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Abstract: A new fluorescent probe for
Zn**, namely, 8-hydroxy-5-N,N-dime-
thylaminosulfonylquinolin-2-ylmethyl-

pendant cyclen (L), was designed and
synthesized (cyclen=1,4,7,10-tetraaza-
cyclododecane). By potentiometric pH,
'"H NMR, and UV spectroscopic titra-
tions, the deprotonation constants
pK,—pK,s of L#4HCI were determined
to be <2, <2, <2 (for amino groups of
the cyclen and quinoline moieties),
7.19+0.05 (for 8-OH of the quinoline
moiety), 10.10£0.05, and 11.49+0.05,
respectively, at 25°C with I=0.1
(NaNO;). The results of 'H NMR, po-
tentiometric pH, and UV titrations, as
well as single-crystal X-ray diffraction

Introduction

Zinc(II) is the second most abundant transition metal after
iron and an essential element in natural biological systems.!!
Most Zn** is found as a catalytic or cocatalytic factor in the
active sites of more than 300 enzymes including carbonic an-

analysis, showed that L® and Zn** form
a 1:1 complex [Zn(H_,L®)], in which
the 8-OH group of the quinoline ring
of L® is deprotonated and coordinates
to Zn**, in aqueous solution at neutral
pH. On addition of one equivalent of
Zn?** and Cd*T, the fluorescence emis-
sion of L* (5 um) at 512 nm in aqueous
solution at pH 7.4 [10 mm HEPES with
I=0.1 (NaNOs;)] and 25°C increased
by factors of 17 and 43, respectively.
We found that the cyclen moiety has
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the unique property of quenching the
fluorescence emission of the quinolinol
moiety when not complexed with metal
cations, but enhancing emission when
complexed with Zn** or Cd**. In addi-
tion, the Zn?*-L® complex [Zn(H_,L?)]
is much more thermodynamically and
kinetically stable (K {Zn(H_,L*)}=
[Z0°* e L'l [Z0(H_L9] =8 fu  at
pH 7.4) than the Zn** complexes of
our previous Zn’" fluorophores ([Zn-
(H_,LY] and [Zn(L%)]). Furthermore,
formation of [Zn(H_,L%)] is much
faster than those of [Zn(H_,L?)] and
[Zn(L*)]. The staining of early-stage
apoptotic cells with L* is also descri-
bed.

hydrase, carboxypeptidase, class II aldolase, alkaline phos-
phatase, and collagenase,m and as a structural factor in

many enzymes or proteins, such as zinc finger peptides.®l
Zn?>* apparently plays important physiological roles in living
systems as a neural signal transmitter™ and an allosteric reg-
ulator of G protein-coupled receptors (GPCR) such as f3,
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adrenergic receptors or dopamine D, receptors.”) In addi-
tion, Zn** is reported to be a key intracellular regulator of
apoptosis, that is, programmed cell death occurring during
embryogenesis, lymphocyte selection in the thymus, immu-
nological responses, and many other physiological and
pathological situations. It is now assumed that an intracel-
lular pool contains Zn** (free or loosely bound) in the mi-
cromolar to picomolar range.”’

To elucidate the biological roles of Zn**, which is spectro-
scopically silent due to its d'° electron configuration, the
demand for determining the concentration of Zn>* in
sample solutions and in living cells is growing rapidly.®! Up
to now, Zn**-selective fluorescent sensors including 6-me-
thoxy-8-p-toluenesulfonamidoquinoline (TSQ), 6-methoxy-
8-p-toluenesulfonamidoquinoline (2-Me-TSQ), and Zinquin
have been developed, the fluorescence of which is enhanced
considerably on complexation with Zn*>*.”!% Zinquin is an
effective apoptosis sensor by detecting free Zn>** in apoptot-
ic cells at early stages.'”l Since the discovery of TSQ and
Zinquin, the design and synthesis of many Zn?* fluoro-
phores have been reported, and some of them have been
used for the detection of Zn** in cultured cells.''¥

Macrocyclic polyamines such as 1,4,7,10-tetraazacyclodo-
decane (cyclen) form very stable Zn** complexes such as
[Zn**(cyclen)] (1, [Zn(LY)]) in aqueous solution at neutral
pH (Scheme 1).>1°) Therefore, cyclen is a promising and

NMe, NMe,
* %
R o -
X 028, 0.8

Hy S HN +zn® \N">
N N — H* '
EN ” [HN N] -3 CHN N]
2H" T m o
HNH N N atneutralpH PN NG
1a: X =H,0 ([Zn(L"(H,0)])
2:2H" 3
(HL? (Zn(H.,L%))
Weak fluorescence Strong fluorescence

u pK,=7.9
1b : X =HO™ ([Zn(L')(HO)])

Scheme 1.

suitable chelator for Zn** fluorophores. We previously re-
ported that dansylamide-pendant cyclen 2 (L?) quantitative-
ly responds to Zn?* at submicromolar concentrations in
aqueous solution as a result of dansylamide deprotonation
in 1:1 complex 3 ([Zn(H_,L?)]; Scheme 1), the dissociation
constant of which K4{3}, was about 8 pm at pH 7.4.1"-'8) We
also reported that 2 is a more stable indicator of apoptosis
than Zinquin®!"! and acts alone to detect early-stage apop-
totic cells.'”)

To improve Zn’* selectivity and sensitivity, (anthrylme-
thylamino)ethyl cyclen 4 (L?) was synthesized (Scheme 2).2
The emission enhancement in the 1:1 Zn*"—L* complex 5
([Zn(L?)]) is due to the retardation of photoinduced elec-
tron transfer (PET) by chelation of a nitrogen atom of the
side chain to Zn**. Interestingly, 5 is more stable than 3 at a
slightly acidic pH (see below), possibly because of the lower
pK, value (7.2) of the ammonium proton of the side chain
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(for 4a=4b+H™) than the pK, (10.8) of the sulfonamide
proton of 2 (Scheme 1).17:2]

Recently, we reported a new Zn*" fluorophore based on
the chelation-controlled twisted intramolecular charge trans-
fer (TICT) utilizing the simple ligand 2-pyridylcyclen (6, L,
Scheme 3).?Y In the absence of Zn**, the emission maxi-

Anion sensing due to
a conformational change
to a planer conformer

TICT emission at longer
wavelengths from
a perpendicular conformer

(_N,\§) ? + anion (X) (‘\Ab/\lp

&/NJ in aqueous

solution

6 7 8
(8] (L)) (IZn(L*)(x")] complex)

Scheme 3.

mum of 6 was observed at 356 nm at neutral pH. On com-
plexation with Zn**, the pyridyl nitrogen atom of L* che-
lates to Zn** in 1:1 complex 7 ([Zn(L*)]) to fix a perpendic-
ular conformation of the pyridine ring with respect to the di-
alkylamino group in the 2-position, and the emission shifts
to 430 nm from the TICT state. Furthermore, it was found
that anion (X") coordination to Zn>* of 7 yields [Zn(L*)X]
complex 8, the emission of which shifts to about 350 nm and
allows anion sensing.

8-Hydroxyquinoline (9a, 8-HQ, also called oxine) and its
derivatives such as 9b (L®) and 9¢ (L7) are classified in the
second most important category of chelating agents after
EDTA and are used as fluorescence sensors of various
metal cations.®??) While 8-HQ generally does not exhibit
good selectivity for specific metal ions, a hexapeptide 10
containing a Val-Pro-p-Ser-Phe-Cys-Ser sequence (for re-
verse-turn formation) with an artificial amino acid having an
8-HQ unit (2-Oxn), designed by Imperiali et al., was shown
to exhibit Zn** selectivity.® Later, they examined the fluo-
rescence response of 8-HQ derivatives 9a—c to Zn>*.?¥

OH AcHN Val-Pro-DSer
e]

9a(Ll° R'= R*= H)
9b (L% R' = R? = SO,N(C,H,),)
9¢ (L', R' = SO,NMe,, R = H) 10

Phe-Cys—Ser-NH,
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At 500 nm, the fluorescence emissions of 9a and 9¢ ([9a
or 9¢] =5 um) increase by a factor of 8-15 on addition of ten
equivalents of Zn®* in 10:90 CH,CN/10 mm HEPES [pH 7.4
with /=0.1 (NaNO,)] at 25°C (see below). We have thus de-
signed and synthesized new cyclen-based Zn** fluorophore
11 (L% having an 8-hydroxy-5-N,N-dimethylaminosulfonyl-

SO,NMe, SO;NMe,

N R

Ho ! NG of N
E —(n+1)H' N/-\N

—_—
H H at neutral pH N
11-nH" 12
(H,L%) (Zn(H.L%)

Weak fluorescence ?

