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Abstract

Dinuclear macrocyclic polyamine zinc(II) complexes, which have two cyclen groups linked
by flexible spacers, have been synthesized as DNA cleavage agents. The structures of these new
dinuclear complexes are consistent with the data obtained from elemental analysis, MS and 'H
NMR spectroscopy. The catalytic activity of these dinuclear complexes on DNA cleavage was
studied. The results showed that the dinuclear zinc(Il) complexes can catalyze the cleavage of
supercoiled DNA (pUC 19 plasmid DNA) (Form I) under physiological conditions to produce
selectively nicked DNA (Form II).
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1. Introduction

There is great interest in the chemistry of macrocyclic polyamines due to their
ability to interact with both metal cations and anionic species [1,2]. In particular,
ligands based on 1,4,7,10-tetrazacyclododecane structure (1, cyclen), which contain
different side arms have been the subject of intense study because of several suc-
cessful applications of their metal complexes. For instance, these complexes are
currently used in the separation of lanthanides [3], magnetic resonance imaging
(MRI) contrast-enhancing agents [4], and radiopharmaceuticals [5]. In addition,
such complexes could be used as models for the study and simulation of enzymes.
Some zinc(IT) complexes of azamacrocycles show dynamic anion recognition in
water, mimicking the properties of some enzymes [6]. This has been used to achieve
self assembly under physiological conditions [7] and even to control gene expres-
sion invivo [8]. Schneider and our previous works show that macrocyclic
polyamine metal complexes function as chemical nucleases and DNA cleaving
agents [9].

It is also known that the metals in some many hydrolytic metalloenzymes exist
as bi- and tri-nuclear complexes. The metal ions act in unison and cause rate
accelerations as large as 10'>-fold [10]. This cooperative action of two or three
metal centers has been mimicked in a number of model systems with varying
degrees of success [11]. Scrimin and co-workers [12] demonstrated that the dinu-
clear zinc(IT) complexes located on a peptide sequence can effectively catalyze the
hydrolysis of plasmid DNA. Akkaya and co-workers synthesized a binuclear
zinc(Il) complex bridged by a 1,3-bis(methylene)benzene linker. Subsequent test-
ing showed that the binuclear complex is highly efficient in the hydrolysis of plas-
mid DNA and, in comparison with a mononuclear complex, reveals a high degree
of cooperativity between the two metal ion centers [13,14]. Konig et al. [15]
reported urea derivatives of cyclen which were bridged bis-cyclens with aliphatic
or aromatic spacers. However, the introduction of carbamoyl groups at the nitro-
gen atoms reduced their basicity and binding ability. They also studied the binding
properties of these derivatives with double stranded DNA under physiological
conditions.

Surprisingly, the dinuclear complexes of bis-cyclen as DNA cleavage agents
linked with general flexible spacers, have not yet, to the best of our knowledge,
been reported in the literature. In this paper, we report the synthesis, characteriza-
tion, and properties of four dinuclear macrocyclic polyamine zinc(II) complexes
linked with long flexible spacers. The synthetic method used for covalent bridging
of cyclen is N-alkylation. It is well known that cleavage reactions can be increased
by providing an additional nucleophilic group, such as a hydroxyl group [16].
Akkaya has shown that DNA/RNA hydrolysis can be accelerated by a zinc(II) ion
containing a bound hydroxyl ion that acts as a nucleophilic center in the hydrolysis
reaction [13]. Hence, we incorporated two B-hydroxyl groups into the spacers. The
results shown that the dinuclear zinc(II) complexes more efficiently cleave plasmid
DNA (pUC 19) under physiological conditions than the zinc(II) complex of the
parent ligand 2.
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2. Results and discussion
2.1. Synthesis

Diglycidyl ethers 3, the key intermediates in the synthesis of the four polyamine
zinc(Il) complexes, were obtained by Mouzin’s one-step synthetic method in the
presence of the phase transfer catalyst tetrabutylammonium chloride as shown in
Scheme 1 [17,18]. The diglycidyl ethers 3 were purified by column chromatography to
avoid rigorous Kugelrohr distillation under high vacuum. However, the yields of
compounds 3a-d were not high because undesired products such as monoglycidyl
ethers and oligomers formed.

