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Macrocyclic boron complex showed selective fluorescence
response toward H2PO4

� via hydrogen-bond network, Lewis
acid–base interaction, and inhibition of PET.

Various anion sensors having recognition and response sites
have been developed so far.1 Supramolecular metal complexes
are interested in the field of anion binding1,2 and sensing1,3 be-
cause of the unique three-dimensional recognition-site toward
specific anion and the Lewis acidic metal center in the complex
which is possible to interact with anion. Boron compounds such
as boric acid and its ester derivatives have been known to act as
hard acid and strongly interact with anions changing the orbital
from sp2 to sp3.4 Therefore, many boron complexes bearing fluo-
rophore and chromophore as sensing agents for anions and sug-
ars have been synthesized.5–7 Fluorescence response of those
sensing agents utilizes the changing of the photoinduced electron
transfer (PET) between fluorophore and boron moiety, the effi-
ciency of the energy transfer from donor to acceptor. Recently,
we succeeded in the construction of a chromogenic anion recep-
tor based on a noncyclic boron-complex whose central boron
consisted of a four-coordinated structure which was negatively
charged and was not able to interact with anion.8

In this work, we designed and synthesized macrocyclic bor-
on complex having plural hydrogen-bonding sites such as hy-
droxy, amide, oxyethylene, and a fluorophoric anthracene linked
to phenyl borate. We investigated the complexation and the flu-
orescence response abilities of the boron complex toward vari-
ous anions by using fluorescence and 1HNMR spectroscopy.

Scheme 1 shows a synthetic process of novel macrocyclic
boron complex. Macrocyclic compound 3was obtained by cycli-

zation reaction between dicarboxylic acid dichloride 1 and dia-
mine 2 under high dilution conditions. Then, tandem Claisen re-
arrangement (160 �C, 1 h, in N-methylpyrrolidinone (NMP)) was
carried out to introduce plural hydroxy groups into 3.9 Complex-
ation between 4 and boric acid derivative 5 in the presence of
molecular sieves gave only macrocyclic boron complex 6 in ex-
cellent yield.10

Fluorescence response of the boron complex toward various
anions having tetrabutylammonium ion as a counter cation was
investigated. Figure 1a shows fluorescence spectra of the anthra-
cene moiety in the boron complex in the presence and the ab-
sence of H2PO4

� in CH3CN/CHCl3 (9/1). The fluorescence in-
tensity increased with increase in the concentration of H2PO4

�.
The molar ratio plot in Figure 1b indicated an intersection at the
molar ratio of 1.0, which corresponds to a 1:1 (=Boron com-
plex:H2PO4

�) stoichiometry. On the other hand, the variations
of the fluorescence intensity of the boron complex in the pres-
ence of HSO4

� and CH3COO
� were remarkably smaller than

that of H2PO4
� as shown in Figure 1b. For Cl�, Br�, and I�,

the spectral change was not observed at all. The variation of
the fluorescence intensity by the addition of F� was strange, al-
though the shape of spectra did not change. The binding constant
(�1) between the boron complex and anions was determined
by using the general equation10 related to the variation of the
fluorescence intensity in Figure 1b. The �1 values were in the
order of H2PO4

� (104:89) � HSO4
� (101:90) > CH3COO

�

(101:75) � Cl�, Br�, I� (no response) which were not corre-
sponding to the order of the basicity of anions. The �1 value
of F� was not able to be calculated because of the strange spec-
tral change.
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Scheme 1. Synthesis of novel macrocyclic boron complex.
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Figure 1. a) Fluorescence spectra of 1:0� 10�7 M boron com-
plex in the presence and the absence of 1:0� 10�8–3:0�
10�7 M H2PO4

� in CH3CN/CHCl3 (9/1). Excitation at 380
nm. b) Molar ratio plots between boron complex and various
anions. Solid lines except for F� were calculated by using the
general equation and the obtained �1 value.
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To clear the above behavior of the boron complex toward
various anions, the interaction and the complexation between
the boron complex and anions were studied by 1HNMR spec-
troscopy. Both hydroxy and amide (NH) peaks in the macrocy-
clic moiety of the boron complex shifted to lower magnetic field
in the presence of H2PO4

