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A new 2-(9-anthrylmethylamino)ethyl-appended cyclen, L® (1-(2-(9-anthrylmethylamino)ethyl)-1,4,7,10-tetraazacy-
clododecane) (cyclen = 1,4,7,10-tetraazacyclododecane), was synthesized and characterized for a new Zn* chelation-
enhanced fluorophore, in comparison with previously reported 9-anthrylmethylcyclen L* (1-(9-anthrylmethyl)-1,4,7,10-
tetraazacyclododecane) and dansylamide cyclen L2 L® showed protonation constants log Ky of 10.57 + 0.02, 9.10
+0.02, 7.15 £ 0.02, <2, and <2. The log K3 value of 7.15 was assigned to the pendant 2-(9-anthrylmethylamino)-
ethyl on the basis of the pH-dependent *H NMR and fluorescence spectroscopic measurements. The potentiometric
pH titration study indicated extremely stable 1:1 Zn**-L® complexation with a stability constant log Ks(ZnL?) (where
Ks(ZnL3) = [ZnL3/[Zn?*][L%] (M~Y) of 17.6 at 25 °C with | = 0.1 (NaNOs), which is translated into the much
smaller apparent dissociation constant Ky (=[Zn%*]ree[L%Jrree/[ZNLE]) 0f 2 x 10~ M with respect to 5 x 1078 M for
L at pH 7.4. The quantum yield (® = 0.14) in the fluorescent emission of L3 increased to ® = 0.44 upon
complexation with zinc(ll) ion at pH 7.4 (excitation at 368 nm). The fluorescence of 5 uM L% at pH 7.4 linearly
increased with a 0.1-5 «M concentration of zinc(ll). By comparison, the fluorescent emission of the free ligand L*
decreased upon hinding to Zn?* (from ® = 0.27 to ® = 0.19) at pH 7.4 (excitation at 368 nm). The Zn*
complexation with L® occurred more rapidly (the second-order rate constant ks is 4.6 x 102 M~t s~1) at pH 7.4 than
that with L' (k, = 5.6 x 10 M~* s7) and L? (k, = 1.4 x 10> M~ s71). With an additionally inserted ethylamine
in the pendant group, the macrocyclic ligand L® is a more effective and practical zinc(ll) fluorophore than L.

Introduction tetraazacyclododecang, (L*) and other macrocyclic homo-
logues? Despite an extremely strong Znuptake by the

Development of new zinc(ll) fluorescent sensors is at- 1.4.7,10-tetraazacyclododecane (‘cyclen”) part (@peits
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biggest drawback was a similarly occurring PET-retarded
fluorescence by a competitive uptake of two protons at
neutral pH (expressed ds2H"). Accordingly, to use Las
a Zrtt-sensitive fluorophore, one must avoid the protona-
tions; i.e., an extremely alkaline medium (pH12) should

be employed (Scheme 1). Since then, however, the anthryl
unit as a fluorescent group has been frequently incorporated

in metal sensor®:15

On the other hand, we designed a dansylamide-pendant

macrocycle such a@(L?) as a new type of biomimetic 2h
chemosensor after fluorescent dansylamide binding 6 zZn
at the active center of carbonic anhydréédndeed, 12
strongly bound to Z# in an amide-deprotonated complex,
4 (Zn(H-1L?), at neutral pH, resulting in stronger dansyl-
amide fluorescence fromb = 0.03 to® = 0.11 (Scheme
2). The dissociation constaldt of Zn(H-;L?) was very small

(8 pM) at pH 7.4, and therefore, the fluorescence with 5
uM L? at pH 7.3 was linearly responsive to a €8 uM
concentration of Z#f, which was unperturbed by the
presence of millimolar concentrations of other biological
metal ions such as NaK*, Ca&*, and Mg*. Very recently,

L? has been found to be cell-permeable and emit fluorescence
upon binding to ZA" ions in HelLa cellss
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With new useful knowledge about competitive coordina-
tion vs protonation characters to pendant-attached cyéfén,
we now have synthesized 2-(9-anthrylmethylamino)ethyl-
pendant cyclers (L3) in our effort to develop new zinc(ll)
fluorophores. We were particularly interested in (1) the log
Ka value of the new aminoethyl pendant, (2) whether PET
is retarded by the protonation of this amine at neutral pH,
(3) whether this potentially fifth donor amine binds to®Zn
and (4) how the PET-retarded fluorescence df lhy
complexation with Z&" would be improved by the addition-
ally inserted aminoethyl pendant group (Scheme 3). We have
compared the complexation and fluorescent behaviors of L
with those of ! and L2. Since detailed data with'lwere
not availabl€’, we have simultaneously studied inder the
common conditions.

Experimental Section

General Information. L! was synthesized as descrilzedll
other reagents and solvents used were of the highest commercial
quality and used without further purification. ZnCFe(NQ)s-
9H,0, and AgNQ were purchased from Kanto Chemical Co. Ltd.