Scheme 4.

quinoline unit on the side
chain (Scheme 4). We postulat-
ed that 11 would form a 1:1
complex [Zn(H_,L%] (12), in
which deprotonation of the hy-
droxyl group of 8-HQ and che-
lation to Zn** at neutral pH
allow more sensitive detection

Strong fluorescence ?

pK,, = 5.70 for L®
R? pK, =357for 7 R®

> -H"
iTl' Me

HO H

HL® (R® = H)
HL” (R® = SO,NMe,)

Scheme 5.

of Zn** than 2 and 4. Herein
we describe potent Zn**
plexation by 11 and quantitative Zn**
solution.

In addition, we synthesized reference compound 13 (L°)
having a di-2-picolylamine (DPA) moiety in order to com-
pare its fluorescence properties with those of 11. The DPA
unit has been widely used for potent Zn?* chelators such as
N,N,N',N'-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN,
14),71 Zn?* fluorophores including the Zinpyr series'! [e.g.,
Zinpyr-1 (15)],1"**! the ZnAF series!'” [e.g., ZnAF-R2
(16)],2¢1 and 17.03%)

com-
sensing in aqueous

SO,NMe, N N

{‘J SASE T

TPEN 15
Lg Zinpyr-1
“o,C R SO,NMe,
O
= Me,NO,S N
0. N=

N
N
MeO H’>
N 1N N7
= = 17

ZnAF-R2
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Results and Discussion

Deprotonation and fluorescence behavior of 8-hydroxy-2-
methylquinoline derivatives: Prior to the synthesis of the
new ligands, we conducted potentiometric pH titrations of
8-hydroxy-2-methylquinoline (9a) and 8-hydroxy-2-methyl-
5-N,N-dimethylaminosulfonylquinoline (9¢)?! with 7=0.1
(NaNOs;) at 25°C and calculated their pK, values, defined
by Equation (1), by using the program BEST.”! As summar-
ized in Scheme 5, pK, values for L7 of 3.57 (pK,,) and 7.79
(pK,,) were lower than those for L° of 5.70 (pK,;) and 10.7
(pK,,), due to the electron-withdrawing effects of the N,N-
dimethylaminosulfonyl group at the 5-position. The results
of UV titrations of 9a and 9¢ ([9a or 9¢] =50 pm) with Zn**
in 99:1 EtOH/10 mm HEPES [pH 7.4 with I=0.1 (NaNO;)]
at 25°C (Supporting Information) strongly suggest 2:1 com-
plexation of 9a or 9¢ with Zn**. Fluorescence titration of

pK,, =10.7 for L®
pK,=7.79forl’ R® o
= —H* = Zn*  1:2 complex
P —— e === with zn®
N "Me N "Me ([Zn(H_,L).))
HO o
L? (R =H) HoLS (R*=H)
L (R®=SO,NMe,) H,L" (R®=SO,NMey,)

9a and 9¢ (5 um) with Zn** in 10/90 CH;CN/10 mm HEPES
[pH 7.4 with I=0.1 (NaNO3)] at 25°C showed that the emis-
sions of 9a and 9c¢ increase by a factor of 815 on addition
of ten equivalents of Zn>* (excitation at 334-335nm), as
shown in the Supporting Information (the quantum yield @
of 9¢ increased from 4.0x 107 to 1.6 x 107 "). These data indi-
cated that Zn** complexes of 9a or 9¢ are not so stable.

L-H " =L+H" K,=|L]ay /[L-H"] (1)
Synthesis of 11 (L*) and 13 (L°): The new ligand (8-hydroxy-
5-N,N-dimethylaminosulfonylquinoline-pendant cyclen 11
(L% was synthesized as shown in Scheme 6. Reaction of 2-
bromomethyl-8-benzensulfonyloxy-5-N,N-dimethylaminosul-
fonylquinoline (19) with (Boc)scyclen 18P gave 20, the
PhSO, group of which was deprotected with aqueous NH;
to afford 21. The Boc groups of 21 were removed with aque-

SO NMe2 SO,NMe, SO,NMe,
Br RO N‘ HO Nt
OESPh H
Boc, “\H BocN aq HCI CH TN
Boc N\_/N Boc Nazcoa Boc \_,NBoc MeOH H
MeCN 89%
18 92% 20 (R* = = 0,SPh) 11-4HCI
ag. NH, ( (HL)
97% >21 (R*=H) ¢
Scheme 6.
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Table 1. Deprotonation constants K,; and complexation constants of cyclen (L), 2 (L?), 4 (L?), and 11 (L%

di-2-picolylamine and succes- Cyclen (L) 2 (L) 4 (L)Y 11 (L)
sive removal of PhSO, and pkK, <2 <2 <2 <2
Boc groups gave reference  PKe <2 2.2 <2 <2
compound 13 (L’), which was p?; 1?(9) 22 gf 7<]§i 0.05
isolated as 13-4 HCL?) P ' ' ' 2 0202M
PK.s 10.8 10.6 10.10+0.05
Deprotonation constants of 11  pKy 1138 11.49+0.05
(L*) determined by potentio- 102K.(Zn(L)) ’ 162 20.8 176 24+0.1
. 1 . log K,,p([Zn(L)])" at pH 7.4 10.6 11.1 10.7 14.1
metric pH and "H NMR ftitra- 10g K pp([Z0(L)]) at pH 5.0 55 40 6.0 10.8+0.1

tions: Typical potentiometric
pH titration curves (Figure 1)
of a mixture of 1mm
L%4HCI4+1mm HNO; with
1=0.1 (NaNO;) by addition of
0.1m NaOH at 25°C were ana-

[a] For the definition of K([Zn(L)]), K,,([Zn(L)]), and pK,([Zn(L)]), see text. [b] From reference [28].
[c] From reference [17a]. [d] From reference [20]. [e] The pK,, value was determined based on pH-UYV absorp-
tion profiles (see Figure 3a and c). [f] Apparent complexation constants at pH 7.4 with /=0.1 (NaNOs)).
[g] Apparent complexation constants at pH 5.0 with /=0.1 (NaNOs)).

lyzed for acid-base equilibri- 78 SsojNMez SO:NMe, SO:NMe, SONMe,

um [Eq. (2)]. The deprotona- 8 3 B b 8

tion constants pK,; (i=1-6) of HO%-% pK <2 HOH’N pK32<2 "o N PK <2 HO

L%4HCl were determined to E e ] E - ] E 2H+ 2H+

be <2 (pK,), <2 (pKy), <2 HN—— Ny N H

(PKp), 7194005  (pK.4), HsLB H,,L8 H,L® H,L®

10.10£0.05 (pK,s), and 11.49+ SONMe, SO,NMe, SONMe,

0.05 (pK,) by using the pro-

gram BEST (Table 1).””! The oK =719 OQ@ 1010 OQ% oko= 1140 O NX

pKalv pKaZ’ pKaSa and pKa6 -H* HN’_‘N —H* N~ N

values were assigned to depro- —— [ o EN H* —_— EN Nj

tonation constants of three HN—NH HN—"h HE—H

secondary amines in a cyclen HA(HAL) (= HLY) HHALY) (= L) HL®

ring by comparison with the  Scheme7.

pK, values for cyclen (L'),*! 2

(L»,1 and 4 (L% (Table 1). pD range of 5.5-8.5 in D,O (Supporting Information) im-
plies that the pK, value for the 8-OH group of 11 is 7.2+

H, )L* =H; ,L* +H* 0.2. This value agrees well with the pK, value (7.0) obtained

Ky = [HsL¥ay. /[He LY (i=1-6) (2) from its pH-UV profile (see below).