�, while the amide (NH) between an-
thracene and phenyl borate was not changed.10 The peaks of
the oxyethylene protons also shifted to lower magnetic region.
These results strongly suggest that the hydroxy, the amide
(NH) groups, the ether oxygens in the macrocyclic moiety of
the boron complex take part in the hydrogen-bond formations
with H2PO4

�. The spectrum change in the HSO4
� case was sim-

ilar to that of the H2PO4
� case, however, the degree was very

small. For the interaction with CH3COO
�, Cl�, Br�, or I�, only

the hydroxy and the amide (NH) in the macrocycle moiety of the
boron complex slightly shifted to lower magnetic field. Both the
strength of the interaction and the stability of the anion complex
between the boron complex and those anions should be lower
than those of the complex with H2PO4

�. In the presence of
F�, not only the hydroxy and the amide (NH) of the macrocycle
but also the amide (NH) between anthracene and phenyl borate
significantly shifted to lower magnetic field. This means that the
amide (NH) between anthracene and phenyl borate also partici-
pates in the hydrogen-bond formation with F� which is more ba-
sic than other halide ions and has the smallest ionic radius among
halide ions.

Boron and phenyl group of the phenyl borate moiety in the
boron complex can act as Lewis acid and electron acceptor, re-
spectively, and will contribute to the binding and the fluores-
cence response for anion. Hayashita et al. have found that a
phenyl boric acid linked to pyrene indicates the strong fluores-
cence in the aqueous alkaline solution.7 They concluded that
the phenomenon would be ascribed to the inhibition of photoin-
duced electron transfer (PET) from pyrene to phenyl borate by
the complexation of the boron with hydoxide ion. This PET
process is applicable to the present system. Similar PET from
anthracene to phenyl borate in the present boron complex must
be inhibited by the complexation with H2PO4

� through plural
hydrogen-bond formations and the Lewis acid–base interaction
as illustrated in Figure 2. Although the enhancement of the
fluorescence intensity might occurred commonly in the case of
F� which strongly interacts with boron,4,11 the tendency was
remarkably different from that of H2PO4

�. This should be
due to the contribution of another PET12 by the hydrogen-bond
formation of the amide (NH) between anthracene and phenyl bo-
rate with F� as described in the above 1HNMR study. As results,
we were able to develop a highly selective sensing agent for
H2PO4

� which can be detected by the fluorescence response.

References and Notes
1 Reviews: R. Martinez-Manez, F. Sancenon, Chem. Rev. 2003, 103,

4419; M. D. Best, S. L. Tobey, E. V. Anslyn, Coord. Chem. Rev.
2003, 240, 3; J. L. Sessler, S. Camiolo, P. A. Gale, Coord. Chem.
Rev. 2003, 240, 17; C. R. Bondy, S. J. Loeb, Coord. Chem. Rev.
2003, 240, 77; K. Choi, A. D. Hamilton, Coord. Chem. Rev.
2003, 240, 101; T. J. Wedge, M. F. Hawthorne, Coord. Chem.
Rev. 2003, 240, 111; P. D. Beer, E. J. Hayes, Coord. Chem. Rev.
2003, 240, 167; P. A. Gale, Coord. Chem. Rev. 2003, 240, 191;
S. S. Sun, A. J. Lees, Coord. Chem. Rev. 2002, 230, 171; V.
Amendola, L. Fabbrizzi, C. Mangano, P. Pallavicini, A. Poggi, A.
Taglietti, Coord. Chem. Rev. 2001, 219, 821.

2 Recent issues: J. M. Mahoney, K. A. Stucker, H. Jiang, I.
Carmichael, N. R. Brinkmann, A. M. Beatty, B. C. Noll, B. D.
Smith, J. Am. Chem. Soc. 2005, 127, 2922; C. R. Bondy, P. A. Gale,
S. J. Loeb, J. Am. Chem. Soc. 2004, 126, 5030; G. Mezei, P. Baran,
R. G. Raptis, Angew. Chem., Int. Ed. 2004, 43, 574; L. P. Harding,
J. C. Jeffery, T. Riis-Johannessen, C. R. Rice, Z. Zeng, Chem.
Commun. 2004, 654.