The Boc (tert-butyloxycarbonyl) group has been found to be an effective protect-
ing group for the synthesis of some derivatives of cyclic polyamines [19]. Hence, 1,4,7-
tris(zert-butyloxycarbonyl)cyclen (4, 3-Boc-cyclen) was used as the starting material.
As outlined in Scheme 2, the reactions of 3a—d with 2.15 equivalents of 4 in absolute
alcohol slowly proceeded under refluxing conditions for 5 days to give 6-Boc-
bis(cyclen) S5a-d, which was purified by column chromatography to give purified
compounds 5a—d in 30-50% yield. To avoid the formation of the mono-cyclen, a
slight excess of 3-Boc-cyclen 4 was added. TLC was used to monitor the reaction in
order to determine when the reaction was complete.

The hydrobromide salts of compounds 6a—d were obtained by deprotection of 6-
Boc-bis(cyclen) 5a-d with 47% aqueous HBr in EtOH at low temperature. The salts
were converted to the free bases by passing them through an anion exchange column
[20]. The free ligands 6a—d were allowed to react with Zn(ClO,),6H,O in EtOH.
After cooling in the refrigerator for 12h, the dinuclear macrocyclic polyamine
zinc(I1l) complexes 7a—d were obtained as colorless amorphous solid in 65-72% yield.
The complexes were characterized by element analysis, ESI-MS, and NMR spectros-

copy.

Cl Bu,NCI
T Ho—r—on PN o Oy
NaOH / H,0

3 a. R=CH,CH,
b. R=CH,CH,CH,
¢. R=CH,CH,CH,CH,
d. R=CH,CH,OCH,CH,

Scheme 1.
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Scheme 2.

2.2. Cleavage of plasmid DN A

The activities of complexes 7a-d with pUC 19 supercoiled DNA were studied. The
cleavage of the supercoiled plasmid DNA (Form I) was processed under physiological con-
ditions to produce selectively open-circular form (Form II). The amounts of strand scission
were assessed by agarose gel electrophoresis. Typical gels shown that the highest activity
was observed at pH 7.8 and the results for these experiments are shown in Figs. 1-3.
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Fig. 1. Effect of different complexes 7a—d and 2 (Zn>*-cyclen) (1 mM) on the cleavage reactions of pUC 19
DNA (7 pg/mL) in a Tris—HCI buffer (100 mM, pH 7.8) at 37 °C for 12 h. (A) Agarose gel electrophoresis
diagram: lane 1, DNA control; lane 2, 7a; lane 3, 7b; lane 4, 7¢; lane 5, 7d; lane 6, 2. (B) Quantitation of %
plasmid relaxation relative to plasmid DNA per lane.
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Fig. 2. Effect of time on the cleavage reaction of pUC 19 DNA (7 pug/mL) with complex 7¢ (1 mM) in a
Tris—HCI buffer (100 mM, pH 7.8) at 37 °C. (A) Agarose gel electrophoresis diagram: lane 1, DNA con-
trol, 10 h; lane 2, 7¢, 15 min; lane 3, 7¢, 1 h; lane 4,7¢, 5h; lane 5, 7¢, 10 h. (B) Quantitation of % plasmid
relaxation relative to plasmid DNA per lane.

Figs. 1A and B show that dinuclear macrocyclic polyamine Zn(II) function as
chemical nucleases and catalyze the cleavage of plasmid DNA (pUC 19) more
efficiently than the zinc complex of the parent ligand 2. To a certain extent, the coop-
erative activity of the two metal centers is established by comparing the cleavage of



