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Abstract: Two fluorescent ligands, N-(2-(5-cyanopyridyl))cyclen (L5) and N-(2-pyridyl)cyclen (L6) (cyclen
=1,4,7,10-tetraazacyclododecane), were designed and synthesized to control twisted intramolecular charge
transfer (TICT) by metal chelation in aqueous solution. By complexation with Zn2*, L6 exhibited TICT
emissions at 430 nm (excitation at 270 nm) in 10 mM HEPES (pH 7.0) with / = 0.1 (NaNO3) at 25 °C due
to the perpendicular conformation of a pyridine ring with respect to a dialkylamino group, which was fixed
by Zn?*—N(pyridine) coordination, as proven by potentiometric pH, UV, and fluorescence titrations and
X-ray crystal structure analysis. We further describe that the 1:1 complexation of ZnL6 with guests such as
succinimide, phosphates, thiolates, and dicarboxylates, which compete with a nitrogen in the pyridine ring
for Zn?* in ZnL6, induces considerable emission shift from TICT emissions (at 430 nm) to locally excited
emissions (at ca. 350 nm) in neutral aqueous solution at 25 °C.

Introduction Scheme 1
- . . TICT
Dual fluorescence emissions of K:N-dimethylamino)- _ +
benzonitrile (DMABN, 1) were first observed by Lippert et al. 7/ R b :l‘ R
about 40 years agb? An emission ofl at shorter wavelengths Nc_@_ﬂ NR/ — N2 ’(
(~330 nm), which occurs in less polar solvents, has been N 5 N
ascribed to locally excited (LE) states. In constrast, an anoma- D
icci i A-D planar rotamer A-D planar rotamer
lous em|§S|on at longer wavelengths (4250 nm) in polgr (Local emission at shorter wavelength) (’I‘ICTemissioIl)lat longor wavelength)
solvents is currently accounted for by the concept of twisted .
intramolecular charge transfer (TIC$%,n which the emission rotation "
of 1is attributed to a charge separation in an orthogonal rotamer nc N € Nc—m Nc‘di
with respect to a €N linkage between an acceptor (A) group Me 5 Me
(phenyl ring) and a donor (D) group (dimethylamino group) in O 1 renponiril el forn it 3 )
. 1me aminobenzonitrile
the excited states (Scheme 1). In support of the TICT theory, OMABN) e o amodel for twisted
! Tokyo University of Science. . o - compound?, in which the A-D linkage is fixed to be planar
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$ Rigaku Corp. emits only short-wavelength fluorescence. In contrast, aDA
(1‘; F(a)CULI_ty Oftlnéeglr;%}ed 6\/”5 l\?nﬁj Ecie':\lncesl. HiLrosgima Hni\{)ersity- y twisted model compoun@ exhibits only an anomalous emission
a) Lippert, E.; Lder, W.; Moll, F.; Nagele, H.; Boos, H.; Prigge, H.; ;
Siebold-Blankenstein, lAngew. Chem1961, 73, 695-706. (b) Lippert, at a |9nger ngelength. Although many experlmental. anq
E.; Luder, W.; Boos, H. IPAdvances in Molecular Spectroscapylangini, theoretical studies have been performed, the TICT theory is still
A., Ed.; Pergamon Press: Oxford, 1962; Vol. 1, pp 4487. . . .
(2) Rettig, W.: Maus, M. IrConformational Analysis of Molecules in Excited controversial and metal chelation control of TICT has remained
States Waluk, J., Ed.; Wiley-VCH: New York, 2000; pp-15. elusive®6
(3) (a) Rotkiewica, K Grellman K. H.; Grabowski, Z. Rhem. Phys. Lett . . .
1973 19, 315-318. (b) Grabowski, Z. R.; Rotkiewcz, K.; Siemiarczuk, Macrocyclic polyamines have been proven to be versatile

A. J. Lumin 1979 18/19 420-424. (c) Grabowski, Z. R.; Rotkiewcz, K.; i i6hZn2*+
Siomiaeatic A: Cowley D, 1. Baamaan. ot 1 Chim 10753 metal chelators in aqueous soluti6hZn?* complexes such as

443-454, ' Zn?t—[12]aneN (ZnL1, 4)° and Zr#"—cyclen (ZnL2,5),'° are
(4) (a) Rettig, WAngew. Chem., Int. Ed. Endl986 25, 971-988. (b) Rettig, i i _
W.; Lippert, E. JMol. Struct 198Q 61, 17—22. (c) Rettig, W.; Baumann, stable in aqueous solution at neutral pH (cycienl,4,7,10
W. In Progress in Photochemistry and Photophysigabek, J. F., Ed.; tetraazacyclododecane) and are good models for zinc(ll) en-

CRC Press: Boca Raton, FL, 1990; Vol. 6, pp—2%4. (d) Klessinger, B i
M.; Michl, J. Excited States and Photochemistry of Organic Molegules Zzymes such as carbonic anhydraselka“ne phOSphata%’

VCH Publishers: New York, 1995. B-lactamasé! and type Il (Zi#"-dependent) aldolasé.Fur-
10.1021/ja040095v CCC: $27.50 © 2004 American Chemical Society J. AM. CHEM. SOC. 2004, 126, 13377—13390 = 13377
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thermore, these Zn complexes are good receptors of various (zn(H_;L3)) (Scheme 2381°In addition, it has been discovered

anions, including carboxylatég.3phosphate&}14imides (such
as thymine)>16and thiolated117

that 6 (L3) selectively stains apoptotic cells at their early
stages$? To improve the selectivity and sensitivity of Zn 2-(9-

We have also been interested in the photochemical propertiesanthrylmethylamino)ethylcycled (L4) has been synthesizéH.

of macrocyclic polyamines bearing photoresponsive moi&tiég.
For example, a Zt fluorophore, dansylethylamide cycldéh
(L3), quantitatively responds to Zh at submicromolar con-

The emission enhancement in the 1:12ZaL4 complex9 is
due to the retardation of photoinduced electron transfer (PET)
by the chelation of a nitrogen atom of the side chain t8'Zn

centrations in neutral aqueous solution (L3 exists as a dipro- However, only a slight emission shift was observed@and

tonated form, HL3, at neutral pH) due to a coordination of
deprotonated dansylamide"No Zr?*, yielding a complex7

(5) For recent discussions, see: (a)hfar, G.; Rechthaler, K.; Grabner, G.;
Luboradzki, R.; Suwinska, K.; Rotkiewica, K. Phys. Chem. A997, 101,
8518-8525. (b) Dreyer, J.; Kummrow, Al. Am. Chem. So@00Q 122,
2577-2585. (c) Demeter, A.; Druzhinin, S.; George, M.; Haselbach, E.;
Roulin, J.-L.; Zachariasse, K. AChem. Phys. Let200Q 323 351-360.
(d) Kwok, W. M.; Ma, C.; Phillips, D.; Matousek, P.; Parker, A. W.; Towrie,
M. J. Phys. Chem. £00Q 104, 4188-4197. (e) Mennucci, B.; Toniolo,
A.; Tomasi, J.J. Am. Chem. So200Q 122 10621-10630. (f) Mishina,
S.; Takayanagi, M.; Nakata, M.; Otsuki, J.; Araki, K. Photochem.
Photobiol. A 2001, 141, 153-158. (g) Dobkowski, J.; Woaik, J.;
Koé6zminski, W.; Kolos, R.; Waluk, J.; Michl, 0. Am. Chem. So2002
124, 2406-2407.
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I.; Osa, T.J. Am. Chem. Sod993 115 5035-5040. (b) L¢ard, J.-F.;

Delmond, S.; Lapouyade, R.; Braun, D.; Rettig, W.; Kreissler,Récl.

Trav. Chim. Pays-Ba4995 114, 517-527. (c) Kundu, S.; Chattopadhyay,

N. J. Mol. Struct 1995 344, 151-155. (d) Choi, L.-S.; Collins, G. EJ.

Chem. Soc., Chem. Commu998 893-894. (e) Collins, G. E.; Choi,

L.-S.; Callahan, J. HJ. Am. Chem. Socl998 120, 1474-1478. (f)

Krishnamoorthy, G.; Dogra, S. Kl. Phys. Chem. 2000 104, 2542

2551, (g) Morozumi, T.; Anada, T.; Nakamura, H.Phys. Chem. BR001,

105, 2923-2931.

(7) Martell, A. E.; Hancock, R. DMetal Complexes in Aqueous Solutipns
Plenum Press: New York, 1996.

(8) (a) Kimura, E.; Koike, T.; Shionoya, M. I8tructure and Bonding: Metal
Site in Proteins and ModelsSadler, J. P., Ed.; Springer: Berlin, 1997;
Vol. 89, pp 1-28. (b) Kimura, E.; Koike, T. IlComprehensie Supramo-
lecular Chemistry Reinhoudt, D. N., Ed.; Pergamon: Tokyo, 1996; Vol.
10, pp 429-444. (c) Kimura, E.; Koike, TJ. Chem. Soc., Chem. Commun
1998 1495-1500. (d) Kimura, E.; Koike, T. irBioinorganic Catalysis
Reedijk, J., Bouwman, E., Eds.; Marcel Dekker, Inc.: New York, 1999;
pp 33-54. (e) Kimura, E.; Kikuta, EJ. Biol. Inorg. Chem200Q 5, 139—
155. (f) Kimura, E.Curr. Opin. Chem. Biol200Q 4, 207—213. (g) Kimura,
E. Acc. Chem. Res2001, 34, 171-179. (h) Aoki, S.; Kimura, E. In
Comprehengie Coordination Chemistry 1IQue, L., Jr., Tolman, W. B.,
Eds.; Elsevier Ltd.: Amsterdam, 2004; Vol. 8, pp 6@40. (i) Aoki, S.;
Kimura, E.Chem. Re. 2004 104, 769-787.

(9) (a) Kimura, E.; Shiota, T.; Koike, T.; Shiro, M.; Kodama, M.Am. Chem.
Soc 199Q 112 5805-5811. (b) Koike, T.; Kimura, E.; Nakamura, |.;
Hashimoto, Y.; Shiro, MJ. Am. Chem. Sod 992 114, 7338-7345. (c)
Zhang, X.; van Eldik, R.; Koike, T.; Kimura, Bnorg. Chem 1993 32,
5749-5755.

(10) (a) Koike, T.; Kimura, EJ. Am. Chem. S0d 991, 113 8935-8941. (b)
Kimura, E.; Nakamura, I.; Koike, T.; Shionoya, M.; Kodama, Y.; lkeda,
T.; Shiro, M. J. Am. Chem. Sod 994 116, 4764-4771. (c) Koike, T.;
Kajitani, S.; Nakamura, |.; Kimura, E.; Shiro, M. Am. Chem. S0od.995
117, 1210-1219. (d) Kimura, E.; Kodama, Y.; Koike, T.; Shiro, M.
Am. Chem. Socd995 117, 8304-8311.

(11) Koike, T.; Takamura, M.; Kimura, B. Am. Chem. S04994 116, 8443—
8449,

(12) Kimura, E.; Gotoh, T.; Aoki, S.; Kimura, B. Am. Chem. S0d999 121,
6730-6737.

(13) Kimura, E.; Ikeda, T.; Shionoya, M.; Shiro, M\ngew. Chem., Int. Ed.
Engl. 1995 34, 663-664.

