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ABSTRACT: A new polymer, Zn”—cyclen complex-conjugated polymer 4 (cyclen = 1,4,7,10-tetraazacyclododecane),
was synthesized by copolymerization of a Zn>*—(4-vinyl)benzylcyclen complex (3, ZnL?) with ethylene glycol dime-
thacrylate (EGDMA). The contents of the zinc(II) ions in Zn>*—cyclen polymer 4 were determined as 36-42 umol g~ ',
utilizing a Zn*"-selective fluorophore, dansylamidoethylcyclen 10 (L*). It was found that 31% of deoxyadenosine 5'-
monophosphate (5'-dAMP) (50 um) is adsorbed on 4 (corresponding to 50 pm) in 20 mm HEPES (pH 7.0) with 7=0.1
(NaNOs) at 25°C. The apparent complexation constants for the 1:1 complex of ZnL* on 4 with 5-dAMP and 4-NPP,
logKapp(ZnL—SZ’) (S*>~ denotes a phosphomonoester dianion), at pH 7.0 and 25 °C were determined as 4.1 4= 0.1, which
was larger than that (3.5) for the 1:1 complex of 3 (ZnL?) with 5'-dAMP in homogeneous aqueous solution at pH 7.0 and
25°C. Deoxyadenosine (dA) and adenosine 3',5'-cyclic-monophosphate (3',5'-cAMP), a cyclic phosphodiester mono-
anion, were negligibly adsorbed on Zn”—cyclen polymer 4, implying that 4 interacts selectively with phosphomonoester
dianions. For reference, Zn”"-free polymer 8 (prepared from 4) and control polymer 9 (prepared by copolymerization of
styrene with EGDMA) hardly adsorbed 5'-dAMP, dA and 3’,5'-cAMP. High-performance liquid chromatography
(HPLC) of mononucleotides such as 5'-dAMP, cytidine 5'-monophosphate (5'-CMP), guanosine 5’-monophosphate (5'-
GMP), and thymidine 5’-monophosphate (5'-dTMP) was achieved using 4 as a stationary phase and continuous gradient
elution with 10:90 MeOH-1 mm HEPES (pH 7.0) and 10:90 MeOH-1 mm HEPES + 10 mm (NH4),HPO, (pH 7.0). As
expected, the retention times of mononucleotides were larger than those of the corresponding nucleosides, owing to the
Zn*"-phosphate interactions. These results indicated that Zn®'"—cyclen-conjugated polymer 4 affords a strong
methodology to detect and separate biologically important phosphates. Copyright © 2004 John Wiley & Sons, Ltd.
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INTRODUCTION

Phosphate esters exist ubiquitously in nature in the form
of nucleoside phosphates (nucleotides) as components of
nucleic acids, sugar nucleotides for glycosylation of
oligosaccharides or proteins, activated forms of proteins
responding to extracellular signals and chemical media-
tors playing central roles in intracellular signals.1 The
development of artificial phosphate receptors would af-
ford potent methodologies for the detection and separa-
tion of biologically important phosphates (for reviews of
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chemical receptors and sensors for phosphates, see
Ref. 2). Most chemical receptors are soluble in solution
and sometimes suffer from incapability of separation of
specific compounds from a mixture. On the other hand,
an artificial host molecule conjugated on an insoluble
polymer affords a promising method to isolate only the
desired molecules. Several strategies, such as molecu-
larly imprinted polymers,” based on template-mediated
synthesis and/or self-assembly systems utilizing metal-
ligand coordination bondings” and hydrophobic interac-
tions and hydrogen bondings, have been developed for
the purpose of target-directed sensing and separation.
However, examples of phosphate-targeted synthetic poly-
mers are limited.”

It is well established that zinc(I) complexes of macro-
cyclic polyamines, such as Zn®"—cyclen (1, ZnL")
(cyclen = 1,4,7,10-tetraazacyclododecane), are good
models for zinc(I) enzymes, including carbonic anhy-
drase and carboxypeptidase A (Scheme 1).° Based on the
fact that phosphate anions act as substrates and inhibi-
tors for zinc(I) enzymes,® the Zn®"—cyclen complexes
have been demonstrated to be good receptors for
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phosphomonoester dianions including 4-nitrophenyl
phosphate (4-NPP), phenyl phosphate (PP) and nucleo-
tides,” and for other potential anions such as imides®® and
thiols'® in aqueous solution. The affinities of carboxylates
and sulfonates with Zn>"—cyclen complexes are smaller
than those of phosphomonoester dianions, imides, and
thiols, because the basicities of the former functional
groups are weaker than those of the latter.