W. Peng et al. | Bioorganic Chemistry 33 (2005) 374-385 379

Form Il

Form |

B

204

15

10

% Plasmid Relaxation

0 HEZAZZA ; ; : ¢
DNA control 7c 7c 7c 7c 7c

Concentration Effect

Fig. 3. Effect of concentration of complex 7¢ on the cleavage reactions of pUC 19 DNA (7 pg/mL) in a
Tris-HCI buffer (100 mM, pH 7.8) at 37 °C for 12 h. (A) Agarose gel electrophoresis diagram: lane 1, DNA
control; lane 2, 7¢, 1 mM; lane 3, 7¢, 250 uM; lane 4, 7¢, 62.5 uM; lane 5, 7¢, 15.6 uM; lane 6, 7¢, 3.9 uM. (B)
Quantitation of % plasmid relaxation relative to plasmid DNA per lane.

the plasmid DNA in the presence of 7a—d to that of the zinc complex 2 (Zn>*-cyclen),
although this cooperative activity is weak. The results also showed that the mononu-
clear complex 2 at the same concentration did not result in any detectable hydrolysis,
but efficient hydrolysis of plasmid DNA in the presence of 7a—d was apparent. Elec-
trophoresis and densitometry indicated that single cleavage of the supercoiled form
yielded 13.6, 16.7, 21.8, and 12.6% nicked form, respectively, by 7a—d (Fig. 1 B). In
contrast, hydrolysis of supercoiled form in the presence of complex 2 could only give
7.8% nicked form. Compound 7c¢ is the best catalyst for DNA cleavage. The data sug-
gest that the structures of the complexes, in particular the nature of bridging groups
between the two cyclens, play an important role in the cleavage reaction. Our subse-
quent efforts focused on the reactivity of complex 7c¢ under physiological conditions.

A solution containing plasmid DNA was incubated in a 0.5 mL tube with catalyst
7c at 37°C, pH 7.8. As shown in Fig. 2, the disappearance of supercoiled Form I was
accompanied by appearance of open circular Form II. An increase in the intensity of
Form 1II resulted from an increase in the reaction time. When the reaction time
reached 10h, 20.8% nicked form (Form II) was observed (Fig. 2B).

The cleavage of DNA by different concentrations of complex 7¢ was also studied
(Fig. 3). The amount of nicked DNA (Form II) observed in agarose gel electrophore-
sis diagram decreased with the decrease of the concentration of complex 7¢ in the
reaction system (Fig. 3A). The concentration of 7¢ decreased in the order of 1 mM,
250, 62.5, and 15.6 uM, resulting in 21.3, 15.4, 12.3, and 11.6% nicked DNA, respec-
tively (Fig. 3B). When the concentration of 7c fell to 3.9 uM (lane 6), there was some
DNA cleavage (9.9% nicked DNA).
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3. Experimental
3.1. General information

MS (ESI) mass spectral data were recorded on a Finnigan LCQPF®A mass spec-
trometer. HRMS spectral data were recorded on Bruker Daltonics Bio TOF. 'H
NMR spectra were measured on a Varian INOVA-400 spectrometer and chemical
shifts in ppm are reported relative to internal Me,Si (CDCl;) or (D,0). 3C NMR
spectra were measured on a Bruker AC-E 200 spectrometer. Chemical shifts were
reported in ppm relative to CDCl; (6=77.0ppm). Elemental analyses were per-
formed using a Carlo-Elba 1106 elemental analytical instrument. Melting points were
determined using a micro-melting point apparatus without any corrections. Electro-
phoresis apparatus was using a Biomeans Stack II-Electrophoresis system, PPSV-
010. Bands were visualized by UV light and photographed followed by the estimation
of the intensity of the DNA bands using a Gel Documentation System, recorded on
an Olympus Grab-IT2.0 Annotating Image Computer System. All other chemicals
and reagents were obtained commercially and used without further purification.
Electrophoresis grade agarose and plasmid DNA (pUC 19) were purchased from
Takara Biotechnology Company. Cyclen [21] 1, Zn**-cyclen [8] 2 and 1,4,7-tris(tert-
butyloxycarbonyl)-1,4,7,10-tetraazacyclododecance [22] 4 (3Boc-cyclen) were pre-
pared as previously reported.