(14) (a) Aoki, S.; Kimura, ERev. Mol. Biotech2002 90, 129-155. (b) Kimura,
E.; Aoki, S.; Koike, T.; Shiro, MJ. Am. Chem. Sod.997, 119 3068-
3076. (c) Aoki, S.; Kimura, EJ. Am. Chem. So200Q 122,4542-4548.
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8 upon complexation with Z1, which might be a drawback
in the quantification of ZA"™ concentration in living cellg*25

On the basis of these results, we have designed and
synthesized two ligand$|-(2-(5-cyanopyridyl))cycleriO (L5)
and N-(2-pyridyl)cyclen 11 (L6). We hypothesized that the
pyridine moieties of L5 and L6 could chelate to metal cations
such as Z#", so that the conformation of a pyridine ring would
be fixed perpendicular to a dialkylamino group, resulting in an
emission at longer wavelengths due to TICT (Scheme 3). Herein,

(15) (a) Shionoya, M.; Kimura, E.; Shiro, Ml. Am. Chem. Sod 993 115
12—-6737. (b) Shionoya, M.; Kimura, E.; Hayashida, H.; Pettho, G.; Marzilli,
L. G. Supramol. Chem1993 2, 173-176. (c) Shionoya, M.; Ikeda, T;
Kimura, E.; Shiro, M.J. Am. Chem. Socl994 116, 3848-3859. (d)
Kimura, E.; Ikeda, T.; Aoki, S.; Shionoya, M. Biol. Inorg. Chem1998
3, 259-267. (e) Aoki, S.; Honda, Y.; Kimura, B. Am. Chem. Sod.998
120, 10018-10026. (f) Aoki, S.; Sugimura, C.; Kimura, B. Am. Chem.
Soc.1998 120, 10094-10102. (g) Kimura, E.; Kikuchi, M.; Kitamura,
H.; Koike, T.Chem. Eur. J1999 5, 3113-123. (h) Kikuta, E.; Murata,
M.; Katsube, N.; Koike, T.; Kimura, El. Am. Chem. So&999 121, 5426—
5436. (i) Kimura, E.; Kikuta, EProg. React. Kinet. Mecl200Q 25, 1-64.
(j) Kimura, E.; Kitamura, H.; Ohtani, K.; Koike, TJ. Am. Chem. Soc.
200Q 122, 4668-4677. (k) Kikuta, E.; Aoki, S.; Kimura, El. Am. Chem.
Soc.2001, 123 7911-7912. (I) Kikuta, E.; Aoki, S.; Kimura, EJ. Biol.
Inorg. Chem2002 7, 473-482. (m) Kimura, E.; Katsube, N.; Koike, T;
Shiro, M.; Aoki, S.Supramol. Chem2002 14, 2002.

(16) Aoki, S.; Koike, T.; Shiro, M.; Kimura, EJ. Am. Chem. So200Q 122,
576-584.

(17) (a) Aoki, S.; Shiro, M.; Kimura, EChem. Eur. J2002 8, 929-939. (b)
Aoki, S.; Zulkefeli, M.; Shiro, M.; Kimura, EProc. Natl. Acad. Sci. U.S.A.
2002 99, 4894-4899.

(18) Kimura, E.; Aoki, SBioMetals2001, 14, 191-204.

(19) (a) Koike, T.; Watanabe, T.; Aoki, S.; Kimura, E.; Shiro, MAm. Chem.
So0c.1996 118 12696-12703. (b) Kimura, ES. Afr. J. Chem1997, 50,
240-248. (c) Kimura, E.; Koike, TChem. Soc. Re 1998 27, 179-184.

(20) (a) Kimura, E.; Aoki, S.; Kikuta, E.; Koike, Proc. Natl. Acad. Sci., U.S.A.
2003 100,3731-3736. (b) Kimura, E.; Takasawa, R.; Tanuma, S.; Aoki,
S. Science STKR004 7.

(21) Aoki, S.; Kaido, S.; Fujioka, H.; Kimura, Eaorg. Chem2003 42,1023~
1030

(22) Koike, T.; Gotoh, T.; Aoki, S.; Kimura, E.; Shiro, Mnorg. Chim. Acta
1998 270 424-432.

(23) Aoki, S.; Kawatani, H.; Goto, T.; Kimura, E.; Shiro, M. Am. Chem.
Soc.200], 123,1123-1132.

(24) For reviews of fluorescent sensors for metal ion, see:F(ayprescent
Chemosensors for lon and Molecule Recogniti@zarnik, A. W., Ed.;
American Chemical Society: Washington, DC, 1993. (b) Lehn, J.-M.
Supramolecular ChemistrtyWCH: Weinheim, 1995. (c)Advances in
Supramolecular Chemistryol. 4.; Gokel, G. W., Ed.; JAI Press Inc.:
Greenwich, CT, 1997. (d) Sessler, J. L.; Gale, P. The Porphyrin
Handbook Kadish, K. M., Smith, K. M., Guilard, R., Eds.; Academic
Press: San Diego, CA, and Burlington, MA, 2000. (e) Czarnik, A. W.
Acc. Chem. Re4994 27, 302-308. (f) Czarnik, A. W.Chem. Biol 1995
2, 423-428. (g) Supramolecular Chemistry of Anign8ianchi, A.,
Bowman-James, K., Garcia-Espana, E., Eds.; Wiley-VCH: New York,
1996. (h) Schmidtchen, F. P.; Berger, Kihem. Re. 1997, 97, 1609~
1646. (i) Prasanna de Silva, A.; Gunaratne, H. Q. N.; Gunnlaugsson, T.;
Huxley, A. J. M.; McCoy, C. P.; Rademacher, J. T.; Rice, T.Chem.
Rev. 1997, 97, 1515-1566.
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Scheme 3
TICT emission at longer wavelengths 5
from a perpendicular conformer ? AN SENsOr
R' R' R!
? Zn* ¢ X )
H N H0 H = H
N * 0 = + anion (X7 N
H\:‘_ } in aqueous S‘-'\_B N "ﬁ: /\\'L
[ 5
~ H solution '\/H*-) K_/H‘j
R'=CN: 10(L5)

R'=CN: 12 (ZnL5)
R'=H: 13(ZnL6)

Znl-X" complex

Rl =H: 14

11 (L6)

we describe a Zt chelation control of TICT in the Zt
complexesl2 (ZnL5) and13 (ZnL6) in aqueous solution. We
then describe a sensing of anions Pbased on the conforma-
tional change of the pyridine ring in the Znt@nion complexes
14 (ZnL6—X").

Experimental Section

General Information. All reagents and solvents purchased were at
the highest commercial quality and used without further purification.
Anhydrous acetonitrile and toluene were obtained by distillation from
CaH; or LiAIH 4. All aqueous solutions were prepared using deionized
and distilled water. Buffer solutions (CAPS, pH 11.0, 10.8, 10.4, 10.0;
CHES, pH 9.0, 8.7, 8.5; EPPS, pH 8.0; HEPES, pH 7.5, 7.4, 7.0; MES,
pH 6.5, 6.0, 5.5; 5.0; AcOHACONa, pH 4.0, 3.5; citric acidsodium
citrate, pH 3.0, 2.5, 2.0) were used and the ionic strengths of all were
adjusted to 0.1 with NaN©The following Good'’s buffer reagentskp
at 25 °C) were commercially available from Dojindo (Kumamoto,
Japan): CAPS (3-(cyclohexylamino)propanesulfonic adid, 10.4),
CHES (2-(cyclohexylamino)ethanesulfonic aci#as= 9.5), EPPS (3-
(4-(2-hydroxyethyl)-1-piperazinyl)propanesulfonic acidk.p= 8.0),
HEPES N-(2-hydroxyethyl)piperazin®{¥’-2-ethanesulfonic acid,ky
= 7.6), and MES (2-morpholinoethanesulfonic acida p- 6.2). Melting

points were measured on a Yanaco melting point apparatus and listed

without correlation. IR spectra were recorded on a Horiba FTIR-710
spectrophotometer at room temperatit¢.(500 MHz) and**C (125
MHz) NMR spectra at 35 0.1 °C were recorded on a JEOL Delta
500 spectrometer. 3-(Trimethylsilyl)propion&2,3,3-d, acid sodium
salt (TSP) in RO and tetramethylsilane (TMS) in CD£And CRCN
were used as internal references fdrand**C NMR measurements.
The pD values in BO were corrected for a deuterium isotope effect
using pD = (pH-meter readingt+ 0.40. Elemental analyses were
performed on a Perkin-Elmer CHN 2400 analyzer. Thin-layer (TLC)

and silica gel column chromatographies were performed using a Merck

5554 (silica gel) TLC plate and Fuji Silysia Chemical FL-100D,

respectively.
1-(2-(5-Cyano)-pyridyl)-4,7,10-tristert-butyloxycarbonyl)-1,4,7,-

10-tetraazacyclododecane (16A mixture of 3Boc-cyclernl5 (2.5 g,

(25) For recent examples of fluorescent chemical sensors fér, Zee: (a)
Walkup, G. K.; Burdette, S. C.; Lippard, S. J.; Tsien, RJYAm. Chem.
Soc 2000 122,5644-5655. (b) Burdette, S. C.; Walkup, G. K.; Spingler,
B.; Tsien, R. Y.; Lippard, S. J. Am. Chem. So@001, 123,7831-7841.
(c) Hirano, T.; Kikuchi, K.; Urano, Y.; Higuchi, T.; Nagano, Angew.
Chem., Int. EdA200Q 39, 1052-1054, (d) Reany, O.; Gunnlaugsson, T.;
Parker, D.J. Chem. Soc., Chem. Comm@n0Q 473-474. (e) Pearce, D.
A.; Jotterand, N.; Carrico, I. S.; Imperiali, B. Am. Chem. SoQ001,
123 5160-5161. (f) Marvin, J. S.; Hellnga, H. WProc. Natl. Acad. Sci.,
U.S.A.2001, 98, 4955-4960. (g) Bronwon, R. T.; Bradshaw, J. S.; Savage,
P. B.; Fuangwasdi, S.; Lee, S. C.; Krakowiak, K. E.; Izatt, R.IMOrg.
Chem 2001, 66, 4752-4758. (h) Dai, Z.; Xu, X.; Canary, J. W. Chem.
Soc., Chem. CommuB002 1414-1415. (i) Jiang, P.; Chen, L.; Lin, J.;
Liu, Q.; Ding, J.; Gao, X.; Guo, ZJ. Chem. Soc., Chem. Comm@n02
1424-1425. (j) Gee, K. R.; Zhou, Z.-L.; Qian, W.-J.; Kennedy,JRAm.
Chem. Soc2002 124,776-777. (k) Burdette, S. C.; Frederickson, C. J.;
Bu, W.; Lipard, S. J.J. Am. Chem. So2003 125, 1778-1787. (I)
Hendrickson, K. M.; Geue, J. P.; Wyness, O.; Lincoln, S. F.; Ward, A. D.
J. Am. Chem. So@003 125,3889-3895. (m) Sensi, S. L.; Ton-That, D.;
Weiss, J. H.; Roth, A.; Gee, K. RCell Calcium2003 34, 281-284. (n)
Taki, M.; Wolford, J. L.; O’'Halloran, T. V.J. Am. Chem. So€004 126,
712—713. (0) Henary, M. M.; Wu, Y.; Fahrni, C. &hem. Eur. J2004
10, 3015-3025.

