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ABSTRACT: Self-assembly of CuX2 (X− = BF4
−, PF6

−, and SbF6
−) with a pair of

chiral bidentate ligands, (1R,2S)-(+)- and (1S,2R)-(−)-1-(nicotinamido)-2,3-
dihydro-1H-inden-2-yl-nicotinate (r,s-L or s,r-L), in a mixture solvent including
ethanol in a glass vessel gives rise to SiF6

2−-encapsulated Cu2L4 chiral cage products.
The SiF6

2− anion from the reaction of X− with SiO2 of the glass-vessel surface acts as
a cage template or cage bridge. One of the products, [SiF6@Cu2(SiF6)(s,r-L)4]·
3CHCl3·4EtOH, is one of the most effective heterogeneous catalysts for the oxidation
of 3,5-di-tert-butylcatechol. Furthermore, an l-DOPA/d-DOPA pair is recognizable by
the cyclic voltammetry (CV) signals of its combination with chiral cages [SiF6@
Cu2(BF4)2(s,r- or r,s-L)4]·4CHCl3·2EtOH pair and [SiF6@Cu2(SiF6)(s,r- or r,s-L)4]·
3CHCl3·4EtOH pair.

■ INTRODUCTION
Notable research results on chiral coordination cages for
recognition of targeting chiral molecules have been reported
since enantio-recognition became a subject of great interest in
various chiral fields such as pharmaceuticals, pesticides,
cosmetics, environmental pollutants, bioactive food products,
and catalysis.1−8 A number of different chiral coordination
cages have been synthesized via a stereogenic center,
atropisomerism, or noncovalent interactions for task-specific
chiral applications.9−14 Both the confined space and interaction
site of chiral cage hosts are pivotal to the feasibility of chiral
recognitions, and thus, such factors should be considered in
constructing new chiral cages. In addition, (counter)anions
significantly affect specific functions including catalysis of
coordination cages, owing to a variety of features such as
negative charge, size, geometry, solvent effects, and sensitive
pH dependence.15−23 Copper(II) catalysis oxidation of
catechols into the corresponding o-quinones along with the
reduction of oxygen to water24 is an important process in the
field of biomimetic oxidases.25−27 Catechol oxidation catalysis
using copper catalysts is sensitive to the nature of coligands,
ligands, the Cu···Cu distance, electrochemical potentials, and
pH change.28−34 On the other hand, dihydroxyphenylalanine
(DOPA) has been regarded as an important chiral molecule in
the fields of medicine, biology, and marine adhesion.35−38 l-
DOPA, for instance, is known to play a crucial role at the
clinical level and in neurochemistry with respect to Parkinson’s
disease, in contrast to its chiral isomer, inactive and toxic d-
DOPA.39,40 Previously, our group achieved enantioselective
electrochemical recognition of various amino acids.41−44 In

this context, the central objective of the present study was
efficient construction of a pair of chiral coordination cages,
catechol oxidation, and enantio-recognition of l- and d-DOPA.
Herein, we report chiral Cu2L4 cage pairs obtained by the self-
assembly of CuX2 with a newly designed pair of s,r- or r,s-chiral
bidentate ligands. Chiral Cu2L4 cage pairs have been employed
for enantio-recognition of chiral DOPA via a cyclic
voltammetry (CV) technique.45 The secondary aim of this
study was to investigate the cage system’s significant anion
effects on catechol oxidation catalysis. To the best of our
knowledge, the present stable 1D linked cages represent a
landmark in the heterogeneous oxidation catalytic efficiency of
catechol.

■ EXPERIMENTAL SECTION
Materials and Measurements. All of the chemicals

including copper(II) tetrafluoroborate (Cu(BF4)2), copper(II)
chloride (CuCl2), silver(I) hexafluoroantimonate (AgSbF6),
and silver(I) hexafluorophosphate (AgPF6) were purchased
from Aldrich and used without further purification. Glass
vessels (Hubena Co., Seongnam, Korea) were employed in all
of the self-assembly reactions. The 1H NMR spectra were
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recorded on a Varian Mercury Plus 400 instrument operating
at 400 MHz. The infrared (IR) spectra were obtained on a
Nicolet 380 FT-IR spectrophotometer, with samples prepared
as KBr pellets. Elemental microanalyses (C, H, and N) were
performed on solid samples by the Pusan Center, KBSI, using a
Vario-EL III. Thermal analyses were carried out under a
dinitrogen atmosphere at a scan rate of 10 °C/min using a
Labsys TGA-DSC 1600.