(17) (a) Kimura, E. IrProgress in Inorganic Chemistrikarlin, K. D. Ed.;
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CdChL-2.5H,0 and Cd(NQ@),-4H,O were purchased from Wako 13C NMR (125 MHz, CDC}): 6 = 28.53, 28.69, 38.27, 48.10,
Pure Chemical Industries Co. Ltd. Zn$@H,0, CoSQ-7H,0, 50.02, 54.67, 55.69, 56.70, 79.39, 155.44, 155.78, 156.22.
NiSO,6H,0, HgCh, and CuSQ@7H,O were purchased from 9-Chloromethylanthracene (920 mg, 4.1 mmol) was added to a
Yoneyama Yakuhin Kogyo Co. Ltd. MnS€1,0 and Pd(NQ). mixture of 2-aminoethyl-trigért-butyloxycarbonyl)-1,4,7,10-tet-
were purchased from Sigma-Aldrich Chemical Co., Inc. All aqueous raazacyclododecane (2.1 g, 4.1 mmol) ang@®@; (860 mg, 8.1
solutions were prepared using deionized and redistilled water. Buffer mmol) in CH,CN (150 mL) at 40°C, and the whole was stirred

(1 or 10 mM) solutions (KCI, pH 12.0; CAPS, pH 11.0, 10.0; for 12 h. Insoluble materials were filtered off, and the filtrate was
CHES, pH 9.0, 8.5; HEPES, pH 8.0, 7.5, 7.4, 7.0; MES, pH 6.2, concentrated under reduced pressure. The remaining residue was
6.0, 5.0; AcOH, pH 4.0) were used, and the ionic strengths of all purified by silica gel column chromatography (eluent hexanes/
were adjusted to 0.10 with NaNOGood's buffer reagents Ka at AcOEt) to yield9 as a pale yellow amorphous solid (1.7 g, 59%).
20°C) were purchased from Dojindo and were used without further R, = 0.2 (hexanes/AcOEt, 1:5). IR (IR card): 2973, 2929, 2815,
purification: CAPS (3-(cyclohexylamino)propanesulfonic acid; 1687, 1459, 1413, 1365, 1317, 1247, 1153, 1029, 975, 885, 860,
10.4), CHES (2-(3-cyclohexylamino)-2-hydroxypropanesulfonic 773, 755, 732 cmt. *H NMR (500 MHz, CDC}, TMS): 6 = 1.43
acid; 9.0), HEPES (2-(4-(2-hydroxyethyl)-1-piperazinyl)ethane- (s, 9H; ((Hs)s), 1.47 (s, 18H; (Els)s), 2.64-2.75 (m, 8H; G&,),
sulfonic acid; 7.6), and MES (2-morpholinoethanesulfonic acid; 3.01 (t,J = 6.9 Hz, 2H; GH,), 3.15-3.52 (m, 12H; &,), 4.75 (s,
6.2). Melting points were measured on a Yanaco melting point 2H: NCH,), 7.48 (dd,J = 8.0, 8.3 Hz, 2H; AH(3',6)), 7.54 (ddd,
apparatus and are listed without correlation. IR spectra were J = 8.7, 7.9, 1.2 Hz, 2H; Ad(2,7)), 8.01 (d,J = 8.3 Hz, 2H;
recorded on a HORIBA FT-710 spectrometer. IR cards (type 62) ArH (4',5)), 8.33 (d,J = 8.7 Hz, 2H; AH(1',8)), 8.40 (s, 1H,
were purchased from 3M Co. LttH NMR spectra were recorded  ArH(10) (for assignment, see Scheme 8C NMR (125 MHz,

on a JEOL JMN Lambda FT NMR spectrometer (500 MHz) or CDCly): 6 = 28.51, 28.72, 45.89, 46.07, 46.53, 47.71, 48.07, 49.96
JEOL JMN Alpha FT NMR spectrometer (400 MHz). Tetrameth- 53.84, 54.74, 56.07, 79.23, 79.48, 124.08, 124.97, 126.16, 127.30,
ylsilane (TMS) and 3-(trimethylsilyl)propioni2;2,3,3-d, acid 129.22, 130.29, 131.45, 131.57.

sodium salt (TS_P) were used as interngl reference$HoNMR _ 1-(2-(9-Anthrylmethylamino)ethyl)-1,4,7,10-tetraazacyclodode-
measurements in CDEand DO, respectively. The pD values in - cane Tetrahydrochloride Salt (54HCI-2H,0). To a solution of
D,0O were corrected for a deuterium isotope effect using=ppH- 9 (1.6 g, 2.3 mmol) in EtOH (15 mL) was addlés M aqueous

