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ABSTRACT

A series of zZn(ll) and Cu(ll) complexes of the data-cyclododecane derivatives were synthesized and
characterized with the synthetic routes designetthimmwork. Azole groups have been designed to asm&kuxiliary
hydrolytically active units in the complexes. Tlnparison of the catalytic activity in the p-nitfemyl picolinate
(PNPP) hydrolysis was made between the Zn(ll) andgllC complexes bearing the tetraaza-cyclododecane
derivatives with benzimidazole unit and imidazolét.uThe complexes carrying cyclen-benzimidazolewstl
significant rate acceleration by about 13.6-223dftdrger than the hydrolytic rate catalyzed by Znflation, and
about 43.8-718 times faster than the hydrolysi® rat PNPP without any catalyst. The catalytic attiwf the
complexes carrying cyclen-benzimidazole was alsehnaironger than that of cyclen-imidazole. The lyia
function of each group among the catalyst was dised, and the synergetic effect between catioreicant azole
group was also proposed in this paper.

Keywords: Cyclen, azole groups, metal complex, catalyticvatgt synergetic catalysis

INTRODUCTION

Natural enzymes set a high standard for chemistsymbhesis catalysts accompanying with high seliggtand
simultaneous enormous acceleration of relativeti@ag, but this goal is very difficult to achievEhese enzymes
often require metal cations for their activity [J,-&nd many metal-ion-based model systems have temorted,
generally featuring tridentate or tetradentateddgwith free coordination sites on the metal catithe proposed
general mechanism of the hydrolytic reaction praddiy these complexes is based on the Lewis acidtal ion
reducing the pKa of the coordinated water, thusiging a metal-bound hydroxide nucleophile at nalupH and at
the same time activating the substrate toward optidic attack by charge neutralization [4-6].

As a well-known macrocyclic polyamine, 1,4,7,10dezacyclododecane (cyclen), which was often used a
chemical nuclease enzymes for DNA recognition dedvage, and polymers contained cyclen were prdp@are
gene vectors [7,8]. Akkayat.al. reoported that xanthene derivative conjugated azote group and cyclen could
hydrolyszep-nitrophenylacetate (NA) efficiently [9]. Recentiyhad been reported that Zn (II) cyclen compleasw
further improved to be used as a small-moleculdararcapture catalyst by mimic the property of caibo
anhydrase (CA]10], which could expand the usage of cyclen comptem bioorganick medicinal chemistry to
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energy conservation and emission reduction aspéetefore, the research of interaction betweenecycbmplex
and carbonate model attracted our attention verghmu

It has been demonstrated that additional interastim the active site influence the properties fud tmetal
complexes and that the hydrolytic activity may aase by attachment of functional groups to a obdigand [11],
such as a basic or nucleophilic auxiliary group] [d2an NH acidic group [13-19]. Herein, we preseha series of
compoundsa-8eand9a-9e which included cyclen, imidazole and benzimidazas hydrolytic catalysts. This work
has been focused on the syntheses and propertighest tetraaza-cyclododecane macrocyclic polyamine
derivatives. The primary aim of the current studiess to investigate the catalytic hydrolysis aieitit of these
compounds, especially for these benzimidazole cergg, and the hydrolysis substrate wastrophenyl picolinate
(PNPP). The influence of the following parametengtee hydrolytic efficiency and the mechanism @& tydrolysis
reaction were analyzed: (i) spacer type and lenfithetal complex; (ii) metal ion and its propert{sgnthesis of Zn

(I and Cu (1) complexes of different ligand)iificontrast assisting effects between differemi@zgroups.