Considerable change of the '"H NMR signal for H7 of the
quinoline ring of 11 (for numbering, see Scheme 7) in the

equiv (HO?) ———

Figure 1. Typical potentiometric pH titration curves for a mixture of
1mv HIL®+1mm HNO; (a) and a mixture of 1mm H,L*+1mm
HNO;+1 mm Zn?* (b) with /=0.1 (NaNO;) at 25°C. Equiv(HO") is the
number of equivalents of base (NaOH) added.
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The structure of the H,(H_;L%) (=HL®) form was con-
firmed by single-crystal X-ray diffraction analysis of a fine
colorless prism of 11 obtained from an aqueous solution at
pH 10. Figure 2 shows the hydrogen-bonding network in-
cluding the deprotonated 8-OH group, an ammonium
proton of the cyclen ring, four water molecules, and one CI~
ion. Based on these results, the deprotonation behavior of
L?® is summarized in Scheme 7 and Table 1.

Because the solubility of reference ligand 13-4 HCI (H,L°)
in aqueous solution was low, the pK, value of 8-OH of 13 at
25°C was determined by the pH-dependent '"H NMR spec-
tral change (at [13]=1mwm in 20/80 CD5;CN/D,0O, data not
shown) and pH-UV profile (at [13]=0.1 mmM, see Figure 4)
to be 7.2+0.2 and 7.4+0.2, respectively.

The pH-dependent change of UV and fluorescence spectra
of 11 (L% and 13 (L°): The UV spectra of 11 (L®) in the pH
range of 5-11 are shown in Figure 3a ([11]=50 um). From
the sigmoidal curve of &,55 in Figure 3c, the pK, value for 8-
OH in the ground state of 11 was determined to be 7.04+0.2,
which agrees well with the pK, values obtained from the po-

9069
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Hydrogen-b?(nding SO,NMe,

networ

L

)
Cf}\@ 0w

Figure 2. ORTEP drawing (50% probability ellipsoids) of 11 in the H,-
(H_,L% form. Selected bond lengths [A]: S(1)-O(2) 1.4395(15), S(1)—
O(3) 1.4328(14), S(1)—N(6) 1.6339(18), C(16)—O(1) 1.302(2); selected di-
hedral angles [°]: N(1)-C(1)-C(2)-N(2) 52.7, N(2)-C(3)-C(4)-N(3) 55.0,
N(3)-C(5)-C(6)-N(4) 64.9, N(4)-C(7)-C(8)-N(1) 58.6, C(14)-C(13)-S(1)-
N(6) 86.0.

tentiometric pH (7.19) and 'H NMR titrations (7.0) descri-
bed above.

Figure 3b shows fluorescence emission spectra of 5 um 11
(L®) in the pH range of 5-12 [10 mm Good’s buffer with /=
0.1 (NaNO;)] at 25°C (excitation at 338 nm, which is an iso-
sbestic point obtained from UV titrations; Figure 3a). As
the pH is raised, emission at 478 nm increases with a sigmoi-
dal curve giving a pK, value of 10.0+0.2 (Figure 3c), which
is different from the pK, value of 7.0-7.2 in the ground state
described above. The quantum yields @ of L*® at pH 7.4 and
12 are 2.0x 107 and 1.7x 107", respectively. This discrepancy
in pK, values is discussed below.

The pH-dependent changes in UV absorption and fluores-
cence emission spectra of 13 (L°) in the pH range of 4-11
are summarized in Figure 4 ([13]=50 um for UV spectra
and 5 um for emission spectra). From the sigmoidal curve of
&1 (open circles), the pK, value for 8-OH was determined
to be 7.4£0.2, which is in fair agreement with the pK, value
of 7.2+0.2 obtained from 'H NMR titrations (data not
shown). The change in emission intensity of 13 at 496 nm
(excitation at 338 nm) plotted in Figure 4 (filled circles) at
pH 4-10 [10 mM Good’s buffer with /=0.1 (NaNO,;)] and
25°C was somewhat complex, and this hampered the estima-
tion of the pK, value of 13 in the excited state.” For com-
parison, emission intensities of 5Sum 9¢ (L) at 478 nm
(filled squares in Figure 4) were very low at pH 4-11 (@ at
pH 7.4 was 1.0x107%).
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Figure 3. a) Change in UV spectra of 50 um 11 (L) in the range pH 4.0—
12.0 (Good’s buffer) with /=(NaNO,) at 25°C. b) Change in emission
spectra of Sum 11 (L% in the range pH 8.0-12.0 with /=(NaNO;) at
25°C (excitation at 338 nm). ¢) Comparison of pH-dependent change in
€53 (open circles) and emission intensity at 478 nm (filled circles) of 5 pm
11 (L*) with I=0.1 (NaNOs) at 25°C.

4 PK,=74+02for13
from UV titrations

3 \ o

©)

o_e
5 0 ® ®e o o

o O e L 100

o L 200 T

emission intensity
(a.u.) at 496 nm

[ ) emission of 9¢ L 50

4 5 6 7 8 9 10 11 12
pH —>

Figure 4. Comparison of pH-dependent change in &, (open circles) and
emission intensity at 496 nm (filled circles) of 13 (L°) with 7=0.1
(NaNQ;) at 25°C (excitation at 338 nm; [13] =50 um for UV spectra and
5 um for emission spectra). Filled squares indicate emission intensity of
5 um 9¢ (L7) at 496 nm (excitation at 338 nm).
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Discrepancy of the pK, values for the 8-OH group of 12
(L% determined by pH-UV and pH-emission profiles: It
was unexpected that the pK, value of 10.0 for 8-OH-quino-
line of 11 (L®) in the excited state as determined by pH-
emission profile (Figure 3c) would be different from the
pK,; value for the 8-OH group in the ground state of 7.2 de-
termined by potentiometric pH titrations and pH-dependent
UV spectra.

With regard to this kind of discrepancy of the pK, values
between ground and excited states, we previously reported a
selective fluorescent probe for La’* and Y’*, namely, 22
(L', which has a dansyl group and three carbamoyl groups
as side chains (Scheme 8).*"! The pK, value of the dansyl-

NMe, NMe, «
pK,=10.6 pK, = 8.8 -
H,N e} _N hv H,N o N
L H _> - THELL

o >N N5 o
HZNJ\EN_NUNHZ HZNJ\/ .
excited state
22+ _

ground state
22 (L") —
a fluorophore for Y** and La®*

Scheme 8.

amide proton of metal-free 22 in the ground state (deter-
mined by potentiometric pH and UV titrations) was 10.6,
which differed from the pK, value of 8.8 for the same
proton in the excited state (obtained by pH-emission pro-
file). We concluded that the dansylamide-deprotonated form
of 22 is stabilized by hydrogen bonds between the dansyl-
amide proton and the carbamoyl groups (hydrogen-bond ac-
ceptors) in the excited state 22*, which result in increased
fluorescence emission above pH 8-9.

The structure of Hy(H_,L%) (=HL?®) was confirmed by
single-crystal X-ray diffraction analysis (Figure2 and
Scheme 9). By analogy with the photochemical properties of
22 (L), we postulated that the neutral forms of the 8-OH-
quinoline moiety in Hy(H_,L%) in the excited state (23a and/
or its tautomer 23bP!Y in Scheme 9) are stabilized by a hy-
drogen-bonding network formed by the 8-OH group and
two ammonium cations of cyclen, which results in repression
of the fluorescent emission of 11 below pH 8. We assume
that further deprotonation of the cyclen ring in Hy(H_,L?),
which gives H(H_,L?®) (=L?), weakens the hydrogen-bonded
network and enhances emission from the excited state of L®
(24 in Scheme 9).

UV and fluorescence titrations of 11 (L?) and 13 (L°) with
Zn**: Figure 5a shows the results of UV absorption titra-
tions of 0.1 mm 11 (L®) with Zn** at pH 7.0 [10 mm HEPES
with 7=0.1 (NaNOs)] and 25°C with isosbestic points at 268
and 338 nm. The inset shows the linear increase in é&,s5
(e253=2.5x107* for metal-free 11) with increasing concentra-
tions of Zn**.
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Figure 5. a) Change in UV absorption spectra of 0.1 mm 11 (L*) on addi-
tion of Zn’* at pH 7.4 [10 mM HEPES with /=0.1 (NaNO,)] and 25°C.
The inset shows the titration curve (increasing &,s5) of 11 with Zn** at
pH 7.4 [10 mm HEPES with /=0.1 (NaNO;)] and 25°C. b) Change in
emission spectra of 5 um 11 (L) on addition of Zn** at pH 7.0 [10 mm
HEPES with /=0.1 (NaNO;)] and 25°C (excitation at 338 nm). The inset
shows the increase in the relative emission intensity (I/1,) of 11 at 512 nm
on addition of Zn** at pH 7.4 [10 mm HEPES with /=0.1 (NaNO;)] and
25°C, in which I,=emission intensity of L’ at 512 nm in the absence of
Zn**.
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The emission of metal-free 11 (5 um) was very weak at
pH 7.4 (excitation at 338 nm) as described above (Fig-
ure 3b), and it quantitatively increased on addition of Zn>*
and reached a plateau at [11]=[Zn?**]=5 um (Figure 5b),
which is a strong indication for 1:1 complexation of 11 with
Zn’>*. As shown in the inset, the emission of 11 at 512 nm
increased by about 17 times with increasing [Zn**] (& of 11
increased from 2.0x 107 to 4.4x107%). The 1:1 complexation
of 11 with Zn** was also confirmed by 'H NMR titrations
(Supporting Information).