Synthesis of (1S,2R)-(−)-1-(Nicotinamido)-2,3-dihydro-
1H-inden-2-yl Nicotinate (s,r-L). N,N-Diisopropylethylamine
(7.5 mL, 42.0 mmol) was slowly added to a stirred mixture of
(1S,2R)-(−)-cis-1-amino-2-indanol (0.45 g, 3 mmol) and
nicotinoyl chloride hydrochloride (5.43 g, 30 mmol) in
tetrahydrofuran (60.0 mL). The reaction mixture was then
refluxed for 24 h. The resulting solution was washed with an
aqueous NaHCO3 solution several times. The tetrahydrofuran
layer was dried over anhydrous magnesium sulfate for 1 h.
Then, this solution was precipitated with excess hexane to
obtain the white solid in 80.0% yield (Scheme 1). Anal. calcd

for C21H17N3O3: C, 70.18; H, 4.77; N, 11.69%. Found: C,
70.00; H, 4.47; N, 11.15%. IR (KBr pellet, cm−1): 3290(m),
1722(s), 1638(s), 1590(m), 1542(m), 1482(w), 1423(w),
1350(w), 1290(m), 1200(w), 1124(m), 1025(m), 915(w),
744(m), 705(m), 627(w), 581(w), 510(w). 1H NMR
(dissociated in Me2SO-d6, δ): 8.35 (s, 1H), 8.27 (s, 1H),
8.15 (s, 1H), 7.96 (dd, J1 = 4.75 Hz, J2 = 1.63 Hz, 1H), 7.86
(dd, J1 = 4.75 Hz, J2 = 1.63 Hz, 1H), 7.46 (dt, J1 = 7.88 Hz, J2
= 1.88 Hz, 1H), 7.36 (dt, J1 = 7.88 Hz, J2 = 1.88 Hz, 1H), 6.69
(dd, J1 = 7.50 Hz, J2 = 4.88 Hz, 1H), 6.64 (dd, J1 = 7.50 Hz, J2
= 4.88 Hz, 1H), 6.60 (t, J1 = 3.38 Hz, J2 = 4.88 Hz, 1H), 6.56
(t, J1 = 3.38 Hz, J2 = 4.88 Hz, 1H), 6.53 (d, J1 = 4.13 Hz, 1H),
6.51 (d, J1 = 5.38 Hz, 1H), 5.07 (td, J1 = 16.88 Hz, J2 = 5.63
Hz, 1H), 5.03 (d, J = 5.63 Hz, 1H).

Synthesis of (1R,2S)-(+)-1-(Nicotinamido)-2,3-dihydro-
1H-inden-2-yl Nicotinate (r,s-L). N,N-Diisopropylethylamine
(7.5 mL, 42.0 mmol) was slowly added to a stirred mixture of
(1R,2S)-(+)-cis-1-amino-2-indanol (0.45 g, 3 mmol) and
nicotinoyl chloride hydrochloride (5.43 g, 30 mmol) in
tetrahydrofuran (60.0 mL). The reaction mixture was then
refluxed for 24 h. The resulting solution was washed with
aqueous NaHCO3 solution several times. The tetrahydrofuran
layer was dried over anhydrous magnesium sulfate for 1 h.
Then, this solution was precipitated by excess hexane to obtain
a white solid in 78.0% yield. Anal. calcd for C21H17N3O3: C,
70.18; H, 4.77; N, 11.69%. Found: C, 69.10; H, 4.58; N,

11.02%. IR (KBr pellet, cm−1): 3290(m), 1722(s), 1638(s),
1590(m), 1542(m), 1482(w), 1423(w), 1350(w), 1290(m),
1200(w), 1124(m), 1025(m), 915(w), 744(m), 705(m),
627(w), 581(w), 510(w). 1H NMR (dissociated in Me2SO-
d6, δ): 8.35 (s, 1H), 8.27 (s, 1H), 8.15 (s, 1H), 7.96 (dd, J1 =
4.75 Hz, J2 = 1.63 Hz, 1H), 7.86 (dd, J1 = 4.75 Hz, J2 = 1.63
Hz, 1H), 7.46 (dt, J1 = 7.88 Hz, J2 = 1.88 Hz, 1H), 7.36 (dt, J1
= 7.88 Hz, J2 = 1.88 Hz, 1H), 6.69 (dd, J1= 7.50 Hz, J2 = 4.88
Hz, 1H), 6.64 (dd, J1 = 7.50 Hz, J2 = 4.88 Hz, 1H), 6.60 (t, J1 =
3.38 Hz, J2 = 4.88 Hz, 1H), 6.56 (t, J1 = 3.38 Hz, J2 = 4.88 Hz,
1H), 6.53 (d, J1 = 4.13 Hz, 1H), 6.51 (d, J1 = 5.38 Hz, 1H),
5.07 (td, J1 = 16.88 Hz, J2 = 5.63 Hz, 1H), 5.03 (d, J = 5.63 Hz,
1H).

[SiF6@Cu2(BF4)2(s,r-L)4]·4CHCl3·2EtOH. An anhydrous etha-
nol solution (2.0 mL) of copper(II) tetrafluoroborate (2.35
mg, 0.01 mmol) was carefully layered onto a chloroform
solution (1.0 mL) of s,r-L (3.59 mg, 0.01 mmol). After 5 days,
blue crystals suitable for single-crystal X-ray crystallography
were obtained in 84% yield. mp 223 °C (dec.). Anal. calcd for
C92H84B2Cl12Cu2F14N12O14Si: C, 45.10; H, 3.46; N, 6.86%.
Found: C, 45.00; H, 3.49; N, 6.70%. IR (KBr pellet, cm−1):
3452(m), 3294(m), 1726(s), 1660(s), 1539(s), 1481(m),
1432(m), 1363(m), 1298(s), 1202(w), 1126(s), 1084(s),
1062(s), 1032(s), 913(w), 829(w), 745(s), 692(s), 651(m),
538(w), 520(w), 463(w).