EXPERIMENTAL SECTION

Instrumentation and materials

All of reagents and solvents used were commerciallgilable without further purification. UV spectreere
recorded on a JASCO U-530 UV/vis spectrophotormett&0 °C. MS spectra data were recorded on Finrligam-
4510 and VG Auto spectrometer 3000 mass spectromespectively’H NMR spectra were recorded on Brucker
AV-300 MHz and chemical shifts are reported relatte internal MgSi. Elemental analyses were performed by
using a Carlo-Elba 1106 elemental analytical imant. Melting points were determined by using aratioelting
point apparatus without any corrections. CiH&id THF were purified according to the standarthoe: Halide2a
was purchased from Sigma and Acros. All aqueousisok were prepared using doubly distilled watdre buffer
solution of UV titration was Tris-base (pKa = 10a,20 °C). The ionic strength of solution was atfd to 0.1 with
NaNG; (NaNO; was recystalized with deionized water). Haltleand 2c was synthesized as previously described
[20]. 1,4,7-tris(tert-butyloxycarbonyl)-1,4,7,1Graza cyclododecane and its derivatiBss3c were prepared
according to literature [21].

Synthesis of the ligand

tri-tert-butyl-10-(4-(bromomethyl)benzyl)-1,4,7,10-tetr aazacycl ododecane-1,4,7-tricarboxylate (3a)

The synthesis o8a is according to the reference [21]. Yield 62.0%pn7+73 °C. MS(ESI)m/z627 [(M+H)",
100].*H NMR (CDCl, 300MHz)3: 1.48-1.69 (s, 27H, OC {&)s), 2.65 (brs, 4H, NE,CH,N), 3.25-3.39 (m, 8H,
NCH,CHN), 3.58 (s, 4H, NE,CH;N), 3.72 (s, 2H, NE,Ph), 4.47 (s, 2H, Br@,Ph), 7.2+7.34 (q, J = 7.9 Hz,
4H, PhH).

Tri-tert-butyl-10-(3-(bromomethyl)benzyl)-1,4,7,10-tetraazacycl ododecane- 1,4, 7-tricarboxyl ate (3b)

The synthesis is according to the reference [2I8ldY65.0%. m.p. 83-84 °C. MS(ES1H/z627 [(M+H)', 100].*H
NMR (CDCl, 300MHz) 3: 1.43-1.47 (d, ZH, OC(Hs)3), 2.66 (br, 4, NE,CH,N), 3.22 - 3.72 (m, 12H,
NCH,CH2N), 3.82 (br, 2H, NEl,Ph), 4.46 (s, 2H, Br@,Ph), 7.18 — 7.31 (m, 4H, PH}.

tri-tert-butyl-10-((6-(chloromethyl)pyridin-2-yl)methyl)-1,4,7,10-tetraazacyclododecane-1,4,7-tricar boxyl ate (3c)
The synthesis is according to the reference [2ig1dY85.6%. m.p. 104102 °C. MS(ESIm/z 634.19 [(M+NaJ,
100]. Anal. Calcd. for GHsCINsOg- H,O: C 57.17, H 8.32, N 11.11; found: C 57.99, H 7.8711.18.'H NMR
(CDCl;, 300 MHz) é: 1.44-1.50 (s, 27H, OC {&)s), 2.71-2.79 (br, 4, NB,CH,N), 3.34-3.66 (m, 12H,
NCH,CH2N), 3.84 (s, 2H, NB,Py), 4.65 (s, 2H, CIB,Py), 7.24-7.70 (m, 3H, PH).

Tri-tert-butyl-10-(4-((1H-benzo[ d]imidazol -1-yl )methyl)benzyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
tricarboxylate (5a)

