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Abstract: Two novel macrocyclic polyamine ligands and theinudlear zinc (lI)
complexes were synthesized and characterized. Titenaction with plasmid DNA was
studied by gel electrophoresis and fluorescencaaueg experiment. The result showed
that these complexes could bind DNA efficiently enghysiological conditions.
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1. Introduction

Genetic engineering has brought new challengesoppdrtunities for medicine and biomedical
research, whereas DNA strands would be damageallinar environment [1-3]. The damage of DNA
would cause mutations and genomic instabilities thay contribute to a variety of human genetic
diseases. Thus DNA protection may play a signiticafe in bioanalysis and delivery. Though a few
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methods have been taken to protect DNA [4-8], thvezee very few reports on small molecules that
could protect DNA. He et al. found out that protiiora of the amino-modified silica nanoparticles
could protect DNA due to the ability to enrich thegatively charged DNA strands by the positive
charges on these materials [4]. Imidazolium iomjaitls with cations were thus expected to bind DNA
sequences. Additionally, ionic liquids applied imlbgical chemistry were studied recently [9, 10].
Ohno and colleagues prepared ionic liquid-robed BN using the cations from imidazole ring to fix
the phosphate group of DNA [11,12].

1,4,7,10-tetrazacyclododecane (cyclen) is a reptagee macrocyclic polyamines compound and
shows high binding affinity with transition metains, such as Zn(ll), Cu(ll) and Co(ll) [13-16]. A
number of research groups have reported macrocymiyamines metal complexes especially
multinuclear complexes that could cleave DNA, RNAle model substrate ester effectively [17-23].
In our study, imidazolium ionic liquids containidgnuclear cyclen and their zinc (Il) complexes were
anticipated to protect DNA strands because of tin@ique molecular structure.

Herein, two imidazolium ionic liquids containingndiclear cyclen moiety and their zinc (ll)
complexes were first synthesized and characterikbdir interaction with pUC19 plasmid DNA was
studied. The results revealed that these complexetsng with DNA showed different characteristics
from previous results in our group [21-23] duehe tation from imidazolium moiety.

2. Results and Discussion
2.1 Preparation of dinuclear zinc (II) complexes

The synthetic route of two zinc (Il) complexes witmidazolium salt bridge was shown in
Scheme 1. (BoeD could selectively protect cyclen to obtain trehurotected cyclen. Compourl
was obtained by the reaction between excessiver pn-bis(bromomethyl) benzene and tri-boc-
protected cyclen. Desired prodicivas obtained through two steps from imidazole Zbg alkylation
and formation of imidazolum cation. The Boc-proieetgroups were removed by adding dropwise the
solution of trifluoroacetic acid (TFA) in dichlorathane. The target zinc (ll) complexes with
imidazolium salt groups were prepared frénwith Zn(ClQOy), in ethanol solutionla and1b were
characterized by elemental analysis.

2.2 Interaction between ligands or their zinc mplexes and plasmid pUC19 DNA

The interaction of macrocyclic polyamine metallmntplexes with DNA was reported previously
[21-23]. These complexes cleaved supercoiled plsDNA to produce open-circular form.
Nevertheless the interaction of imidazolium ligagdsb and their zinc () complexe$ with DNA
was different from the reported models. The expental results were shown in Figure 1-3.

Agarose gel electrophoresis demonstrated thatdg@and complexe& could bind with DNA. As
shown in Figure 1, plasmid DNA control moved in #lectric field (Lane 1), and DNAa complexes
were retained around the sample well (Lanes 131dndThe reason why the DN2a complexes did
not move toward the positive electrode lied in ttlofiarge and the large size [24]. On the other hand
lanes 15-18 showed that with the concentratioriaidecreased, plasmid DNA moved toward the
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positive electrode. The interaction &b with DNA showed similar phenomena &a due to their
analogous molecule structure (Lanes 19-24).
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Figure 1. Effect of different ligands and complexes on thenaction with puC19 DNA (fg/ml) in a
Tris-HCI buffer (100 mM, pH 7.4) at 37 °C for 0.5Agarose gel electrophoresis diagram: lane 1,
DNA control ; lanes 2-6, ligand6g] = 1.40, 0.70, 0.35, 0.18, 0.09 mM; lanes 7-12did; Bb] = 1.40,
0.70, 0.35, 0.18, 0.09, 0.05 mM; lanes 13-18 corplr] = 0.144, 0.072, 0.036, 0.018, 0.009,
0.005 mM; lanes 19-24 complexttj] = 0.144, 0.072, 0.036, 0.018, 0.009, 0.005 mM.