[SiF6@Cu2(BF4)2(r,s-L)4]·4CHCl3·2EtOH. An anhydrous etha-
nol solution (2.0 mL) of copper(II) tetrafluoroborate (2.35
mg, 0.01 mmol) was carefully layered onto a chloroform
solution (1.0 mL) of r,s-L (3.59 mg, 0.01 mmol). After 5 days,
blue crystals suitable for single-crystal X-ray diffraction were
obtained in 82% yield. mp 223 °C (dec.). Anal. calcd for
C92H84B2Cl12Cu2F14N12O14Si: C, 45.10; H, 3.46; N, 6.86%.
Found: C, 45.30; H, 3.38; N, 6.88%. IR (KBr pellet, cm−1):
3452(m), 3294(m), 1726(s), 1660(s), 1539(s), 1481(m),
1432(m), 1363(m), 1298(s), 1202(w), 1126(s), 1084(s),
1062(s), 1032(s), 913(w), 829(w), 745(s), 692(s), 651(m),
538(w), 520(w), 463(w).

[SiF6@Cu2(SiF6)(s,r-L)4]·3CHCl3·4EtOH. For method 1, an
ethanol solution (2.0 mL) of copper(II) tetrafluoroborate
(2.35 mg, 0.01 mmol) was carefully layered onto a chloroform
solution (2.0 mL) of s,r-L (3.59 mg, 0.01 mmol). After 2
months, blue crystals suitable for single-crystal X-ray diffraction
were obtained in 83% yield. For method 2, an ethanol solution
(2.0 mL) of copper(II) tetrafluoroborate (2.35 mg, 0.01
mmol) was layered onto a chloroform solution (2.0 mL) of s,r-
L (3.59 mg, 0.01 mmol), and then an aqueous solution (0.1
mL) of (NH4)2SiF6 (3.60 mg, 0.02 mmol) was dropped into
the solution. After 2 weeks, blue crystals suitable for single-
crystal X-ray spectroscopy were obtained in a 75% yield. mp
232 °C (dec.). Anal. calcd for C95H95Cl9Cu2F12N12O16Si2: C,
47.72; H, 4.00; N, 7.03%. Found: C, 47.30; H, 4.09; N, 6.92%.
IR (KBr pellet, cm−1): 3452(m), 3294(m), 1726(s), 1660(s),
1539(s), 1481(m), 1423(w), 1350(w), 1290(m), 1200(w),
1124(m), 1025(m), 915(w), 829(w), 745(s), 692(s), 651(m),
538(w), 520(w), 463(w).

[SiF6@Cu2(SiF6)(r,s-L)4]·3CHCl3·4EtOH. For method 1, an
ethanol solution (2.0 mL) of copper(II) tetrafluoroborate
(2.35 mg, 0.01 mmol) was carefully layered onto a chloroform
solution (2.0 mL) of r,s-L (3.59 mg, 0.01 mmol). After 2
months, blue crystals suitable for single-crystal X-ray spectros-
copy were obtained in 81% yield. For method 2, an ethanol
solution (2.0 mL) of copper(II) tetrafluoroborate (2.35 mg,
0.01 mmol) was layered onto a chloroform solution (2.0 mL)

Scheme 1. Synthetic Procedure for s,r-L and r,s-L: N,N-
Diisopropylethylamine, Tetrahydrofuran, N2 at 80 °C for 24
h
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of r,s-L (3.59 mg, 0.01 mmol), and then an aqueous solution
(0.1 mL) of (NH4)2SiF6 (3.6 mg, 0.02 mmol) was dropped
into the solution. After 2 weeks, blue crystals suitable for
single-crystal X-ray crystallography were obtained in 74% yield.
mp 232 °C (dec.). Anal. calcd for C95H95Cl9Cu2F12N12O16Si2:
C, 47.72; H, 4.00; N, 7.03%. Found: C, 47.50; H, 3.97; N,
7.08%. IR (KBr pellet, cm−1): 3452(m), 3294(m), 1726(s),
1660(s), 1539(s), 1481(m), 1423(w), 1350(w), 1290(m),
1200(w), 1124(m), 1025(m), 915(w), 829(w), 745(s),
692(s), 651(m), 538(w), 520(w), 463(w).

[SiF6@Cu2(PF6)2(s,r-L)4]·2CHCl3·3EtOH. An ethanol solution
(2.0 mL) of silver(I) hexafluorophosphate (5.05 mg, 0.02
mmol) was added to copper(II) chloride (1.35 mg, 0.01
mmol) dispersed in ethanol at room temperature. The reaction
mixture was stirred for 30 min, after which the precipitated
silver chloride was filtered off. The ethanol solution of
Cu(PF6)2 was carefully layered onto a chloroform solution
(1.0 mL) of s,r-L (3.59 mg, 0.01 mmol). After 5 days, blue
crystals suitable for X-ray single crystallography were obtained
in 86% yield. mp 243 °C (dec.). Anal. calcd for
C92H88Cl6Cu2F18N12O15P2Si: C, 46.55; H, 3.74; N, 7.08%.
Found: C, 46.40; H, 3.70; N, 6.92%. IR (KBr pellet, cm−1):
3443(m), 3307(m), 1733(s), 1663(s), 1539(s), 1481(m),
1435(m), 1358(m), 1298(s), 1204(w), 1133(s), 1058(w),
1030(w), 850(s), 745(s), 698(s), 651(m), 560(m), 428(w).