Benzimidazole4b) (0.38 g, 3.21 mmol) was dissolved in 50 mL anby@iHF in 100 mL flask. NaH (0.12 g, 5.00
mmol) was added by steps with the ice bath. Thieredtunder the room temperature for 1h, compa@a(2.10 g,
3.20 mmol) was added and stirred under reflux fattzer 48h. After the reaction was completed, trsluble
substance was removed by filtration, and subsequéml solvent was evaporated under reduced presshee
residue was purified by silica gel column chromaipby [Eluent: Petroleum (60-90 °C): Ethyl Acetatd = 4
(VIV)] to give the desired compouri (1.99 g) as white amorphous solid. Yield 89.9%p.r81-93. MS(ESIn/z
715.22 [(M+NajJ, 100]. Anal. Calcd. for GHseNgOg- 2H,O: C 62.61, H 8.30, N 11.53; found: C 62.95, H 7.6
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11.37.*H NMR (CDCk, 300MHz)8: 1.41-1.47 (s, 27H, OC{&)s), 3.01 (brs, 4H, N&,CH,N), 3.29-3.44 (m,
8H, NCH,CH,N), 3.56 (s, 4H, NE,CH,N), 3.71 (s, 2H, NE,Ph), 5.33 (s, 2H, PH&:BIm), 7.11-7.24 (q, J = 8.8
Hz, 4H, PhH), 7.26-7.81 (m, 4H, Bm-H), 7.93(s, 1H, BIm-H).

tri-tert-butyl-10-(3-((1H-benzo[d]imidazol-1-yl )methyl )benzyl)- 1,4,7,10-tetr aazacycl ododecane-1,4,7-

tricarboxylate (5b)

Benzimidazole4b) (0.11 g, 0.93 mmol) was dissolved in 50 mL anby@iHF in 100 mL flask. NaH (0.03 g, 2.20
mmol) was added by steps with the ice bath. Thieredtunder the room temperature for 1h, compagin¢0.60 g,
0.92 mmol) was added and stirred under reflux fatteer 48h. After the reaction was completed, themlrble
substance was removed by filtration, and subsequéml solvent was evaporated under reduced pres$hee
residue was purified by silica gel column chromaapdy [Eluent: Petroleum (60-90 °C): Ethyl Acetatd = 2
(VIV)] to give the desired compourkd (0.42 g) as white amorphous solid. Yield 66.4%p.n86-87 °C. MS(ESI)
m/z 715.42 [(M+Na]J, 100]. Anal. Calcd. for GHseNgOs: C 65.87, H 8.15, N 12.13; found: C 65.38, H 8.85,
11.65."H NMR (CDClk, 300MHz)5: 1.42-1.48 (s, 27H, OC(85)3), 2.59 (br, 4, NE,CH,N), 3.19-3.55 (m, 12H,
NCH,CH,N), 3.70 (s, 2, NB,Ph), 5.35 (s, 2H, BImB,Ph), 7.03-7.31 (m, 7H, Birkk, PhH), 7.81-7.84 (d, J = 8.3
Hz, 1H, BIm#H), 7.95 (s, 1H, BimH).

tri-tert-butyl-10-((6-((1H-benzo[ d]imidazol - 1-yl )methyl) pyridin-2-yl)methyl)-1,4,7,10-tetraazacycl ododecane-
1,4,7-tricarboxylate (5¢)

Benzimidazole4b) (0.27 g, 2.29 mmol) was dissolved in 50 mL anby@iHF in 100 mL flask. NaH (0.07 g, 3.00
mmol) was added by steps with the ice bath. Thieredtunder the room temperature for 1h, compa@m(L.50 g,
2.23 mmol) was added and stirred under reflux fatlar 48h. After the reaction was completed, trsolimble
substance was removed by filtration, and subsequéml solvent was evaporated under reduced pres$hee
residue was purified by silica gel column chromapgy [Eluent: CHCl, : CH;OH = 40 : 1 (V/V)] to give the
desired compoundc (0.90 g) as white amorphous solid. Yield 58.1%p.m21-92 °C. MS(ESI)m/z 716.23
[(M+H)*, 100]. Anal. Calcd. for §HssN;Og- H,O: C 62.42, H 13.77, N 8.07; found: 62.87, H 13.877.96.'H
NMR (CDCl;, 300MHz) 6: 1.42-1.48 (s, 27H, OC&)s), 2.66 (br, 4, NE,CH,N), 3.32-3.58 (m, 12H,
NCH,CH,N), 3.85 (s, 2H, NE,Py), 5.44 (s, 2H, BImB,Py), 6.79-6.82 (d, 1H, J = 7.7 Hz, ByH), 7.18-7.32 (m,
4H, BImH), 7.51-7.56 (t, 1H, J = 7.2 Hz PyH}; 7.81-7.85 (d, J = 8.3 Hz, 1H, ByH), 8.05 (s, 1H, BinH).