The results of UV titrations of the reference compound
13 (L°) (0.1 mm) with Zn®* at 7.4 [10 mm HEPES with =
0.1 (NaNO,)] were similar to those of 11 (L*), as shown in
Figure 6A. The increase in absorption at 261 nm and the
inset of Figure 6a imply quantitative formation of the 1:1
complex [Zn(H_,L%)] with deprotonation of the 8-OH group
of the quinoline moiety. In contrast, addition of Zn** to 13
(5 um) induced a linear decrease in its fluorescence emission
at 496 nm (excitation at 338 nm), as shown in Figure 6b and
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Figure 6. a) Change in UV absorption spectra of 0.1 mm 13 (L°) on addi-
tion of Zn** at pH 7.4 [10 mm HEPES with /=0.1 (NaNO;)] and 25°C.
The inset shows the titration curve (increasing e,ss) of 13 with Zn>* at
pH 7.4 [10 mm HEPES with /=0.1 (NaNO;)] and 25°C. b) Change in flu-
orescent emission of 5um 13 upon addition of Zn** at pH 7.4 [10 mm
HEPES with 7=0.1 (NaNO;)] and 25°C (excitation at 338 nm). The inset
shows the change in emission intensity (/1) of 13 at 496 nm on addition
of Zn** at pH 7.4 [10 mm HEPES with /=0.1 (NaNO;)] and 25°C, in
which I,=emission intensity of the metal-free L’ at 496 nm.
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its inset (@ decreased from 6.1x 1072 to 2.1x107?), presuma-
bly because metal-free 13 had its own moderate emission.?

X-ray crystal structure of [Zn(H_,L%] complex 12: Fine col-
orless crystals were obtained from a 1:1 mixture of 11 (L®)
and Zn** in aqueous solution at pH 7.0. Single-crystal X-ray
structure analysis disclosed that Zn’" in the [Zn(H_,L%)]
complex 12 is sixfold-coordinated by deprotonated O(1) at
the 8-position of the quinoline ring, N(5) of the quinoline
ring, and N(1)-N(4)of the cyclen ring (Figure 7). The of
Zn’*—0(1) and Zn>**—N(5) bond lengths of 2.10 and 2.09 A,
respectively, are shorter than the average Zn>*—N(cyclen)
distance of 2.21 A. Four N atoms of the cyclen ring and the
Zn** ion form a tetragonal-pyramidal structure.

N@3)

Figure 7. ORTEP drawing (50% probability ellipsoids) of [Zn(H_,L*)]
(12). Selected bond lengths [A]: Zn(1)-O(1) 2.095(8), Zn(1)-N(1)
230(1), Zn(1)-N(2) 2.162(1), Zn(1)-N(3) 2.18(1), Zn(1)-N(4) 2.180(8),
Zn(1)-N(5) 2.094(9).

Comparison of fluorescence responses of 2 (L?), 4 (L%, 11
(L?), and 13 (L°) to Zn**, Cd**, and Cu**: Fluorescence re-
sponses of 5 um 11 (L%) to Zn**, Cd**, and Cu** at pH 7.4
[10 mm HEPES with /=0.1 (NaNO;)] and 25°C are com-
pared with those of 2 (L?), 4 (L?), and 13 (L°) in Figure 8.
As previously reported,!'”! 2 and 4 (at 5 um) responded to
Zn**, which resulted in a linear increase in emission (Fig-
ure 8a and b). Addition of Cd** to 2 gave almost the same
titration curve as that of Zn**.'7! Cu’* quantitatively
quenched the emission of 2 and 4.
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Figure 8. Comparison of fluorescent response of a)2 (L) (from
ref. [17a]), b) 4 (L?) (from ref. [20]), ¢) 11 (L), and d) 13 (L’°) to Zn**,
Cd**, and Cu’* at pH 7.4 [20 mm HEPES with /=0.1 (NaNO;)] and
25°C. I, is the emission intensity of each ligand at the indicated wave-
length (528 nm for L2 416 nm for L? 512 nm for L* and L°). The excita-
tion wavelengths were 330 nm for 2, 368 nm for 4, and 338 nm for 11 and
13.

Figure 8c shows that 11 (L®) linearly responds not only to
Zn** (17-fold increase in emission) but also to Cd** (43-
fold increase). We assume that the stronger response to
Cd** is not a problem, because this metal is not present in
significant amounts in biological cells. The UV titrations of
11 (L®) with Cd** and Cu** gave almost the same results as
those in Figure 5a, and this strongly suggests that the 8-OH
group of 11 is deprotonated on complexation with Cd** and
Cu** (data not shown). The X-ray crystal structure analysis
of the [Cu**(H_,L®)] complex (30) obtained from an aque-
ous solution at pH 7 revealed that Cu®* is sixfold-coordinat-
ed by deprotonated O(1), the N atom of the quinolinol
moiety, and the four N atoms of the cyclen ring (Supporting
Information).** In contrast, emission of reference com-
pound 13 decreased on addition of Zn?*, Cd**, and Cu**
(Figure 8d). These results enabled us to conclude that 11
(L% is a better Zn** fluorophore than DPA-based fluoro-
phore 13.

Comparison of Lewis acidity of Zn** and Cd** based on pH
titrations of Zn**—cyclen and Cd**—cyclen: Figure Sc
showed that emission intensity at 512 nm of the Cd** com-
plex of 11 was much larger than that of the Zn>* complex of
11 (12). We assumed that the emission intensity of the metal
complexes of 11 is dependent on the Lewis acidity of the
central metal cation. Thus, we compared the pK, value for
the Cd**-bound water of Cd**—cyclen 25 (CdL!) with that
of the Zn**-bound water in Zn’*—cyclen 1a.”®! By potentio-
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metric pH titrations, the pK, of the Cd**  pk,=10.7£0.1
-bound H,O in 25 at 25°C [with /=0.1 N
(NaNO;)] was determined to be 10.7 + HQOj
0.1 (see Supporting Information for a [HN\C@'NH]
typical potentiometric pH titration HN/\_/\NH
curve for 25), which is higher than that 25
(7.9)15%1 of the Zn**-bound H,O in 1 Cd*~cyclen
([CAL'(H0))

(see Scheme 1). Therefore, we attributed
the lower emission intensity of Zn**
complex [Zn(H_,L®)] (12) relative to [Cd(H_,L*)] to the
higher Lewis acidity of Zn**.

Complexation behavior of 11 (L% with Zn** based on po-
tentiometric pH titrations: Analysis of a potentiometric pH
titration curve for a mixture of 1 mm HsL® and 1 mm ZnSO,
(curve b in Figure 1) with the program BEST™! gave a com-
plexation constant log K([Zn(L)]), defined by Equation (3),
for L® of 22.4, from which the apparent complexation con-
stants log K,,,([Zn(L)]), defined by Equations (4) and (5),
were calculated to be 14.1 and 10.8 at pH 7.4 and 5.0, re-
spectively (dissociation constant Ky([Zn(L)])=1/
K,x([Zn(L)]) at pH 7.4 is 7.9 fm). These values are much
larger than those for the previous Zn** complexes [Zn-
(H,L?)] (3) and [Zn(L))] (5).