Figure 1 also showed that DN&t complex could also be formed with high concentratof 6b
(Lane 7). However, DNAa complex was not obvious enough as DEB-under same conditions
(Lane 2). We therefore increased the concentragfoda and the experiment results were shown in
Figure 2. Ligandsa could bind DNA to form DNA6a complexes when the concentrationéafwas

increased to 5.6 mM (Figure 2, lane 2).
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Figure 2. Effect of different concentration of ligan@a on the interaction with pUC19 DNA §vg/ml)
in a Tris-HCI buffer (100 mM, pH 7.4) at 37 °C fa5 h. Agarose gel electrophoresis diagram: lane 1,
DNA control ; lanes 2-4, ligand6f] = 5.6, 4.2, 2.8 mM.

Obviously zinc(Il) complexes were more reactiventtize free ligands. This might be due to that the
cation density increased with the existence of (Hjndt was more available for complexes to bind
DNA with anion.

To investigate whether the macrocyclic polyaminadamolium salt ligands and their zinc (ll)
complexes were efficient reagents in protecting DM#&m being cleaved enzymatically, 0.1 U of
DNasel was added respectively to the plasmid DN e DNA complexes containingri@g/ml of
DNA. The results were shown in Figure 3. DNaselld@mleave DNA completely (Lane 2), which was
used as control. It is obvious that both ligagdsnd complexed could retard the cleavage of DNA
efficiently (Lanes 3-6). It was illustrated that BNcould be protected by those compounds to avoid
being cleaved. There might be a few possible reagmmthe DNA protection based on imidazolium
salt. The first one is that the positive chargetiom imidazolium group kept Mg away from the
positively charged imidazolium salt. This wouldaret the enzymatic cleavage process, in which™Mg
is needed. The second one is that DNA surface figndith imidazolium salt resulted in a variation of
the DNA structure due to the size effect [4].

Figure 3. Effect of different ligands and complexes onititeraction with pUC19 DNA (frg/ml)
with the existence of DNasel in a Tris-HCI buffé®Q mM, pH 7.4) at 37 °C for 0.5 h. Agarose gel
electrophoresis diagram: lane 1, DNA control ; I2r@NA+ DNasel; lane 3 DNA+ DNasel6g; lane
4 DNA + DNasel +6b; lane 5 DNA + DNasella; lane 6 DNA+ DNasel b.

A typical imidazoluim 1-ethyl-3-methylimidazoliutmromide (EMI) can not bind DNA, as shown
in Figure 4. Clearly, macropolyamine moiety takesignificant role when ligands or complexes
interact with DNA. Polyamine could be protonatedrttpossesses more cation density to bind DNA
with anion, maybe so ligand6é and complexesl are more active than imidazolium without
macropolyamine moiety.
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Figure 4. Effect of different concentration of 1-ethyl-3-rhglimidazolium bromide (EMI) on the
interaction with puUC19 DNA (fg/ml) in a Tris-HCI buffer (100 mM, pH 7.4) at 3C for 0.5 h.
Agarose gel electrophoresis diagram: lane 1, DN#trob ; lanes 2-5, ligand: [EMI] = 5.6, 11.2, 22.4,
44.8, 89.6 mM.

2.3 Fluorescence quenching experiment

Fluorescence quenching experiment was performedris-HCI 100 mM, pH 7.4 at room
temperature to measure the binding affinities @hpgounds § and1) with DNA. The extent of binding
between the complexes and DNA could be determinethé fluorescence quenching of ethidium
bromide intercalated to DNA.