meter reading+ 0.40. Elemental analysis was performed on a Hcj at room temperature. After being stirred for 5 h, the reaction
Perkin-Elmer CHN analyzer 2400. Thin-layer chromatography mixture was concentrated under reduced pressure. The resulting
(TLC) and silica gel column chromatography were performed using cryde powder was recrystallized from EtOH®1to afford5-4HCI
Merck article 5554 (silica gel) TLC plates and Fuiji Silysia Chemical 21,0 as a pale yellow powder (923 mg, 68%)= 0.33 (MeOH/
FL-100D (silica gel), respectively. 10% aqueous NaCl, 1:1). Mp:250 °C. IR (KBr): 3409, 2958,
1-Cyanomethyl-4,7,10-tris{ert-butylcarbonyl)-1,4,7,10-tet- 5769, 2439,2372, 1619, 1448, 1286, 1159, 1072, 960, 894, 846,
raazacycldodecane (8)3Boc-cyclen {)*° (5.6 g, 12 mmol) was 786, 736 cm. !H NMR (500 MHz, DO, TSP): 6 = 2.84-3.04
reacted with bromoacetonitrile (2.7 g, 23 mmol) in £HN (40 (m, 12H; ,), 3.08-3.23 (M, 8H; Giy), 3.48 (t-like, 2H; CGi,-
mL) in the presence of NEO; (1.3 g, 12 mmol) at 70C under NHCH,Ar), 5.36 (s, 2H; NG&1,Ar), 7.64 (dd,J = 7.7, 8.5 Hz, 2H;
an argon atmosphere for 2 days. After insoluble inorganic salts were orH (3'6)), 7.76 (dd,J = 7.7, 8.7 Hz, 2H, AH (2'7)), 8.21 (d,J
removed, the filtrate was concentrated under reduced pressure. The- g 5 Hz, 2H; AH(4'5)), 8.33 (d,J = 8.7 Hz, 2H; AH(1'8)),
remaining residue was purified by silica gel column chromatography g 76 (s, 1H; AH(10)). 13C NMR (100 MHz, DO): & = 44.43,
(hexanes/AcOEt) to obtai as a colorless amorphous solid (5.5 44.90, 46.36, 47.44, 50.23, 50.67, 123.46, 125.56, 128.63, 130.89,

0, 91%).Rs = 0.6 (hexanes/AcOEt, 2:3). IR (KBr): 2231, 1678, 132.54, 133.35, 133.68, 133.89. Anal. Calcd fogHGsNsO.Cla:
1458, 1363, 1252, 1171 cth 'H NMR (CDCls, 500 MHz, TMS): C,51.11; H, 7.38: N, 11.92. Found: C, 50.78; H, 7.13: N, 11.68.

0 =1.44 (s, 18H; C(Ch)3), 1.47 (s, 9H; C(Ch)s), 2.78-2.87 (br,
4H), 3.28-3.53 (m, 12H), 3.293.33 (br s, 2H).13C NMR
(CDCl): ¢ = 28.52, 28.77, 46.50, 47.40, 49.93, 50.17, 53.98,
54.49, 79.62, 79.94, 80.25, 114.55, 155.15, 155.96, 156.12.
1-(2-(9-Anthrylmethylamino)ethyl)-1,4,7-tris(tert-butyloxycar-
bonyl)-1,4,7,10-tetraazacyclododecane (9A mixture of 8 (4.6
g, 9.0 mmol), Raney nickel (Aldrich (Raney 2800 nickel), 50%
slurry in water), ad 1 M NaOH (12 mL, 12 mmol) in EtOH (100
mL) was stirred under (20 atm) at room temperature for 5 days.
After Raney nickel was filtered off with Celite (no. 545), the filtrate

Potentiometric pH Titrations. The preparation of the test
solutions and the calibration method of the electrode system
(potentiometric automatic titrator AT-400 and auto piston buret
APB-410 (Kyoto Electronics Manufacturing Co. Ltd.) with an Orion
Research Ross combination pH electrode 8102BN) have been
described previousl§!8-19All the test solutions (50 mL) were kept
under an argonx99.999% purity) atmosphere. The potentiometric
pH titrations were carried out with= 0.10 (NaNQ) at 25.0+
0.1°C using 0.1 M NaOH as a base, and at least two independent

o . - - titrations were performed. Deprotonation constants and intrinsic
was evaporated. The remaining residue was purified by silica gel complexation constants defined in the text were determined by

column chromatography (hexane/AcOEt and then MeOH) and then means of the program BEST All the o fit values defined in the
passed through aluminum oxide 90 (Merck, active basic (activity ,roqram are smaller than 0.1. Thig, (=au+ao), K'w (=[H*]OH])

|), 70—230 mesh) to obtain 1-(ﬁminoethy|)-4,7,10-tri$ert- andf.+ values used at 25C are 1014.00’ 1013.79, and 0.825. The
butylcarbonyl)-1,4,7,10-tetraazacyclododedéheas a colorless corresponding mixed constanks, (=[HO™-bound species};+/

amorphous solid (3.1 g, 67% yieldg = 0.2 (MeOH). IR (IR [H20-bound species]) are derived using [H= ay+/fiy+. The species
card): 2974, 2931, 2810, 1687, 1462, 1414, 1365, 1250, 1169, 1153'distribution values (%) against pH=(-log [H*] + 0.084) were
976, 773 cm'. *H NMR (500 MHz, CDC}, TMS): 6 = 1.45 (s,
9H: C(CH2)3), 1.47 (s, 18H; C(El3)3), 2.55-2.88 (M, 4H: G4, of
cyclen), 2.59 (tJ = 7.0 Hz, 2H; tH, of side chain), 2.83 (1) =
7.0 Hz, 2H; G, of side chain), 3.183.68 (m, 12H; &1, of cyclen).