[SiF6@Cu2(PF6)2(r,s-L)4]·2CHCl3·3EtOH. An ethanol solution
(2.0 mL) of silver(I) hexafluorophosphate (5.05 mg, 0.02
mmol) was added to copper(II) chloride (1.35 mg, 0.01
mmol) dispersed in ethanol at room temperature. The reaction
mixture was stirred for 30 min, after which the precipitated
silver chloride was filtered off. The ethanol solution of
Cu(PF6)2 was carefully layered onto a chloroform solution
(1.0 mL) of r,s-L (3.59 mg, 0.01 mmol). After 5 days, blue
crystals suitable for single-crystal X-ray diffraction were
obtained in 78% yield. mp 243 °C (dec.). Anal. calcd for
C92H88Cl6Cu2F18N12O15P2Si: C, 46.55; H, 3.74; N, 7.08%.
Found: C, 46.40; H, 3.70; N, 6.93%. IR (KBr pellet, cm−1):
3443(m), 3307(m), 1733(s), 1663(s), 1539(s), 1481(m),
1435(m), 1358(m), 1298(s), 1204(w), 1133(s), 1058(w),
1030(w), 850(s), 745(s), 698(s), 651(m), 560(m), 428(w).

[SiF6@Cu2(SbF6)2(s,r-L)4]·2CHCl3·4EtOH. An ethanol solu-
tion (2.0 mL) of silver(I) hexafluoroantimonate (6.85 mg, 0.02
mmol) was added to copper(II) chloride (1.35 mg, 0.01
mmol) dispersed in ethanol at room temperature. The reaction
mixture was stirred for 30 min, after which the precipitated
silver chloride was filtered off. The ethanol solution of

Cu(SbF6)2 was carefully layered onto a chloroform solution
(1.0 mL) of s,r-L (3.59 mg, 0.01 mmol). After 5 days, blue
crystals suitable for X-ray single crystallography were obtained
in 77% yield. mp 241 °C (dec.). C94H94Cl6Cu2F18N12O16Sb2Si;
C, 43.40; H, 3.64; N, 6.46%. Found: C, 43.10; H, 3.60; N,
6.30%. IR (KBr pellets, cm−1): 3439(m), 3310(m), 1731(s),
1663(s), 1539(s), 1484(m), 1432(m), 1358(m), 1298(s),
1202(w), 1134(s), 1062(w), 1031(w), 912(w), 829(w),
745(s), 698(s), 659(s), 636(s), 446(w).

[SiF6@Cu2(SbF6)2(r,s-L)4]·2CHCl3·4EtOH. An ethanol solu-
tion (2.0 mL) of silver(I) hexafluoroantimonate (6.85 mg, 0.02
mmol) was added to copper(II) chloride (1.35 mg, 0.01
mmol) dispersed in ethanol at room temperature. The reaction
mixture was stirred for 30 min, after which the precipitated
silver chloride was filtered off. The ethanol solution of
Cu(SbF6)2 was carefully layered onto a chloroform solution
(1.0 mL) of r,s-L (3.59 mg, 0.01 mmol). After 5 days, blue
crystals suitable for X-ray crystallography were obtained in 83%
yield. mp 241 °C (dec.). C94H94Cl6Cu2F18N12O16Sb2Si; C,
43.40; H, 3.64; N, 6.46%. Found: C, 42.90; H, 3.59; N, 6.37%.
IR (KBr pellet, cm−1): 3439(m), 3310(m), 1731(s), 1663(s),
1539(s), 1484(m), 1432(m), 1358(m), 1298(s), 1202(w),
1134(s), 1062(w), 1031(w), 912(w), 829(w), 745(s), 698(s),
659(s), 636(s), 446(w).
Catechol Oxidation Catalysis. 3,5-Di-tert-butylcatechol

(3,5-DBuCat) was employed as the substrate for the present
catalytic oxidation reactions. The copper(II) catalysts (0.01
mmol) were treated with the substrate (0.1 mmol) in 10 mL of
acetone at room temperature or at 40 °C under aerobic
conditions. The catalytic yields were monitored with reference
to the UV−vis spectra and 1H NMR.
Voltammetry. A screen-printed carbon electrode (SPCE)

composed of carbon as a working electrode, Ag/AgCl (sat.
KCl) as a reference, and platinum as a counter electrode was
used in an electrochemical analysis. As a pretreatment, the
potential was cycled from −0.2 to +0.6 V in 0.1 M phosphate
buffer solution (pH 7.4) to stabilize the SPCE electrode. To
prepare the modified electrode, the chiral complexes [SiF6@
Cu2(BF4)2(s,r-L)4]·4CHCl3·2EtOH, [SiF6@Cu2(BF4)2(r,s-
L)4]·4CHCl3·2EtOH, [SiF6@Cu2(SiF6)(s,r-L)4]·3CHCl3·
4EtOH, and [SiF6@Cu2(SiF6)(r,s-L)4]·3CHCl3·4EtOH were
dispersed in 0.1 M PBS solution by sonication for 4 h and
drop-casted onto the SPCE. l- and d-DOPA were dissolved in
0.1 M PBS to prepare 10 mL of a 1.0 mM solution. The
electrochemical measurement was performed with a potentio-
stat/galvanostat (Kosentech model KST-P1; Physiolab, S.