According to the equation=1- H-F

" 10®%, in whichFg is the initial fluorescence intensity of

1 0
ethidium bromidef; is the fluorescence intensity after ethidium brdenintercalating into the base
pairs of dsDNA; andF is fluorescence intensity in the presence of idenlds or complexes. The value
of r reflected the extent of the fluorescence quencidtdligands or complexes (comparedrier).
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Figure 5. Fluorescence quenching curve of complexes atreifit concentration.
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Figure 6. Fluorescence quenching curve of ligands at diftecencentration.

Figure 5 and Figure 6 showed that the fluorescememsity decreased obviously associated with

the increase of the concentration of complekewnhich illustrated that complexedscould displace
ethidium bromide effectively. Meanwhile, ligan@squenched the system fluorescence intensity with
less efficiency comparing tb, which showed that ethidium bromide is displacadlp by ligands6.
Cso value describes the concentration of certain camgonvhen this compound could cause a 50 %
decrease (the value of r in Figure 5 and Figure&@eahse to 50 %) in fluorescence intensity, aral thi
value could show DNA-binding activity of certainmpound. According to Figure 5 and Figure 6, the
Cso values were the concentration 60, 60, 4, 3 M respdy. These results indicated that the free
ligands were less active in the DNA-binding proctemn those of the metal complexes. The results
were in accord with those of gel electrophoresjzeeiments.

2.4 Conclusions

In this paper, imidazolium ionic liquids containiminuclear cyclen moiety and their zinc (Il)
complexes using am or p-xylyl linkage were synthesized and characteriZHukir interaction with
DNA was detected by the method of agarose gelrelglubresis and fluorescence quenching. The
results showed that DNA could be protected effitjehy the ligands and their zinc (ll) complexes.
Moreover, zinc (Il) complexes were much more activan the free ligands. Imidazolium containing
dinuclear cyclen moiety show much more interactamtive with DNA than imidazolium without
cyclen moiety. It will be useful in DNA separatigoyrification, and detection, and possibly in genet
engineering and gene therapy. Further studies\greogress.
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3. Experimental
3.1. General information

Compounds 1, 4- or 1, 3-bis(bromomethyl)benzeneleay and 1, 4, 7- tris(tert-butyloxycarbonyl)-
1,4,7,10-tetraazacyclododecane(Boygclen), 1-bromomethyl-4(3)-(Z ,10-tris-(tert-
butyloxycarbonyl)-1,4,7,10-tetraazacyclododecan-1-yl-methylene)benzene, yil-8th
methylimidazolium bromide were prepared as desdrim@viously [25-28,12]. Electrophoresis grade
agarose and plasmid DNA (pUC19) were purchased ffakara Biotechnology Company. All other
reagents were used as received. Anhydrous acé®n(@H;CN), absolute chloroform (CHg)I
dichloromethane (C¥Cl,) were distilled from calcium hydride (CaH All aqueous solutions were
prepared from deionized or distilled water. IR speavere recorded on a Shimadzu FTIR-4200
spectrometer as KBr pellets or thin films on KBatek. ThetH NMR and**C NMR spectra were
measured on a Varian INOVA-400 spectrometer (400zM&hd the scale in parts per million was
referenced to residual solvent peaks or internahreethylsilane (TMS). ESI mass spectra were
performed on a Finnigan LCQDECA and high-resolufié@ spectral data were recorded on a Bruker
Daltonics Bio TOF. The fluorescence spectrum amnehisity were measured with a F-4500 FL LS-50B
spectrophotometer. Elemental analyses were pertbusang a Carlo-Elba 1106 elemental analytical
instrument. Polarimetric measurement were takenaoRerkin-Elmer-341 automatic polarimeter.
Electrophoresis apparatus was a biomeans stadkclr@phoresis system, PPSV-010. Bands were
visualized by UV light and photographed using a dmtumentation system by the estimation of the
intensity of the DNA bands, recorded on an Olym@uab-IT 2.0 annotating image computer system.

3.2. General procedure for the synthesis of comgsuia-b

Imidazole (0.2 mmol) and NaH (0.2 mmol) in 5 mlasthydrous acetonitrile was stirred at 0 °C for
1 h. Then the solution of 1-bromomethyl-4 (3)-(4, 10-tris-(tert-butyloxycarbonyl)-1 4, 7, 10-
tetraazacyclododecan-l-methylene)benzene in 10 ml of anhydrous acétitenwas added dropwise
in 1 h. The mixture was kept stirring at room tenapere for 3 h. The reaction mixture was filtered t
remove inorganic salt. After removing the solventier reduced pressure, the mixture was purified by
silica gel column chromatography (25:1 dichloronagigyethanol) to yield the pure product as a white
solid.