obtained using the program SPE.
UV Spectrophotometric Titrations and Fluorescence Titra-
tions. UV spectra and fluorescence emission spectra were recorded

(19) Kimura, E.; Aoki, S.; Koike, T.; Shiro, MJ. Am. Chem. S0d.997, (20) Martell, A. E.; Motekaitis, R. JDetermination and Use of Stability
119,3068-3076. Constants2nd ed.; VCH: New York, 1992.
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Scheme 4
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; " ; —— Table 1. Protonation Constantss and Complexation Constants of
on a Hitachi U-3500 spectrophotometer and a Hitachi F-4500 Cyclen, 9-Anthrylmethyl-Pendant Cyclen(LY), Dansylamide-Pendant

fluorescence ;pec_trophotometer, resp_ecti_vely, at290 °C. For Cyclen3 (L), and 2-(9-Anthrylmethylamino)ethyl-Pendant Cycn
fluorescence titrations, a sample solution in a 10 mm quartz cuvette (L3) at 25°C with | = 0.10 (NaNQ)?
was excited at the isosbestic points determined by UV titrations.

The obtained data of the fluorescence titrations (increases or cyclerp 1Y S 519
decreases in fluorescence emission intensity at a given wavelength) log Eal 1;-8 13'2& 8'83 1(1)'2 13?& 8'83
were analyzed for apparent complexation constiggsusing the log KZ <2 <2 ' 0.4 715+ 0.02
program Bind Works (Calorimetry Sciences Corp.). Quantum yields |og Ka4 <2 <2 40 <2

were determined by comparison of the integrated corrected emission 10g Kas 22 <2
spectrum of standard quinine, which was excited at 366 nm in 0.10 :gg EaGZnL 16.2 1165 0.1¢ <2?J 8 176801
M H,SO, (the quantum yield ®) is 0.55). Zinc(ll) supplement Iog K:(pp(Zn)L)d 10.6 73101 11.1 107t 0.1
capsules and tablets were purchased from FANCL Co. Ltd. (Japan) |og K(CdL) 14.3 19.1 17.5-0.1

and Orihiro Co. Ltd. (Takasaki, Japan), and their sample solutions

a . _ b
in water were prepared by dissolving zinc(ll) powder contained in For the definition ofa, K{(ML), and Kap{ML), see the text> From

ref 21 at 25°C with | = 0.1 (NaNQ). ¢ From ref 3a at 25C with | = 0.1

a capsule or a tablet in agueous solutions. (NaNQy). 9 Apparent complexation constants at pH 7.4 calculated from the
potentiometric pH titration result§.The deprotonation constanKp for
Results and DISCUSSIOH ZnLl(HZO) (2a) = ZnLl(HO‘) (2b) + H* (Ka = [2b]aH+/[2a]) was 7.77

+ 0.03 at 25°C with | = 0.1 (NaNQ) (see Scheme 1).
Synthesis of 2-(9-Anthrylmethylamino)ethylcyclen

(L3, 5). The new ligands was synthesized as summarized SChemre >
in Scheme 47*° was allowed to react with bromoacetonitrile C log K, = 10.57 (A ' log K =9.10 (’“ log Ky = 7.15
to obtain8. A nitrile group of8 was reduced with Hin the H . ,1 L ’
presence of Raney nick&kc and the resulting amino I:HFN:\ L EN e e E" - N
compound was treated with 9-chloromethylanthracene to HN—"u AN Ny NNy
obtain9. Deprotection 0B with aqueous HCl yieldedlas L HL? H,L?
a 4HCI salt. r " r

Protonation Constants of 1 and 5.The protonation e 108 Ka<2 ( (

log K,5<2
constantsK, of 5 were determined by potentiometric pH  Hy—y +H* HNEiN‘% +H* L’N:} OQQ
titration of 1 mM L3-5HCI (prepared from 1 mM $:4HCI- ENz_H:N]
2H,0 + 1 equiv of HCI) against 0.1 M NaOH with= 0.1 H
(NaNQy) at 25°C (Figure 1). The titration data were analyzed &’ HL HsL?
for the acid-base equilibrium in eq 1, wheray+ is the

activity of H™. The five protonation constanks; (i = 1—5)
were calculated by using the program BEZXT.