K.([Zn(L%)]) = [Zn(H_,L*)]/[H_,L°][Zn*'] 3)

Kﬂpp([zn(Lg)D = [ZH(H—ILg)}/[Lg]free[zn2+]iree (4)
(at designated pH)

[L¥ee = [HSLF] + [H,LY] + [H,L*] + [FLL)+

[H(H ,L%)] + [H(H ,L*)] + [H_,Lf]
(at designated pH)
)

A distribution diagram for a mixture of 11 (L% 5 um) and
Zn** (5um) is presented in Figure 9a with a comparison
with those for a mixture of 2 (L% 5 um) and Zn** (5 um; Fig-
ure 9b) and for a mixture of 4 (L*, 5um) and Zn** (5 um,
Figure 9c). It is apparent that [Zn(H_,L®)] (12) is quantita-
tively formed in the pH range of 5-10 at micromolar con-
centrations and is much more stable than [Zn(H_,L%)] (3)
and [Zn(L?)] (5) at pH 5-9. Indeed, the fluorescent emission
of [Zn(H_L¥] (12) at pH4.5-10 was almost constant.*
Therefore, 11 would be useful for determining [Zn®*] over a
much wider pH range (pH 5-8) than 2 (L?) and 4 (L*) (the
emission of 11 is silent below pH 8, as shown in Figure 3c).

Fluorescent response of 11 (L% and 13 (L°) to various metal
ions in aqueous solution: Next, we examined the fluorescent
response of L® and L’ (5 um) to other metal ions including
Co?*, Ni**, Fe**, AP*, Y**, Ca’", and Mg’" at pH 7.4
[10 mm HEPES with 7/=0.1 (NaNOs;)] and 25°C. The /I,
values ([, and I are the emission intensities of each ligand in
the absence and presence of one equivalent of metal ions:
at 528 nm for L%, at 416 nm for L%, and at 512 nm for L? and
L’) are presented in Figure 10. Quantitative emission
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Figure 9. Distribution diagrams for a mixture of 5 pm 11 (L*)+5 pm Zn>*
(a), 5 um 2 (L) +5 um Zn** (b), and 5 pum 4 (L) +5 um Zn** (c) with I=
0.1 (NaNOs) at 25°C. Species of less than 10 % relative concentration are
omitted for clarity.

quenching was observed on addition of Cu*"; other metal
ions induced negligible changes in the emission spectra of
LS

Kinetics of Zn** complexation of 11 (L®) in comparison
with 2 (L?) and 4 (L?): The kinetics of Zn?* complexation of
11 (L) were compared with those of our previous Zn**
fluorophores 2 (L?) and 4 (L*) at pH 7.4 [10 mm HEPES
with /=0.1 (NaNOj;)]. We previously reported that the
second-order rate constants k, for formation of 3 ([Zn-
(H_,L)]) and 5 ([Zn(L?)]) are 1.4x10? and 4.6x10°m~'s7!,
respectively, which implies that 5§ is formed three times
faster than 3.?) These phenomena are explained by the
lower pK, value of the anthrylmethylamino group (pK,=
7.2) of 4 (Scheme 2) compared to that (10.8) of the dansyl-
amino group of 2 (Scheme 1).

Surprisingly, we found that complexation of 11 (5 um)
with Zn** and Cd** was complete within 1 min. For accu-
rate determination of k, for 12, we performed stopped-flow
measurements of emission change in 10 um 11 at pH 7.4
[10 mm HEPES with 7=0.1 (NaNO;)] on addition of 10, 50,
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and 100 um Zn** (Figure 11). The k, value for the formation
of 12 ([Zn(H_,L?)]) was determined to be 2.1x10°m 's7!,
which is about 460 times greater than that for 5 ([Zn(L?)]).
The k, for the Zn?*-13 complex ([Zn(H_,L°)]) was much
faster than that for 12 (k, for Zn**-13 >1x10°m~'s™").

Because the pK, values for 4 and 11 are almost identical
(7.2), we assumed that the much larger value of k, for 11 is
because the 8-OH group of the quinolinol moiety of 11 is
fixed close to Zn**-bound water in [Zn(L%)(H,O)] (26a) or
Zn**-bound hydroxide in [Zn(L¥)(HO™)] (26b) by a coordi-
nation of the quinolinol nitrogen atom to Zn>* (Scheme 10).
In contrast, the flexible conformation of the anthrylmethyl
group of 25a ([Zn(L*)(H,0)]) or 25b ([Zn(L*)(HO™)]) re-
sults in rather slow deprotonation of the anthrylmethylam-
monium moiety.

Kinetic stability of [Zn(H_,L%)] complex 12: We examined
kinetic stability of [Zn(H_,L®)] (12). The complexation con-
stant logK, of TPEN (14) with Zn** was reported to be
15.2,7°1 which is smaller than log K, of 22.4 for 12 (Table 1).
As shown in the Supporting Information, addition of TPEN
(5 um) to a solution of 12 (5 um) at pH 7.4 [10 mm HEPES
with /=0.1 (NaNOs;)] caused negligible change in the emis-
sion spectra of 12 even after 3 h. Alternatively, addition of
12 (5 um) to an aqueous solution of Zn**~TPEN complex
(5 um) under the same conditions did not enhance emission.
These results strongly indicate that both [Zn(H_,L%)] (12)
and the Zn?*-TPEN complex are kinetically inert.

Fluorescent staining of Zn’*-loaded and apoptotic HeLaS3
cells with 11: Incubation of HeLaS3 cells with 11 (L8, 50 um)
and 2 (L? 50 um) gave fluorescent images indicating that
Zn** concentrations of 11 in intact HeLaS3 cells are very
low (Figure 12a and b). Figure 12¢ and d show HeLaS3 cells
incubated with Zn** (20 um) and Zn** ionophore pyrithione
(2-mercaptopyridine N-oxide, 200 um) for 30 min to intro-
duce Zn*" into HeLaS3 cells and then treated with 2 and
11, respectively. They indicate that 2 and 11 respond to Zn?**
transported into cells, while emissions of cells treated with
11 are less bright than those of treated with 2,”) possibly be-
cause of the smaller fluorescent quantum yield (®=4.4x
107%) of [Zn(H_,L*)] (12) compared to that (®=1.1x107")
of [Zn(H_,L?)] (3). We do not exclude the possibility that
the cell-permeation of 11 is less efficient than that of 2, due
to the somewhat hydrophilic properties of the 8-quinoline
group of 11. Although incubation of HeLaS3 cells with 2
and 11 for 36 h tend to induce apoptosis, a short exposure
(e.g., 1 h) did not cause significant damage to HeLaS3 cells.

Apoptosis is a mechanism of cell suicide that eliminates
excess cells during development and is different from ne-
crosis. Apoptosis includes a unique series of morphologic
changes such as cell shrinkage and budding of the cell con-
tents into membrane-enclosed vesicles (blebbing).*! A
common methods for the detection of apoptosis is visualiz-
ing DNA fragmentation in apoptotic cells by agarose gel
electrophoresis, which is not suitable for monitoring individ-
ual cells undergoing apoptosis.'’*¥1 A second method is
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cent cells in seen in Figure 13b
but not in Figure 13c are early-
stage apoptotic cells (indicated
by full arrows) and that the
fluorescent cells seen in both
Figure 13b and c are late-stage
apoptotic cells (dashed
arrows). We consider that 11 is
barely able to discriminate
early and late stages of apopto-
sis. It should also be noted that
incubation of HeLaS3 cells
with 2 and 11 for 1-3 h did not

¢) L® d)L?

vy —>

Figure 10. Fluorescent response of 2 (L?) at 528 nm (a), 4 (L*) at 416 nm (b), 11 (L*) at 512 nm (c), and 13 (L°)
at 512 nm (d) to 1equiv of various metal cations at pH 7.4 [10 mm HEPES with /=0.1 (NaNO3)] at 25°C
([ligand]=5 um). I, and I are the emission intensities of each ligand at the indicated wavelengths in the ab-
sence and presence of metal ions, respectively. The excitation wavelengths were 330 nm for 2, 368 nm for 4,

and 338 nm for 11 and 13.

fluorescent labeling with annexin V-dye conjugate®®! or fluo-
rescent compounds,®” which detect phospholipid scrambling
on the membranes of apoptotic cells. However, these meth-
ods do not reflect intracellular events. Hence, Zn>* fluoro-
phores such as Zinquin” and dansylamidocyclen 217 have
been developed as effective sensors for early-stage apoptosis
by detecting free Zn?* in cells.