In general, Zn>"—cyclen complexes are thermodyna-
mically and kinetically inert in aqueous solution at
neutral pH (e.g., the dissociation constant (Ky) for 1 is
ca 107 '"M). On the other hand, 1:1 ZnL'-phosphate
complex 2 is thermodynamically stable with dissociation
constants, Ky { = [1]gec[phosphate]se/[complex 2] (M)},
of submillimolar order and kinetically rather labile
(Scheme 1).°” We therefore postulated that a synthetic
solid-phase polymer conjugated with Zn”—cyclen com-
plexes would be a promising tool for the detection and
separation of phosphomonoester dianions under high-
performance liquid chromatographic (HPLC) conditions.
Here, we describe the synthesis of a Zn*"—cyclen-con-
jugated polymer 4 by copolymerization of a Zn*"—(4-
vinylbenzyl)cyclen (3) with a cross-linker and separation
of phosphates such as nucleoside phosphates (nucleo-
tides) by HPLC using 4 as a stationary phase (Scheme 2).

RESULTS AND DISCUSSION

Synthesis of Zn?>"-(4-vinyl)benzylcyclen complex
(znL?) (3) and Zn?*"-cyclen-conjugated polymer (4)

3Boc-cyclen 57" was reacted with 4-vinylbenzyl chloride
to yield 6, whose three Boc groups were deprotected with

%
copolymerization
CHN:— > with cross-linker
H NH

n**

Zn? —~(4-vinyhbenzyleyclen

TFA to afford L* (7) as a TFA salt (Scheme 3). After
Lz'(TFA)z had been neutralized with aqueous NaOH, the
free ligand L? was treated with Zn(NOs),-6H,0 in EtOH
to give Zn>"—(4-vinyl)benzylcyclen complex 3 (ZnL?).
Copolymerization of 3 with ethylene glycol dimetha-
crylate (EGDMA)** in the presence of azobis(4-
methoxy-2,4-dimethylvaleronitrile) (ABDV) yielded
Zn”—cyclen-conjugated polymer 4. The Zn*" jons in 4
were removed in 0.1 MHCl to give Zn**-free polymer 8,
to which ZnSO, was reloaded to give Zn*'—cyclen-
conjugated polymer 4. Control polymer 9 was similar-
ly synthesized by copolymerization of styrene with
EGDMA in the presence of ABDV.

Complexation constants for the 1:1 complex of 3
with 4-nitrophenyl phosphate (4-NPP) and deox-
yadenosine 5-monophosphate (5-dAMP) in ag-
ueous solution at neutral pH

A typical potentiometric pH titration curve of 1 mM ZnL?
(3) against 0.1 M NaOH with /=0.1 (NaNO3) at 25°C is
shown in Fig. 1(a) and the titration data were analyzed for
according to Eqn (1), where ay-+ is the activity of H", by
using the program BEST.!' The deprotonation constant
of the Zn’'-bound water of ZnL®> (3) (for
3a = 3b + H"), pK,, defined by Eqn (1) was determined
as 7.62£0.05. From the titration curves of 1 mMm
4-NPP*~ +2mm HNOj; [Fig. 1(b)]. The pK,; and pK,,
values for 4-NPP, defined by Eqns (2) and (3), are <2 and
5.09 £0.05, respectively, at 25°C with /=0.1 (Na-
NO;)"® and a mixture of 1mM ZnL? (3) and 1 mm
NPP®~ [Fig. 1(c)] with I=0.1 (NaNO;) at 25°C, the
I:1 complexation constant of ZnL? and 4-NPP*~,
logK(ZnL-S*"), defined by Eqns (1)—(4), was deter-
mined as 3.7 +0.1, from which the 1:1 apparent com-
plexation constant, logKapp(ZnL—S%), at pH7.0 and
25°C defined by Eqn (5)—(7) was calculated as
3.6+ 0.1 [K4(ZnL-S*7) =0.25 4 0.07 mMm]. These values
are considerably larger than the logKS(ZnL—Szf) of
3.0+£0.1 and logKapp(ZnL—Szf) of 29£0.1 at pH7.0
for the 1:1 ZnL'—(4-NPP*") complex,’*" which might
be attributable to hydrophobic and/or 7m— interactions
between styryl moiety of ZnL? and 4-nitrophenyl group
of 4-NPP.*™! The distribution diagram for the five species