127
10— H_,L®+H"=HL* (K, =[HLYH,_,LYa,) (i =1-5)
1)
8 —
z Table 1 summarizes the ldg; values for 12 in comparison
6 with those for Lt and 2. The four protonation constants log
4 - Ka1, 109 Kaz, l0g Kag, and logKss for the cyclen nitrogens
(Scheme 5) were nearly the same as the corresponding ones
2 T T T T T 1 for the unsubstituted cyclen having lég; values of 11.0,
0 12 3 4 5 6 9.9, <2, and<22! The remaining log<s3 value of 7.15+
eq (OH) 0.02 for L® was assigned to the protonation of the amine in
Figure 1. pH ftitration curves of 1 mM E-5H* (a), 1 mM L3-5H" + 1 (21) (a) Shionoya, M.; Ikeda, T.; Kimura, E.; Shiro, M.Am. Chem. Soc.
mM ZnZ* (b), and 1 mM 3-5H" + 1 mM Cd®* (c) at 25°C with | = 0.1 1994 116, 3848-3859. (b) Koike, T.; Kajitani, S.; Nakamura, I.;
(NaNGs), whereeqOH") is the number of equivalents of base added. Kimura, E.; Shiro, M.J. Am. Chem. Sod.995 117, 1210-1219.
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o
[

was calculated. The lo#, values for L2 obtained by'H
NMR (7.0 £ 0.3) and fluorescence titrations (742 0.2)
agreed with the loKas value of 7.15 determined by the
potentiometric pH titrations. Likewise, fortithe logK, value
of 85 + 0.2 (Figure 3c) agreed with 8.46 (Table 1)
determined potentiometrically for the cyclen N bound to the
anthrylmethyl side arm. PET from the anthrylmethylamine
—r r T 11 at pH 7.4 thus significantly occurred to®,Lbut less so to
L122 The weaker emission of3Lthan ! at neutral pH
- 2 oh-desend Hemical pﬁﬁ . e T MR suggested thatimight be more responsive fluorometrically
e . L aeperders heniay shifs of AR n he t0 217" complexation than L |
Study of Zinc(ll) Complexation Properties of L* and
@ ) L3 by Potentiometric pH Titrations. The complexations
of zinc(ll) with L* and L3 were determined by potentiometric
pH titration of 1 mM L}-4HCI and L3-5HCI (from L3-4HCI
+ 1 equiv of HCI) in the presence of an equimolar amount
of ZnSQ, at 25°C with | = 0.10 (NaNQ) (Figure 1b for
L3-5H" + Zn?"). The 1:1 complexation constaritg(ZnL)
and the apparent 1:1 complexation constdfdgs(ZnL) at
pH 7.4, defined by eqs 24, were calculated and are
summarized in Table 1. Evidently, Zals much more stable

& (ppm)
W
(=]

[ I I B R B PR |

b
n

I
[
=)
N
)
©
S

- 1=1)

relative fluorescence intensity

300 340 380 420 380 420 460 520

wavelength (um) wavelength (am) than Znl! due to the additional coordination of the amine
© in the pendant.
2 4] /4>=0-29 Zn*t+L=2znL  KZnL)=[ZnL)/[Zn* L] (M 7Y
LEIIR @
§§ 5 pK, =85%0.2 _ - . )
25 Kapp(znl-) = [ZnL}[Zn ]free[L] free (M) (at a given pH)
ER St et ®=002 ®)
54 = PRy =17.2 £0.
‘g § O T T T T T T T 1 — — — 1 = |— 3
23 A A A (L] free Z[HHL]free(n 0—4forL, n=0-5forL° (4)
6 ol The pH-dependent speciation diagram (Figure 4a) for a
Figure 3. (a) UV spectra of B (50 uM) in aqueous solution at pH 4.0 ; 3 2+ ;
(10 mM acetate), 7.4 (10 mM HEPES), and 10.9 (10 mM CAPS) witn  11XtUre Of SuM L and 5uM Zn** (the same concentrations
0.1 (NaNQ) at 25°C. (b) Fluorescence emissions spectra ${3uM) at for the fluorescence experiments) at 25 with | = 0.1

25 °C with | = 0.1 (NaNQ) (excitation at 368 nm) at pH 4.0 (1 mM  (NaNGQy) indicated nearly quantitative-@8%) complexation

acetate), 7.4 (1 mM HEPES), and 10.9 (1 mM CAPS) with0.1 (NaNQ) of L3 with Zn?* over pH 623 Under the same conditions! L
at 25°C. (c) pH-dependent change of emission intensitiesd¥13_* (open o ! . . (’)
circle) and 5«M L2 (closed circle) at 25C with | = 0.1 (NaNQ). lo s the (91%) was found to complex with 2 (in the forms of 64%

emission intensity of Bat pH 7.4 for Figure 3b and 3c. ZnLY(OH,) (2a) and 27% Znk(OH") (2b)) at pH 7.4 (Figure
_ _ _ 4b)24 A similar Cd#* complexation constar(CdL) was
the pendant, in collaboration with the results*ef NMR determined (Figure 1c and Table 1).

and fluorescence spectral titrations of L For comparison, a speciation diagram for a mixture of 5
H NMR_, uv Apsorptlon, ang Fluoresgence Spectro- uM L2 and 5uM ZnSQ, is shown in Figure 4&.The
photometric pH Titration of L °. To confirm the logKss  quantitative ¢99%) formation of4 is evident at pH 7.4.
value of 7.15 for the protonation of the pendant amine, the However, compared with 3, the complexation of & with
pH-dependent chemical shift of the anthrylmethylene protons zn2+ required more difficult deprotonation of the pendant
of L® (2 mM) was studied in BO at 35°C. The ArGHzN sulfonamide (logK, = 10.8; see Table 1) for its apical

singlet shifted fromd = 5.36 tod = 4.79 as pD increased  coordination. Accordingly, Eworks as a zinc(ll) sequester-
from 4.0 to 10.0, giving a sigmoidal curve as shown in Figure jng agent at higher pH than3LThe Kq value at pH 7.4,
2, from which the logKss value for L® of 7.0 + 0.3 was however, is 2.5 times smaller for ZAl(Ky = 1011 M)
obtained.