tri-tert-butyl-10-(4-((1H-imidazol -1-yl )methyl )benzyl)-1,4,7,10-tetr aazacycl ododecane-1,4, 7-tricarboxyl ate (5d)
Imidazole @a) (0.22 g, 3.05 mmol) was dissolved in 50 mL anby@HF in 100 mL flask. NaH (0.12 g, 5.00
mmol) was added by steps with the ice bath. Thieredtunder the room temperature for 1h, compaa(l.73 g,
2.64 mmol) was added and stirred under reflux fatlar 48h. After the reaction was completed, tremluble
substance was removed by filtration, and subsequéml solvent was evaporated under reduced presshee
residue was purified by silica gel column chromaipgy [Eluent: Petroleum (60-90 °C): Ethyl Acetat@ = 1
(VIV)] to give the desired compouritl (1.61 g) as white amorphous solid. Yield 95.3%p.n84-87 °C. MS(ESI)
m/z 643.35 [(M+HJ, 100]. Anal. Calcd. for @HsNgOg- 1.5H0: C 60.96, H 8.58, N 12.55; found: C 60.84, H
8.27, N 12.38'H NMR (CDCL, 300MHz)&: 1.43-1.48 (s, 27H, OC(8,)s), 2.64 (br, 4H, NEI,CH,N), 3.273.58
(m, 12H, NGH,CH,N), 3.73 (s, 2H, NE,Ph), 5.09 (s, 2H, ImB,Ph), 6.87-6.88 (s, 1H, I, 7.08-7.28 (m, 5H,
Im-H, PhH), 7.53 (s, 1H, ImH).

tri-tert-butyl-10-(3-((1H-imidazol -1-yl )methyl )benzyl)-1,4,7,10-tetr aazacycl ododecane-1,4, 7-tricarboxyl ate (5€)
Imidazole @¢a) (0.16 g, 2.35 mmol) was dissolved in 50 mL anby@HF in 100 mL flask. NaH (0.07 g, 5.00
mmol) was added by steps with the ice bath. Thieredtunder the room temperature for 1h, compacdimdl.50 g,
2.30 mmol) was added and stirred under reflux fatteer 48h. After the reaction was completed, themlirble
substance was removed by filtration, and subsequémdl solvent was evaporated under reduced pres$hee
residue was purified by silica gel column chromaapdy [Eluent: CHCl,: CH;OH = 50 : 1 (V/V)] to give the
desired compounde (0.60 g) as white amorphous solid. Yield 37.0%p.n¥.7-78 °C. MS(ESIm/z 643.35
[(M+H)", 100]. Anal. Calcd. for §Hs/NgOg- 1.5H0: C 60.96, H 8.58, N 12.55; found: C 61.11, H 8.8412.30.
'H NMR (CDCk, 300MHz) &: 1.43-1.48 (s, 27H, OC(4:)s), 2.64 (br, 4H, NE,CH,N), 3.28-3.58 (m, 12H,
NCH,CHN), 3.75 (s, 2H, NE&,Ph), 5.16 (s, 2H, triazoléGPh), 7.127.31 (q, J = 7.83Hz, 4H, AH), 7.08-7.28
(m, 5H, Im-H, PhH), 7.53 (s, 1H, InH).
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tri-tert-butyl-10-((6-((1H-imidazol-1-yl)methyl)pyridin-2-yl )methyl)-1,4,7,10-tetr aazacyclododecane-1,4,7-
tricarboxylate (5f)