Table 1. Relevant Structural Data of Four Pairs of Chiral Cages

[SiF6@Cu2(BF4)2(s,r-L)4]·
4CHCl3·2EtOH

[SiF6@Cu2(SiF6)(s,r-L)4]·
3CHCl3·4EtOH

[SiF6@Cu2(PF6)2(s,r-L)4]·
2CHCl3·3EtOH

[SiF6@Cu2(SbF6)2(s,r-L)4]·
2CHCl3·4EtOH

Cu(1)···Cu(2) 7.893(3) 7.952(2) 7.8712(8) 7.8829(8)
Cu−F (outside

anion)
2.5164(9), 2.341(7) 2.2689(5) 2.5986(3), 2.3553(2) 2.3091(2), 2.5087(3)

Cu−FSiF5 (inside
anion)

2.207(5), 2.288(6) 2.2490(5), 2.3453(5) 2.1866(2), 2.2924(2) 2.2544(2), 2.2215(2)

V (Å3) 2673.7(2) 5979(2) 9127(3) 9533(3)
[SiF6@Cu2(BF4)2(r,s-L)4]·

4CHCl3·2EtOH
[SiF6@Cu2(SiF6)(r,s-L)4]·

3CHCl3·4EtOH
[SiF6@Cu2(PF6)2(r,s-L)4]·

2CHCl3·3EtOH
[SiF6@Cu2(SbF6)2(r,s-L)4]·

2CHCl3·4EtOH

Cu(1)···Cu(2) 7.926(3) 7.901(4) 7.890(1) 7.8573(8)
Cu−F (outside

anion)
2.3358(9), 2.5599(9) 2.225(1) 2.3504(2), 2.5877(4) 2.5251(3), 2.2996(2)

Cu−FSiF5 (inside
anion)

2.2988(8), 2.2157(7) 2.212(1), 2.295(1) 2.280(4), 2.2113(3) 2.2338(2), 2.1962(2)

V (Å3) 2716.3(1) 6061(7) 9313(3) 9466(3)
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Korea). The cyclic voltammetry (CV) conditions were as
follows: potential range, −0.2 to +0.6 V; scan rate, 100 mV/s;
sensitivity, 10 μA.
Crystal Structure Determination. All of the X-ray

diffraction data (except [SiF6@Cu2(BF4)2(s,r-L)4]·4CHCl3·
2EtOH and [SiF6@Cu2(SiF6)(r,s-L)4]·3CHCl3·4EtOH) were
measured at 223 K with synchrotron radiation (λ = 0.63000−
0.70000 Å) on a Rayonix MX225HS detector at 2D SMC with
a silicon (111) double-crystal monochromator (DCM) at the
Pohang Accelerator Laboratory, Korea (Table 1). The PAL
BL2D-SMDC program46 was used for data collection (detector
distance: 66 mm; omega scan: Δω = 3°; exposure time: 1 s/
frame), and HKL3000sm (ver. 703r)47 was used for cell
refinement, reduction, and absorption correction. X-ray data
on [SiF6@Cu2(BF4)2(s,r-L)4]·4CHCl3·2EtOH and [SiF6@
Cu2(SiF6)(r,s-L)4]·3CHCl3·4EtOH were collected on a Bruker
SMART automatic diffractometer with graphite-monochro-
mated Mo Kα radiation (λ = 0.71073 Å). Thirty-six (36)
frames of 2D diffraction images were collected and processed
to obtain the cell parameters and orientation matrix. The data
were corrected for Lorentz and polarization effects. The
absorption effects were corrected using the multiscan method

(SADABS).48 The structures were solved using the direct
method (SHELXS) and refined by a full-matrix least-squares
technique (SHELXL 2018/3).49 The nonhydrogen atoms were
refined anisotropically, and the hydrogen atoms were placed in
calculated positions and refined only for the isotropic thermal
factors. The crystal parameters and procedural information
corresponding to the data collection and structure refinement
are listed in Table S1.

■ RESULTS AND DISCUSSION
Synthesis. Self-assembly of Cu(BF4)2 with a pair of chiral

ligands in a mixture of ethanol and chloroform in a glass vessel
produced, after 5 days, crystals consisting of a [SiF6@
Cu2(BF4)2(s,r- or r,s-L)4]·4CHCl3·2EtOH pair suitable for
single X-ray crystallography (Scheme 2). Subsequently, after a
prolonged time (i.e., 2 months), the self-assembly in the
mixture solvent gave rise to a [SiF6@Cu2(SiF6)(s,r- or r,s-L)4]·
3CHCl3·4EtOH pair. The self-assembly reactions of Cu(PF6)2
and Cu(SbF6)2 instead of Cu(BF4)2 with s,r- or r,s-L gave rise
to [SiF6@Cu2(PF6)2(s,r- or r,s-L)4]·2CHCl3·3EtOH and
[SiF6@Cu2(SbF6)2(s,r- or r,s-L)4]·2CHCl3·4EtOH after 5
days, respectively. Cu(PF6)2 and Cu(SbF6)2, in contrast to