3.2. Synthesis of diglycidyl ether intermediates 3a—d

A mixture of epichlorhydrin (9.34mL, 0.12 mol), sodium hydroxide pellets (4.8 g,
0.12mol), water (0.5mL, 0.028 mol), and tetrabutylammonium chloride (0.28 mL,
0.001 mol) was vigorously stirred. Glycol (1,2-ethandiol, 1,3-propanediol, 1,4-butane-
diol or diethylene glycol) (0.02 mol) cooled in ice was added dropwise. After the com-
pletion of addition, stirring was continued for another 45min at 40 °C. The solid
produced in the reaction process was filtered off and washed with dichloromethane.
The combined organic layer was washed with saturated ammonium chloride to neu-
trality and dried with anhydrous magnesium sulfate. The solvent and excess epi-
chlorhydrin were distilled off to give a yellow oil. The residue was purified by silica
gel column chromatography to give 3a—d.

3.2.1. Ethylene glycol diglycidyl ether (3a)

Colorless liquid; yield: 27.5%; eluent: ethyl acetate:petroleum ether (60-90°C)=>5:1.
MS (ESI): m/z=197.3 [M+Na]*. "H NMR (400 MHz, CDCl,): 6 (ppm) = 3.83-3.77 (m,
2H, OCH,CH,), 3.73-3.63 (m, 4H, OCH,CH,0), 3.45-3.39 (m, 2H, OCH,CH,), 3.20-
3.10 [m, 2H, 2 x CH,(O)CH], 2.81-2.61 [m, 4H, 2 x CH(O)CH,].

3.2.2. 1,3-Propanediol diglycidyl ether (3b)

Colorless liquid; yield: 32.0%; eluent: chloroform: diethyl ether:methanol=3:1:0.1.
MS (ESI): m/z=189.1 [M+H]*. "H NMR (400 MHz, CDCl,): § (ppm)=23.76-3.70 (m,
2H, OCH,CH,), 3.65-3.54 (m, 4H, OCH,CH,CH,0), 3.34-341 (m, 2H, OCH,CH,),
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3.20-3.10 [m, 2H, 2 x CH,(O)CH], 2.83-2.59 [m, 4H, 2 x CH(O)CH,], 1.92-1.85 (m, 2H,
OCH, CH, CH,0).

3.2.3. 1,4-Butanediol diglycidyl ether (3c)

Colorless liquid; yield: 71.3%; eluent: ethyl acetate:petroleum ether (60—
90°C)=3:1. MS (ESI): m/z=2032 [M+H]". '"H NMR (400MHz, CDCl,): §
(ppm)=3.75 (m, 8H, 4 x OCH,), 3.17 [m, 2H, 2 x CH,(O)CH], 2.62-2.42 [m, 4H,
2 x CH(O)CH,), 1.50 (m, 4H, OCH, CH,CH,CH,0).

3.2.4. Diethylene glycol diglycidyl ether (3d)

Colorless liquid; yield: 33.7%; eluent: ethyl acetate:petroleum ether (60—
90°C)=6:1. MS (ESI): m/z=2533 [M+Cl]". 'H NMR (400MHz, CDCly): §
(ppm) = 3.82-3.77 (m, 2H, OCH,CH,), 3.72-3.63 (m, 8H, 2 x OCH,CH,0), 3.45-3.40
(m, 2H, OCH,CH,), 3.20-3.15 [m, 2H, 2x CH,(O)CH], 2.81-2.60 [m, 4H,
2 x CH(O)CH,).

3.3. General procedure for the synthesis of Sa—d

Under a N, atmosphere, a solution of diglycidyl ether 3 (1.48 mmol) and 1,4,7-
tris(zert-butyloxycarbonyl)-1,4,7,10-tetraazacyclododecane 4 (1.5g, 3.17mmol) in
60mL of absolute alcohol was stirred at refluxing condition. The progress of the
reaction was monitored by TLC. After 5 days, the reaction was almost complete.
After evaporating the solvent under reduced pressure, the residue was passed
through a silica gel chromatography to afford 5a—d.