3 Recent issues: H. K. Cho, D. H. Lee, J.-I. Hong, Chem. Commun.
2005, 1690; A. F. A. Peacock, H. D. Batey, C. Raendler, A. C.
Whitwood, R. N. Perutz, A.-K. Duhme-Klair, Angew. Chem., Int.
Ed. 2005, 44, 1712; S.-H. Li, C.-W. Yu, J.-G. Xu, Chem. Commun.
2005, 450; P. Atkinson, Y. Bretonniere, D. Parker, Chem. Commun.
2004, 438; D. H. Lee, S. Y. Kim, J.-I. Hong, Angew. Chem., Int. Ed.
2004, 43, 4777; M. S. Han, D. H. Kim, Angew. Chem., Int. Ed.
2002, 41, 3809; S. Mizukami, T. Nagano, Y. Urano, A. Odani,
K. Kikuchi, J. Am. Chem. Soc. 2002, 124, 3920.

4 S. Jacobson, R. Pizer, J. Am. Chem. Soc. 1993, 115, 11216; B.
Dietrich, Pure Appl. Chem. 1993, 7, 1457; M. T. Reetz, C. M.
Niemeyer, K. Harms, Angew. Chem., Int. Ed. 1991, 30, 1472;
H. E. Katz, J. Org. Chem. 1989, 54, 2179; H. E. Katz, Organo-
metallics 1987, 6, 1134; H. E. Katz, J. Am. Chem. Soc. 1986,
108, 7640; H. E. Katz, J. Am. Chem. Soc. 1985, 107, 1420; H. E.
Katz, J. Org. Chem. 1985, 50, 5027.

5 Selected issues: S. J. M. Koskela, T. M. Fyles, T. D. James, Chem.
Commun. 2005, 945; J. Zhao, T. M. Fyles, T. D. James, Angew.
Chem., Int. Ed. 2004, 43, 3461; L. I. Bosch, M. F. Mahon, T. D.
James, Tetrahedron Lett. 2004, 45, 2859; S. Arimori, M. L. Bell,
C. S. Oh, T. D. James, Org. Lett. 2002, 4, 4249; T. D. James,
K. R. A. S. Sandanayake, S. Shinkai, Angew. Chem., Int. Ed. Engl.
1996, 35, 1910.

6 J. T. Suri, D. B. Cordes, F. E. Cappuccio, R. A. Wessling, B.
Singaram, Langmuir 2003, 19, 5145; Z. Zhong, E. V. Anslyn, J.
Am. Chem. Soc. 2002, 124, 9014; H. Cao, D. I. Diaz, N. Dicesare,
J. R. Lakowicz, M. D. Heagy,Org. Lett. 2002, 4, 1503;W. Yang, H.
He, D. G. Drueckhammer, Angew. Chem., Int. Ed. 2001, 40, 1714;
H. Eggert, J. Frederiksen, C. Morin, J. C. Norrild, J. Org. Chem.
1999, 64, 3846; Y. Nagai, K. Kobayashi, H. Toi, Y. Aoyama, Bull.
Chem. Soc. Jpn. 1993, 66, 2965; J. Yoon, A. W. Czarnik, J. Am.
Chem. Soc. 1992, 114, 5874.

7 A. Tong, A. Yamauchi, T. Hayashita, Z. Zhang, B. D. Smith, N.
Teramae, Anal. Chem. 2001, 73, 1530; T. Hayashita, A. Yamauchi,
A. Kato, A.-J. Tong, B. D. Smith, N. Teramae, Bunseki Kagaku
2001, 50, 355.

8 N. Kameta, K. Hiratani, Chem. Commun. 2005, 725.
9 K. Hiratani, H. Uzawa, K. Kasuga, M. Goto, J. Am. Chem. Soc.

1997, 119, 12677.
10 Supporting Information available. Synthesis of 5. 1HNMR, IR,

ESI-MS of 3, 4, 5, and 6; General equation for determination
of binding constant; 1HNMR spectra of boron complex in the
presence and absence of H2PO4

� and F�.
11 Recent issues: S. Arimori, M. G. Davidson, T. M. Fyles, T. G.

Hibbert, T. D. James, G. I. Kociok-Köhn, Chem. Commun. 2004,
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Figure 2. Optical response of the boron complex toward
H2PO4

�.
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