the stabilities of discrete
homodinuclear metal complexes with 1 significantly depend
on the kinds of metal ions and counterions. This also suggests
that some counteranions tend to bind to Zn(II) centers under
the present condition.

Heterodinuclear Metal Complexes of Macrocycle 1.
Heterodinuclear metal arrangement was achieved with macro-
cycle 1 bearing chemically equivalent metal binding sites. Metal
complexation of macrocycle 1 was then examined with two
different metal ions, Cu(I)/Zn(II) or Ag(I)/Zn(II). Upon
mixing an equimolar mixture of three components, macrocyclic
ligand 1, Cu(CH3CN)4BF4, and Zn(CF3CO2)2, in a CDCl3/
CD3CN = 10:1 solution, a new set of signals appeared in the
1H NMR spectrum (Figure 4b) suggesting the formation of a
heterodinuclear complex with a C2v-symmetry. The

1H−1H
correlation spectroscopy (COSY) and rotating frame Over-
hauser effect spectroscopy (ROESY) demonstrated that these
signals can be assigned to two sets of phenanthroline (protons
(a)−(c) and (a′)−(c′)), two sets of para-phenylene rings next
to phenanthroline (protons (d), (e), (d′), and (e′)), two sets of

Figure 3. Partial 1H NMR spectra (500 MHz, CDCl3/CD3CN = 10:1,
293 K) of (a) macrocycle 1 ([1] = 0.30 mM), (b) 2a ([1] = 0.13 mM,
[Zn(CF3CO2)2] = 0.26 mM), (c) 2b ([1] = 0.21 mM, [ZnCl2] = 0.43
mM), (d) 3 ([1] = 0.13 mM, [Cu(CH3CN)4BF4] = 0.29 mM).
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protons at the ortho positions of the side chains (protons (f)
and (f′)), and one set of protons at the para positions of the
side chains (protons (g)) (Supporting Information, Figures S28
and S29). This spectrum was different from those of
homodinuclear complexes, Zn21(CF3CO2)4 (2a) and
[Cu21(sol)4]

2+ (3) (Figures 4d and f). This suggests that the
macrocycle 1 includes both Cu(I) and Zn(II) ions to form a
heterodinuclear [CuZn1(X)4]

n+ (4a) (X = CF3CO2 or solvent).
Two sets of phenanthrolines and adjacent proton signals ((a)−
(f) or (a′)−(f′)) were assigned by comparison of the magnitude
of signal shifts with the spectra of homodinuclear complexes 2a
and 3, for instance, Δδ = +0.36 ppm for signal (a) and Δδ =
+0.24 ppm for signal (a′) (Δδ: signal shift change relative to
signals of free ligand 1). Thus, signals (a)−(f) and (a′)−(f′)
were assigned for protons around Zn(II)-phenanthroline and
Cu(I)-phenanthroline, respectively. ESI-TOF mass spectrome-
try measurement strongly supported the formation of the
h e t e r o d i n u c l e a r c o m p l e x (m / z 1 4 0 8 . 1 a s
[CuZn1(CF3CO2)2(CH3CN)]

+, Supporting Information, Fig-
ure S30). Unfortunately, no crystals were obtained for X-ray
analysis despite attempts under various conditions.
The formation efficiency of the heterodinuclear complex

[CuZn1(X)4]
n+ (4a) (X = CF3CO2 or solvent) from

macrocycle 1 in the presence of an equimolar mixture of

Cu(CH3CN)4BF4 and Zn(CF3CO2)2 was estimated to be over
90% from the NMR spectroscopic data. In this reaction,
complex 4a is a thermodynamically controlled product because
the same product was obtained regardless of the order of metal
addition. To describe this highly selective heterodinuclear
complexation in detail, stepwise stability constants of complex-
ation at 20 °C were estimated by UV−vis titration and NMR
spectroscopic competition experiments. First, the stability
constants K1

Zn and K2
Zn for homogeneous Zn(II)-complex

formation (K1
Zn = [Zn1(CF3CO2)2]/[1][Zn(CF3CO2)2] M

−1,
K2

Zn = [Zn21(CF3CO2)4]/[Zn1(CF3CO2)2][Zn(CF3CO2)2]
M−1, respectively, Scheme 2) were calculated using curve
fitting on UV−vis titration to be K1

Zn ≥ 107 M−1 and K2
Zn =

(1.0 ± 0.4) × 106 M−1 (Supporting Information, Figure S31).
Similarly, the stability constants K1