Selective recognition and

separation of phosphates
on HPLC using 4
as a stationary phase

Zn?* cyclen-conjugated

3a (ZnL*(H,0), X = H,0) polymer
3b (ZnL2(HOM)), X = HO) 4
Scheme 2
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Figure 1. Typical titration curves for (a) T mm 4-NPP + 2 mm

HNQOs, (b) 1 mm 3 and (c) a mixture of 1 mm 3+ 1 mm 4-NPP 100
at 25°C with /=0.1 (NaNOs), where eq(OH™) indicates the
number of equivalents of base added ZnL*~(4-NPP*")
80 complex
(4-NPP ", 4-NPP?~, ZnL*(H,0) (3a), ZnL*(HO") (3b), 5 /
and the 1:1 Zan—(4—NPP27) complex) for a mixture of § 60 7\ (4-NPPY*
I mM 3 and 1 mM 4-NPP is shown in Fig. 2, in which the § /
1:1 ZnL>—(4-NPP*") complex is formed in 60-63% yield g I ZnL2(HO") (3b)
at pH6.0-7.0. Similarly, logK(ZnL-S*") for the 1:1 S 401
ZnL'—(5-dAMP?*") complex was determined as %
354+0.1 and hence K4qZnL-S*7) at pH7.0 was S 20 A
3.440.1 [K4(ZnL-S*") = 0.40 £ 0.10 mm] (for the struc-
ture of 5'-dAMP?™, see Scheme 4). The pK.1 and pK,, ~
values for 5'-dAMP were determined as 3.96 4-0.05 and 0 T T T T T
6.25 = 0.05, respectively, at 25°C with /=0.1 (NaNO3). > 6 7 8 ? o 11
pH
3a=3b+H" Figure 2. Speciation diagrams for a mixture of 1mm

(1) 3+ 1mm 4-NPP as a function of pH at 25°C with /=0.1

K, = [3bjay- /[3a] (NaNOs). Other species which exist at <5% are omitted
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[ZnL].. = [ZnL(H20)] + [ZnL(HO™)] (6) titative complexation with Zn®>" at micromolar order
concentration in aqueous solution at neutral pH.
_ _ Zn”>"-free polymer 8 was added to a solution of 0.3 mM
[uncomplexed S];,., = [S] + [S7] + [S*7] (7) POLy

Determination of Zn?" contents in Zn*"—cyclen-
conjugated polymer 4 by a Zn?'-selective fluor-
ophore, dansylamidoethylcyclen 10

The contents of Zn>" in synthesized Zn*"—cyclen-con-
jugated polymer 4 were determined. We previously
reported that dansylamidoethylcyclen 10 is a Zn*"-se-
lective fluorophore (Scheme 5).'*'* The dansylamide
deprotonation in Zn®"-complex 11 at neutral pH
increased the emission intensity 4.8- fold at 540 nm,
while the fluorescence emission intensity of the non-meta-
lated dansylamide deprotonation of L to H_,L* in the
absence of Zn*" at high pH (>12) increased only 1.2-fold.
The K[Zn(H_,L>)] value for the 1:1 Zn*"-10 complex, 11
[Zn(H_,L%] is 0.14nm at pH7.0,'* implying that the
fluorescence emission of 10 increases linearly upon quan-

NMe,
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f“ N -3H" ML N
2H ] [ /Zn
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10-2H" 11
(H,L) (Za(H,, L)

weak fluorescence strong fluorescence
Scheme 5

Copyright © 2004 John Wiley & Sons, Ltd.

Zn*" in 20mm HEPES [pH7.4 with I=0.1 (NaNO3)].
The mixture was stirred for 1 h at 25 °C and an insoluble
polymer was filtered off. The concentrations of Zn*" in
an aqueous solution before and after the addition of 4
were determined by using dansylamidoethylcyclen 10
(Scheme 6). From the decrease in Zn>" concentrations,
the content of Zn**—cyclen in 4 was determined as 36—
42 umol g ~'. For reference, the adsorption of Zn*" in
control polymer 9 was negligible.