Scheme 2. Construction Procedure, Catalytic Effects, and DOPA Recognition of SiF6@Cu2L4 Chiral Cage Pairs along with
Voltammetric Signals of the Chiral Cage Pairs with l-DOPA (Red Line) and d-DOPA (Blue Line)
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Cu(BF4)2, did not yield [SiF6@Cu2(SiF6)(s,r- or r,s-L)4] even
after 2 months, indicating that the F-containing anion is a
significant factor in anion transformation in a glass vessel,
which had already clearly been reported by our laboratory.50

For all reactions, the SiF6
2− anion acts as a template to form

products or a bridge between a cage and another cage. All
products are Cu2L4 chiral coordination cage pairs containing
an encapsulated SiF6

2− from the reaction of F-containing
polyatomic anions with the SiO2 of the glass-vessel surface.
That is, the anion, SiF6

2−, is necessary as a template for the
construction of the Cu2L4 cage. The Cu2L4 cage’s formation of
1:2 composition was attributed to the intrinsic properties of
the self-assembly condition. Not surprisingly then, it was found
that the combination of the curved bidentate L conformer and
the octahedral Cu(II) geometry, along with the nestled
template, SiF6

2−, might be a key driving force behind the
formation of the Cu2L4 cage. Furthermore, their molecular
dimensions are dependent on intercage interactions via outside
anions, resulting in formation of either a 1D or discrete cage.
That is, the metallophilicity of divalent SiF6

2− as a bridge is
stronger than that of the other monovalent counteranions,
BF4

−, PF6
−, and SbF6

−.33 To confirm the different nature of the
encapsulated anion and the outside anions, anion exchange was
carried out.33,50 Anion exchange of [SiF6@Cu2(SbF6)2(s,r- or
r,s-L)4]·2CHCl3·4EtOH with excess NaPF6 in the ethanol
suspension state resulted in an outside anion-exchanged
species, [SiF6@Cu2(PF6)2(s,r- or r,s-L)4]·2CHCl3·4EtOH
(Figure S1). For construction of the coordination cage
architecture, transformation of a specific anion as a template
is a specific methodology for tuning the shape and topology of
coordination species. The transformation of ubiquitous anions

is worthy of insight, including their role. Encapsulated and
bridged SiF6

2− anions help to maintain the structure of cages.
All crystalline products are stable under aerobic conditions

and are insoluble in common organic solvents such as
chloroform, toluene, benzene, and tetrahydrofuran. They are
partially dissociated in dimethyl sulfoxide and N,N-dimethyl-
formamide. Their compositions and structures were confirmed
in the current study by elemental analyses, 1H NMR, circular
dichroism, IR, TGA, EDS (Figures S2−S6), and single-crystal
X-ray single crystallography. The characteristic IR bands of
SiF6

2− (696−755 cm−1) were clearly assigned. TGA showed
that they are stable up to 223−243 °C. Evaporation of the
solvate molecules of the two kinds of crystals was found to
occur in the 30−200 °C temperature range (Figure S5).
Crystal Structures. These pairs of Cu2L4 chiral cage

crystals are classified into two categories: 1D and discrete
species, depending on the outside anions. The crystal structure
of [SiF6@Cu2(BF4)2(s,r-L)4]·4CHCl3·2EtOH is a discrete
cage, as depicted in Figure 1, and its bond lengths and angles
are listed in Table S2. The geometry of each copper(II) ion is
an octahedral N4F2 coordination arrangement with four N
donors from four L's and two F donors from one SiF6

2− and
one BF4

−anion (Cu−N = 1.979(9)−2.029(8) Å; Cu−F
(SiF6

2−) = 2.207(5) and 2.288(6) Å; Cu−F (BF4
−) =

2.5164(9) and 2.341(7) Å) in axial positions, resulting in the
formation of the Cu2L4 cage occupied by one SiF6

2− anion.
Concomitantly, for the nestled SiF6

2− anion, the axial Si−F
lengths (1.698(6) and 1.702(6) Å) are slightly longer than the
equatorial Si−F bond lengths (1.653(7)−1.680(7) Å), owing
to the axial Cu−F (SiF6

