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Reaction of CuSO,-5H,0 with 1,3-bis(benzimidazol-1-ylmethyl)-
2,4,6-trimethylbenzene (m-bbitrb) provides a new positively
charged M,L, type molecule, [SO, < Cu,(m-bbitrb),]SO,. This
compound includes 5042' inside and outside the cationic cage.
Despite this compound being insoluble in water, it shows high
efficient perchlorate removal activity from water by the
exchange with 5042' outside the cage.

Materials which show anion-exchange property have attracted
intense attentions as useful methods for removal of toxic anions
from water. One of the recent tough targets of the anions that
should be removed from water is perchlorate ion (ClO, ). The
anion interferes with the thyroid’s uptake of iodide ion, which is
an essential component of growth hormones produced in the
thyroid gland. Therefore, ingestion of excess ClO, would
seriously affect the growth of newborns and children.* In 2005,
the U.S. Environmental Protection Agency (EPA) announced that
the acceptable exposure level of this anion was 24.5 ppb in
drinking water.’ However, reduction of the concentration of the
anion to the low concentration level in a short period is difficult
because of its high solubility.3

Numerous coordination compounds with M,L, cationic cages
have been reported to date.* Their cages include various guest
molecules such as anions,s'7 neutral molecules,8 and metal
complexes.9 Among them, the self-assembled M,L, cages which
are constructed by metal ions and bis(imidazole)- or
bis(benzimidazole)-type neutral ligands have attracted attention
as molecular capsules for anions.®’ Many of them have been
isolated with hydrophobic anions such as ClO, , BF, , and CF;505~
within the cationic cages. This is because the hydrophobic anions
assist the self-assembled construction of the ML,
frameworks.*”*® In contrast, M,L,-type molecular capsules
including sulfate ion, which is a harmless anion, were not known
for the series of coordination compounds constructed by
bis(imidazole)- or bis(benzimidazole)-type ligands.

We have recently shown that CIO, in aqueous solutions can
be removed by encapsulating it in a water-insoluble M,L,
molecular capsule.11 This method, however, could not remove
Clo, from water to below 1 ppm concentration level. On
continuing works, we have succeeded in isolation of a new
water-insoluble M,L, type compound that includes 5042’ inside
and outside the cage. This compound removed ClO, from water
efficiently. Here, we report the synthesis, structure, and the high

perchlorate removal activities from water of the compound.
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Figure 1. Molecular structure of 1-SO,. Disorders of 5042’ inside
the cage, and hydrogen atoms are omitted for clarity. Color code:
blue, copper; red, oxygen; yellow, sulfur; sky-blue, nitrogen;
black, carbon.
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Compound 1-SO, was obtained as blue microcrystals by
evaporation of an EtOH/H,0 mixed solution of CuSO,-5H,0 and
m-bbitrb on heating. Single crystals for X-ray diffraction analysis
were grown by slow evaporation of an EtOH/H,0 solution of the
product in a test tube for a few months. Figure 1 shows the M,L,
type capsule structure of 1-SO, bearing 5042_ inside and outside
the cage. The 5042_ inside the cage associates with the two cu®
with Cu—O distances of 2.143 (8) A. These distances are shorter
than the Cu—O distance (2.388 (4) A) between CIO,” and Cu®' in
[CIO, < Cuy(m-bbitrb),(ClO,),](ClO,) (2) that was reported by Su
and co-workers.® The coordination of 5042_ pulls the cu” toward
the center of the capsule. The cu® of 1-S0, is withdrawn about
0.202 (2) A to the center of the capsule from the N, plane that is
defined by four nitrogen atoms at the coordination condition,
while Cu®* of 2 remains in the N, plane. As a result the Cu---Cu
distance of the M,L, cage of 1-SO, (about 6.6 A) is shorter than
that of 2 (7.36 A). This is the first M,L,-type molecule capturing
divalent anions in M,L, cationic cages constructed by
bis(imidazole)- or bis(benzimidazole)-type ligands.