Cu and K2
Cu for homoge-

neous Cu(I)-complex formation (K1
Cu = [[Cu1(sol)2]

+]/
[1][[Cu(CH3CN)4]

+] M−1, K2
Cu = [[Cu21(sol)4]

2+]/
[[Cu1(sol)2]

+][[Cu(CH3CN)4]
+] M−1, respectively, Scheme

2) were estimated to be K1
Cu = (4 ± 3) × 106 M−1 and K2

Cu =
(1.1 ± 0.2) × 105 M−1 (Supporting Information, Figure S33).
Next, the stability constants K2

ZnCu and K2
CuZn for hetero-

dinuclear Cu(I)−Zn(II)-complex formation (K2
ZnCu =

[[CuZn1(X)4]
n+]/[Zn1(CF3CO2)2][[Cu(CH3CN)4]

+] M−1,
K2

CuZn = [[CuZn1(X)4]
n+]/[[Cu1(sol)2]

+][Zn(CF3CO2)2]

Figure 4. Partial 1H NMR spectra (500 MHz, CDCl3/CD3CN = 10:1, 293 K) of (a) macrocycle 1 ([1] = 0.30 mM), (b) 4a ([1] =
[Cu(CH3CN)4BF4] = [Zn(CF3CO2)2] = 0.24 mM), and (c) 4b ([1] = [Cu(CH3CN)4BF4] = [ZnCl2] = 0.22 mM). (d−f): Comparison of 1H NMR
spectra among homodinuclear Zn(II) (2a) and Cu(I) (3) complexes and heterodinuclear Cu(I)−Zn(II) complex (4a); (d) 2a ([1] = 0.13 mM,
[Zn(CF3CO2)2] = 0.26 mM), (e) 4a ([1] = [Cu(CH3CN)4BF4] = [Zn(CF3CO2)2] = 0.24 mM), and (f) 3 ([1] = 0.13 mM, [Cu(CH3CN)4BF4] =
0.29 mM).
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M−1, respectively, Scheme 2) were evaluated by NMR
spectroscopic competition experiments (Figure 5). When 1.0
equiv of Cu(CH3CN)4BF4 and 3.0 equiv of Zn(CF3CO2)2 were
added to 1 ([1] = 0.18 mM), [CuZn1(X)4]

n+ and
Zn21(CF3CO2)4 were formed in about 1:1 ratio (Figure 5a),
which reveal the stability constant ratio K2

ZnCu/K2
Zn to be about

2.8. On the other hand, when 9.0 equiv of Cu(CH3CN)4BF4
and 1.0 equiv of Zn(CF3CO2)2 were added to 1 ([1] = 0.11
mM), [CuZn1(X)4]

n+ was quantitatively formed (Figure 5c),
which indicates that the stability constant ratio is K2

CuZn/K2
Cu ≥

103. Here, K2
ZnCu/K2

Zn = [[CuZn1(X)4]
n+][Zn(CF3CO2)2]/

[Zn21(CF3CO2)4][[Cu(CH3CN)4]
+] means the equilibrium

constant between [CuZn1(X)4]
n+ and Zn21(CF3CO2)4, here-

after referred to as Khet
Cu. Similarly, K2

CuZn/K2
Cu =

[[CuZn1(X)4]
n+][[Cu(CH3CN)4]

+]/[[Cu1(sol)4]
2+][Zn-

(CF3CO2)2] is referred to as Khet
Zn (Scheme 2). Using these

stability constants, that of the heterodinuclear complexation (eq
[1]) , K = [[CuZn1(X)4]

n+]2/[Zn21(CF3CO2)4] -
[[Cu21(sol)4]

2+], was calculated as Khet
Cu × Khet

Zn to be
≥103, indicating that the ratio of [CuZn1(X)4]

n+ is much

greater than 94% under the given condition.