2−) interactions. The intracage Cu···Cu
distance is 7.893(3) Å. Two BF4

− anions are coordinated to

Figure 1. Crystal structures of pairs of chiral cages, [SiF6@Cu2(BF4)2(s,r-L)4]·4CHCl3·2EtOH (left) and [SiF6@Cu2(BF4)2(r,s-L)4]·4CHCl3·
2EtOH (right) (a), [SiF6@Cu2(SiF6)(s,r-L)4]·3CHCl3·4EtOH (left) and [SiF6@Cu2(SiF6)(r,s-L)4]·3CHCl3·4EtOH (right) (b), [SiF6@
Cu2(PF6)2(s,r-L)4]·2CHCl3·3EtOH (left) and [SiF6@Cu2(PF6)2(r,s-L)4]·2CHCl3·3EtOH (right) (c), and [SiF6@Cu2(SbF6)2(s,r-L)4]·2CHCl3·
4EtOH (left) and [SiF6@Cu2(SbF6)2(r,s-L)4]·2CHCl3·4EtOH (right) (d).
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two Cu(II) cations outside of the cage. The cages are packed
in an eclipsed manner. The chloroform and ethanol molecules
fill the empty space as a solvate without any significant
interactions. The crystal structure of its enantiomer, [SiF6@
Cu2(BF4)2(r,s-L)4]·4CHCl3·2EtOH, is an exact mirror image,
as depicted in Figure 1 and Figure S7. The crystal structures of
the [SiF6@Cu2(PF6)2(s,r- or r,s-L)4]·2CHCl3·3EtOH and
[SiF6@Cu2(SbF6)2(s,r- or r,s-L)4]·2CHCl3·4EtOH pairs (Fig-
ure 1c,d) are very similar to those of the [SiF6@Cu2(BF4)2(s,r-
or r,s-L)4]·4CHCl3·2EtOH pair.

The crystal structure of [SiF6@Cu2(SiF6)(s,r-L)4]·3CHCl3·
4EtOH is a 1D cage chain bridged by SiF6

2−, as shown in
Figure 2. There are two cages in an asymmetric unit. The local

geometry of the Cu(II) ion is an octahedral arrangement with
two SiF6

2− groups in the trans position (Cu−F = 2.2574(5)
and 2.2490(5) Å; F−Cu−F′ = 180.0°) and four pyridine N
donors of four L's on the basal plane. Each L connects two
Cu(II) ions in a bridged-bidentate mode to form the cage. The
intracage Cu(II)···Cu(II) distances are 7.952(2) Å. Its packing
structure is in the linear mode of cage···SiF6

2−···cage···SiF6
2−

via electrostatic interactions (Cu···FSiF5 = 2.2490(5) and
2.2689(5) Å), resulting in the formation of 1D chains. The
electrostatic interaction of the intercage Cu···SiF6

2− is
comparable to that of the intracage Cu···SiF6

2−, indicating
that the outside SiF6

2− acts as a bridge rather than a simple
counteranion. The solvate molecules are squeezed. The crystal

structure of [SiF6@Cu2(SiF6)(r,s-L)4]·3CHCl3·4EtOH is a
mirror image of [SiF6@Cu2(SiF6)(s,r-L)4]·3CHCl3·4EtOH.
Catalysis of Catechol Oxidation. To test the catalytic

activity of the Cu(II) cage species, 3,5-di-tert-butylcatechol
(3,5-DBCat) was employed as the substrate for catalytic
oxidation. The oxidized species, 3,5-di-tert-butyl-1,2-benzoqui-
none, is an important ligand for M-to-L electron transfer,
exhibiting a strong absorption band at around 400 nm that can
easily monitor the catalysis procedure.30,33,34 The catalyses
using a series of catalysts were carried out to scrutinize the
outside anion effects of the cages. Each cage catalyst was
treated with 3,5-DBCat in the 1:10 mol ratio under aerobic
conditions in 10 mL of acetone at 40 °C.

Thus, the catalysis rates were checked with reference to the
increase in the characteristic UV band at around 400 nm as a
function of time (Figure 3), together with the 1H NMR data
(Figure 4).

All of the catalysis reactions were completely finished within
30 min, and the most remarkable feature was a solubility
difference between two kinds of species: the discrete cages act
as a homogeneous catalyst in acetone media, but the 1D chains
act as a heterogeneous catalyst in acetone. The enhanced
oxidation catalytic efficiency of the 1D and discrete cage
catalysts is related to the maintenance of the intracage Cu···Cu
distances (7.8573(8)−7.952(2) Å), which is suitable for
coordination with the catechol substrate,33,51 indicating that
the cage skeleton is maintained in both the solution and solid
states. The efficiency in homogeneous catalysis of three
discrete cages, [SiF6@Cu2(BF4)2(s,r-L)4]·4CHCl3·2EtOH,
[SiF6@Cu2(PF6)2(s,r-L)4]·2CHCl3·3EtOH, and [SiF6@
Cu2(SbF6)2(s,r-L)4]·2CHCl3·4EtOH, is not significantly differ-
ent. A remarkable feature is that, uncommonly, heterogeneous
catalysis is very efficient: the oxidation catalysis using the 1D
chains is completely finished within 25 min. The efficiency of
the 1D heterogeneous catalyst was more notable in the present
study than that of the common catalytic systems. Heteroge-
neous catalysis using [SiF6@Cu2(SiF6)(s,r-L)4]·3CHCl3·

Figure 2. 1D linked cage structures for pairs of chiral cages, [SiF6@
Cu2(SiF6)(s,r-L)4]·3CHCl3·4EtOH (left) and [SiF6@Cu2(SiF6)(r,s-
L)4]·3CHCl3·4EtOH (right).