It was found that 1-SO, has high activity for removal of ClO,
ion from water despite the compound being insoluble in water.
so Figure 2a shows changes the concentrations of anions in the
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aqueous solution as a function of time after addition of 0.20 g
(0.10 mmol) of 1-SO, to an aqueouos solution (100 mL)
containing NaF, NaCl, NaBr, NaNOs, NaClO,, and Na,SO, at the
same concentration (1.0 mM). The change in the concentration
of each anion was monitored using ion chromatography. As
shown in the chart, 1.0 mM CIO, was reduced to about 0.070
mM at 5 min, and then 0.013 mM within 30 min. Other anions,
NO; and Br’, were also reduced from 1.0 mM to about 0.55 mM
and 0.80 mM, respectively, at 30 min. Concentrations of ClI" and
F" were not changed essentially. The concentration of 5042’ was
increased from 1.0 mM to 1.73 mM at 30 min. This increase
corresponds to the decreases of concentrations of other anions,
indicating that 5042' of 1-SO,, which is insoluble in water, was
exchanged with the anions during the reaction.
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Figure 2. Changes of concentration of anions in an aqueous
solution (100 mL), containing NaF, NaCl, NaBr, NaNO;, NaClQ,,
and Na,SO, (all 0.1 mmol) after addition of 1-SO, (0.20 g, 0.1
mmol) (a) and anion-exchange resin Purolite A530E (0.20 g) (b).

To estimate the CIO, removal ability of 1-SO, a similar
experiment was carried out for comparison using an anion-
exchange resin (Purolite A530E)," which has been widely used
for ClO,” removal.”® This study showed that 1.0 mM ClO,” was
reduced to about 0.42 mM at 30 min and 0.15 mM at 180 min
(Figure 2b). Three other anions, NO;, Br, and 5042_, were
reduced from 1.0 mM to 0.71 mM, 0.79 mM, and 0.91 mM,
respectively, at 30 min. The concentration of CI, which is
30 originally included in the resin, increased corresponding to the
decreases of concentrations of other anions. This result shows
that 1-S0, efficiently removes CIO, from water. This ability could
arise from the hydrophobic space created among the [SO, <
Cuz(m-bbitrb)4]2+ units, which encapsulates the hydrophobic
anion ClO,” in preference to SO,>". This study showed that 1-SO,
can remove ClO, effectively from aqueous solutions even in the
presence of other anions.
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To study the anion exchange reaction shown by Figure 2a,
structure of the reaction product was determined by single

40 crystal X-ray analysis technique at 173 K (Figure 3) and elemental

analysis (Supporting Information). Immersion of 1-SO, in an
aqueous solution that contained excess NaClO, for a few days
provided a blue powder. The solution remained colorless
throughout the reaction. After careful washing of the reaction
product with water, the obtained product was recrystallized from
MeCN. The single-crystal X-ray diffraction study confirmed that
the product was [SO, C Cu,(m-bbitrb),](ClO,),-4MeCN (1-ClO,).
The overall structure is shown in Figure 3. Molecular structure of
the cationic unit of 1-ClO, is essentially same to that of 1-SO,.
This result clearly demonstrates that only 5042_ outside the cage
was exchanged with ClO, by the anion-exchange reactions.
Compound 1-ClO, was also insoluble in water, meaning that
Clo, was separated from the aqueous solution by treatment
with 1-50,.

Figure 3. Molecular structure of 1-ClO,. Disorders of 5042’ inside
the cage, ClO, outside the cage, and hydrogen atoms are
omitted for clarity. Color code: blue, copper; red, oxygen; yellow,
sulfur; sky-blue, nitrogen; black, carbon; green, chlorine.

Although the solution in Figure 2a remained colorless
throughout the experiment, the concentration of cu® dissolved
in the solution was determined using inductively coupled
plasma—optical emission spectroscopy (ICP—OES).  This
measurement detected only 0.13 mg L™ of Cu® in the aqueous
solutions after the CIO, removal experiment. This value is lower
than the concentration in drinking water mandated by the World
Health Organization (2 mg L™")."* These results show that 1-SO,
has high potential as a material for removal of ClO, from water
for many purposes.