+

⇄

+

+
1 1

1

Zn (CF CO ) [Cu (sol) ]

2[CuZn (X) ]n
2 3 2 4 2 4

2

4 (1)

The selective formation of the heterodinuclear Cu(I)−Zn(II)-
complex from an equimolar mixture of Cu(CH3CN)4BF4 and
Zn(CF3CO2)2 with 1 can be well explained by this high
constant value. In other words, this selectivity arises from the
high value of Khet

Zn because of the low stability of the
homodinuclear Cu(I)-complex. The ionic characteristic of
[Cu21(sol)4](BF4)2 may cause the relative destabilization in
the solvation process.
For the compositional formula of the heterodinuclear

complex, [CuZn1(CF3CO2)2(CH3CN)2]
+ is the most likely

structure based on the mass spectrometry data, that is, two
CH3CN molecules and two CF3CO2

− ions are presumed to
bind to Cu(I) and Zn(II) ions, respectively. The effects of
counterions on the formation of heterodinuclear Cu(I)−
Zn(II)-macrocycle was then examined by changing the metal

Scheme 2. Equilibrium Diagram for the Formation of Homo- and Heterodinuclear Metal Complexes

Figure 5. Partial 1H NMR spectra of 1 at different mixing ratios of Cu(CH3CN)4BF4 and Zn(CF3CO2)2 (500 MHz, CDCl3/CD3CN = 10:1, 293 K):
(a) [1] = 0.18 mM, [Cu(CH3CN)4BF4] = 0.18 mM (1.0 equiv), [Zn(CF3CO2)2] = 0.54 mM (3.0 equiv), (b) [1] = 0.28 mM, [Cu(CH3CN)4BF4] =
0.28 mM (1.0 equiv), [Zn(CF3CO2)2] = 0.28 mM (1.0 equiv), and (c) [1] = 0.11 mM, [Cu(CH3CN)4BF4] = 0.99 mM (9.0 equiv), [Zn(CF3CO2)2]
= 0.11 mM (1.0 equiv).
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sources. First, 1 equiv of Cu(CH3CN)4BF4 and 1 equiv of
ZnCl2 instead of Zn(CF3CO2)2 were mixed with macrocycle 1
in a CDCl3/CD3CN = 10:1 solution. The 1H NMR spectrum
of the resulting solution involved one set of signals similar to
that of 4a with Zn(CF3CO2)2, suggesting the formation of
[CuZn1(X)4]

n+ (4b) (X = Cl or solvent) in 59% yield, whereas
the formation efficiency was not so high as the case with 4a
(Figure 4c). ESI-TOF mass spectrometry measurement
demonstrated the heterodinuclear metal arrangement (m/z
1252.3 as [CuZn1Cl2(CH3CN)]

+, Supporting Information,
Figure S37). In contrast, when Zn(CF3SO3)2 was used instead,
no heterodinuclear Cu(I)−Zn(II)-macrocycle was observed in
1H NMR spectrum but the observed signals were broadened,
suggesting the formation of some aggregates.8 Thus, the kind of
counterions has a strong influence on the metal arrangement
especially when two different metals coexist.
Furthermore, not only Cu(I) but also Ag(I) ions (3 equiv of

AgCF3CO2) capable of adopting a tetrahedral coordination
geometry provided another heterodinuclear Ag(I)−Zn(II)-
macrocycle [AgZn1(X)4]

n+ (5) (X = CF3CO2 or solvent) in
the presence of macrocycle 1 and 2 equiv of Zn(CF3CO2)2 in a
CDCl3/CD3CN = 10:1 solution. The 1H NMR spectrum of the
resulting solution indicated the formation of 5 with C2v-
symmetry in 60% yield (Supporting Information, Figure S38).
ESI-TOF mass spectrometry measurement demonstrated the
formation of 5 (m/z 1411.6 as [AgZn1(CF3CO2)2]

+,
Supporting Information, Figure S41).
In summary, three different heterodinuclear metallo-macro-

cycles, [CuZn1(X)4]
n+ (4a) (X = CF3CO2 or solvent),

[CuZn1(X)4]
n+ (4b) (X = Cl or solvent), and [AgZn1(X)4]

n+

(5) (X = CF3CO2 or solvent), were obtained with high
selectivity. It should be noted that other combinations of M-
Zn(II) (M = Li(I), Mg(II), Pd(II), Hg(II), La(III), or Tb(III))
resulted in the formation of unidentifiable mixtures or
aggregates.

■ CONCLUSION
We have designed and synthesized macrocycle 1 with two
chemically equivalent phenanthroline sites for homo- or
heterodinuclear metal arrangement. It was deduced from the
molecular structure of homodinuclear Zn21(CF3CO2)4 that the
most stable coordination geometry of two metal centers is
tetrahedral in common in the spatially restricted macrocyclic
cavity. Metal ions such as Cu(I) and Ag(I) which prefer a
tetrahedral coordination geometry also formed heterodinuclear
Cu(I)−Zn(II)- and Ag(I)−Zn(II)-macrocycles with high
selectivity. Overall, heterodinuclear metal arrangement within
the spatially restricted cavity of macrocycle 1 depends on the
metal-centered coordination geometry, charge number, and
ligands (counterions and solvent molecules) bound to the
metal centers. Such heteronuclear metal arrangement within a
molecule possessing multiple, chemically equivalent metal
binding sites would provide a clue to metal-based multipoint
molecular recognition for catalysis.