Figure 13 shows phase-contrast and fluorescence micro-
graphs (x400) of HeLaS3 cells that were treated with tumor
necrosis factor o (TNFa, 1ngmL™") and actinomycin D
(0.3 pgmL™") for 6 h and then dually stained with propidium
iodide (PT),"” which stains late-stage apoptotic cells, and 11
(L®). The typical morphological features of apoptotic cells
were observed in Figure 13a (cell shrinkage, decrease in cell
volume, and blebbing of membrane). Figure 13b shows fluo-
rescent HeLaS3 cells (actually green) exposed to UV at
330-350 nm to irradiate 11 (L®), and Figure 13c a fluorescent
image (actually red) showing emissions only from PI (excita-
tion at 460-490 nm). We presume that the partially fluores-

Chem. Eur. J. 2006, 12, 9066 —9080

cause significant damage to
cells, although incubation with
those ligands for 36 h tends to
induce apoptosis.!"”!

Conclusion

We have designed and synthe-
sized a new Zn** fluorophore,
namely  2-(8-hydroxy-5-N,N-
dimethylaminosulfonylquinoli-
n)ylmethyl cyclen 11 (L?). UV
absorption, fluorescence emis-
sion, and "H NMR titrations of
11 with Zn?** indicated that 11

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

— forms the 1:1 complex [Zn-
2 (H_,L¥] (12) with Zn**, in
vy —> .

which N(1) and deprotonated
O(8) of the quinolinol moiety
coordinate to Zn**, as proven
by single-crystal X-ray diffrac-
tion analysis. Interestingly, 11
is almost silent in fluorescent
emission in the pH range of 4-
8 due to the cyclen moiety. By
comparison with the photochemical behaviors of 9¢ (L")
and DPA-based fluorophore 13 (L°), we conclude that the
cyclen moiety has unique properties that quench fluores-
cence emission of a quinolinol moiety when it is not com-
plexed with metal cations, but enhances emission when com-
plexed with Zn?" or Cd**. The fluorescent emission of 11 at
512 nm (excitation at 338 nm) increased 17- and 43-fold on
complexation with Zn?* and Cd**, respectively, in aqueous
solution at neutral pH. The smaller enhancement in emis-
sion by complexation with Zn** was attributed to the higher
Lewis acidity of Zn** compared to Cd**. The results of po-
tentiometric pH titrations of 11 with Zn>* strongly suggest
that 12 is much more stable than our previous Zn*" fluoro-
phores. The emission of [Zn(H_,L®*)] (12) at pH 5-10 was
almost constant, and this implies that 11 would be useful to
determine [Zn>*] over a wide pH range from 5 to 8. We ob-
served a more sensitive response of 11 to Cd**, whose con-
centration in cells is very low. Therefore, 11 might offer a
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Figure 11. Typical results of time-dependent formation of [Zn(H_,L?)] (3)
(dashed curve) and 12 (Zn(H_,L*)) monitored by change in their fluores-
cent emissions at 510 nm on addition of Zn>* at pH 7.4 [10 mm HEPES
with 7=0.1 (NaNO3)] and 25°C (initial [2 (L*)] and [11 (L%)] were 5 pm;
excitation at 330 nm). The inset shows the results of stopped-flow mea-
surements of 5 um 11 under the same conditions.
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new method of detecting Cd** in environment samples, in-
dustrial waste effluent, and tissue samples.“”

We also observed that [Zn(H_,L®)] (12) is both thermody-
namically and kinetically stable and that the response of 11
to Zn>* is very quick. Therefore, fast intracellular events in-
volving changes in free [Zn**] could be detected by utilizing
11

A change in the concentration of free Zn** is reported to
be an important factor in the early process of apoptosis. The
question whether the changes in free [Zn>*] are a cause or a
consequence of apoptosis has yet to be answered.”) Un-
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Figure 12. Fluorescent images (x400) of HeLaS3 cells stained with 50 um
2 before (a) and after (b) incubation with 20 um Zn?* and 200 pm pyri-
thione for 30 min and those stained with 50 um 11 before (c) and after
(d) incubation with 20 um Zn** and 200 pm pyrithione for 30 min.

early-stage apoptotic cells

c)

) iate-stage apoplot‘ic cells

Figure 13. Fluorescent images (x400) of HeLaS3 cells treated with TNFa
(1 ngmL™") and actinomycin D (0.3 uygmL™") for 6 h to induce apoptosis
and then dually stained with 20 um propidium iodide (PI) and 50 um 11
(L®). Phase-contrast image (a), a fluorescent image (by 11) irradiated
with UV light at 330-350 nm) showing early- and late-stage apoptotic
cells (b), and a fluorescent image (by PI) irradiated with UV light at
460—490 nm showing late-stage apoptotic cells (plain arrows indicate
early-stage apoptotic cells and dashed arrows indicate late-stage apoptot-
ic cells) (c).

fortunately, 11 was not as selective for early-stage apoptotic
cells over late-stage apoptotic cells as the previous Zn>*
fluorophore 2, possibly due to low cell-membrane permea-
bility and/or the low quantum yield of 11. Modification of
11 to improve its quantum yield, membrane permeation,
and photochemical properties is underway.

Experimental Section

General information: All reagents and solvents were purchased at the
highest commercial quality and used without further purification.
Zn(NO;),6H,0, ZnSO,7H,0, Fe(NO;);9H,0, 3CdSO,8H,0,
CuSO,5H,0, and AgNO; were purchased from Kanto Chemical Co.;
NiSO,-6 H,0 and HgCl were purchased from Yoneyama Yakuhin Kogyo
Co.; Al(NO;);9H,0, CoSO,7H,0, and propidium iodide were pur-
chased from Sigma-Aldrich Chemical Co.; Y(NO;);6H,0O, La-
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(NO,);6H,0, and Eu(NO;);-4H,0 were purchased from Soekawa Co.;
and Gd(NO;);6H,0 was purchased from Wako Pure Chemical Indus-
tries, Co. Anhydrous acetonitrile (CH;CN) was obtained by distillation
from calcium hydride or LiAlH,. All aqueous solutions were prepared
using deionized and distilled water. The Good’s buffer reagents (Do-
jindo) were commercially available: MES (2-morpholinoethanesulfonic
acid, pK,=4.8), HEPES (N-(2-hydroxyethyl)piperazine-N"-2-ethanesul-
fonic acid, pK,=7.5), EPPS (3-(4-(2-hydroxyethyl)-1-piperazinyl)pro-
panesulfonic acid, pK,=8.0), TAPS (N-(tris(hydroxymethyl)methyl-
amino)-3-propanesulfonic acid, pK,=8.4), and CHES (2-(cyclohexyl-
amino)ethanesulfonic acid, pK,=9.5). Melting points were measured on
a Yanaco Melting Point Apparatus and listed without correction. UV
spectra were recorded on a Hitachi U-3500 spectrophotometer and
JASCO UV/VIS spectrophotometer V-550, and fluorescence (excitation
and emission) spectra were recorded on a Hitachi F-4500 fluorescence
spectrophotometer and JASCO FP-6500 spectrofluorometer at 25+
0.1°C. The data from UV titrations (increases or decreases in ¢ values at
a given wavelength) and fluorescence titrations (increases or decreases in
fluorescence emission intensity at a given wavelength) were analyzed for
apparent complexation constants K, by using the program Bind Works
(Calorimetry Sciences Corp). The fluorescence quantum yield @ was de-
termined by comparison with the integrated corrected emission spectrum
of a quinine sulfate standard, whose quantum yield in 0.1m H,SO, was
assumed to be 0.55 (excitation at 366 nm). IR spectra were recorded on a
Horiba FTIR-710 spectrophotometer at room temperature. 'H
(400 MHz) and C (100 MHz) NMR spectra at 3540.1°C were recorded
on a JEOL Lambda 400 spectrometer. 'H (300 MHz) and “C (75 MHz)
NMR spectra were recorded on a JEOL Always 300 spectrometer. Tetra-
methylsilane was used as an internal reference for 'H and "“C NMR
measurements in CDCl; and CD;CN. [2,2,3,3-D,]-3-(Trimethylsilyl)pro-
pionic acid sodium salt (TSP) was used as external reference for 'H and
BC NMR measurements in D,O. The pD values in D,0O were corrected
for deuterium isotope effect by using pD = (pH-meter reading) 4+ 0.40. El-
emental analyses were performed on a Perkin-Elmer CHN 2400 analyzer.
TLC and silica-gel column chromatographies were performed using a
Merck 5554 (silica gel) TLC plates and Fuji Silysia Chemical FL-100D,
respectively.