Since the CIO, removal speed by 1-SO, was very fast, we have
attempted to prepare a 1-SO,-fixed filter. The filter was made
from a commercially available syringe filter (¢ 40 mm, 0.2 um
pores). The fixation of 1-S0, on the membrane was achieved by
filtration of a powder sample of 1-SO, suspended in water using
the syringe filter. After the aqueous solution of NaClO, (ca. 1,000
ppb for CIO, ) was passed through the filter under hand-pressure,
it was found that the concentration of CIO, was reduced to ca.

s0 12 ppb for CIO, . The ion chromatography charts are shown in

Figure 4. This result means that the 1-SO, is useful for
convenient removal of ClO, from water in a short time period.
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Figure 4. lon chromatograph charts of the aqueous solution of
NaClO, (ca. 1000 ppb) (6.0 mL) before (a) and after (b) passing
through the syringe filter fixed with 1-SO,.

Although removal of ClO, by anion-exchange resins is
currently a promising method, the resins are generally difficult to
regenerate for reuse.” We confirmed that 1-S0, is conveniently
regenerated for reuse after the ClO, removal experiments. As
summarized in the Supporting Information (p. S18), analytically
pure m-bbitrb was recovered by a general procedure from the
reaction products obtained after ClO, removal experiments in
about 53% yield. The ligand could be used for re-preparation of
1-S0,.

In conclusion, we have prepared a new water-insoluble M,L,
type compound that includes 5042_ inside and outside the cage.
The compound removed ClO, from water by exchange with 5042’
outside the cage of the compound. The activity was useful for
reduction of ClO, in water to lower concentration level. The
removal reactions were not interfered by other general anions.
The compound was conveniently regenerated by general
chemical procedure from the obtained product after the CIO,
removal experiments. While many anion-exchange resins have
been developed, utilizations of positively charged nano-scale
molecules as anion-exchange materials were not explored well.
This work reveals that coordination compounds have high
potentials as new anion-exchange materials.

We thank Y. Yamamoto of Research Institute of Green Science
Technology in Shizuoka University for support in obtaining the
elemental analysis data. This work was supported by a grant
from the New Energy and Industrial Technology Development
Organization (NEDO) in Japan (No. 07A20008a).

Notes and references

“ Department of Chemistry, Faculty of Science, Shizuoka University, 836
Ohya, Suruga-ku, Shizuoka, 422-8529 Japan

b Graduate School of Science and Technology, Shizuoka University, 836
Ohya, Suruga-ku, Shizuoka 422-8529 Japan.

© Green Chemistry Research Division, Research Institute of Green Science
Technology, Shizuoka University, 836 Ohya, Suruga-ku, Shizuoka 422-
8529, Japan. scmkond@ipc.shizuoka.ac.jp

4 Research and Development Department, Central Laboratory, Maezawa
Industries, Inc., 5-11, Naka-cho, Kawaguchi, Saitama 332-8556, Japan

1 Electronic supplementary information (ESI) available: Materials and
methods, crystallographic data, XRD charts, UV-vis. reflectance spectra,
IR spectra. 854022 (1-SO,), CCDC 854021 (1-ClO,). For ESI and
crystallographic data in CIF or other electronic format see DOI:
XX XXXX/ XXXXXXXXXX.

60 5.

70

75

80

10.

85

11.

90

12.

95

13.

100 14.

15.

(a) J. Wolff, Pharmacol. Rev., 1998, 50, 89-105. (b) ITRC, ITRC
(Interstate Technology & Regulatory Council) Perchlorate: Overview
of Issues, Status, and Remedial Options. PERCHLORATE-1. Interstate
Technology & Regulatory Council, Perchlorate Team, Washington, DC
Available on the Internet at http://www.itrcweb.org/. 2005.

D. R. Parker, A. L. Seyfferth and B. K. Reese, Environ. Sci. Technol.,
2008, 42, 1465-1471.

P. B. Hatzinger, Environ. Sci. Technol., 2005, 39, 239A-247A.

M. Han, D. M. Engelhard and G. H. Clever, Chem. Soc. Rev., 2014, 43,
1848--1860

(a) D. A. McMorran, P. J. Steel, Angew. Chem. Int. Ed. 1998, 37, 3295-
3297. (b) L. J. Barbour, G. W. Orr and J. L. Atwood, Nature, 1998, 393,
671-673. (c) D. K. Chand, K. Biradha and M. Fujita, Chem. Commun.,
2001, 1652-1653. (d) N. Yue, Z. Qin, M. C. Jennings, D. J. Eisler and R.
J. Puddephatt, Inorg. Chem. Commun., 2003, 6, 1269-1271.