Figure 3. Catalytic oxidation rates of 3,5-ditert-butylcatechol using
[SiF6@Cu2(BF4)2(s,r-L)4]·4CHCl3·2EtOH (red solid square),
[SiF6@Cu2(SiF6)(s,r-L)4]·3CHCl3·4EtOH (purple solid square),
[SiF6@Cu2(PF6)2(s,r-L)4]·2CHCl3·3EtOH (green solid square),
[SiF6@Cu2(SbF6)2(s,r-L)4]·2CHCl3·4EtOH (blue solid square), Cu-
(BF4)2 (cyan up-pointing solid triangle), Cu(PF6)2 (black up-pointing
solid triangle), and Cu(SbF6)2 (gray up-pointing solid triangle).
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4EtOH was the focus in this study. In particular, heteroge-
neous catalysis showed similar catalytic efficiency even at room
temperature (Figure 5a). The solvent quantity may be another
factor in heterogeneous catalysis, but for this catalysis, the
efficiency in 10 mL of acetone was the same as that in 20 mL
of acetone (Figure 5b), indicating that the catalyst is insoluble
irrespective of the quantity of acetone. Further, after the
catalysis was finished, the mixture solution was centrifuged to
recover the broken crystalline catalyst. The IR, 1H NMR
spectra, and PXRD patterns indicated that the catalyst
maintained the cage structure after the heterogeneous catalytic
reaction (Figures S8 and S9). After the first heterogeneous
catalytic reaction, a maximum of 90% of the catalyst could be
recovered. The catalytic efficiency, moreover, was found to be
perfectly recyclable (Figure 5c). Heterogeneous catalytic
reactions according to various catalyst quantities (0.01,
0.005, 0.0025, and 0.00125 mmol for 0.1 mol of catechol)
were carried out, and the catalytic rate depending on the
decrease of the catalyst is gradually slow (Figure 5d).
Enantio-Recognition via CV. To estimate the chiral

recognition abilities of one pair of the present chiral cages, l-
and d-DOPA were employed as substrates to confirm the
different interactions of each chiral cage with chiral DOPA via
cyclic voltammetry (CV). The CV curves were measured in 0.1
M phosphate buffer solution (PBS, pH = 7.4) (Figure 6 and
Figure S10). First of all, the oxidation peak of [SiF6@
Cu2(BF4)2(s,r-L)4]·4CHCl3·2EtOH in the solution including
1.0 mM l- and d-DOPA was observed at 350 and 270 mV,
respectively. By contrast, the oxidation peaks of [SiF6@
Cu2(BF4)2(r,s-L)4]·4CHCl3·2EtOH with l-DOPA and d-
DOPA were observed at 238 and 295 mV, respectively.
Similarly, the oxidation peak of [SiF6@Cu2(SiF6)(s,r-L)4]·
3CHCl3·4EtOH with l- and d-DOPA was observed at 405 and
275 mV, respectively, whereas that of [SiF6@Cu2(SiF6)(r,s-
L)4]·3CHCl3·4EtOH with l-DOPA and d-DOPA was observed
at 315 and 385 mV, respectively. These oxidation peaks

indicate that the chiral cage interacts with oxidized chiral
DOPA quinone.52 That is, [SiF6@Cu2(BF4)2(s,r-L)4]·4CHCl3·
2EtOH interacts more strongly with l-DOPA, whereas [SiF6@
Cu2(BF4)2(r,s-L)4]·4CHCl3·2EtOH efficiently interacts with d-
DOPA, resulting in higher oxidation potentials. Such a chiral
cage system pair, therefore, can be used to differentiate the
chirality of chiral DOPA. Thus, too, it can be applied for
tailored storage or recognition of chiral molecules. Each chiral
cage seems to contribute to the chiral recognition via the
felicitous weak noncovalent interaction between a chiral cage
and a chiral DOPA. This unique chiral cage system, therefore,
can be extended for use as a system for recognition of the
chiralities of general amino acids.

■ CONCLUSIONS
The new pair of bidentate chiral ligands is a valuable material
for construction of Cu2L4 cage species via a template anion
from transformation of polyatomic anions BF4

−, PF6
−, and

SbF6
− into SiF6

2− during self-assembly in a glass vessel. The
molecular dimensions of the cages are dependent on the
metallophilicity of the outside anions. This series of Cu(II)
cages is a good model system that shows significant oxidation
catalytic effects on both the cage structure and solubility. The
most attractive feature is the effectiveness of heterogeneous
catalysis, including its recyclability, which indicates that the
retained molecular structure plays a key role in the catalysis. In
particular, a pair of chiral cages is a very useful molecular
material for recognition of chiral substrates via electrochemical
techniques. The present pair of chiral cages can be considered
to be a highly useful molecular system for the recognition of
targeting chiral molecules. Further experiments on chiral cage
system pairs, including the electronic and steric effects of new
silicon-containing ligands, will provide for wider and more
practical applications of the enormous potential of the cages’
catalytic properties and various chiral recognition functions.

Figure 4. 1H NMR spectral procedure on catalytic oxidation of 3,5-di-tert-butylcatechol to 3,5-di-tert-butylorthoquinone using [SiF6@
Cu2(SiF6)(s,r-L)4]·3CHCl3·4EtOH in Me2CO-d6 (left). UV spectral change during the catalytic reaction (right).
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Figure 6. Cyclic voltammetry (CV) signals of [SiF6@Cu2(BF4)2(s,r-
L)4]·4CHCl3·2EtOH (a), [SiF6@Cu2(BF4)2(r,s-L)4]·4CHCl3·2EtOH
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l-DOPA (red line) and d-DOPA (blue line).
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