1-{4 -[4 ,7 ,10 -tris(tert-butyloxycarbonyl)-14 ,7 ,10 -tetraazacyclododecan-$I-methyl-
ene]benzyl}imidazole 4a): Colorless amorphous solid. Yield: 81.4 %. IR (KBm®): 3433, 2976,
1685, 1458, 1416, 1365, 1250, 1170, 1107, 980, 86@, ‘H NMR (400 MHz, CDC4, TMS):

= 1.36-1.41 (m, 27 H, C(Gh#), 2.57 (br, 4 H, NCh), 3.19-3.51 (m, 12 H, NCHl 3.66 (s, 2 H,
NCHAr), 5.02 (s, 2 H, ArCHAr), 6.82 (s, 1 H, imidazole-H), 7.01-7.03 (d, 3ikhidazole-H, ArH),
7.16-7.18 (d, 2 H, J = 8 Hz, ArH), 7.49 (s, 1 Hjdarole-H).**C NMR (100 MHz, CDGJ, TMS):
28.45, 28.69, 29.29, 47.93, 50.03, 50.49, 55.56/&9.50, 119.23, 127.15, 129.78, 130.82, 135.10,
137.37, 155.85. ESI-MS: m/z = 643.6 [M+H]

1-{3-[4 ,7 ,10 -tris(tert-butyloxycarbonyl)-14 ,7 ,10 -tetraazacyclododecan-¥I-methyl-
ene]benzyl}imidazole 4b): Colorless amorphous solid. Yield: 84.1 %. IR (KBm™): 3433, 2976,
1685, 1458, 1415, 1365, 1250, 1171, 1107, 980, 832, 'H NMR (400 MHz, CDC4, TMS):
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= 1.43-1.48 (m, 27 H, C(CGHh), 2.62 (s, 4 H, NCh), 3.24-3.57 (m, 12 H, NCH, 3.72 (s, 2 H,
NCHAr), 5.10 (s, 2 H, ArCHAr), 6.89 (s, 1 H, imidazole-H), 7.00-7.29 (m, 5ikhjdazole-H, ArH),
7.54 (s, 1 H, imidazole-H):*C NMR (100 MHz, CDGJ, TMS): 28.41, 28.63, 29.64, 30.86, 47.84,
49.87, 50.64, 52.35, 54.48, 55.49, 56.77, 79.4®.201 126.08, 128.85, 129.76, 136.16, 137.36,
155.82. ESI-MS: m/z = 643.4 [M+H]

3.3 General procedure for the synthesis of compstaeb

1-bromomethyl-4 (3)-(4 7, 10-tris-(tert-butyloxycarbonyl)-14,7,10-tetraazacyclododecan-l-
methylene)benzene (0.60 mmol) was added to thdisolof 4 (0.55 mmol) in 15 ml of CHGland
refluxed under M for 2 days. Then the reaction mixture was coned¢edr under reduced pressure. The
remaining residue was purified by silica gel coluamomatography (8:1 dichloromethane/ethanol) to
yield the pure product as a white solid.

1,3-Bi{4 -[4 ,7 ,10 -tris(tert-butyloxycarbonyl)-1,4 ,7 ,10 -tetraazacyclododecan-¥I-
methylene]benzyl}limidazolium bromide54): Colorless amorphous solid. Yield: 51.1 %. IR
(KBr, cm): 3441, 2975, 1688, 1560, 1459, 1416, 1366, 12964, 1103, 1043, 978, 853, 778
NMR (400 MHz, CDC}, TMS): = 1.42-1.47 (m, 54 H, C(GJ#), 2.62 (s, 8 H, NCh), 3.29-3.56 (m,
24 H, NCH), 3.74 (s, 4 H, NCBAr), 5.52 (s, 4 H, ArCHAr), 7.06 (s, 2 H, imidazole-H), 7.29-7.31 (d,
4 H,J = 8 Hz, ArH), 7.38-7.39 (br, 5 H, imidazole-H, ArH3C NMR (100 MHz, CDQ, TMS):
28.46, 28.66, 29.26, 29.68, 47.75, 50.00, 52.387/3H6.53, 79.46, 121.31, 123.27, 129.01, 131.20,
137.81, 155.78. HR-MS (ESI) Calcd forss8105N10NaO[M-Br+Na]**. m/z = 620.3963. Found:
620.3932.