3.3.1. Ethylene glycol-O,0'-[2,2'-dihydroxy-3,3'- bis(4,7,10-tris( tert-
butyloxycarbonyl)-1,4,7,10-tetraazacyclododecane) | dipropyl ether (5a)

White solid; yield: 53.2%; m.p. 56-58 °C; eluent: ethyl acetate:petroleum ether (60—
90°C):methanol = 3:1:0.1. '"H NMR (400 MHz, CDCl,): § (ppm) =3.95-3.90 [m, 2H,
2 xNCH,CH(OH)], 3.65-3.59 (m, 8H, 4xOCH,), 3.53-335 (m, 24H,
6 x NCH,CH,N), 3.19 (br s, 2H, 2 x OH), 2.80-2.30 [m, 12H, 2 x CH,N(CH,)CH,),
1.45 [s, 54H, 6 x OC(CH;);]. 3*C NMR (200 MHz, CDCl,): § (ppm)=156.3, 155.5
(C=0), 79.7, 794 [C(CH,);], 744, 72.6, 71.5, 70.6, 69.4 (OCH,), 67.5, 66.8 [C(OH)],
57.5,55.7,49.9, 48.1 (NCH,), 28.6, 28.4 [C(CH;)5]. MS (ESI): m/z=1119.54 [M + H]".
HRMS: found m/z=1119.7487 [M + H]*, C5,H,(;NgO, ¢ requires 1119.7487.

3.3.2. 1,3-Propanediol-0,0'-[2,2"-dihydroxy-3,3"-bis(4,7,10-tris(tert-
butyloxycarbonyl) -1,4,7,10-tetraazacyclododecane) | dipropyl ether (5b)

White solid; yield: 32.2%; m.p.: 54-56°C; eluent: ethyl acetate:petroleum ether
(60-90°C):methanol = 3:1:0.1. '"H NMR (400 MHz, CDCl,): § (ppm) = 3.98-3.88 [m,
2H, 2 x NCH,CH(OH)], 3.66-3.30 (m, 8H, 4 x OCH,; m, 24H, 6 x NCH,CH,N), 3.15
(br s, 2H, 2 x OH), 2.93-2.30 [m, 12H, 2 x CH,N(CH,)CH,], 1.90-1.80 [m, 2H,
CH,(CH,),], 145 [s, 54H, 6xOC(CH;);l. *C NMR (200MHz, CDCly): §
(ppm) =155.4 (C=0), 79.6, 79.2 [C(CH,)5], 74.0, 72.0, 71.5, (OCH,), 69.3, 68.3, 67.6,
66.7 [C(OH)], 57.6, 56.6, 55.7, 49.9, 48.1 (NCH,), 29.6 (OCH,CH,CH,0), 28.5, 28.4
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[C(CH;);]. MS (ESI): m/z=11334 [M+H]". HRMS: found m/z=1155.7451
[M +Na]", CssH,(4NgNa, O, requires 1155.7463.

3.3.3. 1,4-Butanediol-0,0'- [2,2'-dihydroxy-3,3'-bis(4,7,10-tris( tert-
butyloxycarbonyl)-1,4,7,10-tetraazacyclododecane) | dipropyl ether (5¢)

White solid; yield: 32.3%; m.p.. 59-61°C; eluent: dichloromethane:
acetone:methanol =4:3:0.1. '"H NMR (400 MHz, CDCl,): § (ppm)=3.99-3.88 [m,
2H, 2 x NCH,CH(OH)], 3.60-3.30 (m, 8H, 4 x OCH,; m, 24H, 6 x NCH,CH,N), 3.12
(br s, 2H, 2 x OH), 2.96-2.34 [m, 12H, 2 x CH,N(CH,)CH,], 1.63-1.58 (m, 4H,
CH,CH,CH,CH,), 145 [s, 54H, 6 x OC(CH,);]. 3*C NMR (200 MHz, CDCl,): §
(ppm) =156.2, 1554 (C=0), 79.6, 79.3 [C(CH;),], 73.9, 71.9, 71.6, 71.2 (OCH,), 67.7,
66.8 [C(OH)], 57.8, 56.6, 55.8, 49.9, 48.1 (NCH,), 28.6, 284 [C(CHy)], 263
(CH,CH,CH,CH,). MS (ESI): m/z=1147.6 [M+H]". HRMS: found m/
z=1147.7738 [M + H]", Cs¢H, ;N3O requires 1147.7800.