Complexation properties of Zn?"—cyclen
polymer 4 with phosphates in aqueous solution

The adsorption of phosphates, such as 5'-dAMP and
4-NPP, adenosine 3’,5'-cyclic-monophosphate (3',5'-
cAMP), and the corresponding dephosphorylated com-
pounds, deoxyadenosine (dA) and 4-nitrophenol (4-NP),

Zn*'—cyclen polymer

4
36~42 pmol Zn*/g

AN

[+]
0%0 | Ozn o o

0 ;
ot Znh \ / e

Zn** concentrations were determined by 10

Scheme 6
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on Zn*"—cyclen polymer 4 was examined (for the struc-
tures of these nucleotides, see Scheme 4). A given
amount of a Zn>"—cyclen polymer [corresponding to
50-100 uM Zn*" (=1-2 equiv. against a guest, in a
sample solution] was added to a 50 uM phosphate solution
in 20mM HEPES (pH 7.0 with /=0.1 (NaNO3;)). After
the mixture had been stirred for 1 h at 25 °C, polymer was
filtered off. The efficiency of adsorption of a guest on 4
was determined by measuring the decrease in guest
concentrations by UV spectrophotometry. As shown in
Fig. 3, 5-dAMP was adsorbed on 4 (1 equiv. Zn>"—cyclen
against phosphates) to the extent of 31%, whereas dA was
hardly adsorbed (<1%), implying that 4 has a selective
affinity with phosphomonoester dianions. From these
adsorption efficiencies, the logKapp(ZnL—Szf) values
for ZnL? on 4 with 5-dAMP was calculated as 4.1 +
0.1 [Ka(ZnL-S>")= 1/Kypp(ZnL-S*") =79 £20 pm],
which is larger than the logKapp(ZnL—Szf) value for
the 1:1 ZnL’~(5'-dAMP*") complex of 3.5 [Ky(ZnL-
$?7)=0.32mM) in homogeneous aqueous solution ob-
tained by potentiometric pH titrations. These facts mean
that the ZnL—phosphate interaction on the polymer sur-
face is 4-5 times stronger than that in homogeneous
aqueous solution, which may be explained by the hydro-
phobic environments at the solid-liquid interface. The
concentration of 5'-d AMP and 4-NPP did not decrease on
addition of control polymer 9 and Zn>"-free polymer 8.
The fact that 36% of 4-NP was adsorbed not only on 4 but
also on 9 and 8 indicated that less polar compounds tend

0 20 40 60 80 100 (%)
1 | 1 L |

dA +cuqlr0F polymer 9
+ Zn” -free polymer 8
+ Zn" -cyclen polymer 4

3 5-cAMP |

5'-dAMP

4-NP nonspecific

adsorption

- 36%

Figure 3. Concentration of a guest (dA, 3/,5-cAMP, 5'-
dAMP, 4-NP and 4-NPP) before addition of a polymer
(dashed rectangles), after addition of control polymer 9
(white rectangles), after addition of Zn’*-free polymer 8
(shaded rectangles) and after addition of Zn®"—cyclen poly-
mer 4 (filled rectangles) at pH 7.0 [20 mm HEPES with /= 0.1
(NaNOs)] and 25°C

Copyright © 2004 John Wiley & Sons, Ltd.

to be adsorbed non-specifically on a styrene-based copo-
lymer.

Figure 2 indicates that the ZnL’—phosphate complex
dissociates at pH > 10. Indeed, adsorbed 4-NPP and 5'-
dAMP were recovered almost quantitatively on addition
of 20mmMm CAPS [pH10.5 with /=0.1 (NaNOj3)] to
phosphate-bound 4. It was confirmed that no decomposi-
tion of 4-NPP or 5'-dAMP occurred in the presence of
polymers 4, 8 and 9.

Se;zaaration of nucleotides by HPLC using a
Zn“*—cyclen polymer as a stationary phase