5.3 mmol)*P 2-chloro-5-cyanopyridine (245 mg, 1.8 mmol), angt K
CG; (368 mg, 2.7 mmol) in 1,4-dioxane (15 mL) was stirred at 160
under an argon atmosphere for 9 days. After insoluble inorganic salts
were filtered off, the filtrate was concentrated under reduced pressure.
The remaining residue was purified by silica gel column chromatog-
raphy (hexane/AcOEt) to yielt6 as colorless amorphous solids (0.67
g, 65% vyield). IR (KBr): 2976, 2931, 2218, 1693, 1603, 1510, 1468,
1412, 1365, 1248, 1165, 777 cfn®H NMR (CDCL/TMS): § 1.41 (s,
18H), 1.47 (s, 9H), 3.353.7 (m, 16H), 6.58 (d, 1H] = 8.7 Hz), 7.57
(dd, 1H,J = 8.7, 2.3 Hz), 8.40 (d, 1H] = 2.3 Hz).**C NMR (CDCk/
TMS): ¢ 28.37, 28.51, 49.56, 50.12, 51.86, 80.25, 80.44, 96.13, 106.12,
118.79, 139.33, 152.66, 156.46, 159.22.
1-(2-(5-Cyano)-pyridyl)-1,4,7,10-tetraazacyclododecane Ditrifluoro-
acetic Acid Salt (102TFA). Trifluoroacetic acid (4.2 mL, 55 mmol)
was added dropwise to a solution (0.63 g, 1.1 mmol) in CkCl,
(10 mL) at 0°C, and the whole was stirredrfé h atroom temperature.
The reaction mixture was concentrated under reduced pressure and
azeotroped with toluene. The remaining powders were recrystallized
from EtOH to givel0-2TFA (L5-2TFA) as colorless prisms (0.30 g,
51% yield), mp 184-185°C. IR (KBr): 3240, 2925, 2210, 1672, 1603,
1419, 1203, 1178, 1128, 721 cta*H NMR (D,O/TSP):6 3.22-3.25
(m, 8H), 3.32-3.34 (m, 4H), 3.92-3.94 (m, 4H), 6.94 (d, 1H] = 9.2
Hz, ArH), 7.95 (dd, 1HJ = 9.2, 2.1 Hz, ArH), 8.56 (d, 1H) = 2.1
Hz, ArH). 13%C NMR (D:O): ¢ 46.17, 47.39, 48.32, 51.10, 100.61,
110.86, 121.74, 143.85, 155.40, 163.15. Anal. Calcd foH&Ne-
O4Fs: C, 43.03; H, 4.82; N, 16.73. Found: C, 43.05; H, 4.89; N, 16.58.
1-(2-Pyridyl)-4,7,10-trisert-butyloxycarbonyl)-1,4,7,10-tetraaza-
cyclododecane (173 A mixture of 3Boc-cyclenl5 (3.5 g, 7.3
mmol) }4* 2-bromopyridine (1.6 g, 7.3 mmol), Pd(OAdB2 mg, 0.37
mmol), triphenylphosphine (192 mg, 0.73 mmol), and K&® (920
mg, 9.5 mmol) in toluene (10 mL) was stirred at 8D under an argon
atmosphere for 2 days. The reaction mixture was diluted withGIH
and filtered through Celite (No. 545), and the filtrate was concentrated
under reduced pressure. The remaining residue was purified by silica
gel column chromatography (hexane/AcOEt) to yigltlas colorless
amorphous solids (2.3 g, 57% yield). IR (IR card): 2969, 1689, 1595,
1471, 1365, 1141, 774 crh *H NMR (CDCI/TMS): 6 1.45 (s, 27H),
3.22 (brs, 4H), 3.433.51 (m, 8H), 3.67 (brs, 4H), 6.546.59 (m, 2H),
7.38-7.41 (m, 1H), 8.13, (dd, 1HJ) = 4.9, 1.3 Hz).*C NMR
(CDCly): o 28.46, 28.54, 50.31, 50.61, 51.81, 79.87, 107.75, 112.45,
137.05, 147.76, 156.52, 159.53.
1-(2-Pyridyl)-1,4,7,10-tetraazacyclododecar@HCI Salt (11-:3HCI-
1.5H,0). Aqueous HCI (20%) (5 mL) was added dropwise to a solution
of 17 (2.3 g, 4.2 mmol) in ethanol (15 mL) at’C, and the whole was
stirred overnight at room temperature. After the reaction mixture was
concentrated under reduced pressure, the remaining powders were
recrystallized from EtOH/ED to give 11-3HCI-1.5H,0 (11:3HCI
1.5H,0) as colorless prisms (1.3 g, 79% yield), mp 2@04 °C. IR
(KBr): 3410, 2952, 1638, 1606, 1537, 1419, 1272, 1181, 1001, 775,
544 cntl. 1H NMR (D,O/TSP):0 3.26-3.31 (m, 8H), 3.46-3.42 (m,
4H), 3.95-3.97 (m, 4H), 7.14 (dd, 1H] = 7.2, 6.7 Hz), 7.25 (d, 1H,
J = 9.2 Hz), 8.05-8.10 (m, 2H).3C NMR (D;0): ¢ 47.38, 47.73,
48.95, 53.02, 116.02, 117.21, 139.38, 148.09, 155.17. Anal. Calcd for
Ci3H29Ns01 Cls: C, 40.48; H, 7.58; N, 18.15. Found: C, 40.29; H,
7.46; N, 18.02.
1-(2-Pyridyl)-1,4,7,10-tetraazacyclododecaneZn(NO3), Com-
plex, 13(NG;), (ZnL6(NO3)2). An aqueous solution df1-:3HCI-1.5H,0
(2.0 g, 2.7 mmol) was added & 5 Naqueous NaOH solution, and the
solution was extracted with CHE(50 mL x 5). After the combined
organic layers were dried over anhydrous,8la,, the solvent was
concentrated under reduced pressure to obtain the free lijhad a
colorless oil. The free ligand1 was dissolved in EtOH (10 mL), to
which a solution of Zn(N@),+6H,O (0.88 g, 3.0 mmol) in EtOH (10
mL) was added at 50C, and the whole was stirred for 1 h. After the

(26) Subat, M.; Kaig, B. Synthesi2001, 1818-1825.
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solvent was cooled and evaporated under reduced pressure, thelensity Dcacd is 1.53 gcm~3. Based on the systematic absench@f

remaining solids were crystallized from EtOH/®Ito obtain13(NOs), (h + I = 2n), 0kO (k = 2n), the space group was uniquely determined
as colorless prisms (0.85 g, 71% vyield), mp 24%1 °C. IR (KBr): to be P2)/c (No. 14). The data were collected attl80+ 1 °C to a
3160, 3117, 2919, 1592, 1475, 1383, 1286, 1218, 1096, 1022, 979, maximum 2 value of 60.0. A total of 44 images, corresponding to
790, 593 cm?. IH NMR (D20): 8 2.64-2.67 (m, 2H), 2.822.93 (m, 220.0 oscillation angles, were collected with two different goniometer
6H), 3.01-3.11 (m, 4H), 3.353.48 (m, 4H), 7.65 (ddd, 1H] = 7.8, settings. Data were processed by the PROCESS-AUTO program

5.2,1.8 Hz), 7.74 (d, 1H] = 8.3 Hz), 8.24 (ddd, 1H] = 8.3, 7.8, 1.8 package. Of the 26 575 reflections collected, 6570 were uniguex
Hz), 8.45 (m,1H).23C NMR (D;O): & 47.66, 47.69, 47.95, 54.47,  0.023); equivalent reflections were merged. The linear absorption

122.85, 127.95, 146.14, 150.35, 160.98. Anal. Calcd fgH&N/Os- coefficient for MoKo radiation,u, is 11.3 cmt. A symmetry-related
Zn: C, 35.59; H, 5.28; N, 22.35. Found: C, 35.28; H, 5.21; N, 22.27. absorption correction using the ABSCOR program was applied,
zinc(ll) 1-(2-Pyridyl)-1,4,7,10-tetraazacyclododecane Phthal- resulting in transmission factors ranging from 0.80 to 0.89. The structure

imidate Complex, (ZnL6—PTI-) (22). ZnL6(NOs), (13(NOs),) (98 was solved by direct methods (SIR97) and expanded by means of
mg, 0.22 mmol) and phthalimide potassium salt (42 mg, 0.22 mmol) Fourier techniques (DIRDIF 94). The final cycle of full-matrix least-
were dissolved in an aqueous solution, and the pH of the mixture was squares refinement (SHELXL-97) was based on 6560 observed
adjusted to pH 7.0. After concentration of the whole under reduced reflections (> —3.00s(1), 20 < 60.02) and 307 variable parameters
pressure, the Znl-6PTI~ complex 22) was obtained as colorless prisms ~ and converged (the largest parameter shift was 0.00 times its esd) with
(70 mg, 58% yield), mp-270°C. IR (KBr): 3246, 3195, 2923, 1731, ~ unweighted and weighted agreement factor® p&3 (Fo? — %)/} Fo’]

1658, 1595, 1482, 1432, 1383, 1311, 1121, 990, 730'ctH NMR = 0.054,Ry [=(ZW(Fo* — FA)Z3w(Fs?)?)°9 = 0.097. The standard
(D20): 6 2.87-2.91 (m, 2H), 3.0£3.15 (m, 8H), 3.24-3.34 (m, 2H), deviation of an observation of unit weight was 1.04. The maximum
3.76-3.81 (m, 2H), 6.74 (dd, 1H] = 7.4, 3.9 Hz), 6.96 (d, 1H] = and minimum peaks on the final difference Fourier map corresponded
8.5 Hz), 7.34 (dd, 1H] = 8.5, 7.4 Hz), 7.557.56 (m, 2H), 7.86 to 0.55 and-0.38 e+A~3, respectively. All calculations were performed
7.69 (m, 2H), 7.94 (d, 1HJ = 3.9 Hz).3C NMR (D;0): & 46.62, with the teXsan crystallographic software package from Molecular
47.93, 53.33, 124.91, 130.07, 130.74, 133.38, 136.32, 137.62, 149.83,Structure Corp. (1985, 1999).