While the UV absorption spectra of (50 uM) changed (22) We presume that the lower l¢gs value (7.15) of B may be due to

; ; ; a destabilization of the # form (Scheme 5) by the repulsive
|Itt|§ m_ the pH rang_e 4_‘610'9 (Flgure 3a)’ _the ﬂuorescen(_:e_ interaction between the protonated side chain and the diprotonated
emission spectra significantly changed (Figure 3b). In acidic cyclen ring.

pH 4-5, where the pendant amine (|dga — 7_15) is (23) The FAB (fast atom bombardment) mass spectrum (positive) of ZnL

. . in aqueous solution (pH 8.& 0.1) atm/z 468, 470, 472, and so on
protonated, E.had alarge ﬂuoresce_nce intensiy & 0.22). fits the theoretical distribution spectrum fopgBlaNsZn ((ZnL3~H)*)
As pH was raised, the pendant amine became less protonate((124) (Tsr?e éhe S?ppotrtmg lnfotrm“itlthn)-z LiH,0) (28) = ZnLYHO-)

H H H H H € deprotonation constantkpror £Zn 2 =2Zn ~
and as a re;ult the emission intensity decreased (Figure 3c). (2b) + H* (Ka = [2b]aw+/[22]) was determined to be 7.7 0.03 by
From this sigmoidal curve, the lo, value of 7.2+ 0.2 potentiometric pH titration at 23C with | = 0.1 (NaNQ).
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(a) 100 = (a)

s s 4 L3 Zn**
g Ky =20 pM G -
£ (log Ky =10.7) 5 3 "
k| ZnL? (6) atpH 7.4 = ]
£ g 2 . cd*
8 50 = " 2 = o000 oo d
S o Ee po®
s L SE Up=1
‘% % 2 / Cu2+
= ke
CHEN R 0
] '5 '6 ;7,4 J '9 1:) 0 05 10 15 20
(b)
(b) 100 = Py —_
= -z R .- ‘;‘ 4 Ll
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E Ay g s -
g ’ (2b) g
s HL! N g 5 4
3 s0 0 : 2
g ZnL! (H,0) 2
8 r (23)2 ° E V=14 ) [ZnZ:
£ &2 LTS
5 R ! RS 0— Ld Cu?t
0 T T T 1 0 05 10 15 20
4 5 6 178 9 10 ©
C
© z 61 L cd?
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S K, = 8pM z 5 REREERl
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3
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2 @ 28 u, 1
3 = =1 °
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Figure 4. Speciation diagrams for 8M L3 + 5 uM Zn?* (a), 5uM L*

+ 5uM Zn?* (b), and 5uM L2 + 5 uM Zn" (c) as a function of pH at 25

°C with | = 0.1 (NaNQ). For the structures dfaand2b in Figure 4a, see
Scheme 1. In Figure 4c, species of less than 10% relative concentration
were omitted for clarity.

Figure 6. Fluorescence titration curves of (), Lt (b), and 12 (c) at pH
7.4 (1 mM HEPES with = 0.1 (NaNQ)) and 25°C with Zr* (closed
squares), C& (open squares), and €u(open circles) ([L]= 5 uM)
(excitation at 368 nm and emission at 416 nm féralnd L3 and excitation
at 330 nm and emission at 528 nm fof)LeqM?2") is the number of
equivalents of metal added against the ligangvalues are the emission
intensities of each ligand (@M) at 416 nm (for 12 and L) or 528 nm (for
L?) in the absence of metal ions at pH 7.4.

increase in the case ofllis accounted for by the Znh
coordination of the anthrylmethylamine, whereby its PET is
retarded. On the contrary, the emission dflid not increase,
but rather decreased a littl®(= 0.27— 0.19). In this case,
the retardation of PET from the anthrylmethylamine would
not change much by protonation or by?Zmrcoordination. A
significant improvement of the 2h signaling thus has been
achieved by the insertion of an aminoethyl adjacent to the
anthrylmethyl pendart®

The fluorescent responses of o Zr?t, C#t, and Cé@*"
under the same conditions are compared in Figure 6c¢
(excitation at 330 nm and emission at 528 rinijhe
detection limit of 13 (5 uM) at pH 7.4 is [Z#1] = 0.1uM,?8
which is almost the same as the reported limit féral the
same pH. Despite the similé(ZnL) andKy(CdL) values,
L3 signaled ZA" more strongly than Cd (Figure 6a,b),
whereas B unselectively responded to Znand Cd* (Figure

relative fluorescence intensity

420

wavelength (nm)

460 500 540

Figure 5. Spectral change in the fluorescence emission @fBL 3 upon
addition of Zr#t (0—2 equiv) at pH 7.4 (1 mM HEPES with = 0.1
(NaNGs)) and 25°C (excitation at 368 nm).

than that for ZnE (Kq = 1071%7 M), since the deprotonated
dansylamide anion apically binds to Znmore strongly in
4 than the neutral amine if.