3.3.4. Diethylene glycol-0,0’- [2,2'-dihydroxy-3,3'- bis(4,7,10-tris( tert-
butyloxycarbonyl)-1,4,7,10-tetraazacyclododecane) |dipropyl ether (5d)

White solid; yield: 31.8%; m.p.: 52-54 °C; eluent: ethyl acetate:petroleum ether
(60-90 °C):methanol = 3:1:0.1. "H NMR (400 MHz, CDCl,): § (ppm) =4.05-3.91
[m, 2H, 2 x NCH,CH(OH)], 3.71-3.59 (m, 12H, 6 x OCH,), 3.58-3.32 (m, 24H,
6 x NCH,CH,N), 3.24 (br s, 2H, 2 x OH), 2.93-2.38 [m, 12H, 2 x CH,N(CH,)CH,],
145 [s, 54H, 6 x OC(CH,);]. '*C NMR (200 MHz, CDCl,): § (ppm) = 155.4 (C=0),
79.5, 79.2 [C(CH,);], 74.8, 746, 73.1, 71.3, 704, 69.3 (OCH,), 674, 66.7
[C(OH)], 56.9, 49.8, 48.0 (NCH,), 28.6, 28.4 [C(CH;);]. MS (ESI): m/z=1163.5
[M+H]". HRMS: found m/z=1185.7612 [M + Na]*, CssH,,NgNa,0,; requires
1185.7568.

3.4. General procedure for the synthesis of 6a—d

To a solution of 6-Boc-bis(cyclen) 5 (0.25 mmol) and ethanol (6 mL), 47% aqueous
HBr (3mL) was added slowly at 0 °C. After the reaction mixture stirred overnight at
room temperature, the solvents were evaporated in vacuo below 40°C and the resi-
due was recrystallized from H,O/EtOH to afford the hexahydrobromide salt of 6 as a
white solid. Compounds 6a-d-6HBr was passed through an anion exchange resin col-
umn with water to obtain free ligands 6a—d.

3.4.1. Ethylene glycol-0O,0'- [2,2'-dihydroxy-3,3'-bis( 1,4,7,10-tetraazacyclododecane) |
dipropyl ether (6a)

Colorless amorphous solid; yield: 73.5%. 'H NMR (400MHz, CDCl,): 6
(ppm) =3.94-3.85 [m, 2H, 2 x NCH,CH(OH)], 3.74-3.50 (m, 8H, 4 x OCH,), 3.10 (br
s, 2H, 2 x OH), 2.96-2.38 [m, 6H, 6 x NH(CH,),; m, 32H, 4 x N(CH,CH,),; d, 4H,
2 x NCH,CH(OH)]. *C NMR (200 MHz, CDCl,): § (ppm)=74.2, 71.1, 70.8, 70.5
(OCH,), 68.2, 68.1 [C(OH)], 57.6, 57.3, 57.2, 52.3, 52.0, 48.5, 47.8, 46.7, 46.2, 45.0, 44.8,
44.1 (NCH,). MS (ESI): m/z=541.6 [M+Na]". HRMS: found m/z=1519.4335
[M +H]", C,,H5sNgO, requires 519.4341.
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3.4.2. 1,3-Propanediol-O,0'- [2,2-dihydroxy-3,3-bis(1,4,7,10-tetraazacyclododecane) |
dipropyl ether (6b)