162.43, 184.04. Anal. Calcd for.@¢,7N;OsZn: C, 48.24: H, 5.21; N, UV Spectrophotometric and Fluorescence TitrationsUV spectra
18.75. Found: C, 47.91; H, 5.11; N, 18.99. and fluorescence emission spectra were recorded on a Hitachi U-3500

Crystallographic Study of 13(NOs), (ZnL6(NO3)). A colorless spectrophotqmeter and a Hitachi F-4500 quoresct_encg spectrophotom-
prismatic crystal 0fl3(NOs); (C1sH2sN706Zn, M, = 438.75) having eter, respectively, at 258 0.1°C. For fluorescence titrations, a sample

approximate dimensions of 0.20 mm 0.20 mm x 0.15 mm was solution in a 1.0 mm quartz cuvette was excited at the isosbestic points
mounted in a loop. Intensity data were collected on a Rigaku RAXIS determined by UV titrations. The obtained data of UV titrations
RAPID imaging plate diffractometer with MaK radiation. Cell (_changes irt_ values at a given vyav_elquth) qnd fluore_scence titrations
constants and an orientation matrix for data collection corresponded (increases in fluorescence emission intensity at a given wavelength)
to a primitive monoclinic cell with dimensiors= 20.0593(1) Ap = were analyzed for apparent complexation consté&ts, using the Bind
12.3531(3) Ac = 19.9316(4) A = 132.735(1), andV = 3627.6(1) Works [program (Calqrimetry Sc_iences Corp). Quantum yields were
A3 ForZ = 8 andM, = 438.75, the calculated densitPdic) was determined by comparison of the integrated corrected emission spectrum
1.61 gcm 3. Based on the systematic absencé@f(l = 2n), 0kO (k of standardp-terphenyl, which was excited at 265 nm in cyclohexane
= 2n), the space group was uniquely determined t®pgc (No. 14). (quantum vyield @) is 0.87)?" The fluorescence emission spectra of
The data were collected at180+ 1 °C to a maximum 2 value of L5 (10), L6 (11), and their ZA™ complexes were separated into the
60.1°. A total of 44 images, corresponding to 220dcillation angles, ~ LE and TICT emissions by using the “Spectra Manager for Windows

were collected with two different goniometer settings. Data were 95/98/NT (Curve Fitting)" program (JASCO International, Tokyo,
processed by the PROCESS-AUTO program package. Of the 42 020Japan).

reflections collected, 10 416 were uniquRn(= 0.042); equivalent Potentiometric pH Titrations. Preparation of the test solutions and
reflections were merged. The linear absorption coefficient for Mok ~ the method for calibrating the electrode system (Potentiometric
radiation,«, is 14.0 cn’. A symmetry-related absorption correction Automatic Titrator AT-400 and Auto Piston Buret APB-410 (Kyoto
using the ABSCOR program was applied which resulted in transmission Electronics Manufacturing, Co. Ltd.) with Orion Research Ross
factors ranging from 0.68 to 0.81. The structure was solved by direct Combination pH Electrode 8102BN) were described eaftti€r? All
methods (SHELXS86) and expanded by means of Fourier techniquesthe test solutions (50 mL) were kept under an arge89.999% purity)
(DIRDIF 94). The final cycle of full-matrix least-squares refinement atmosphere. The potentiometric pH titrations were performed With
(SHELXL-97) was based on 10 410 observed reflections 3.005- =0.10 (NaNQ) at 25.0+ 0.1°C, and at least two independent titrations
(1), 20 < 60.06) and 487 variable parameters and converged (the largestwere performed (0.1 M aqueous NaOH was used as a base). Depro-
parameter shift was 0.00 times its esd) with unweighted and weighted tonation constants of Zf-bound waterK', (=[HO"-bound species]-
agreement factors dR [=5 (F2 — FA/SFZ = 0.046 andR, [=- [H*J/[H20-bound species], were determined by means of the “BEST”
(SW(Fs2 — FAYSW(F.)?)°F = 0.047. The standard deviation of an progran® All the sigma fit values defined in the program were smaller
observation of unit weight was 1.07. The maximum and minimum peaks than 0.1. Th&Kw (=awaow-), K'w (<[H][OH]), andfy+ values used

on the final difference Fourier map corresponded to 0.77 -af2 at 25°C are 10%% 10737 and 0.825. The corresponding mixed
e—-A-3, respectively. All calculations were performed with the teXsan constantsK (=<[HO"-bound species}+/[H,O-bound species]), were

crystallographic software package from Molecular Structure Corp. derived using [H] = ay+/fiy+. The species distribution values (%)
(1985, 1999). against pH € —log [H*] + 0.084) were obtained using the “SPE”

Crystallographic Study of ZnL6 —PTI~ Complex (22).A colorless program:®

prismatic crystal of ZnL6-PTI~ complex @2) (Cz:H27N7OsZn, M,. = Results and Discussion

522.87) having approximate dimensions of 0.20 mn®.10 mm x

0.10 mm was mounted in a loop. Intensity data were collected on a  Synthesis of 10 (L5) and 11 (L6)New ligandsl0 (L5) and
Rigaku RAXIS-RAPID imaging plate diffractometer with Mai 11 (L6) were synthesized as shown in Scheme 4. Reaction of
radiation. Cell constants and an orientation matrix for data collection

corresponded to a primitive monoclinic cell with dimensicls= (27) évllém\(/j SML-; Clélljrmliﬁhaell,\ll-; HYugi(Gl-glgl)ﬂ?findbook of Photochemistry
— _ _ na ed.; arce eKker: ew YOrkK, .

12.4268(3) Ab= 11.8353(4) Ac= 15.8009(5) Aﬂ = 102.830(2), (28) Martell, A. E.; Motekaitis, R. JDetermination and Use of Stability

andV = 2265.9(1) R. ForZ = 4 andM, = 522.87, the calculated Constants2nd ed.; VCH: New York, 1992.
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2-chloro-5-cyanopyridine with 3Boc-cycleib4? gavel6, and
its Boc groups were removed with trifluoroacetic acid (TFA)
to yield 10 as L52TFA. N-Arylation of 15 with 2-bromopyri-
dine yielded 17,26 whose Boc groups were deprotected by
aqueous HCI to givé1as the 3HCI salt (L&8HCI-2H,0). The
structure of L63HCI was confirmed by X-ray crystal structure
analysis?®

Protonation Constants of Reference Compounds, Pyridine,
3-Cyanopyridine (3-CP), and 2-Diethylaminopyridine (2-
DEAP), Determined by Potentiometric pH and *H NMR
Titrations. By potentiometric pH titrations, the protonation
constants (defined by eq 1, whesg+ is the activity of H),

pyridine+ H* = pyridineH™:
K,= [pyridine-H+]/[pyridine]aH+ Q)

log K, of the reference pyridine derivatives, pyridine, 3-cyan-
opyridine (3-CP)° and 2-diethylaminopyridine (2-DEAPY,
were determined to be 580.05,<3, and 7.4H- 0.05 (Scheme
5), respectively?2 The IH NMR spectra (aromatic protons) of
2-DEAP (2 mM) in DO at various pD’s showed significant
change between pD 5.0 and pD 8.8, supporting theKlipgf
7.4 (Figure S2 in the Supporting Information). These data imply
that the basicity of the pyridine moieties is strengthened by a
dialkylamino moiety at the 2-position and weakened by a cyano
group.

Protonation Constants of 10 (L5) and 11 (L6), Determined
by Potentiometric pH, 'H NMR, UV Spectrophotometric,
and Fluorometric Titrations. The protonation constants, log
Ka (i = 1—4), of 10 (L5) and 11 (L6), defined by eq 2,

L-(i— 1)H" +H " =L-iH":
Kg=[L-iHYL (i — DH'Tay. (2)
(L=L50rL6,i =1-4)

were examined by potentiometric pH titrations of a mixture of

(29) For the X-ray crystal structure df1-3HCI-2H,O (L6-3HCI-2H,0), see
Figure S1 in the Supporting Information. In a crystajL B was found to
take a planar conformation.

(30) The logK, value of 3-cyanopyridine was reported to be 1.2 (Bellobono, I.
R.; Monetti, M. A.J. Chem. Soc., Perkin Tran8.1973 790-793).

Eq (OH)

Figure 1. Typical potentiometric pH titration curves for (a) 1 mM 15
2TFA + 2 mM HNO;3, (b) 1 mM L6-3HCI + 1 mM HNOs, (c) 1 mM
L5-2TFA + 2 mM HNGO; + 1 mM ZnSQ, and (d) 1 mM L63HCI + 1
mM HNO3 + 1 mM ZnSQ at 25°C with | = 0.1 (NaNQ). Eq(OH") is
the number of equivalents of base (NaOH) added.

1 mM of L5-2TFA + 2 mM HNOs; and 1 mM L63HCI-2H,0
+ 1 mM HNO;s against 0.1 M NaOH with = 0.1 (NaNQ) at
25°C. The titration data of L5 and L6 (Figure 1) were analyzed
for the acid-base equilibrium in eq 2 by using the “BEST”
program?8 and logK, values for these ligands are summarized
in Table 1. The loda1, log Kaz, and logKaa values of L5 were
assigned to protonation constants of three secondary amines in
a cyclen ring by analogy with the ldg, values for [12]anehl
(L1)8 and 2,4-dinitrophenylcycleh8 (L7) (Scheme 6§2 which
were proven to be tridentate ligands forZZn(Table 1). The
log Ki values 3) for a pyridinium proton of L5 were
confirmed by thelH NMR titrations in DO at various pD’s
([L5] = 2 mM), which showed a large shift of aromatic proton
signals of L5 between pD-2 and pD 3.7 (Figure S3 in the
Supporting Information). The protonation behavior of L5 is
summarized in Scheme 7.

From curve b in Figure 1, the logy values ( = 1—4) for
11 (L6) were determined as listed in Scheme 7 and Table 1.
The logKa3 value of 3.91 was assigned to the pyridinium ion
by analogy with the lod<,z values for L5 and from théH NMR
spectral change (aromatic region) of L6 between D and
5.9 (Figure S3 in the Supporting Information).

The log K, values of10 (L5) and 11 (L6) were confirmed
by UV and fluorometric titrations. A dashed curve (a) in Figure
2 shows a pH-dependent change of the molar absorption
coefficients at 320 nmeg,q) of 2-DEAP. From the decreasing
sigmoidal curve, the logl, value was calculated to be 75
0.2, which agreed with the lod<; of 7.41 obtained by
potentiometric pH titrations. Curves b and ¢ show pH-dependent
changes ot,gp for L5 andesiofor L6 and 25°C, from which
the logKj, values were calculated to be 6460.2 for L5, and
7.3+ 0.2 and 3.8+ 0.2 for L6, respectively® These values
show good agreement with the 1&g values for L5 (logKaz =

(31) 2-DEAP was synthesized by a coupling reaction of diethylamine with
2-bromopyridine (3 equiv) in the presence of Pd(OA().02 equiv),
dicyclohexylphosphinobiphenyl (0.04 equiv), and NBO (1.5 equiv) in
toluene.

(32) The logK, values of 2-aminopyridinium ion and 2-(dimethylamino)-
pyridinium ion have been reported to be 6.71 (ref 30) and 6.94 (Forsythe,
P.; Frampton, R.; Johnson, C. D.; Katritzky, A. Z.Chem. Soc., Perkin
Trans. 21972 671-673), respectively, at 25C.

(33) For detailed pH-dependent change of UV spectra of L6 (0.2 mM) at 25
°C, see Figure S4 in the Supporting Information.
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Table 1. Protonation Constants (Ka) and Complexation Constants of [12]aneNs (L1), Cyclen (L2), 2,4-Dinitrophenylcyclen 18 (L7), 10 (L5),
and 11 (L6) at 25 °C with / = 0.10 (NaNO3)?