■ EXPERIMENTAL SECTION
Materials and General Methods. All solvents, organic and

inorganic reagents are commercially available, and were used without
further purification. Pd(PPh3)4,

9 Zn(CF3CO2)2,
10 and Zn-

(CF3CO2)2(DME)10 were synthesized according to previously
reported procedures. The purity of Zn(CF3CO2)2 was determined
by ethylenediaminetetraacetate (EDTA) titration using Xylenol
Orange as an indicator. Silica gel column chromatography was

performed using Merck Silica Gel 60 (230−400 mesh). NMR
spectroscopic measurements were performed using a Bruker DRX
500 spectrometer. NMR spectra are calibrated as below; CDCl3 only
or CDCl3/CD3CN = 10:1: tetramethylsilane (Si(CH3)4) = 0 ppm for
1H, CDCl3 = 77.16 ppm for 13C; DMSO-d6: (CHD2)(CD3)SO = 2.50
ppm for 1H; CD3OD: CHD2OD = 3.31 ppm for 1H, CD3OD = 49.00
ppm for 13C. Electrospray ionization-time-of-flight (ESI-TOF) mass
spectra were recorded on a Micromass LCT spectrometer. UV−vis
spectroscopy was performed using a HITACHI U-3500 spectropho-
tometer. IR spectra were obtained with a JASCO FT/IR 4200
spectrometer using a ZnSe ATR method. Melting point was measured
using a Yanaco MP-500D apparatus. Gel permeation chromatography
(GPC) was performed on a recycling preparative HPLC (Japan
Analytical Industry; LC-928) with a JAIGEL-2H-40 column. Single-
crystal X-ray crystallographic analyses were performed using a Rigaku
RAXIS-RAPID imaging plate diffractometer with MoKα radiation, and
obtained data were calculated using the CrystalStructure crystallo-
graphic software package except for refinement, which was performed
using SHELXL-97.11 X-ray structures were displayed using Mercury
and ORTEP-3 programs. The synthetic procedure of 1 is described in
the Supporting Information.

Preparation of Zn21(CF3CO2)4 (2a). To a solution of 1 in
CDCl3/CD3CN = 10:1 (150 μM, 600 μL, 0.090 μmol, 1.0 equiv) was
added a solution of Zn(CF3CO2)2 in CD3CN (16.5 mM, 11 μL, 0.18
μmol, 2.0 equiv). CDCl3 was added to keep the solvent ratio (CDCl3/
CD3CN = 10:1) constant. p-Dimethoxybenzene (100 μM) was used as
an internal standard. The single crystal for X-ray analysis was obtained
by slow evaporation of a solution of 1 (141 μM) and Zn-
(CF3CO2)2(DME) (50 equiv) in CDCl3/CD3CN = 10:1.

1H NMR (500 MHz, CDCl3/CD3CN = 10:1, 293 K): δ 8.81 (d, J =
8.4 Hz, 4H, ArH), 8.31 (d, J = 8.4 Hz, 4H, ArH), 8.18 (s, 4H, ArH),
8.04 (d, J = 7.8 Hz, 8H, ArH), 7.94 (d, J = 7.3 Hz, 8H, ArH), 7.68 (s,
2H, ArH), 7.20 (s, 4H, ArH), 4.15 (t, J = 6.5 Hz, 4H, CH2), 1.90−1.80
(m, 4H, CH2, behind the H2O peak), 1.57−1.53 (m, 4H, CH2), 1.42−
1.38 (m, 8H, CH2), 0.94 (t, J = 7.0 Hz, 6H, CH3).

13C NMR (125 MHz, CDCl3/CD3CN = 10:1, 293 K): δ 159.4
(Cq), 144.1 (Cq), 142.4 (Cq), 141.1 (CH), 141.0 (Cq), 136.5 (Cq),
136.2 (Cq), 129.0 (CH), 128.4 (Cq), 128.4 (CH), 128.4 (CH), 126.9
(CH), 125.8 (CH), 113.4 (CH), 68.3 (CH2), 31.5 (CH2), 29.2 (CH2),
25.7 (CH2), 22.5 (CH2), 13.9 (CH3).