Imidazole @a) (0.17 g, 2.45 mmol) was dissolved in 50 mL anby@dHF in 100 mL flask. NaH (0.10 g, 4.17
mmol) was added by steps with the ice bath. Thieredtunder the room temperature for 1h, compodm(lL.50 g,
2.45 mmol) was added and stirred under reflux fatteer 48h. After the reaction was completed, themlrble
substance was removed by filtration, and subsequéml solvent was evaporated under reduced pres$hee
residue was purified by silica gel column chromaapdy [Eluent: CHCl,: CH;OH = 40 : 1 (V/V)] to give the
desired compoundf (0.60 g) as colourless oil. Yield 37.0%. MS(E®t)z 644.44 [(M+HJ, 100]. *H NMR
(CDCl;, 300MHZz) 6: 1.42-1.48 (s, 27H, OC43)3), 2.69 (br, 4, NEI,CH,N), 3.33-3.61 (m, 12H, NE,CH;,N),
3.84 (s, 2H, NE,Py), 5.20 (s, 2H, ImB,Py), 6.83-7.31 (m, 4H, Irht, PyH), 7.57-7.61 (br, 2H, InH).

1-(4-((1,4,7,10-tetraazacycl ododecan-1-yl ) methyl )benzyl )- 1H -benzo[ d]imidazol e bromide (6a)

C To a solution oba (1.75 g, 2.52 mmol) and anhydroethanol 5 mL a€0&queous hydrobromic acid (40 %, 15
mL) was added slowly and stirred overnight at roemperature. The resulting crude powder was ceaitbtty
filtration, and then the material was drigdvacuumbelow 40 °C. The desired compoubal (1.77 g) was obtained
as white soild. Yield 98.0%. m.p. 282-284 °C. MSWESB\/z 716.24 [(M+4HBr+HJ, 26]. Anal. Calcd. for
CoaHaBrsNg: 3H,0: C 32.46, H 5.09, N 9.87; f.ound: C 32.22, H 5.049.84.'"H NMR (D,O, 300MHz)&:
2.78-3.11 (m, 16H, NB,CH,N), 3.76 (s, 2H, NE,Ph), 5.66 (s, 2H, PH&BIm), 7.29-7.32 (q, J = 8.3 Hz, 4H,
PhH), 7.36-7.53 (m, 4H, PhL BIm-H), 9.22 (s, 1H, BlnH).

1-(3-((1,4,7,10-tetraazacycl ododecan-1-yl ) methyl )benzyl )- 1H -benzo[ d]imidazol e bromide (6b)

To a solution obb (1.30 g, 1.88 mmol) and anhydroethanol 5 mL atQgqueous hydrobromic acid (40 %, 15 mL)
was added slowly and stirred overnight at room temrafpire. The resulting crude powder was collectefiltoation,
and then the material was driedvacuumbelow 40 °C. The desired compouid (1.23 g) was obtained as white
soild. Yield 82.6%. m.p. 220-221 °C. MS(ESt)z 393.36 [(M+H), 100]. Anal. Calcd. for §H3,Ng-5HBr- 2H0:

C 33.16, H 4.96, N 10.09; found: C 33.27, H 4.72984."H NMR (CDCk, 300MHz) §: 2.67-3.06 (m, 16H,
NCH,CH2N), 3.74 (s, 2H, NE,Ph), 5.69 (s, 2H, BImB,Ph), 7.21-7.59 (m, 8H, Birhl, PhH), 7.77-7.81 (d, J =
7.0 Hz, 1H, BImH).