[12]aneN; (L1)? cyclen (L2)°¢ 18 (L7)? 10 (L5) 11(L6)
log Ka 12.6 11.0 10.1 11.16 0.0%° 10.994+ 0.05
log Kaz 7.6 9.9 7.33 6.54- 0.03 7.164 0.0%
log Kas 2.4 <3 <3 <3ef 3.914 0.05
l0g Kaa <3 <3e <3e
log K(ZnL)2 8.4 15.3 7.9 8.540.1° 11.3+0.1¢
pKA(ZnL) 9 7.3 7.9 75 7.31£ 0.03 8.37+ 0.0%
8.4+ 0.2
l0g Kapg(ZNL) 2.4 8.6 45 4.5:0.1° 6.440.1°
atpH 7.0 4240.1 6.24 0.1¢
4340.2 6.140.1"
log KapgZNnL)" 10.1 17.9 11.1 8.6:0.1° 11.1+ 0.1
atpH 10.8 7.5+ 0.1 > gk
7.6+ 0.2 >gm

aFor the definition ofK«(ZnL), KapdZnL), and K«(ZnL), see the text? From ref 9a at 25C with | = 0.1 (NaNQ). ¢ From ref 15c at 25C with | =
0.1 (NaNQ). 9 From ref 22 at 25C with | = 0.1 (NaNQ). ¢ Determined by potentiometric pH titrationldog K, values for pyridinium protons! pKa
values for ZA*-bound water in the Zt complexes Determined by fluorometric titrations at [I5 0.1 mM.' Apparent complexation constants at pH 7.0
with | = 0.1 (NaNQ). | Determined by UV titrations at [L} 25 uM. k Determined by UV titrations at [L}= 50 uM. ' Determined by fluorometric titrations
at [L] = 0.1 mM. ™ Determined by fluorometric titrations at [l 50 «M. " Apparent complexation constants at pH 10.8 witls 0.1 (NaNQ).

Scheme 6 log K,3=3.8 +0.2 for L6
NOz  log K| = 10.1 NO. K, =15
! mrars : RN N0 log Ky2= 6.6+ 02 - 26
g Kom <3 Q log K(ZnlT1=79  “y0 @ g - for LS
Hy ™ N_ NO2 IH* Hy™N_ NO2 "07-”3+ Hy oo NO» = % - L 25 s
ENSWNHD I [N - [N N] cd 2
H— AN MNA HA—"H & 67 N logK,=75+02 | 24 3
18-3H° 18 19 & 8 - O/o#  for2-DEAP 5
(H3L7) (L7 (ZnL.7) Falel < =
e 4A - 22D
Scheme 7 X X _ |, E
B! Rl F& 5 3
= = l()gKaz=7.3iO.2 = 2.1
N /' log Ky = 1116 for LS Ne /' logKyp=654forLs - for L6
—\ = — log Kzp = 7.16 for L6
EN N log K,y = 10.99 for L6 EN H+N og Ku2 or 0 . T T T T T . T . 20
AN HN___Nj 2 4 6 8 10 12
1 p 1 HL pH
L=L5(R!'=CN)orL6 (R =H) i . - .
Figure 2. pH-dependent change of molar absorption coefficieaysn
R Rl R UV spectra of (a) 2-DEAP, (b) L5, and (c) L6 at 2& with | = 0.1
= _ = (NaNQy). [2-DEAP] = [L5] = [L6] = 0.2 mM.
H ,—\N\ log Kq3 =<3 for L5 H-NS f'ogKa4:36 " H-NE o K
N° 'N— logK,;=391forL6 Hy or L5 and L1 i a og K3 =
Coor ) 2220 NNy — e ) S 0049 37:02
AN__Ng AN__Ng HN__Nj 2 003 I
HoL HiL HL 200 £ 002 )
. . . _ 2 o, o “logK, =
6.54) gnd L6. (Iog(a?— 7.16 and logk,z = 3.91) obtained by ;; 356 nm g 001 ee 73+02
potentiometric pH titrations. i PH&(’S-% ° o dl———r————r—
Figure 3 depicts fluorescence emission spectra of L6 (0.2 -z ppH‘75 2 4 6 8 10 12
mM) at pH 3.0, 5.0, 6.5, 7.0, 7.5, 8.0, and 10.0, showing that £ PH70 pH
the emission increases as the pH rises (excitation at 265 nm, 8 190 7 oH6S
which is an isosbestic point determined by UV titrations). The % p'HSO
quantum yleIQS ®) of I_.6 in the pH range pH 2.011.0 are é . pH30
plotted in the inset of Figure 3, which looks similar to the bold ; Nl
curve (c) in Figure 2. The lo¥, values of 7.3+ 0.2 (logKap) 0 - | = “I- ----- I -
and 3.7+ 0.2 (log K43 estimated from Figure 3 agree well 300 400 500 600

with the log Ka2 and log Kas values of L6 obtained by Wavelength (nm)

potentiometric pH titrations. These results also indicate that the gg,e 3 pH-dependent change in fluorescence emission of L6 (0.2 mM)
log Kavalues of L6 at ground states (by potentiometric pH and at pH 3.0 (a dashed curve), 5.0, 6.5, 7.0, 7.5, 8.0, and 10.0 (plain curves)
UV spectroscopic titrations) are almost identical with those at in aqueous solution at 2% (excitation at 265 nm) with = 0.1 (NaNQ)
excited states (by fluorescence titrations). The lower Hag §?él|1dés($r)bg;ag'umt). The inset implies a pH-dependent change of quantum
value (3.91) for the pyridine moiety of L6 than that (7.41) of

2-DEAP (Scheme 5) suggests that the 6iform is destabilized contribution of intramolecular exciplex formati#hdue to

by electrostatic repulsion between a pyridinium cation and a protonation of the pyridine nitrogen.

diprotonated cyclen ring (see Scheme 7). A dashed curve in UV Spectrophotometric and Fluorometric Titrations of
Figure 3 shows an emission spectrum of L6 at pH 3.0, which 10 (L5) and 11 (L6) with Zn2*. UV and fluorescence titrations
has an emission maximum a©00 nm, suggesting the partial  of 10 (L5) and 11 (L6) with Zn2" were performed at pH 7.0
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8 LE emission (@, ) fluorescence emission of L6 (0.2 mM) upon addition of Zn@®pH 7.0
§ ¢ (10 mM HEPES with = 0.1 (NaNQ)) and 25°C (excitation at 260 nm).
8 20 i o The inset shows an increase of relative emission intenbity) of L6 at
E TICT emission (Prict) 430 nm upon addition of ZnS@at pH 7.0 (10 mM HEPES with = 0.1
=10 - (NaNGy)) and 25°C, wherelg = emission intensity of L6 at 430 nm in the
........... absence of Zft.
0 T T T . .
300 400 500 600 42 + 0.2-4.3 £+ 0.2, as listed in Table 1 (ZnL@#®D) and
Wavelength (nm) ZnL(HO") in eq 3 are a ZA™-bound water form and a 2h-
Figure 4. (a) UV absorption spectral change of L5 (281) upon addition bound hydroxide form, respectively).

of Zn?* at pH 7.0 (10 mM HEPES with= 0.1 (NaNQ)) and 25°C. The

inset is the titration curve (decreasiagsg) of L5 with Zn?* at pH 7.0 (10 _ ot
mM HEPES withl = 0.1 (NaNQ)) and 25°C. (b) Change in fluorescence  KapdZNL) = [(ZNL(H,0) + ZnL(HO ))J/[L] fredZN Tree
emission of L5 (0.1 mM) upon addition of Zhat pH 7.0 (10 mM HEPES

with | = 0.1 (NaNQ)) and 25°C (excitation at 260 nm). The inset shows (at designated pH) (ML) @)
an increase of relative emission intensityo} of L5 at 485 nm upon addition i i i

of Zn?* at pH 7.0 (10 mM HEPES with = 0.1 (NaN@)) and 25°C, [Lfee=[L4H Tfee T [L*3H Jee + [L2H fee +

wherelp = emission intensity of L5 at 485 nm in the absence o¥'Zifc) +

The LE and TICT emissions are separated using the fluorescence emission [L ‘H ]free + [L] free (L =L5or |—6) (4)

spectrum (a dashed curve in panel b) of L5 (0.1 mM) at pH 7.0 (10 mM
HEPE ith = 0.1 (NaN 25°C. L
S wi 0-1 (NaN@)) and 25°C The UV and emission spectral changes of L6 (0.2 mM) upon

addition of Z#™ at pH 7.0 (10 mM HEPES witH = 0.1

(10 mM HEPES withl = 0.1 (NaNQ)) and 25°C. As shown (NaNQs)) and 25°C show a remarkable contrast to those for
in Figure 4a, metal-free L5 (26M) has an absorption maximum L5 (Figure 5). The UV absorption spectresdp = 4.0 x 1C°
at 278 nm é,75 = 2.5 x 10%), which decreased upon additon M~'-cm™® in the absence of Zm) changed sharply with
of Zn?*, as shown in the inset of Figure 4a. isosbestic points at 258 and 270 nm, as shown in Figure 5a.

The dashed curve in Figure 4b shows the emission spectrumThe emission spectral change of L6 (0.2 mM) upon addition of
of metal-free L5 (0.1 mM), having an emission maximum at Zn?* (Figure 5b) exhibits a linear decrease of emissions at 356
356 nm (excitation at 260 nm) which is assignable to the nm (excitation at 270 nm) and a linear increase of emissions at
emission from locally excited (LE) states. An addition o?Zn 430 nm (plotted in the inset of Figure 5b), strongly indicating
caused a gradual decrease in LE emissions at 356 nm and afl:1 complexatior$>~%7 The log KapdZnL6) values at pH 7.0
increase of emissions at 485 nm. From the titration curves shown
in the insets of Figure 4a,b, the apparent complexation constantg34) The quantum yieldslf) of L5 (25 xM) at pH 7.0 (10 mM HEPES withh

. = 0.1 (NaNQ)) and 25°C in the absence and in the presence of 2 equiv
defined by eqs 3 and 4, ld§.p{ZNnL5), were calculated to be of Zn?* are 0.004 and 0.003, respectively.
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Tb3+
Yb3+
Pb2+
H g2+
La3+
Co**
YM
Cu2+
Ni2+
Pd2+
Fe2+
Mn2+
AP+
Cd2+
K*
Na*
7n> + M g2+
Zn** +Ca®
Zn* +K*
Zn2+

none

I/l at430 nm

Figure 6. Fluorescence response of L6 (0.2 mM) against 1 equiv of various
metal cations at pH 7.0 (10 mM HEPES witk- 0.1 (NaNQ@)) and 25°C.
lp andl are emission intensities of L6 at 430 nm in the absence and in the

Zn(1)-N(15) =
2.17A

Zn(1)-N(5)=2.17 A
Zn(1)-N@)=2.14 A

cal¥
%
S
J

Figure 7. ORTEP drawing (50% probability ellipsoides) of the ZnL6-
(NO3)> complex (13(NOs),). Selected bond distances (A): Zn€N(5)
2.166(1), Zn(1)N(8) 2.140(1), Zn(1)}N(11) 2.168(1), Zn(1yN(15) 2.168-
(1), Zn(1)-0(22) 2.245(1), N(2rC(14) 1.434(2), C(14¥N(15) 1.340(2),
N(15)—C(16) 1.343(2), C(16)C(17) 1.380(2), C(1AC(18) 1.382(2),
C(18)-C(19) 1.382(2). Selected dihedral angles (deg): €gR)—C(14)
N(15) 114.4, C(3)-N(2)—C(14)-C(19) —63.6, C(13}-N(2)—C(14)-N(15)
—103.0, C(13)N(2)—C(14)-C(19) 79.0, Zn(1}N(15)—C(14)-N(2) 5.6.

presence of metal ions, respectively. Excitation wavelengths were 257 nm gnd C@#*+ and H§f+ guenched the emission of 1483 TICT

for Cu2t, 268 nm for N#+, 282 nm for PB*, 291 nm for Hg", and 270
nm for Zret, C+, Co?t, and other metals, which are isosbestic points
determined by UV titrations.

were estimated to be 6.+ 0.1-6.2 + 0.1 by UV and
fluorometric titrations at [L6]= 50 uM.