Fluorometric Titrations of L 3, L%, and L? with Zn?2*,
The interaction of E (5 uM) with Zn?* (0—2 equiv) was
examined by fluorometric signaling at pH 7.4 (1 mM HEPES
with | = 0.1 (NaNQ)) and 25°C to see how the Zn
coo_rdmaﬂon would affec_:t the PET fr(_)m the anthylmethyl-  (55) From the fluorometric titration curves in Figure 6a,b, both apparent
amine. From the potentiometric titration results for e complexation zonstgm;s Id€pdZnL) for L3 and Lt in pH 7.4 buffer

- were estimated to be 7.

knew that almost 50% protonated amine pendant_ at pH 7'4(26) To demonstrate a practical application 8f we analyzed the content
would become almost 100% Zrbound. As anticipated, of Zn2* in capsules and tablets of commercially available zinc(ll)
Figure 5 displays the increasing emission &f until an supplements (purchased from FANCL Co. Ltd. and Orihiro Co. Ltd.)

. " . . that contain various kinds of potentially disturbing ingredients. From
equivalent [ZA*]. The fluorescence titration curves of L an increase of emission ofI(5 M) after addition of an aliquot of
L%, and 2 with ZnSQ, at common pH 7.4 are compared in an aqueous solution of 2h supplements, the 2h contents were
Figure 6. The emission ofilincreased about 3.1 times with
an increasing [Z#f] (® = 0.14 — 0.44). The emission

determined to be 7.% 0.2 mg/capsule and 2:8 0.3 mg/tablet, values
agreeing with the indicated values (7.5 mg/capsule and 2 mg/tablet,
respectively).
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(a)

ZnL?
EE B R EEN

relative fluorescence intensity
at 416 nm (ex at 368 nm)

(b)

relative fluorescence intensity
at 416 nm (ex at 368 nm)

pH
Figure 7. pH-dependent change of the fluorescence emission (fibsed
circles) and ZnE (closed squares) (a) and (open circles) and Zni(open
squares) (b) at 7.4 (1 mM HEPES with= 0.1 (NaNQ)) and 25°C ([L]
= [ZnL (prepared in situ)l= 5 uM). g is the emission intensity at 416 nm
of L3 (5 uM) in the absence of Z at pH 7.4.

6c). Addition of C@* caused the fluorescent quenching for
all L*—L3,

Figure 7 compares the pH-dependent fluorescent changes

of the free ligands £and L and the complexes Ziland
ZnL! (5 uM, prepared in situ). The emission of ZhL

increased as pH was raised from pH 4 and reached a

maximum plateau at pH-712, while L2 emission reached a
minimum plateau at pH-912. Accordingly, the maximum
Zn?* sensitivity (20 nM) with I was obtained at pH 9.
By comparison, the maximum Zh selectivity of L' was
found at pH> 11.

Selective Metal Signaling of —L3. The fluorescence
responses of Land ¥ (5 uM) to Zn?*, Cc#*, C/#', and
other metal ions (M) at pH 7.4 (1 mM HEPES with =
0.10 (NaNQ)) and 25°C are summarized in Figure 8. The
Zn?* selectivity is evident with Eat pH 7.4, while the Z#f
selectivity with L' occurred only at higher pH. The dansyl-
amide-pendant cyclen?Lsignaled ZA* and Cd" almost
equally at pH 7.4. The presence of an excess amount (up
to 10-100 mM) of Mg*, C&", and K" had a negligible
effect on the emission of BM ZnL2 or CdL3. Counterions
such as N@, ClO,~, SO, F, CI, Br, I, and HPG?~,%"
thymidyl anion?'222and barbiturate anidh(up to 5 mM)
did not affect the emission intensity of Z#limplying that
these anionic ligands did not displace thé Znapical amine
coordination. On the other hand, the 4-coordinaté*Zn

cyclen complexes interact with these anions, especially

barbituraté” and thymidyl anion® with a log Kapp0f 3—4.2

(27) (a) Koike, T.; Takamura, M.; Kimura, E. Am. Chem. Sod 994
116 8443-8449. (b) Fujioka, H.; Koike, T.; Yamada, N.; Kimura, E.
Heterocycles996 42, 775-787. (c) Kimura, E.; Koike, TJ. Chem.
Soc., Chem. Commuh998 1495-1500. (d) Kimura, EAcc. Chem.
Res 2001, 34, 171-179.