1-((6-((1,4,7,10-tetraazacycl ododecan-1-yl Ymethyl) pyridin-2-yl )methyl)-1H-benzo[ d]imidazol e bromide (6c)

To a solution of5c (0.80 g, 1.15 mmoL) and anhydroethanol 5 mL a€C0 &queous hydrobromic acid (40 %, 15
mL) was added slowly and stirred overnight at ro@mperature. The resulting crude powder was cealtetty
filtration, and then the material was driedvacuumbelow 40 °C. The desired compoudcl(0.70 g) was obtained
as white soild. Yield 63.5%. m.p. 211-213 °C. MS(E®/z 394.26 [(M+H}, 100]. Anal. Calcd. for
C,HaiN7-5HBr-3HO: C 31.01, H 4.97, N 11.51; found: C 30.69, H 4)8611.48."H NMR (CDClk, 300MHz)3:
2.56-3.04 (m, 16H, NCH,CH,N), 3.79 (s, 2H, NB,Py), 5.83 (s, 2H, BImB8,Py), 7.20-7.77 (m, 7H, Birk}, Py-
H), 9.31 (s, 1H, BinH).

1-(3-((1H-imidazol - 1-yl)methyl )benzyl)-1,4,7,10-tetr aazacycl ododecane bromide (6d)

To a solution obd (1.10 g, 1.71 mmol) and anhydroethanol 5 mL atQequeous hydrobromic acid (40 %, 15 mL)
was added slowly and stirred overnight at room tenmrafure. The resulting crude powder was collectefiltpation,
and then the material was drigdvacuumbelow 40 °C. The desired compou@d (1.18 g) was obtained as white
soild. Yield 92.2%. m.p. 260-264 °C. MS(ESt)z 344.32 [(M+HY, 19]. Anal. Calcd. for GHsoNg- 5HBr-2H0:

C 29.14, H 5.02, N 10.73; found: C 28.83, H 4.8010N51.'"H NMR (D,O, 300MHz)$: 2.76-3.12 (m, 16H,
NCH,CH,N), 3.77 (s, 2H, N8,Ph), 5.35 (s, 2H, ImB,Ph), 7.27-7.40 (m, 6H, Ik, PHH), 8.69 (s, 7H, InH).

1-(4-((1H-imidazol - 1-yl)methyl)benzyl)-1,4,7,10-tetr aazacycl ododecane bromide (6€)

To a solution obe (1.50 g, 2.33 mmol) and anhydroethanol 5 mL afQgqueous hydrobromic acid (40 %, 15 mL)
was added slowly and stirred overnight at room tenmrafure. The resulting crude powder was colleciefiltpation,
and then the material was drigdvacuunmbelow 40 °C to afrord white soild 1.44 g. Yield.8%. m.p. 196-200 °C.
MS(ESI) m/z 343.33 [(M+H}, 100]. Anal. Calcd. for GH3Ng-5HBr-2H0: C 29.14, H 5.02, N 10.73; found: C
28.90, H 4.74, N10.58H NMR (CDCk, 300MHz)&: 2.77-3.11 (m, 16H, NiB,CH,N), 3.77 (s, 2H, NE,Ph), 5.34
(s, 2H, ImQH,Ph), 7.337.36 (m, 6H Im-H, PhH), 8.68 (s, 1H, InH).
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1-((6-((1H-imidazol-1-yl )methyl) pyridin-2-yl )methyl)-1,4,7,10-tetraazacycl ododecane bromide (6f)

To a solution ofsf (0.65 g, 1.01 mmoL) and anhydroethanol 5 mL a€0 &queous hydrobromic acid (40 %, 15
mL) was added slowly and stirred overnight at rommperature. The resulting crude powder was celtetty
filtration, and then the material was driedvacuumbelow 40 °C. The desired compouid(0.64 g) was obtained
as white soild. Yield 84.6%. m.p. 220-222 °C. MS(E®1/z 344.35 [(M+H], 100]. Anal. Calcd. for
CigHaoN7-6HBr: C 26.08, H 4.26, N 11.83; found: C 26.04,4H49, N 11.69'H NMR (CDCk, 300MHz) &:
2.85-3.11 (m, 16H, NE&,CH,N), 3.87 (s, 2H, NE,Py), 5.51 (s, 2H, ImB,Py), 7.187.20 (d, 1H, P$-H),
7.36-7.38 (d, 1H, P$-H), 7.43-7.44 (d, J = 7.9 Hz, 2H, Ik}, 7.81-7.86 (t, J = 7.6 Hz, 1H, PyH); 8.79 (s, 1H,
Im-H).