The 'H NMR spectra of 5 mM L5 and 5 mM L6 in the
presence of 2.5 mM 2 (0.5 equiv) in DO at pD 7.0 and 25

emissions of ZnL6 were not perturbed by N&*, Mg2*, and
Ca*. Other metal ions did induce negligible changes in the
emission spectra of L6.

X-ray Crystal Structure of the ZnL6 Complex (13). We
have isolated fine colorless crystals from a mixture of L6 and
Zn(NG;), in an aqueous solution at pH 7.0. Elemental analysis
suggested the formula ZnL6(NJ. X-ray crystal structure
analysis disclosed intramolecular coordination of N(15) of the

°C exhibited two independent sets of peaks for metal-free L5 pyridine group of L6 to ZA* as well as the three nitrogens
or L6 and those for ZnL5 or ZnL6 (data not shown). In addition, (N(5), N(8), and N(11)) of a cyclen ring (Figure 7). TheZn
aromatic signals of ZnL5 and ZnL6 appeared with considerable N(15) coordination bond length is 2.17 A, which is almost the

downfield shifts in comparison with those of L5 and L&) =
+0.2-0.5 for ZnL5 and+0.3—-0.7 for ZnL6). These facts
indicate that ZnL5 and ZnL6 are kinetically stable on the NMR
time scale and that pyridyl nitrogens coordinate té'Z%¥
Fluorescence Response of L6 to Metal lons in Aqueous
Solution. The fluorescence changes of L6 (0.2 mM) with other
metal ions, such as €t, Ci#t, Co?t, Ni2t, Fet, P, AlST,
Y3*, Lit, Nat, K+, C&*, and Mg, at pH 7.0 (10 mM HEPES
with | = 0.1 (NaNQ)) and 25°C are summarized in Figure 6.
Among these metals, only Zhand Cd" induced TICT3%41

(35) Change in excitation spectra (emission at 430 nm) of L6 (0.2 mM) upon
addition of Zr#+ at pH 7.0 (10 mM HEPES with= 0.1 (NaNQ)) and 25
°C is presented in Figure S5 in the Supporting Information.

same length as those of the threéZaN(cyclen) bonds (2.14
2.17 A). It was also found that the Zn—N(2) coordination
bond is somehow weak (Zh—N(2) bond length is 2.42 A)
and that ZA* has a trigonal bipyramidal geometry with the N(5),
N(8), N(11), N(15), and N@anion, which is similar to that of
the Zr#*—dansylethylamide cyclen compl&d® The dihedral
angles for C(3)-N(2)—C(14)-N(15) of 103.0 and for C(13)-
N(2)—C(14)—N(15) of 114.4 clearly indicate a twisted con-
formation of the pyridine face with respect to the dialkylamino
face comprising C(3)N(2)—C(13). An external ligand N
(Zn?*—0(22) = 2.24 A) is considered to be replaced by an
H>O moleculel*?

(36) For comparison, the change of UV and emission spectra (excitation at 254 (39) The quantum yieldsd) of L6 (0.2 mM) changed from 0.013 to 0.010

nm) of 2-DEAP (0.1 mM) upon addition of Zh in CH;CN at 25°C is
shown in Figure S6 in the Supporting Information. Emission of 2-DEAP
(0.1 mM) at 365 nm was quantitatively quenched byZn

(37) The quantum yieldsX) of L6 and ZnL6 at pH 7.0 (10 mM HEPES with
I =0.1 (NaNQ)) are 0.013 and 0.010 (at [L6] or [ZnL&} 0.2 mM, where
ZnL6 is quantitatively formed), respectively.

(38) The stablility of ZnL6 was further confirmed by fluorometric titrations in
the presence of [12]angNL1). At pH 7.0, an addition of £10 equiv of
L1 had a negligible effect on the emission spectra of ZnL6, supporting
that log KapdZnL6) is much larger than logapdZnL1) of 2.4 at pH 7.0
(Table 1). In contrast, at pH 10.8, the emission intensity of ZnL6 at 351
nm was reduced by ca. 30% upon addition of 1 equiv of L1, suggesting
that that logKapZnL6) is close to the lodkapdZNnL1) of 10.1. These facts
imply that L6 behaves mainly as a tetradentate ligand t& Zthrough
three NH'’s in cyclen and one pyridyl N) at pH 7.0 and as a tridentate
ligand (through only three NH'’s in cyclen) at pH 10.8 (see the following
sections).

13384 J. AM. CHEM. SOC. = VOL. 126, NO. 41, 2004

upon addition of 1 equiv of Cd. The change in UV and emission spectra
(excitation at 270 nm) of L6 (0.2 mM) upon addition of €ds presented
in Figure S7 in the Supporting Information. The 1&8g,{CdL6) and log
KapdCuL6) at pH 7.0 and 28C were estimated to be8.
(40) The change in emission spectra of L5 (0.1 mM) upon complexation with
Cc?t at pH 7.0 (10 mM HEPES with= 0.1 (NaNQ)) is shown in Figure
S8 in the Supporting Information (excitation at 250 nm). The kg
(CdL5) was 5.0+ 0.2.
(41) For Cd* sensors, see: Prodi, L.; Montalti, M.; Zaccheroni, N.; Savage, P.
B.; Bradshaw, J. S.; Izatt, R. M.etrahedron Lett2001, 42, 2941—-2944.
(42) For the emission spectral change of L6 (0.2 mM) upon addition &f Cu
(excitation at 254 nm), see Figure S9 in the Supporting Information.
(43) For Cé* sensors, see: (a) Kmer, R.Angew. Chem., Int. EAL.998 37,
772-773. (b) Prodi, L.; Montalti, M.; Zaccheroni, N.; Savage, P. B;
Bradshaw, J. S.; Izatt, R. M.etrahedron Lett2001, 42,2941-2944. (c)
Zheng, Y.; Gatta-Asfura, K. M.; Konka, V.; Leblanc, R. MJ. Chem.
Soc., Chem. CommuB002 2350-2351.
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with Zn2" defined by egs 5 and 7, ld¢s(ZnL5), was determined
to be 8.5+ 0.1 (Table 1)*® This value is similar to the log

for a metal-free L5, as depicted in Scheme 8 (subscripts P andKg(ZnL) values for 4 (8.4 and 19 (7.9Y° (Scheme 6),

T are abbreviations for the planar and twisted conformers, suggesting weak coordination of a 5-cyanopyridine moiety of

respectively). Emissions at shorter wavelengths (at 356 nm) of L5 with Zn?*. The deprotonation constant for theZrbound

the metal-free L5 are considered to originate fromp,L&nd
emissions at-450 nm are due to 15 The emission spectrum

water in ZnL5, defined by eq &4(ZnL5), is 7.314 0.05, which
is close to those fo# (7.3) and 19 (7.5)1° The distribution

of L5 at pH 7.0 and 25C in Figure 4b (a dashed curve) was  diagram for a mixture of 1 mM L5 and 1 mM 2h is shown
broken down into LE (a plane curve) and TICT (a bold curve) i Figure 9a, in which the ZnL5(}®) is formed in about 50

emission®-¢as shown in Figure 4c, and the LE:TICT ratib ¢/
Diotal PricT/ Protal) Was calculated to be 82:18(g, Prict, and

Diora are the quantum yields of LE and TICT and the total

emissions of L5).

The Zr#* complexation of L5 yields two forms df2: one
is a Zr*™-bound HO form, ZnL5(H0), and the other is its
deprotonated form, ZnL5(HQ. For each form, we assume
equilibria between planar conformer2a (ZnL5(H,O)p) and
12c¢ (ZnL5(HO)p), in which a nitrogen in the pyridine rings
hardly coordinates to 2, and twisted conformerg2b (ZnL5-
(H2O)r) and 12d (ZnL5(HO")t), where a nitrogen in the
pyridine rings coordinates to Zh, resulting in emissions at
longer wavelengths (Scheme 8). We consider that the LE:TICT
(P Le/Diotai PricT/ Prota) ratio corresponds to the ratio of planar
conformers and twisted conformers of L5 and ZnL5, that is,
[(10a+ 12a+ 120]:[(10b + 12b + 12d)]. Figure 8a shows
that the TICT emissions gradually increase to 62% upon addition

of Zn?* (0—2 equiv).

Figure 8b displays that the LE:TICT ratio of 65:35 for a
metal-free L6 (0.2 mM) linearly changed upon addition ofZn
and was almost saturated in the presence of an equimolar amount
of Zn?* ([(13a + 130]:[(13b + 13d)] = 2:98)# indicating
that TICT is efficiently controlled by the Zfi—N(pyridine)

coordination in ZnL6.

Study of the Zn?* Complexation Properties of L5 (10) and
L6 (11) by Potentiometric pH Titrations. By analysis of the
potentiometric pH titration curve for 1 mM L5 (curve c in Figure

1) in the presence of an equimolar amount of Zp&025°C
with 1 = 0.1 (NaNQ), the 1:1 complexation constant of L5

(@)

60% yield at pH 6.6-7.1. The apparent complexation constant
for ZnL5, defined by egs 3, 4, 7, and 8, 1&gy{ZnL5), at 25

100
QE/(Dlolal
307 m /
[
60 ] ) o ® o
° o
IS ' .
[ |
[
40 ® 0\ g
(]
20
quICT/(plolal
0 T T T T
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[Zn*]/[L5]
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80 = °
60 Drict /Protal
7 o
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Figure 8. (a) Change in LE:TICT ratio® g/Potar Prict/Prota) for L5
(25 uM) upon addition of ZnS@at pH 7.0 (10 mM HEPES with = 0.1
(NaNGy)) and 25°C (P g/Protal, SOlid squaresdrict/Piotal, SOlid circles).

(44) From the titration curve shown in the inset of Figure 5, the concentration (b) Change in LETICT ratio®, e/Piotar Prict/Prota) for L6 (0.2 mM) upon

of the metal-free L6 is considered to be negligible at [k8} [Zn?*]iota

= 0.2 mM.

addition of Zr#+ at pH 7.0 (10 mM HEPES with= 0.1 (NaNQ)) and 25
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(a) Scheme 9
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= 2 ’ ZnL5(OH) HO- O _ _
g ’, (120 + 12d) HZO pK“ =84 ’\_ ™~ J,ut';? zgk'i /—oﬁ \
b=} _H* N H.0 N
; ffxﬁa—-“ﬁi ) L gy
g HLS ZnL5(H,0) HN___Ny HN___Nj
2 _ (12a+12b) 200 ¢
E | [ZnL?tH«O]) (ZnL7(HO™)) (ZnL7{enolate form))
3 2 L Y]
0 /! NE‘Z
I I ! :S pK, =99
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®) pH
100 . 2a 2
.7 (ZnL8(H,0)) (ZnL&HO™ )
4
4
- ZlgLG(Pié(l))) R 0.1, which is identical to the loapdZNnL6) of 6.1—6.2 obtained
(13a + 13b) N by UV and fluorescence titrations (Table 1).
s ZnL6(OH) The K, value (defined by eqs-68) of Zr#*-bound water in
(13c +13d) ZnL6 is 8.37+ 0.05, which is larger than theKg(ZnL) values

Relative concentration (%)

3.0 11.0

pH

Figure 9. Distribution diagrams for (a) a mixture of 1.0 mM L5 1.0
mM Zn?*t and (b) a mixture of 1.0 mM L6 1.0 mM Zr#+ at 25°C with
I = 0.1 (NaNQ).