HPLC of dA, 5'-dAMP and 3',5-cAMP was achieved
using Zn*"—cyclen polymer 4, Zn*"-free polymer 8 and
the control polymer 9 as stationary phases. Typical
chromatographic separations are displayed in Fig. 4 and
retention times for the guests are sumMarized in Table 1.
Continuous gradient elution with 10:90 MeOH-1 mMm
HEPES (pH7.0) and 10:90 MeOH-1mMm HE-
PES + 10mMm (NH4),HPO,4 (pH 7.0) was utilized (flow-
rate: 2.0ml ! min, UV detection at 254 nm). Inorganic
phosphate is necessary to obtain sharp elution of nucleo-
tides. As expected, the retention time for 5'-AMP was
larger than those for dA and 3',5'-cAMP. The retention
times for adenosine 5’-monophosphate (5'-AMP), adeno-
sine 3’-monophosphate (3’-AMP), cytidine 5’-monopho-
sphate (5'-CMP), guanosine 5’-monophosphate (5'-GMP)
and thymidine 5’-monophosphate (5'-dTMP) were found
to be larger than those for the corresponding nucleosides,
dA, A, cytidine (C), guanosine (G), deoxyadenosine (dA)
and 3’,5'-cAMP, whose retention times were less than 2—-3
min (Table 1). Thymidine (dT) has the largest retention
time (11 min) among nucleosides, possibly owing to the
formation of ZnL—(dT ~) complex 12 on 4 (Scheme 7).8
For reference, HPLC using the control polymer 9
[Fig. 4(b)] and the Zn®'-free polymer 8 exhibited
immediate (<4 min) elution of dA, 5-dAMP and
3',5'-cAMP [Fig. 4(c)].

The elution profile for 5'-AMP, 5'-GMP, 5'-CMP and
5'-dTMP on a column packed with 4 is depicted in
Fig. 4(d). It should be noted that 5'-GMP and 5'-CMP
are separated from 5'-AMP, whereas the dissociation
constants for ZnL?~(5'-GMP*"), ZnL?>~(5'-CMP?") and
ZnL’—(5'-AMP?") are almost identical (0.5-0.6 mm) at
pH7.0, as confirmed by potentiometric pH titrations.
Therefore, the interaction of nucleobase parts with a
polymer also affects the retention times of nucleotides.
Separation of adenosine-5'-diphosphate (5'-ADP) and
adenosine-5'-triphosphate (5'-ATP) was also attempted.
However, these two nucleotides were eluted with extreme
broadening under the same conditions for the elution of
5'-dAMP or 5'-AMP. This is possibly due to the kinetic
inertness of Zn”—di(tri)phosphate interaction under
HPLC conditions. Thymidine-5'-monophosphate (5'-
dTMP) has the largest retention time (20.3 min) among

J. Phys. Org. Chem. 2004; 17: 489-497
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Figure 4. Typical chromatographic separations of mononucleotides on a column packed with (a, d) Zn**--cyclen polymer 4, (b)
control polymer 9 and (c) Zn“*-free polymer 8 and (e) a commercially available reversed-phase column, Mightysil RP-4. Elution
was achieved with continuous gradient elution (0-80% solvent B, 5-25 min, linear) with solvent A [10:90 MeOH-1 mm HEPES
(pH 7.0)] and solvent B [10:90 MeOH-1mm HEPES + 10 mm (NH.,),HPO, (pH 7.0)] (flow-rate 2.0 mimin~", UV detection at
254 nm) for (a)—(d). For (e), elution was carried out with continuous gradient elution (0-80% solvent C, 5-25 min, linear) with
solvent C [1 mm HEPES buffer (pH 7.0)] and solvent D [1:10 MeOH—1 mm HEPES buffer (pH 7.0)] (flow-rate 0.5mImin~", UV

detection at 254 nm)

Table 1. Retention times (min) of nucleosides and nucleo-
tides in HPLC using control polymer 9, Zn”*-free polymer 8
and Zn?"—cyclen polymer 4°°

Analyte Polymer 9 Polymer 8 Polymer 4
dA 3.6 3.0 1.9
A 2.6 n.d® 1.9
5'-dAMP <1 <1 23.2
5'-AMP <1 <1 19.8
3" AMP <1 <1 18.5
3',5'-cAMP <1 <1 10.6
G 1.4 1.1 1.5
5'-GMP <1 <1 17.6
C 1.0 n.d® <1
5'-CMP <1 <1 10.9
dT ~1 n.d® 11.7
5'-dTMP <1 <1 20.3

# Elution was achieved with continuous gradient elution (0-80% solvent B,
5-25 min, linear) with solvent A [10:90 MeOH-1 mm HEPES (pH 7.0)] and
solvent B [10:90 MeOH-1 mMm HEPES buffer with 10 mm (NH,4),HPO,4
(pH7.0)] (low-rate 2.0 mImin~', UV detection at 254 nm).