1,3-Bi{3-[4 ,7 ,10 -tris(tert-butyloxycarbonyl)-1,4 ,7 ,10 -tetraazacyclododecan-¥I-
methylene]benzyl}limidazolium bromideblf): Colorless amorphous solid. Yield: 53.1 %. IR (KB
cm?): 3443, 2976, 1688, 1560, 1460, 1416, 1366, 12500, 1097, 1038, 979, 853, 778l NMR
(400 MHz, CDC}, TMS): =1.41-1.48 (m, 54 H, C(G§)#), 2.60 (s, 8 H, NCh), 3.31-3.55 (m, 24 H,
NCH,), 3.74 (s, 4 H, NCBAr), 5.52 (s, 4 H, ArCHAr), 7.17-7.18 (m, 3 H, imidazole-H, ArH),
7.34(m, 8 H, imidazole-H, ArH)"*C NMR (100 MHz, CDG, TMS): 28.44, 28.63, 29.66, 47.78,
49.96, 52.35, 52.39, 53.54, 54.81, 56.62, 79.53,.312 127.91, 129.42, 132.50, 137.46, 138.57,
155.79. HR-MS (ESI) Calcd forggH109N10012[M-Br] *: m/z =1217.7908. Found: 1217.7893.

3.4 General procedure for the synthesis of TFAssaflicompound8a-h

Trifluoroacetic acid (1.2 mmol) was added dropwisea solution o5 (0.1 mmol) in CHCI, (10
ml) at 0 °C under Natmosphere. The whole mixture was stirred for #Hen the reaction mixture was
concentrated under reduced pressure. The remayeitmy oil liquid was washed three times with
CHClI; (5 ml) to obtaire-TFA.

Trifluoroacetic acid salts of 1,3-biH1 ,4 ,7 ,10 -tetraazacyclododecan-¥I-
methylene)benzyllimidazolium bromidé&-6TFA): Yellow oil. Yield: 83.4 %. IR (KBr, cif): 3354,
2924, 1683, 1559, 1457, 1348, 1258, 1120, 978, 828,'H NMR (400 MHz, O): = 2.92-2.94
(m, 8 H, NCH), 3.05-3.26 (m, 24 H, NChi 3.91 (s, 4 H, ArNCh), 5.42 (s, 4 H, ArCHlAr), 7.44(s, 8
H, imidazole-H, ArH), 7.50 (s, 3 H, imidazole-H, K. **C NMR (100 MHz, DO): 41.90, 42.08,
43.57, 47.78, 52.63, 56.47, 111.65, 114.54, 117128,32, 122.32, 128.54, 129.89, 130.27, 130.82,
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133.98, 134.45, 135.45, 161.74, 162.10, 162.46,8P6HR-MS (ESI) Calcd for $gHs/N1o[M-Br]
m/z = 617.4762. Found: 617.4769.

Trifluoroacetic acid salts of 1,3-bif8l ,4 ,7 ,10 -tetraazacyclododecan-¥I-
methylene)benzyllimidazolium bromidék-6TFA). Yellow oil. Yield: 84.2 %. IR (KBr, ci): 3377,
2962, 1685, 1457, 1353, 1260, 1162, 1037, 800, 7BB.NMR (400 MHz, DMSO, TMS):

= 2.91-2.94 (m, 8 H, NChl, 3.05 (s, 8 H, NCh), 3.20-3.27 (m, 16 H, NCH, 3.92 (s, 4 H,
ArCHyN), 5.46 (s, 4 H, ArCBHAr), 7.38-7.43 (m, 5 H, imidazole-H, ArH), 7.50-8.5§m, 6 H,
imidazole-H, ArH),*C NMR (100 MHz, BO): 41.82, 42.00, 43.88, 47.69, 52.48, 56.21, 11,1.8
114.70, 117.60, 120.49, 122.71, 128.90, 130.85,5633135.08, 135.45, 135.57, 162.37, 162.72,
163.08. HR-MS (ESI) Calcd forggHssN1o[M-Br] *: m/z = 617.4762. Found: 617.4765.