°C and pH 7.0 with = 0.1 (NaNQ) was calculated to be 4.5
+ 0.1

L + zn*" = ZnL(H,0):
K{ZnL) = [ZnL(H0))[L][Zn*T (M) (5)

ZnL(H,0) = ZnL(HO ) + H":
Ki(ZnL) = [ZnL(HO )]a,./[ZnL(H,0)] (6)

[ZnL(H,0)] = [124 + [12b] for ZnL5 or
[134 + [13b] for ZnL6 (7)

[ZnL(HO )] =[12d + [12d] for ZnL5 or
[13d + [13d] for ZnL6 (8)

Similarly, the logK¢(ZnL6) was determined to be 114
0.1 (from curve d in Figure 1), which is larger than those4or
(8.4)212(8.5), and19(7.9)22and smaller than that for 2h—
cyclen5 (15.3), supporting a ZT—N(pyridine) coordination
in ZnL6. The distribution diagram at [2h] = [L6] = 1 mM
in Figure 9b indicates that ZnL6 is formed almost quantitatively
at pH 7.0. The logKapdZnL6) at pH 7.0 and 25C is 6.4+

(45) It should be noted that th&(ZnL) values for ZnL5 or ZnL6 in eqs-58
are defined as averaged complexation constantéZar(or 13a) (ligands
are tetradentate) anti2b (or 13b) (ligands are tridentate), which are

for 4 (7.3)? 12(7.31), andl9 (7.5) 22 Previously, we had found
that Zret complexe20 (ZnL7)* and21 (ZnL8),*” which have
additional Zi@*-chelating side chains, possess largés yalues
than those fob (pK, = 8.4 for 20a== 20b + 20c*¢ and K, =
9.9 for21a== 21b*") (Scheme 9). These facts have also proven
that the pyridine group of L6 chelates to Znin ZnL6.
pH-Dependent Change of Fluorescence Emission of 13
(ZnL6) and Sensing of Succinimide by 13Figure 10 shows

0.02

200

AN
0.01 pK,=8.4+02

(98]
o
=
3
@ of ZnL6

Fluorescence intensity (a.u.)

500

600
Wavelength (nm)

Figure 10. pH-dependent change of emission spectra of ZnL6 (0.2 mM)
in 10 mM Good’s buffer with = 0.1 (NaNQ) at 25°C (excitation at 270
nm). The inset shows a change of quantum yields of ZnL6, giving khe p
values for Z@*-bound water of 8.4+ 0.2.

the emission spectra of ZnL6 (0.2 mM) in the pH range—7.0
10.8 at 25°C with | = 0.1 (NaNQ) (excitation at 270 nm).
From the pH-® profile in the inset, the I8,(ZnL6) value was
determined to be 8.4 0.2 at 25°C, which is very close to the
pK4(ZNnL6) value determined by potentiometric pH titration. The
LE:TICT ratio of ZnL6 at pH 10.8 was 35:65, indicating that
TICT was released in an alkaline solution.

We thus hypothesized that the microenvironment arourid Zn
in ZnL6 may affect the conformation of the pyridine ring, as
depicted in Scheme 10. Namely, an electron donation from OH

indistinguishable by pH titrations. The apparent complexation constants at (46) Kimura, E.; Gotoh, T.; Aoki, S.; Shiro, Mnorg. Chem2002 41,3239~
3248

the designated pH,p{ZnL), which were calculated frodg(ZnL) values
obtained by potentiometric pH titrations, agree well with #g{ZnL)
obtained by UV spectroscopic and fluorescence titrations.

13386 J. AM. CHEM. SOC. = VOL. 126, NO. 41, 2004

(47) Kimu'ra, E.; Gotoh, T.; Koike, T.; Shiro, M. Am. Chem. S0d.999 121,
1267-1274.
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or other anions (X) and/or their steric hindrance may weaken
the Zr**—N(pyridine) coordination bond and induce a confor-
mational change from the twisted forbab ((ZnL6—X7)t) to
the planar forml4a ((ZnL6—X")p), allowing emission shifts
from TICT to LE#8

This hypothesis prompted us to examine the fluorescence
response of ZnL6 to anions at neutral pH, because it is known
that the Z&"—cyclen complexes recognize imide anidhs®
carboxylateg®13 phosphate monoester dianiorisand thio-
late$117in aqueous solution. Figure 11a shows the emission
spectral change of ZnL6 (0.2 mM, where ZnL6 is quantitatively
formed) upon addition of succinimide (SI, see Scheme 11 for
its structure) at pH 7.0 (50 mM HEPES witk= 0.1 (NaNQ))
and 25°C. As plotted in Figure 11b, the LE emission at 351
nm was enhanced and the TICT emission at 430 nm from TICT
was suppressed by the addition of SI. From the bold curve (a)
in Figure 12, plotting the relative emission intensity at 355 nm
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Figure 11. (a) Change in fluorescence spectra of ZnL6 (0.2 mM) upon
addition of succinimide (Sl) (650 equiv) at pH 7.0 (10 mM HEPES with
| = 0.1 (NaNQ)) and 25°C (excitation at 270 nm). (b) Distribution of

at increasing concentrations of Sl, the apparent complexatlon ‘PTICT/‘I’totaI and @ e/ Proral Of ZNLE upon addition of Sl at pH 7.0 (10 mM

constant for the ZnL6SI~ complex, defined by eqs-911, log
KapdZNnL6-X"), was calculated to be 28 0.1 (Table 2).
ZnL6 + guest (X)==ZnL6-X complex:
KapdZnL6—X") = [ZnL6—X" complex]/[X]yedZNL6] e
)
[ZNL6]ee = [ZNLB(H,0)(13a+ 13b)]4ee +
[ZnL6(HO™)(13ct+13d)]4e. (10)

X ree = Kl ree T [X Jjree T === + [Xnilfree (11)
The interactions of ZnL6 (0.2 mM) with other guests were

tested by UV and fluorescence titratiot¥$° Scheme 11 shows
guest molecules that were found to form 1:1 complexes with

(48) Fluorescence spectra of the?Zrcomplexest and 8 showed negligible
change upon addition of anions such as Qkarboxylates, phosphates,
imidf‘zs, and thiolates at neutral pH, due to strong binding of the side chain
to Zrét.

(49) For reviews of anion receptors and sensors, see: (a) Lehn, J.-M.
Supramolecular ChemistrConcepts and Perspeeéis VCH: Weinheim,
Germany, 1995. (bpupramolecular Chemistry of AnignBianchi, A
Bowman-James, K., Garcia-Espana, E., Eds.; Wiley-VCH: New York,
1996. (c) Sessler, J. L.; Andrievsky, A.; Genge, J. W.Advances in
Supramolecular Chemistryol. 4.; Gokel, G. W., Ed.; JAIl Press Inc.:
Greenwich, CT, 1997; pp 97142. (d) Seel, C.; Gatg A.; de Mendoza, J.
Top. Curr. Chem1995 175, 101-132. (e) Scheerder, J.; Engbersen, J. F.
J.; Reinhoudt, D. NRecl. Tra.. Chim. Pays-Ba4996 115, 307—320. (f)
Beer, P. D.J. Chem. Soc., Chem. Comma@f96 689-696. (g) de Silva,

A. P.; Nimal Gunaratne, H. Q.; Gunnlaugsson, T.; Huxley, A. J. M.; McCoy,
C. P.; Rademacher, J. T.; Rice, T. Ehem. Re. 1997, 97, 1515-1566.

(h) Schmidtchen, F. P.; Berger, bhem. Re. 1997 97, 1609-1646. (i)
Hamilton, A. D.Chem. Re. 1997 97, 1609-1646. (j) Beer, P. DAcc.
Chem. Res1998 31, 71-80. (k) Beer, P. D.; Cadman, Coord. Chem.
Rev. 2000 205,131-155. (I) Beer, P. D.; Gale, P. AAngew. Chem., Int.
Ed. 2001, 40, 487-516. (m) Wiskur, S. L.; Ait-Haddou, H.; Anslyn, E.
V.; Lavigne, J. JAcc. Chem. Re®001, 34, 963-972.

PES withl = 0.1 (NaNQ)) and 25°C (excitation at 270 nm)d, g/
tbtmah open circles®ict/Piotai, SOlid circles).

ZnL6 in DO at pD 7.0 and 25C by 'H NMR experiment$?!
Figure 12 displays the fluorescence response of ZnL6 (0.2 mM)
at 355 nm (LE emission) against these anions at pH 7.0 (10
mM HEPES withl = 0.1 (NaNQ)) and 25°C. The logKaps
(ZnL6—X") values for these anions are listed in Table 2.
Despite a negligible response against monocarboxylic acids
such as acetic acid (curve e in Figure 12) and glycine, the
enhancement of LE emission was observed upon addition of a
diacid such as malonic acid, succinic acid, and glutaric acid
(curve d), suggesting that two carboxylates cooperatively bind
to Zr?™ of ZnL6. Phosphates such as HOPO (curve b),
O-phospho:-threonine, and phospho(enol)pyruvate, and thiols

(50) For recent examples of anion sensors in aqueous solution, see: (a)
Anzenbacher, P., Jr.; Try, A. C.; Miyaji, H.; JurSkeava K.; Lynch, V.

M.; Marquez, M.; Sessler, J. L1. Am. Chem. So200Q 122 10268-
10272. (b) Amendola, V.; Basteianello, E.; Fabbrizzi, L.; Mangano, C.;
Pallavicini, P.; Perotti, A.; Lanfredi, A. M.; Ugozzoli, Rngew. Chem.,
Int. Ed.2000Q 39, 2917-2920. (c) Schneider, S. E.; O'Neil, S. N.; Anslyn,
E. V. J. Am. Chem. So@00Q 122 542—-543. (d) Choi, K.; Hamilton, A.

D. J. Am. Chem. So001, 123 2456-2457. (e) Wiskur, S. L.; Anslyn,

E. V.J. Am. Chem. So€001, 123 10109-10110. (f) Cabell, L. A.; Best,

M. D.; Lavigne, J. J.; Schneider, S. E.; Perreault, D. M.; Monahan, M.-K.;
Anslyn, E. V.J. Chem. Soc., Perkin Trans2P01, 315-323. (g) Dickins,

R. S.; Aime, S.; Batsanov, A. S.; Beeby, A.; Botta, M.; Bruce, J. |.; Howard,
J. A. K.; Love, C. S.; Parker, D.; Peacock, R. D.; Puschmann]. Am.
Chem. Soc2002 124,12697-12705. (h) Mizukami, S.; Nagano, T.; Urano,
Y.; Odani, A.; Kikuchi, K.J. Am. Chem. So@002 124, 3920-3925. (i)
Ojida, A.; Mito-oka, Y.; Inoue, M.; Hamachi, 0. Am. Chem. So2002
124, 6256-6258. (j) Rekharsky, M.; Inoue, Y.; Tobey, S.; Metzger, A,;
Anslyn, E.J. Am. Chem. So€002 124, 14959-14967. (k) Tobey, S. L.;
Anslyn, E. V.J. Am. Chem. So003 125, 14807-14815.