Errors in retention times are within & 0.2 min.
¢ Not determined.

Copyright © 2004 John Wiley & Sons, Ltd.

the mononucleotides tested, which is attributable to the
Zn2+—ROPO32_ and the Zn2+—(dT_) interactions, as
shown in 13 (Scheme 7).”¢

For further evaluation of Zn*'—cyclen polymer 4,
HPLC experiments using a commercially available re-
versed-phase column, Mightysil RP-4, were carried out.
Continuous gradient elution with 1 mm HEPES buffer
(pH7.0) and 1:10 MeOH-1 mm HEPES buffer (pH 7.0)
was utilized (flow rate: 0.5mlmin~!, UV detection at
254 nm). As displayed in Fig. 4(e), more polar 5'-dAMP
was eluted earlier than 3’,5'-dAMP and dA. Hence it is
concluded that the mechanism for phosphate separation
by 4 is completely different from that for conventional
reversed-phase column chromatography.

CONCLUSION

We have developed Zn*"—cyclen-conjugated polymer 4
as a new tool for the detection and separation of mono-
nucleotides. The Zn>" contents in 4 were determined by

J. Phys. Org. Chem. 2004; 17: 489-497
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our Zn*" fluorophore 10. The interactions of 4 with
nucleotides were found to be stronger than ZnL*-nucleo-
tides interactions in homogeneous aqueous solution,
suggesting additional hydrophobic interactions on the
polymer surface. In HPLC using 4 as a stationary phase,
the retention times of mononucleotides were larger than
those of the corresponding nucleosides, as expected. This
work is a reasonable extension of our Zn*" chemistry in
homogeneous aqueous solution to a new chemistry at the
solid-liquid interface.

Recently, much attention has been paid to the phos-
phorylation of proteins and sugars as an intracellular
signaling.'™'® Further development of artificial polymers,
which discriminate phosphate moieties and other func-
tional groups, will contribute to the development of
analytical chemistry, bio-organic chemistry, biochemis-
try, and medicinal chemistry.

EXPERIMENTAL

General. All reagents and solvents were purchased at the
highest commercial quality and used without further
purification. Anhydrous acetonitrile (CH3CN) was ob-
tained by distillation from calcium hydride. All aqueous
solutions were prepared using deionized, distilled water.
Good’s buffer reagents (Dojindo) were commercially
available: HEPES [2-[4-(2-hydroxyethyl)-1-piperazinyl]
ethanesulfonic acid, pK,=7.5] and CAPS [3-(cyclo-
hexylamino)propanesulfonic acid, pK, = 10.4]. Melting-
points were measured on a Yanaco melting-point
apparatus and are listed without correlation. UV spectra
were recorded on a Hitachi U-3500 spectrophotometer
and a Hitachi F-4500 spectrofluorimeter at 254 0.1°C.
IR spectra were recorded on a Horiba FTIR-710 spectro-
photometer at room temperature. 'H (400 MHz) and '°C
(100 MHz) NMR spectra at 35 0.1 °C were recorded on
a JEOL Alpha 400 spectrometer. 3-(Trimethylsilyl)pro-
pionic-2,2,3,3-d, acid (TSP) sodium salt in D,O and
tetramethylsilane in CHCl; and CD3;CN were used as
internal references for 'H and '*C NMR measurements.
Elemental analyses were performed on a Perkin-Elmer
CHN 2400 analyzer. Thin-layer (TLC) and silica gel
column chromatography were performed using a Merck
5554 (silica gel) TLC plate and a Fuji Silysia Chemical
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FL-100D column, respectively. HPLC experiments were
performed on a JASCO Gulliver PU-480 system.