3.5 General procedure for the synthesis of compgléaeb

The trifluoroacetic acid salts of ligan@a-b (0.1 mmol) were dissolved, respectively in the [50m
ethanol and adjusted the aqueous solution to akalpH > 2) with 50 % aqueous NaOH. The
solutions were extracted with GEl, (4x15 ml). The combined organic layer was driedraight by
anhydrous Ng50O, and the solutions were concentrated to obtain gewdils 6a-b. To the ethanol
solutions (5 ml) o6a-b, equimolar amount of salts Zn(CJ@in 5 ml of ethanol were added and the
mixture were stirred at room temperature overnigifter filtration, the solids were washed with
ethanol (2x5 ml), recrystallized from ethanaitH (3 : 1), and dried in vacuum to give pure zinc
complexes.

la: Yield: 44.2 %. IR (KBr, crif): 3442, 2924, 1686, 1635, 1560, 1457, 1383, 1808, 787, 626.
'H NMR (400 MHz, DO): = 2.81-2.83 (m, 8 H, NC}), 3.01 (b, 8 H, NCh), 3.08-3.11 (m, 16 H,
ArNCHy,), 3.78 (s, 4 H, ArCkN), 5.22 (s, 4 H, ArCHAr), 7.16-7.33 (m, 11 H, imidazole-H, ArH).
Elemental analysis calcd fors£Hs/BrsCloN1gOsgZn-HCIO,: C, 32.64; H, 4.54; N, 10.88. Found C,
32.61; H, 4.42; N, 10.52.

1b: Yield: 47.2 %. IR (KBr, crit): 3432, 2922, 1636, 1559, 1458, 1400, 1121, 688, ¥ NMR
(400 MHz, O): =2.81-2.84 (m, 8 H, NCh), 2.97 (b, 8 H, NCh), 3.07-3.12 (m, 16 H, ArNC}),
3.79 (s, 4 H, ArChEN), 5.26 (s, 4 H, ArChlAr), 7.26-7.34 (m, 11 H, imidazole-H, ArH). Elemaht
analysis calcd for §Hs/BrCI4sN10016ZNn2: C, 34.28; H, 4.68; N, 11.42. Found C, 34.29; H,64 N,
11.43.

3.6 Interaction between ligands or their zinc mplexes and plasmid pUC19 DNA

Interaction between ligands or their zinc (ll) cdexes with plasmid pUC19 DNA was monitored
by agarose gel electrophoresis. In a typical expenmt, supercoiled pUC19 DNA (10 I, 0.025 g/l) in
Tris-HCI (100 mM, pH 7.4) was treated with diffetezoncentration of ligand6 or their zinc (ll)
complexesl, followed by dilution with the Tris-HCI buffer ta total volume of 351. The samples
were then incubated at 37 °C for 1 h, and loaded &% agarose gel containing 1.0 g/ml ethidium
bromide. Electrophoresis was carried out at 40 AM3fbmin in TAE buffer. Bands were visualized by
UV light and photographed followed by the estimataf the intensity of the DNA bands using a Gel
Documentation System.
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3.7 Fluorescence quenching experiments

All experiments were performed at room temperaturebuffered aqueous solution (Tris-HCI
100 mM, pH 7.4). CT (calf thymus) DNA solution witiptical density more than 1.8 at 260 nm, the
concentration is 1 g/ml. 10l DNA solution and 80 | ethidium bromide with the concentration of
1 g/ml was added, followed by different volume dd @M complexesla, 1b) or 5 mM ligands §a,
6b) solution, then buffer was added and adjustedivth@le volume to 2.5 ml. After reacting for 0.5 h,
the fluorescence intensities were measured bydhomnce spectrophotometer.
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