By Job plots {H NMR) with anions (Figure S10 in the Supporting
Information), ZnL6 forms 1:1 complexes with malonic acid, glutaric acid,
captopril, phosphate (HOR®), and phospho(enol)pyruvate. It was sug-
gested that PPi yields a 1:2 Znt®Pi complex and citric acid gives a
mixture of 1:2 and 1:3 complexes with ZnL6.

(51

—
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such as captopril (curve c);cysteine, and-cysteine methyl
ester, induced remarkable increases in LE emission (Figure
12)5253 A negligible response againstmethionine (curve f)
suggests that thiolates strongly bind to?ZnNo relationship
was found betweerK,,{ZnL6—X") values and emission

enhancement. We consider that emission intensities are affected acetic acid (4.73)

by not only basicities and steric hindrance of guest molecules
but also kinetic inertness of ZnE6X~ complexes. Halide anions
(F-, CI-, Br, and I") and CQ?" (up to 10 equiv) caused
negligible changes of the emission spectra of ZnL6 in agqueous
solution>455

10

Ity at355 nm

[Guest] / [£ZnL6]

Figure 12. Fluorescence response of ZnL6 (0.2 mM) at 355 nm (excitation
at 265 nm) against succinimide (a), inorganic phosphate @Rdb),
captopril (c), malonic acid (d), acetic acid oimethionine (e), and halide
anions (F, CI-, Br—, or I") (f) at pH 7.0 (10 mM HEPES with = 0.1
(NaNGg)) and 25°C. Ig is the emission intensity of ZnL6 at 355 nm in the
absence of a guest.

X-ray Crystal Structure of ZnL6 —Phthalimidate Complex
22.Fine colorless crystals were isolated from a mixture of ZnL6

(52) The'H NMR experiments confirmed that ZnL6 does not decompose upon
addition of SI, phosphates, and thiolates.

(53) The'H NMR experiments suggested that ZnL6 forms a 1:1 complex with
maleic acid (cis) and a 1:2 complex with fumaric acid (trans). The UV and
fluorescence titrations of ZnL6 with maleic acid and fumaric acid gave
unclear results, because these diacids have a UV absorption at ca. 280 nm

(54) In CH,CN, acetate, F, Cl-, and Br induce the emission change of ZnL6
(0.2 mM) from TICT to LE (these anions were added agNBuor E4;N*
salts). The logKap ZnL6—X") values were 2.7 0.1 for AcO, 2.0 £
0.2 for F, 2.1+ 0.1 for CI, and 2.0+ 0.1 for Br- (Figure S11 in the
Supporting Information). On the other hand,duenched the emissions of
ZnL6 (log KapdZnL6—1") was 3.5+ 0.1). An addition of HPGF~-BusN*
to ZnL6 (0.2 mM) in CHCN caused colorless precipitations.

13388 J. AM. CHEM. SOC. = VOL. 126, NO. 41, 2004

Table 2. Complexation Constants of Zn?t Complexes 5 and 13
with Guest Anions

5 (Zn?*—cyclen) 13 (ZnL6)
109 Kapp 109 Kapp
guest (pKzd) atpH 7.0 atpH 7.0
198 1.4
malonic acid €3, 5.43) nd 2.542.6
succinic acid (4.12, 5.37) Ad 2.6492.6
glutaric acid (4.27, 5.11) rid 2.542.6¢
L-glutamic acid nd 2.1
(<3, 4.29,9.73)
succinimide (9.61) 390 2.742.8f3.19
L-cysteine €3, 8.23, 10.33) nge 43944
L-cysteine methyl ester (Ad nce 42943
L-methionine (n8) nge <1.9
captopril (3.58, 9.97) 4.0 4,094.1
phosphate €3, 6.92,>11) 3.3 2.842.9f2.m
pyrophosphate id 1:2 complexatioh
(<3, <3, 6.10, 8.27)
phospho(enol)pyruvate Ad 3.7
(<3, 3.47, 6.16)
O-phospho:-threonine nd 27428

(<3, <3, 6.08, 9.96)

apKa values were determined by potentiometric pH titrations at@5
with | = 0.1 (NaNQ). Experimental errors ar£0.05.° For definition, see
the text.c From ref 15 at 25°C with | = 0.1 (NaNQ). 4 Determined by
UV titrations at [ZnL6]= 0.2 mM. e nd = not determined' Determined
by fluorometric titrations at [ZnL6} 0.2 mM. 9 Determined by potentio-
metric pH titration." From ref 11 at 25°C with | = 0.1 (NaNQ).
i Confirmed by Job plots in thtH NMR experiments (Figure S10 in the
Supporting Information).

and phthalimide (PTI) in aqueous solution at pH 6.5. The X-ray
crystal structure analysis has proven the 1:1 complexation of
ZnL6 and deprotonated PTI (PTl As shown in Figure 13,
the 1:1 ZnL6-PTI~ complex @2) is stabilized by coordination

of deprotonated imide nitrogen to Zn(Zn?*—N(21) = 1.95

A) and the hydrogen bonds between the carbonyl oxygen of
PTI~ and cyclen NH (the distances between O(PTI) and the
amino protons are 2.22 and 2.86 A). The dihedral angle for
C(13)-N(2)—C(14)-N(15) of 7.0 indicates the planar con-
formation of the pyridine ring of ZnL6 with respect to the
dialkylamino group. A pyridine ring of ZnL6 and a phenyl ring
of PTI are fixed in a parallel fashion: the distance between

(55) The response of CdL6 (prepared in situ at [Gd}F [L6]iwa = 0.2 mM)

. against phosphates and Sl was smaller than that of ZnL6 (Figure S12 in
the Supporting Information). The Id¢,,{CdL6—SI ~) value was calculated
to be <2. An addition of pyrophosphate to CdL6 (0.2 mM) in 10 mM
HEPES (pH 7.0 with = 0.1 (NaNQ)) at 25°C caused an increase of LE
emission, due to the decomplexation of CdL6, as judgettblMR and
UV experiments. These results are interesting in comparison with the Cd
complex developed by Nagano et al., which was reported to be a phosphate
sensor in aqueous solution (ref 50h).
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Figure 13. ORTEP drawing (50% probability ellipsoides) of Znkt6
phthalimidate (ZnL6-PTI") complex @2). Selected bond distances (A):
Zn(1)-N2 2.494(1), ZnEN5 2.067(1), ZnEN8 2.132(1), Zn+N11 2.089-
(1), Zn1—N21 1.954(1), Zn+ 048 2.302(1), N2C14 1.421(2), C14N15 (e) 2mM ZnL6-PTI complex (22) PTI
1.332(2). Selected dihedral angles (deg)—82—C14-N15-140.4, C3— atpD 74
N2—-C14-C19 43.3, C13-N2—C14-N15 —7.0°, C13-N2—C14-C19 H() H(3) H(5)
176.7. H(6")
Scheme 12 L J\ M J\
37A N I e e S B
D 85 8.0 7.5 70
OHN_ N! N 6 (ppm)
(—N' ’ﬁ ~ Figure 14. 'H NMR spectra (aromatic region) of 2 mM ZnL6 at pD 7.4
ZnL6(H,0)p + PTI HN N (a), 2 mM ZnL6 at pD 11.0 (b), 2 mM ZnL& 20 mM phosphate at pD
l3b_ atpH 7.5 K/N\) 7.4 (c), 2 mM ZnL6+ 20 mM SI (d), and 2 mM ZnL6PTI~ complex
H (22) at pD 7.4 (e) in RO at 25°C.

ZnL6-PTI" complex
22 Interestingly, theH NMR spectra of a 2:1 mixture of ZnL6
(3 mM) and captopril (1.5 mMY exhibited two independent
these two rings is ca. 3.7 A, suggestingma-r stacking sets of peaks for the aromatic protons of ZnL6 in a 1:1 ratio,
interaction (Scheme 12¥. corresponding to free ZnL6 and the 1:1 Znt@aptopril
'H NMR Studies of ZnL6 and ZnL6 —Anion Complexes. complex (see Figure S13 in the Supporting Information). In
The IH NMR spectra of phosphate, Sland PTI complexes contrast, a 2:1 mixture of ZnL6 (3 mM) and glutaric acid (1.5
of ZnL6 in aqueous solution at pD 7.4 and 25 were obtained. mM) showed gradual upfield shifts of aromatic proton signals
Figure 14a shows theH NMR spectra (aromatic regions) of  of ZnL6, which were thus averaged peaks of uncomplexed ZnL6
ZnL6 at pD 7.4 and 38C. A nuclear Overhauser effect (NOE) and complexed species of ZnL6. These phenomena suggest that
was observed (ca. 3%) between H(19) and the axial proton onthe ZnL6-captopril complex is not only thermodynamically
C(4) (H(4)x see Figure 7 for the numbering) adjacent to the stable at millimolar order but also kinetically inert on the NMR
pyridyl amino group, implying the twisted conformationlib time scale (400 and 500 MHz).
(ZnL6(H0)r) (Scheme 13). At pD 11.0, upfield shifts of the
H(3), H(4'), and H(5) signals and downfield shifts of the H{4) ) )
peaks were observed (Figure 14b), possibly due to the partial W€ have synthesizeN-(2-(5-cyanopyridyl))cyclerLO (L5)
release of twisted conformation. The NOE effect between H(19) @nd N-(2-pyridyl)cyclen11 (L6) in order to control TICT in
and H(4)y was not clearly observed for the Zntphosphate aqueous squFlon utilizing _the p(_)tent _blndlng _propert_|e_s of
complex23, because théH signal of H(4)y shifts downfield cyclen. Ir_1 pgrtlcularll (L6) is a unique ligand which ex_h|b|ts
and signals of other cyclen protons are overlapped (Figure 14c). TICT emission due to formation of stable complexes W|tI%+Zr_1
The H NMR spectra of ZnL6 at pD 7.0 in the presence of and Cd*. This is the first successfgl example of.metal chelation
phosphate (10 equiv), SI (10 equiv), and PTI (1 equiv) in Figure control of TICT gnd should give clear evidence for.an
14c—e showed similar behaviors, supporting that complexation @nomalous emission at longer wavelengths from a twisted
with these guests induces conformational change. Larger upfieldconformer.
shifts of aromatic protons of ZnL6 i82 are attributed to the  (57) tis reported that captopril has two conformers, trans and cis, with respect

shielding effects of the aromatic ring of PTI (Figure 14e). to the amide bond: (a) Rabenstein, D. L.; Isab, AAhal. Chem1982
54, 526-529. (b) Hughes, M. A.; Smith, G. L.; Williams, D. Rnorg.

Chim. Actal985 107, 247-252. (c) Isab, A. A.; Hussain, M. £an. J.

Conclusion

(56) We could not determine the loga, (ZnL—PTI") value by UV and Anal. Sci. Spectroscl997, 42, 102-106. The'H NMR experiments
fluorescent titrations due to the overlap of UV absorptions of ZnL6 and suggested that both conformers bind to ZnL6 (Figure S13 in the Supporting
PTI. Information).
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Scheme 13
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Moreover, ZnL6 forms complexes with external anions such TICT with a considerable shift of emission wavelength may
as imidates, phosphates, thiolates, and dicarboxylates, resultingorovide new methodologies for designing novel fluorescence
in fluorescence emission at shorter wavelengths by release of asensors for metal ions and biologically relevant anions in
twisted conformation of the pyridine ring. The CdL6 complex aqueous solution.

(prepared in situ) was not as sensitive to guest anions as 2nL6.
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