C.-Y. Su, Y.-P. Cai, C.-L. Chen, H.-X. Zhang and B.-S. Kang, J. Chem. Soc.,
Dalton Trans., 2001, 359-361.

(a) H.-K. Liu, J. Hu, T.-W. Wang, X.-L. Yu, J. Liu and B. Kang, J. Chem.
Soc., Dalton Trans., 2001, 3534-3540. (b) C.-Y. Su, Y.-P. Cai, C.-L. Chen,
M. D. Smith, W. Kaim and H.-C. zur Loye, J. Am. Chem. Soc., 2003,
125, 8595-8613. (d) H. Amouri, C. Desmarets, A. Bettoschi, M. N.
Rager, K. Boubekeur, P. Rabu and M. Drillon, Chem. Eur. J., 2007, 13,
5401-5407.

(a) P. Liao, B. W. Langloss, A. M. Johnson, E. R. Knudsen, F. S. Tham, R.
R. Julian and R. J. Hooley, Chem. Commun., 2010, 46, 4932-4934. (b)
N. Kishi, Z. Li, K. Yoza, M. Akita and M. Yoshizawa, J. Am. Chem. Soc.,
2011, 133, 11438-11441.

(a) Y.-B. Dong, P. Wang, J.-P. Ma, X.-X. Zhao, H.-Y. Wang, B. Tang and
R.-Q. Huang, J. Am. Chem. Soc., 2007, 129, 4872-4873. (b) G. H.
Clever, S. Tashiro and M. Shionoya, Angew. Chem., Int. Ed., 2009, 48,
7010-7012. (c) G. H. Clever, W. Kawamura, S. Tashiro, M. Shiro and
M. Shionoya, Angew. Chem., Int. Ed., 2012, 51, 2606-2609. (d) J. E.
M. Lewis, E. L. Gavey, S. A. Cameron and J. D. Crowley, Chem. Sci.,
2012, 3, 778-784.

(a) H.-K. Liu, Y. Cai, W. Luo, F. Tong, C. You, H. L4, X. Huang, H.-YY e,
F. Su, X. Wang, Inorg. Chem. Communl, 2009, 12, 457-460. (b) W.-Y.
Sun, J. Fan, T. Okamura, J. Xie, K.-B. Yu, N. Ueyama, Chem. Eur. J.,
2001, 7, 2557-2562.

(a) T. Hirakawa, M. Yamaguchi, N. Ito, M. Miyazawa, N. Nishina, M.
Kondo, R. lkeya, S. Yasue, K. Maeda and F. Uchida, Chem. Lett., 2009,
38, 290-291. (b) M. Yamaguchi, T. Hirakawa, N. Nishina, M. Kondo, H.
Aoki, E. Okuda, L. Zhang, Chem. Lett. 2010, 39, 1192-1193.

Purolite A530E Microporous strong base anion exchange resin.
http://www.purolite.com/default.aspx?RellD=606288&Product|D=33
3. The ClO, removal activity of the resin was drastically increased by
grinding it. The anion removal result by using anion-exchange resin
without grinding is shown in Supplementary Information (Supporting
Information).

B. Gu, Y.-K. Ku, G. M. Brown, Environ. Sci. Technol. 2005, 39, 901-
907.

World Health Organization 2011, Guidelines for drinking-water
quality, fourth edition.
http://www.who.int/water_sanitation_health/publications/2011/dw
g _quidelines/en/index.html|

D. P. Chen, C. Yu, C.-Y. Chang, Y. Wan, J. M. J. Frechet, W. A. Goddard
1lI, M. S. Diallo, Environ. Sci. Technol. 2012, 46, 10718-10726.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3



Graphical Abstract

Dalton Transactions

Page 4 of 4

High efficient perchlorate removal from water by water-insoluble MzL4 type molecule is

described.

Concentration of CIO,”/ mM

Removal of Perchlorate lon from Water
in the Short Period

ot
o

=
>

©
N

o

By Water-insoluble Positively
Charged Molecule

By anion exchange resin

A A A

»

80 120 160 200
Time / min.