ESI-MS: m/z calcd for [Zn21(CF3CO2)4 + Na]+: 1617.26; found:
1617.35.

Crystal Structure. Detail data and a cif file are in the Supporting
Information. CCDC reference number: 785929.

Preparation of [Zn21(X)4]
n+ (2b) (X = Cl or solvent). To a

solution of 1 in CDCl3/CD3CN = 10:1 (270 μM, 300 μL, 0.081 μmol,
1.0 equiv) was added a solution of ZnCl2 in CD3CN (25 mM, 6.4 μL,
0.16 μmol, 2.0 equiv). CDCl3 was added to keep the solvent ratio
(CDCl3/CD3CN = 10:1) constant. p-Dimethoxybenzene (100 μM)
was used as an internal standard.

1H NMR (500 MHz, CDCl3/CD3CN = 10:1, 293 K): δ 8.75 (d, J =
8.3 Hz, 4H, ArH), 8.51 (d, J = 7.5 Hz, 8H, ArH), 8.30 (d, J = 8.3 Hz,
4H, ArH), 8.14 (s, 4H, ArH), 7.98 (d, J = 7.8 Hz, 8H, ArH), 7.73 (s,
2H, ArH), 7.21 (s, 4H, ArH), 4.16 (t, J = 6.5 Hz, 4H, CH2), 1.90−1.80
(m, 4H, CH2, partially behind the H2O peak), 1.58−1.53 (m, 4H,
CH2), 1.43−1.39 (m, 8H, CH2), 0.95 (t, J = 6.5 Hz, 6H, CH3).

ESI-MS: m/z calcd for [Zn21Cl2]
2+: 607.13; found: 607.09.

Although the formation ratio in solution remains unknown,
tetranuclear species [Zn41Cl6]

2+ (calcd: 743.00; found: 742.95) and
[Zn41Cl7]

+ (calcd: 1522.96; found: 1522.88) were also observed.
Preparation of [Cu21(sol)4]

2+ (3). To a solution of 1 in CDCl3/
CD3CN = 10:1 (150 μM, 630 μL, 0.095 μmol, 1.0 equiv) was added a
solution of Cu(CH3CN)4BF4 in CD3CN (20 mM, 10.6 μL, 0.21 μmol,
2.3 equiv). CDCl3 was added to keep the solvent ratio (CDCl3/
CD3CN = 10:1) constant. p-Dimethoxybenzene (100 μM) was used as
an internal standard.

1H NMR (500 MHz, CDCl3/CD3CN = 10:1, 293 K): δ 8.67 (d, J =
8.3 Hz, 4H, ArH), 8.35 (d, J = 8.0 Hz, 8H, ArH), 8.30 (d, J = 8.3 Hz,
4H, ArH), 8.09 (s, 4H, ArH), 8.04 (d, J = 7.9 Hz, 8H, ArH), 7.76 (s,
2H, ArH), 7.29 (s, 4H, ArH), 4.19 (t, J = 6.4 Hz, 4H, CH2), 1.90−1.80
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(m, 4H, CH2, partially behind the H2O peak), 1.61−1.54 (m, 4H,
CH2), 1.46−1.38 (m, 8H, CH2), 0.96 (t, J = 6.8 Hz, 6H, CH3).
ESI-MS: m/z calcd for [Cu21BF4(CH3CN)]

+: 1268.36; found:
1268.44.
Preparation of [CuZn1(X)4]

n+ (4a) (X = CF3CO2 or solvent). To
a solution of 1 in CDCl3/CD3CN = 10:1 (300 μM, 300 μL, 0.090
μmol, 1.0 equiv) was added a solution of Cu(CH3CN)4BF4 in CD3CN
(26 mM, 3.4 μL, 0.090 μmol, 1.0 equiv) and a solution of
Zn(CF3CO2)2 in CD3CN (26 mM, 3.4 μL, 0.090 μmol, 1.0 equiv).
CDCl3 was added to keep the solvent ratio (CDCl3/CD3CN = 10:1)
constant. p-Dimethoxybenzene (100 μM) was used as an internal
standard.