1-(4-Vinylbenzyl)-1,4, 7, 10-tetraazacyclododecane 2TFA
salt (7-2TFA). A mixture of 3Boc-cyclen (5)"" (1.5 g,
3.2mmol) and 4-vinylbenzyl chloride (0.72 g,
4. 7mmol) in CH3CN (50 mL) was stirred at 70 °C for
3 hin the presence of K,CO; (0.66 g, 4.78 mmol) and Nal
(0.48 g, 3.1 mmol). Insoluble inorganic salts were filtered
off and the filtrate was concentrated under reduced
pressure. The remaining residue was purified by silica
gel chromatography to afford 1-(4-vinylbenzyl)-4,7,10-
tris(tert - butyloxycarbonyl)- 1,4,7,10- tetraazacyclodode-
cane (6) as a colorless amorphous solid (1.4 g). Trifluor-
oacetic acid (10ml, 0.13 mol) was added dropwise to a
solution of 6 (1.4 g, 2.4 mMol) in CH,Cl, (90 ml) at 0°C
and the mixture was stirred overnight at room tempera-
ture, then concentrated under reduced pressure. Toluene
(10ml) was added to the remaining residue and evapo-
rated under reduced pressure. The remaining powders
were recrystallized from Et,O-EtOH to give 7-2TFA as a
colorless powder (1.2 g, 73%). M.p. >200°C; IR (KBr),
3292, 3019, 2854, 2828, 1689, 1556, 1454 1415, 1201,
1124, 825,798, 717 cm ™ '; 'H NMR (D,O-TSP): § 2.9—
3.0 (m, 8H, CH, of cyclen), 3.1-3.4 (m, 8H, CH, of
cyclen), 3.88 (s, 2H, ArCH,), 5.38 (d, 1H, J=11.2 Hz,
ArCH=—CH,), 594 (d, 1H, J=20Hz, ArCH=CH,),
6.85 (dd, 1H, J=11.2, 20Hz, ArCH=CH,), 7.40 (d,
1H, J=10.5Hz, ArH), 7.59 (d, 1H, J=10.5, 20Hz,
ArH); *C NMR (CD;CN-D,0), § 42.61, 42.73, 45.02,
48.62, 57.10, 115.75, 127.50, 131.12, 135.64, 136.89,
138.34, 163.59. Anal. Calcd for C,1H;30F¢N4Oy4: C, 48.84;
H, 5.85; N, 10.85. Found: C, 48.69; H, 5.80; N, 10.87%.

1-(4-Vinylbenzyl)-1,4,7, 10-tetraazacyclododecane Zn-
(NOs)> salt, [ZnL?(NOs)5] (3). An aqueous solution of
7-2TFA (934 mg, 1.8 mMol) was added to 1M NaOH
solution and the solution was extracted with CHCI;
(50ml, x 5). After the combined organic layers had
been dried over anhydrous Na,SO,, the solvent was
concentrated under reduced pressure to obtain the free
ligand 7 as a colorless oil. A solution of Zn(NO3),-6H,O
(592mg, 2.0mmol) in EtOH (10ml) was added to
an EtOH (10ml) solution of acid-free 7 at 60°C and
the mixture was stirred for 1h. After the solvent had
been cooled and evaporated, the remaining solid was
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crystallized from EtOH-H,O to obtain ZnL*(NO3), (3)
(602 mg, 69% yield) as colorless powder. M.p. > 200 °C;
IR (KBr), 3430, 3256, 3239, 2928, 1628, 1510, 1385,
1296, 1092, 976, 855, 826, 750 cm ™ '. "H NMR (CD;CN),
6 2.67-2.73 (m, 2H, CH, of cyclen), 2.77-2.90 (m, 8H,
CH, of cyclen), 2.97-3.03 (m, 4H, CH, of cyclen), 3.19—
3.27 (m, 2H, CH; of cyclen), 4.00 (s, 2H, ArCH,), 5.38
(d, 1H, J=11.0Hz, ArCH=—CH,), 590 (d, 1H,
J=17.7Hz, ArCH=—CH,), 6.83 (dd, 1H, J=11.0,
17.7Hz, ArCH—CH,), 7.37 (d, 1H, J=8.2Hz, ArH),
7.56 (d, 1H, J = 8.2 Hz, ArH); '*C NMR (D,0-CD;CN),
6 4493, 45.05, 46.47, 46.49, 47.29, 51.98, 118.02,
129.11, 133.83, 134.39, 138.87, 140.74. Anal. Calcd for
C17H28N606Zn: C, 4273, H, 591, N, 17.59. Found: C,
42.39; H, 5.92; N, 17.55%.