8-Benzenesulfonyloxy-2-bromomethyl-5-V,N-dimethylaminosulfonylqui-
noline (19): Benzenesulfonyl chloride (1.3 g, 7.1 mmol) was added drop-
wise to a solution of 8-hydroxy-2-methyl-5-N,N-dimethylaminosulfonyl-
quinoline® (780 mg, 6.4 mmol) and Et;N (780 mg, 7.7 mmol) in CHCl,
(13mL) at 0°C over 1 h. After the reaction mixture had been stirred for
1.5 h at room temperature, H,O (5 mL) was added and stirring was con-
tinued for 0.5h. The reaction mixture was extracted from saturated
K,CO; with CH,Cl,, and the organic layer was dried with anhydrous
K,CO,, filtered, and concentrated under reduced pressure. The residue
was purified by silica-gel column chromatography (hexane/AcOEt) to
give 8-benzenesulfonyloxy-2-methyl-5-N,N-dimethylaminosulfonylquino-
line (2.5g, 96% yield) as a colorless amorphous solid. A mixture of 8-
benzenesulfonyloxy-2-methyl-5-N,N-dimethylaminosulfonylquinoline

(1.5 g, 3.7 mmol), N-bromosuccinimide (380 mg, 2.6 mmol), and AIBN
(40 mg, 0.24 mmol) in distilled CCl, (190 mL) was stirred at reflux under
an argon atmosphere for 8 h (N-bromosuccinimide was added portion-
wise), and the reaction mixture was concentrated under reduced pressure.
The residue was dissolved in CH,Cl, and washed with a mixture of
Na,CO; and Na,S,0, in aqueous solution. The residue was purified by
silica-gel column chromatography (hexane/AcOEt) to afford 19 as a col-
orless amorphous solid (250 mg, 14% yield). The starting material (8-
benzenesulfonyloxy-2-methyl-5-N,N-dimethylaminosulfonylquinoline)
was recovered in 56 % yield (860 mg). '"H NMR (400 MHz, CDCI,/TMS):
0=2.83 (s, 6H), 442 (s, 2H), 7.52 (t, J=7.8 Hz, 2H; ArH), 7.65 (d, /=
74 Hz, 1H; ArH), 7.67 (d, /=89 Hz, 1H; ArH), 7.80 (d,; /=83 Hz, 1H
ArH), 8.00 (d, /J=85Hz, 2H; ArH), 8.18 (d, /=83 Hz, 1H; ArH),
9.05 ppm (d, J=9.0 Hz, 2H; ArH); "CNMR (100 MHz, CDCly/TMS):
0=33.08, 37.42, 121.9, 123.4, 125.4, 129.0, 130.2, 132.0, 134.4, 135.9, 140.9,
149.0, 158.1 ppm; IR (KBr): 7=3092, 2921, 1706, 1596, 1498, 1460, 1375,
1343, 1189, 1147, 1054, 957, 799, 619 cm ™.
1-(8-Benzenesulfonyloxy-5-N,N-dimethylaminosulfonylquinolin-2-ylmeth-
yl)-4,7,10-tris(tert-butyloxycarbonyl)-1,4,7,10-tetraazacyclododecane (20):
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A mixture of 18 (0.59 g, 1.2 mmol),* 19 (0.66 g, 1.4 mmol), and Na,CO;
(0.2 g, 2.1 mmol) in CH;CN (50 mL) was stirred at 60°C under an argon
atmosphere overnight. After insoluble inorganic salts were filtered off,
the filtrate was concentrated under reduced pressure. The residue was
purified by silica-gel column chromatography (hexane/AcOEt) to afford
20 as a pale-yellow amorphous solid (1.0g, 92% yield). 'HNMR
(400 MHz, CDCL/TMS): 6 =1.42-1.54 (br, 27H), 2.83 (s, 6H), 2.78-3.56
(br, 16H), 3.96 (s, 2H), 7.53 (dd, J=8.0, 8.0 Hz, 2H; ArH), 7.61 (d, /=
83 Hz, 2H; ArH), 7.65 (dd, J=4.4Hz, 1H; ArH), 8.00 (dd, /=71,
12 Hz, 2H; ArH), 8.11 (d, /=8.0 Hz, 1H; ArH), 8.96 ppm (d, /=8.9 Hz,
1H; ArH); "CNMR (100 MHz, CDCIy/TMS): = 28.46, 28.69, 36.62,
37.38, 47.78, 49.89, 54.21, 55.14, 57.05, 79.50, 81.30, 120.4, 124.4, 1283,
128.5, 129.1, 129.5, 131.7, 133.5, 134.3, 136.3, 141.3, 149.1 ppm; IR (KBr):
7=2975, 2931, 1685, 1415, 1365, 1250, 1154, 1059, 976, 956, 808, 727,
599 cm™'.
1-(8-Hydroxy-5-N,N-dimethylaminosulfonylquinolin-2-ylmethyl)-1,4,7,10-
tetraazacyclododecane (21): A 28% aqueous NHj; solution (35 mL) was
added to a solution of 20 (1.0 g, 1.1 mmol) in MeOH (40 mL), and the
mixture was stirred at reflux for 5d. The reaction mixture was concen-
trated under reduced pressure, and the residue was purified by silica-gel
column chromatography (CH,Cl,/MeOH) to afford 21 as a pale yellow
amorphous solid (0.82 g, 97 % yield): '"H NMR (400 MHz, CD;0D/TMS):
0=0.91-1.49 (m, 27H), 2.68-2.77 (br, 10H), 3.30 (s, 6H), 3.31-3.64 (br,
10H), 4.12 (s, 2H), 7.20 (d, /=83 Hz, 1H; ArH), 7.75 (d, /=8.5Hz, 1H;
ArH), 8.10 (d, J=8.5 Hz, 1H; ArH), 9.01 ppm (d, /=9.0 Hz, 1H; ArH);
BCNMR (100 MHz, CD;OD/TMS): 0=28.9, 29.1, 37.8, 56.0, 56.1, 57.4,
57.5,57.7,59.1, 81.2, 81.3, 95.5, 95.6, 97.3, 110.2, 115.4, 120.7, 123.0, 125.8,
126.2, 134.0, 135.4, 139.2, 140.9, 157.4, 157.5, 157.9, 159.2, 159.6 ppm; IR
(KBr): 7=2974, 1689, 1564, 1502, 1462, 1415, 1365, 1320, 1251, 1154, 959,
858, 773, 716, 548 cm™".
1-(8-Hydroxy-5-N,N-dimethylaminosulfonylquinolin-2-ylmethyl)-1,4,7,10-
tetraazacyclododecane tetrahydrochloride salt (11-4HCI-2H,0-
0.2EtOH): Aqueous HCI (1M, 10 mL) was added dropwise to a solution
of 21 (0.5 g, 0.68 mmol) in MeOH (30 mL) at 0°C, and the mixture was
stirred overnight at room temperature. The reaction mixture was concen-
trated under reduced pressure, and the remaining solids were recrystal-
lized from EtOH/H,O to give 11-4HCI-2H,0-0.2EtOH as pale yellow
needles (0.39 g, 89% yield). M.p. 196-197°C; 'H NMR (400 MHz, D,0O/
TSP) : 6=2.81 (s, 6H), 3.08-3.37 (m, 16H), 4.24 (s, 2H), 7.34 (d, J=
3.3Hz, 1H; ArH), 7.66 (d, /=9.0 Hz, 1H; ArH), 8.17 (d, J=8.6 Hz, 1H;
ArH), 9.00 ppm (d, /=9.0 Hz, 1H; ArH); "CNMR (100 MHz, D,0):
0=39.6, 44.9, 45.3, 52.3, 60.4, 98.7, 113.7, 123.7, 126.3, 128.3, 135.7, 137.8,
141.0, 159.8, 161.2 ppm; IR (KBr): 7=3433, 2963, 1643, 1560, 1456, 1383,
1330, 1156, 951, 721, 474 cm™'; elemental analysis caled (%) for
Cy04Hy3,CLNGOg,S (645.67): C 37.95, H 6.74, N 13.02, S 4.97; found:
C37.50, H 7.23, N 13.21, S 5.39.