1H NMR (500 MHz, CDCl3/CD3CN = 10:1, 293 K): δ 8.87 (d, J =
8.3 Hz, 2H, ArH), 8.70 (d, J = 8.3 Hz, 2H, ArH), 8.33−8.30 (m, 8H,
ArH), 8.23 (s, 2H, ArH), 8.11 (s, 2H, ArH), 8.03 (d, J = 7.9 Hz, 4H,
ArH), 7.93−7.89 (m, 8H, ArH), 7.60 (s, 2H, ArH), 7.28 (s, 2H, ArH),
7.22 (s, 2H, ArH), 4.17 (t, J = 6.6 Hz, 4H, CH2), 1.90−1.80 (m, 4H,
CH2, partially behind the H2O peak), 1.58−1.54 (m, 4H, CH2), 1.43−
1.39 (m, 8H, CH2), 0.95 (t, J = 6.8 Hz, 6H, CH3).
ESI-MS: m/z calcd for [CuZn1(CF3CO2)2(CH3CN)]

+: 1408.33;
found: 1408.05.
Preparation of [CuZn1(X)4]

n+ (4b) (X = Cl or solvent). To a
solution of 1 in CDCl3/CD3CN = 10:1 (240 μM, 340 μL, 0.081 μmol,
1.0 equiv) was added a solution of Cu(CH3CN)4BF4 in CD3CN (20
mM, 4.0 μL, 0.080 μmol, 1.0 equiv) and a solution of ZnCl2 in
CD3CN (23 mM, 3.5 μL, 0.081 μmol, 1.0 equiv). CDCl3 was added to
keep the solvent ratio (CDCl3/CD3CN = 10:1) constant. p-
Dimethoxybenzene (100 μM) was used as an internal standard.

1H NMR (500 MHz, CDCl3/CD3CN = 10:1, 293 K): δ 8.82 (d, J =
8.5 Hz, 2H, ArH), 8.69 (d, J = 8.3 Hz, 2H, ArH), 8.45 (d, J = 8.1 Hz,
4H, ArH), 8.33−8.28 (m, 8H, ArH), 8.20 (s, 2H, ArH), 8.10 (s, 2H,
ArH), 7.93−7.90 (m, 8H, ArH), 7.60 (s, 2H, ArH), 7.26 (s, 2H, ArH),
7.25 (s, 2H, ArH), 4.18 (t, J = 6.3 Hz, 4H, CH2), 1.90−1.80 (m, 4H,
CH2, behind the H2O peak), 1.58−1.54 (m, 4H, CH2), 1.42−1.39 (m,
8H, CH2), 0.95 (t, J = 7.0 Hz, 6H, CH3).
ESI-MS: m/z calcd for [CuZn1Cl2(CH3CN)]

+: 1252.29; found:
1252.26.
Preparation of [AgZn1(X)4]

n+ (5) (X = CF3CO2 or solvent). To
a solution of 1 in CDCl3/CD3CN = 10:1 (300 μM, 300 μL, 0.09 μmol,
1.0 equiv) was added a solution of AgCF3CO2 in CD3CN (26 mM,
10.2 μL, 0.27 μmol, 3.0 equiv) and a solution of Zn(CF3CO2)2 in
CD3CN (26 mM, 6.8 μL, 0.18 μmol, 2.0 equiv). CDCl3 was added to
keep the solvent ratio (CDCl3/CD3CN = 10:1) constant. p-
Dimethoxybenzene (100 μM) was used as an internal standard.

1H NMR (500 MHz, CDCl3/CD3CN = 10:1, 293 K): δ 8.87 (d, J =
8.5 Hz, 2H, ArH), 8.69 (d, J = 8.1 Hz, 2H, ArH), 8.32 (d, J = 8.2 Hz,
2H, ArH), 8.29 (d, J = 8.3 Hz, 2H, ArH), 8.25−8.23 (m, 6H, ArH),
8.11 (s, 2H, ArH), 8.02 (d, J = 7.9 Hz, 4H, ArH), 7.95 (d, J = 7.9 Hz,
4H, ArH), 7.86 (d, J = 8.1 Hz, 4H, ArH), 7.41 (s, 2H, ArH), 7.28 (s,
2H, ArH), 7.22 (s, 2H, ArH), 4.17 (t, J = 6.4 Hz, 4H, CH2), 1.90−1.80
(m, 4H, CH2, behind the H2O peak), 1.62−1.54 (m, 4H, CH2), 1.46−
1.39 (m, 8H, CH2), 0.95 (t, J = 6.6 Hz, 6H, CH3).
ESI-MS: m/z calcd for [AgZn1(CF3CO2)2]

+: 1411.28; found:
1411.59.
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