3 atpH 4.0
mm at pH 74
£33 atpH 120

3 atpH 4.0
mm at pH74
3 atpH 12.0

I/l

Figure 8. Relative fluorescence intensity at 416 nm df(a) and L3 (b)
responding to 1 equiv of metal ions at various pH values with 0.1
(NaNGs) at 25°C (excitation at 368 nm)l, is the emission intensity at
416 nm of L and L3 (5 uM) in the absence of metal ions at pH 7.4.

at pH 8 in aqueous solutici L2 is interesting in comparison
with a recently reported structurally similar anion sensor,
10, in which the pendant arylamine bound to?Cdbn was
displaced by inorganic anions at pH 7%.

Kinetics of Zn?" Complexation of L? and L3 The
kinetics of Zri* complexation of E were compared those
of L? in pH 7.4 agueous solution with= 0.1 (NaNQ) at
25°C. The initial reaction rates were followed by measuring
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the increase in the emission of reacting solutions ofhd

L3 (2 or 5uM) immediately after addition of At (5, 20,
and 100uM). The second-order rate consténtor the 1:1
Zn?*—L3 complexation was determined to be 46.0° M1

s™%, while k; values for Znlt and Znl? were 5.6x 10 and
1.4 x 1 M~ s, respectively; i.e., the ZriLformation
was 8 and 3.3 times faster than Znénd Znl? formation
(see the Supporting Information). Thus, the insertion of an
ethylamine pendantinot only thermodynamically but also
kinetically improved the Z# complexation.

Conclusion. We have designed a new ligand, lfor an
effective zinc(ll) fluorophore and the equilibria and kinetics
of Zn** complexation. The Zii-responsive fluorescent
emissions disturbed by protonation were studied in com-
parison with those of homologous! land our previous
zinc(ll) fluorophore 2. Several advantages of bver L or
L2 as a zinc(ll) fluorophore were found: (1) The stable 1:1

(28) (a) Shionoya, M.; Kimura, E.; Shiro, M. Am. Chem. Soc993
115 6730-6737. (b) Kimura, E.; lkeda, T.; Aoki, S.; Shionoya, M.
J. Biol. Inorg. Chem.1998 3, 259-267. (c) Aoki, S.; Honda, Y.;
Kimura, E.J. Am. Chem. Sod.998 120, 10018-10026. (d) Aoki,
S.; Sugimura, C.; Kimura, El. Am. Chem. S0d.998 120, 10094~
10102. (e) Koike, T.; Gotoh, T.; Aoki, S.; Kimura, E.; Shiro, Morg.
Chim. Acta 1998 270, 424-432. (f) Kimura, E.; Kikuchi, M.;
Kitamura, H.; Koike, T.Chem—Eur. J. 1999 5, 3113-123. (g)
Kikuta, E.; Murata, M.; Katsube, N.; Koike, T.; Kimura, . Am.
Chem. Soc1999 121, 5426-5436. (h) Aoki, S.; Kimura, EJ. Am.
Chem. Soc200Q 122, 4542-4548. (i) Kimura, E.; Kitamura, H.;
Ohtani, K.; Koike, T.J. Am. Chem. So@00Q 122, 4668-4677. (j)
Kimura, E.; Kikuta, E.J. Biol. Inorg. Chem200Q 5, 139-155. (k)
Kikuta, E.; Matsubara, R.; Katsube, N.; Koike, T.; KimuraJEInorg.
Biochem 200Q 82, 239-249. (I) Kikuta, E.; Aoki, S.; Kimura, EJ.
Am. Chem. Soc2001, 123 7911-7912. (m) Kikuta, E.; Aoki, S.;
Kimura, E.J. Biol. Inorg. Chem2002 7, 473-482. (n) Kimura, E.;
Katsube, N.; Koike, T.; Shiro, M.; Aoki, SSupramol. Chem2002
14, 95-102.

By addition of thymidine (dT) to 2&M ZnL* at pH 7.4 (10 mM
HEPES withl = 0.1 (NaNQ)) and 25°C, emission of ZnLincreased
and its titration curve gave a 1:1 complexation constant log
KapdZNLYdT™) (KapdZnLdT™) = [ZnL1—dT)/[ZnLYseddT]tree
(M~1)) of 4.4+ 0.2. Addition of HPQ3~ to 20uM L* caused colorless
precipitations.

(29)
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complex of L2 with Zn?* was formed at lower pHX6) than
ZnL! and Znl?, allowing wider pH applications of . (2)
Upon complexation with Z41, the fluorescent emission of
L3 linearly increased like that of3_while the emission of
L! decreased at physiological pH. The detection limit &f L
(5uM) is [Zn?"] = 0.1uM at pH 7.4, which is almost equal
to the sensitivity of B, and [Zr#f] = 20 nM at pH 9.0. (3)
Zn?* ion was better sensed by than by ! at neutral pH.
(4) L?responded to 1 and Cd" undiscriminately at neutral
pH, while L2 was more selective to Zhover Cd". (5) The
Zn?* uptake emission response by Wwas 8 and 3.3 times
faster than those by by'land L2, respectively, in pH 7.4
aqueous solution. Thus,3lis thermodynamically, fluoro-
metrically, and kinetically promising as a new zinc(ll)
fluorophore. Moreover, the present knowledge will be helpful
in designing more useful macrocyclic zinc(ll) fluorophores.
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