Colorless amorphous solid; yield: 84.6%. "H NMR (400MHz, CDCl,): 6 (ppm)=3.96—
3.84 [m, 2H, 2x NCH,CH(OH)], 3.65-341 [m, 8H, 4 x OCH,; m, 6H, 6 x NH(CH,),], 3.07
(br s, 2H, 2x OH), 2.84-242 [m, 32H, 4 x N(CH,CH,),; d, 4H, 2x NCH,CH(OH)), 1.88—
1.75 [m, 2H, CH,(CH,),]. *C NMR (200MHz, CDCl,): § (ppm)=76.4,73.7,73.5, 732,729,
724, 72.0 (OCH,), 684, 682, 68.0, 67.9 [C(OH)], 57.8, 57.5, 52.3, 49.7, 46.7, 46.6, 46.5, 46.1,
459, 450, 44.8 (NCH,), 29.5 (CH,CH,CH,). MS (ESI): m/z=533.5 [M+H]". HRMS:
found m/z=533.4389 [M +H]", C,5Hs;NgO, requires 533.4503.

3.4.3. 1,4-Butanediol-O,0'-[2,2'-dihydroxy-3,3'-bis(1,4,7,10-
tetraazacyclododecane) |dipropyl ether (6¢)

Colorless amorphous solid; yield: 76.3%. 'H NMR (400MHz, CDCly): &
(ppm) =3.92-3.86 [m, 2H, 2 x NCH,CH(OH)], 3.53-3.38 (m, 8H, 4 x OCH,), 3.29-
2.84 [br s, 2H, 2 x OH; m, 6H, 6 x NH(CH,),], 2.83-2.43 [m, 32H, 4 x N(CH,CH,),;
d, 4H, 2xNCH,CH(OH)], 1.68-1.62 (m, 4H, CH,CH,CH,CH,). 3C NMR
(200 MHz, CDCl,): 6 (ppm)="73.6,73.3,72.2,72.0, 71.2, 71.1 (OCH,), 69.2, 68.4, 68.2,
68.0 [C(OH)], 58.3, 57.9, 57.7, 52.6, 47.9, 47.0, 46.8, 464, 46.2, 454 (NCH,), 26.3
(CH,CH,CH,CH,). MS (ESI): m/z =547.6 [M + H]".

3.4.4. Diethylene glycol-0,0'-[2,2'-dihydroxy-3,3'-bis(1,4,7,10-
tetraazacyclododecane) | dipropyl ether (6d)

Colorless amorphous solid; yield: 94.0%. 'H NMR (400 MHz, CDCly): §
(ppm) =3.96-3.86 [m, 2H, 2 x NCH,CH(OH)], 3.70-3.39 [m, 12H, 6 x OCH,; m,
6H, 6x NH(CH,),], 3.20-3.04 (br s, 2 H, 2xOH), 288-241 [m, 32H,
4 x N(CH,CH,),; d, 4H, 2 x NCH,CH(OH)]. 3C NMR (200 MHz, CDCl,): §
(ppm) =76.3, 74.3, 74.0, 73.9, 73.3, 73.2, 71.8, 70.4 (OCH,), 68.9, 68.4, 68.1, 66.7
[C(OH)], 57.6, 57.5, 57.3, 57.2, 52.3, 48.5, 47.7, 46.7, 46.1, 45.0, 44.9 (NCH,). MS
(ESI): m/z=563.6 [M +H]".

3.5. General procedure for the synthesis of 7a—d

To a 10mL EtOH solution of free ligand 6 (0.20 mmol) obtained as described
above, Zn(ClO,),"6H,0 (0.42mmol) was added. The resulting solution stirred at
room temperate for 1 h. After being cooled, the solid was filtered off, washed with
absolute alcohol to give the dinuclear zinc(II) complexes 7a—d.