For X-ray crystal structure analysis, 11-4HCI-3H,0-02EtOH (H,L®)
(50 mg, 0.077 mmol) was recrystallized from aqueous solution at pH 10
(adjusted with NaOH) to give 11 in the Hy(H_,)L® form (26 mg, 62%
yield). M.p. >250°C; 'H NMR (400 MHz, D,0/TSP) : 6=2.81 (s, 6H),
3.08-3.37 (m, 16H), 4.24 (s, 2H), 6.85 (d, /=8.8 Hz, 1H), 745 (d, /=
8.8 Hz, 1H; ArH), 8.02 (d, /=88 Hz, 1H; ArH), 8.86 ppm (d, /=9.1 Hz,
1H; ArH); elemental analysis calcd (%) for C,)Hy,CINGO,S (545.09): C
44.07; H 7.58; N 15.42; S 5.88; found: C 44.35; H 7.90; N 15.26; S 5.60.
1-(8-Hydroxy-5-N,N-dimethylaminosulfonylquinolin-2-ylmethyl)-1,4,7,10-
tetraazacyclododecane Zn(ClO,) complex (12-ClO,; [Zn(H_,L%]CIO0,):
An aqueous solution of Zn(ClO,),6H,0 (27 mg, 0.072 mmol) in H,O
(3mL) was added to a solution of 11-4HCI-3H,0-0.2EtOH (40 mg,
0.062 mmol) in H,O (10 mL) at room temperature, and the pH of the re-
action mixture was adjusted to 7.5 with 0.1 NaOH. After the insoluble
compounds were filtered off, the filtrate was slowly concentrated under
reduced pressure to obtain 12-ClO, ([Zn(H_,L%)]CIO,) as pale yellow
prisms (15 mg, 40% yield). M.p. >250°C; 'H NMR (400 MHz, D,0/
TSP): 0=2.73 (s, 6H), 2.78-3.25 (m, 16H), 4.32 (s, 2H), 6.96 (d, /=
8.8Hz, 1H), 7.65 (d, /=8.8Hz, 1H; ArH), 8.09 (d, /=88Hz, 1H;
ArH), 9.00 ppm (d, /=92 Hz, 1H; ArH); "CNMR (D,0): §=36.41,
43.34, 4429, 44.57, 52.90, 57.77, 110.6, 121.6, 125.0, 134.9, 136.3, 137.9,
154.8, 165.1 ppm; IR (KBr): 3279, 2915, 2870, 1563, 1469, 1678, 1101, 949,
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835, 718, 539 cm™'; elemental analysis calcd (%) for C,H; CIN,O,SZn
(600.39): C 40.01, H 5.20, N 14.00, S 5.34; found: C 39.92, H 5.19, N
13.89, S 5.48.

Crystallographic study of 11 (H,(H_,L*Cl): C,,H,,CIN,O.S, M,=545.09,
pale yellow prismatic, crystal size 0.35x0.20 x 0.10 mm, monoclinic, space
group P2,/c (No.14), a=18.029(20), b=10.785(11), c=13.913(16) A, f=
90.47(5)°, V=2705(5) A%, Z=4, peyea=1.338 gcm >, 31462 measured re-
flections, 7808 unique reflections (Rj,=0.059), 26,,.,=59.9°, R1=0.0448
[calculated for 3439 reflections with />20(1)], R, =0.0949 (for all reflec-
tions), GOF=0.982.

Crystallographic study of 12-Cl10, ([Zn(H_,L¥]C10,: C,H; CIN,O,SZn,
M,=600.39, pale yellow prisms, crystal size 0.20x0.07 x0.03 mm, ortho-
rhombic, space group Aea2 (No.41), a=30.575(17), b=12.504(7), c¢=
13.028(8) A, V=4981(5) A%, Z=8, pua=1.601 gcm >, 20932 measured
reflections, 5602 unique reflections (R;,,=0.162), 26,,,=55.0° Rl=
0.0752 [calculated for 2695 reflections with />20(1)], R, =0.1413 (for all
reflections), GOF =0.929.

All measurements were made on a Rigaku RASXIS-RAPID imaging
plate area detector with graphite-monochromated Moy, radiation at
93 K. The structures were solved by direct methods and refined by full-
matrix least-squares techniques. All calculations were performed using
CrystalStructure crystallographic software package, except for solving
phase problems and refinements, which were done with SHELXS97 and
SHELXL97, respectively.

CCDC 601452 (11, HL®), 601453 (12, [Zn(H_,L*%)]), and 641454 (30, Cu-
(H_,L® contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Potentiometric pH titrations: The preparation of the test solutions and
the calibration method of the electrode system (Potentiometric Automat-
ic Titrator AT-400 and Auto Piston Buret APB-410, Kyoto Electronics
Manufacturing, Co. Ltd.) with Orion Research Ross Combination pH
Electrode 8102BN) were described earlier.'1>2!l All the test solutions
(50 mL) were kept under an argon (>99.999 % purity) atmosphere. The
potentiometric pH titrations were performed with 7=0.10 (NaNO;) at
25.0£0.1°C, and at least two independent titrations were performed
(0.1m aqueous NaOH was used as base). Deprotonation constants of
Zn**-bound water K, (=[HO -bound species][H*]/[H,O-bound species]
were determined by means of the program BEST.” All the sigma fit
values defined in the program are smaller than 0.05. The Ky (=ag+don-),
Ky (=[H*][OH7]), and fy+ values used at 25°C were 107%, 10737
and 0.825, respectively. The corresponding mixed constants K, (=[HO -
bound species]ay+/[H,O-bound species]), were derived by using [H*]=
ay+/fu+. The percentage species distribution values against pH (=
—log[H*]+0.084) were obtained using the program SPE.™!

Kinetic and stopped-flow measurements on Zn’>* complexation of 2, 4,
11, and 13: Kinetic measurements on the Zn>* complexation of 2 (L?)
and 4 (L?) (initial [2] =[4]=10 pm) were done in 10 mm HEPES [pH 7.4
with /=0.1 (NaNO;)] at 254+0.1°C by monitoring fluorescence emission
on a JASCO FP-6500 spectrofluorometer. For very fast Zn>* complexa-
tion of 11 and 13, stopped-flow measurements were carried out in 10 mm
HEPES [pH 7.4 with /=0.1 (NaNO;)] at 25+0.1°C by monitoring emis-
sion of 11 (L?*) and 13 (L°) at 500 nm with a stopped-flow light-scattering
spectrophotometer (model SX. 18MV, Applied Photophysics Ltd.,
Surrey, UK).

Treatment of HeLaS3 cells with Zn>* ionophore and fluorescence mi-
croscopy:”) HeLaS3 cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) (Sigma) supplemented with 10% FBS (Sanko Junya-
ku, Japan), 100 ugmL~' streptomycin, and 100 unitsmL™' penicillin.
HeLaS3 cells were seeded into 35 mm glass-bottomed dishes. The cells
were treated with 20 pm ZnSO,-7H,0 and 200 pm pyrithione in culture
medium for 30 min in a humidified atmosphere of 5% CO, at 37°C. The
cells were then washed three times with PBS to remove extracellular
Zn** and incubated with Zn?* fluorophores 2 and 11. The cells were ob-
served by phase contrast and UV fluorescence microscopy (Olympus flu-
orescence microscope; excitation at 330-385 nm, emission at 500 nm for
11, and excitation at 460-490 nm, emission at 590 nm for PI).

www.chemeurj.org

9078 ——

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Observing apoptotic morphology in HeLaS3 cells and detecting apoptosis
with 11: HeLaS3 cells were seeded into 35 mm cell culture dishes each
containing a cover slip. The dishes were incubated under a humidified at-
mosphere of 5% CO, at 37°C. The cells were treated with TNFa
(1 ngmL™") and actinomycin D (0.3 ugmL™") for 6 h. The culture medium
was replaced with 1 mL of fresh culture medium containing 50 pm 11 and
30 um propidium iodide (PI). The reaction mixture was incubated at
37°C under a humidified atmosphere of 5% CO, for 30 min and rinsed
once with 1 mL of PBS for fluorescent microscopy.
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