Zn**—cyclen polymer (&), Zn**-free polymer (8), and
control polymer (9). A solution of ZnL*(NOs), (3)
(176 mg, 0.37 mmol), EGDMA (6.4 g, 32 mMol, distilled
under reduced pressure imMediately before use) and
ABDV (0.24¢g, 0.96 mmol) in CH3;CN was heated at
50°C for 12h in a test-tube, which was put in a shaker
bath. The resulting colorless polymer mass was released
by breaking the test-tube, ground to a fine powder, passed
through a testing sieve (Nonaka Rikaki, Japan) collecting
particles of 36—63 pm in diameter, washed with CH3;CN
and dried at room temperature in vacuo. The obtained
polymers were treated with 0.1 MHCI to remove Zn’t,
filtered, washed with water and dried under reduced
pressure. Zn>'-free polymer 8 was reloaded with
10mM ZnSO4 (20ml) for 1 day, washed with water,
and dried at room temperature in vacuo. The obtained
powder of Zn*"—cyclen polymer 4 was suspended in
CH;CN and packed in a stainless-steel column
(100 x 4.6 mm i.d.) (purchased from GL Science, Japan).
The 4-loaded column was washed with CH3CN and used
for HPLC experiments. Control polymer 9 was obtained
by copolymerization of styrene (19mg, 0.19 mmol),
EGDMA (3.2g, 16mmol), and ABDV (120mg,
0.48 mmol) under identical conditions.

Potentiometric pH titrations. The preparation of the test
solutions and the calibration method for the electrode
system (Potentiometric Automatic Titrator AT-400 and
Auto Piston Buret APB-410, Kyoto Electronics Manu-
facturing, with Orion Research Ross Combination pH
Electrode 8102BN) were described earlier.” All the test
solutions (50 ml) were kept under an argon (> 99.999%
purity) atmosphere. The potentiometric pH titrations
were carried out with /=0.10 (NaNOs) at 25.0 £ 0.1°C
and at least two independent titrations were performed
(0.1 M NaOH was used as the base). The 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 were < 0.05. The Ky
(=ay+-aon-), K'w(=[H'][OH]) and f;+ values used at
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25°C were 10~ % 10737 and 0.825 respectively. The
corresponding mixed constants, K, (=[HO -bound
species]ay+/[H,O-bound species]), were derived using
[H"]=au+/fur. The species distribution values (%)
against pH (= —log[H "] + 0.084) were obtained using
the program SPE."’

Determination of Zn** contents of Zn’*—cyclen-conju-
gated polymer 4 by fluorescent Zn’* sensor 10. Fluores-
cence spectra were recorded on a JASCO FP-6500
spectrofluorimeter at 25.0+0.1°C. A given aliquot of
Zn*"free polymer 8 was added to 0.3mm ZnSO, in
50 mMm HEPES [pH 7.4 with I =0.1 (NaNO3)]. The reac-
tion mixture was stirred at 35 °C overnight and insoluble
polymer was filtered off. A 50 ul volume of the filtrate
was added to 2.5ml of 10 um 10'**€ in 20 mm HEPES
[pH 7.4 with I=0.1 (NaNO;)] in a cuvette and fluores-
cent emission spectra were recorded (excitation at
330 nm). Based on the linear calibration curves for the
[Zn**] fluorescence (emission at 540 nm) profile, the
contents of the Zn>" ions per gram of 4 were determined.

UV spectra. UV spectra were recorded on a Hitachi U-
3500 spectrophotometer at 25.04+0.1°C. The molar
absorption coefficients (¢) M tem™Y) of the guest mo-
lecules in aqueous HEPES buffer solutions at pH 7.4 with
I=0.1 (NaNOs) were as follows: 4-NP, (7.3 x 10° at
310nm; 4-NPP, 1.0 x 10* at 310nm; dA, 1.46 x 10* at
258 nm; 5'-dAMP, 1.2 x 10* at 258 nm; and 3’,5'-cAMP,
1.3 x 10" at 258 nm.

HPLC. The HPLC system consisted of two PU-980
intelligent HPLC pumps (JASCO, Japan), a UV-970
intelligent UV-visible detector (JASCO), a Rheodine
injector (Model No. 7125) and a Chromatopak C-R6A
(Shimadzu, Japan). The separations were carried out at
room temperature using a flow-rate of 0.5 ml min. A 2.5—
5ul volume from each sample (5mgml~") was injected
into the HPLC system for analysis. The eluent was
monitored with a UV-970 UV-visible detector at
254 nm. The column packed with Zn**—cyclen polymer
4 can be reused after washing with 10mM HEPES
(pH 7.0). For reference, a reversed-phase packed column,
Mightysil RP-4 GP 250-4.6 (5 um) (250 x 4.6 mm i.d.)
(Kanto Chemical, Japan), was used.
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