3.5.1. Ethylene glycol-O,0'-[2,2"-dihydroxy-3,3'-bis(1,4,7,10-
tetraazacyclododecane) Jdipropyl ether dizinc(11) complex (7a)

Colorless amorphous solid; yield: 684%. 'H NMR (400 MHz, D,0): 6
(ppm) =4.18-4.09 [m, 2H, 2 x NCH,CH(OH)], 3.77-3.48 (m, 8H, 4 x OCH,), 3.24—
2.68 (m, 32H, 8 x NCH,CH,N; m, 4H, 2 x NCH,CH). MS (ESI): m/z="7453
[M-3Cl0,—H,0]". Anal Calcd. for C,,Hs,N;O,Zn,-4C10,-H,0 (1065.33): C, 27.03;
H, 5.26; N, 10.51, Found: C, 27.33; H, 5.61; N, 10.31. Atomic absorption spectrometry
for Zn%: 12.27, Found: 12.17.
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3.5.2. 1,3-Propanediol-O,0'-[2,2"-dihydroxy-3,3'-bis(1,4,7,10-
tetraazacyclododecane) | dipropyl ether dizinc(I1) complex (7b)

Colorless amorphous solid; yield: 72.0%. "H NMR (400 MHz, D,0): 6 (ppm) =4.20—
4.12 [m, 2 H, 2 x NCH,CH(OH)], 3.68-3.40 (m, 8 H, 4 x OCH,), 3.23-2.68 (m, 32 H,
8 x NCH,CH,N; m, 4H, 2 x NCH,CH), 1.92-1.82 (m, 2H, CH,CH,CH,). MS (ESI):
mlz=861.2 [M-ClO,-2H,0]*. Anal. Cald. for C,H;,NO,Zn,3ClO,-OH-H,0
(996.91): C, 30.09, H, 592, N, 11.23, Found: C, 30.05, H, 591, N, 10.85. Atomic absorp-
tion spectrometry for Zn%: 13.11, Found: 13.03.

3.5.3. 1,4-Butanediol-O,0'-[2,2'-dihydroxy-3,3'-bis( 1,4,7,10-tetraazacyclododecane) |
dipropyl ether dizinc(I1) complex (7¢)

Colorless amorphous solid; yield: 65.3%. 'H NMR (400 MHz, D,0): 6 (ppm)=4.20—
4.10 [m, 2H, 2x NCH,CH(OH)], 3.69-345 (m, 8H, 4 x OCH,), 3.25-2.66 (m, 32H,
8 x NCH,CH,N; m, 4H, 2 x NCH,CH), 1.62-1.59 (m, 4H, CH,CH,CH,CH,). MS (ESI):
mlz=1071.1 [M+H-8H,0]". Anal. Calcd. for C,qH54N30,Zn,-4Cl0,-8H,0 (1219.49):
C,25.58; H, 6.06; N, 9.18, Found: C, 25.33; H, 5.55; N, 8.81.

3.5.4. Diethylene glycol-0,0’'-[2,2'-dihydroxy-3,3"-bis(1,4,7,10-
tetraazacyclododecane) | dipropyl ether dizinc(11) complex (7d)

Colorless amorphous solid; yield: 71.1%. 'H NMR (400 MHz, D,0): &
(ppm) =4.18-4.08 [m, 2H, 2 x NCH,CH(OH)], 3.69-3.46 (m, 12H, 6 x OCH,), 3.24—
2.66 (m, 32H, 8 x NCH,CH,N; m, 4H, 2 x NCH,CH). MS (ESI): m/z="789.29
[M—4H,0]. C,4Hs3NgO5Zn,-ClO0,-30H.H,0 (862.06). Atomic absorption spectrome-
try for Zn% : 15.16; Found: 15.09.

3.6. Plasmid DNA cleavage

Plasmid DNA (pUC 19) cleavage activity of complexes 7a—d was monitored by
using agarose gel electrophoresis. In a typical experiment, supercoiled pUC 19 DNA
(10 uL, 0.025 pg/ul) in Tris—HCI buffer (100 mM, pH 7.8) was treated with different
concentration of complexes 7a—d, followed by dilution with the Tris—HCI buffer to a
total volume of 35 uL.. The samples were then incubated at 37 °C for 15min-12 h, and
loaded on a 1% agarose gel containing 1.0 pg/mL ethidium bromide. Electrophoresis
was carried out at 40V for 30 min in TAE buffer. Bands were visualized by UV light
and photographed followed by the estimation of the intensity of the DNA bands
using a Gel Documentation System.
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