(1-(4-((1,4,7,10-tetraazacycl ododecan-1-yl )Ymethyl )benzyl )- 1H-benzo[ d]imidazol €) (7a)

The hydrobromidéa (1.57 g, 2.40 mmol) was dissolved in water (20 par)d the pH of the solution was adjusted
to 12 with aqueous NaOH. The alkaline solution wesacted with ChHICl, (30 mL x5), and then the solvent was
dried by anhydro-N#&0O, and evaporated. The desired compound 0.80 g wasnel as yellow oil. Yield 93%.
MS(ESI)m/z 393.26 [(M+HY, 100]. Anal. Calcd. for §H3,Ng-NaOH-2HO: C 61.31, H 7.83, N 18.65; found: C
62.01, H 7.74, N 17.83H NMR (CDClk, 300MHz)5: 2.51-2.86 (m, BH, NHCH,CH.N), 3.64 (s, H, NEl,Ph),
3.79 (s, H, NEi,Ph), 5.34-5.36 (d, J = 6.0 Hz, 2H, Ri#BIm), 7.12-7.81 (m, 8H, Phk BIm-H), 7.96 (s, 1H,
BIm-H).

(1-(3-((1,4,7,10-tetraazacycl ododecan-1-yl Ymethyl )benzyl )- 1H-benzo[ d]imidazol €) (7b)

The hydrobromidéb (1.23 g, 1.54 mmol) was dissolved in water (20 par)d the pH of the solution was adjusted
to 12 with aqueous NaOH. The alkaline solution weisacted with CHCl, (30 mL x5), and then the solvent was
dried by anhydro-N&0O, and evaporated. The desired compound 0.57 g waiet as yellow oil. Yield 94.1%.
MS(ESI)m/z 393 [(M+H)", 52]."H NMR (CDCk, 300MHz)$: 2.17-3.49 (m, 16H, NCH,CH,N), 3.67-3.72 (d,
2H, NCH,Ph), 5.39-5.55 (m, 2H, BImE&i,Ph), 7.19-7.37 (m, 7H, BlmrH, PhH), 8.19-8.21 (q, J = 8.6 Hz, 4H,
BIm-H).

(1-((6-((1,4,7,10-tetr aazacycl ododecan-1-yl Y methyl) pyridin-2-yl ) methyl )-1H-benzo[ d]imidazol €) (7¢)

The hydrobromidé&c (0.80 g 1.00 mmol) was dissolved in water (20 mL), andphkeof the solution was adjusted
to 12 with aqueous NaOH. The alkaline solution wzatsacted with CHCl, (30 mL x5), and then the solvent was
dried by anhydro-N#0O, and evaporated. The desired compound 0.31g wainebtas yellow oil. Yield 78.7%.
MS(ESI)m/z 394 [(M+H)", 36]."H NMR (CDCk, 300MHz)5: 2.42-3.06 (m, 16H, NCH,CH,N), 3.91-3.93 (d, J
= 4.83Hz, 2H, NEl,Py), 5.51+5.53 (d, J = 5.45Hz, 2H, BIntGPy), 7.037.05 @, J = 7.7 Hz, 1H, PB-H),
7.23-7.30 (m, 4H, BIM), 7.63-7.65 (t, J = 7.7 Hz, 1H, PyH); 7.79-7.82 (d, J = 6.5 Hz, 1H, ByH), 8.09 (s,
1H, BIm-H).

Synthesis of the metal complexes 8a-8e and 9a-9e

The obtained acid free ligand and equal or douldnweight of Zn(CIQ),- 6H,0 or Cu(ClQ),- 6H,0O were stirred
at room temperature for 24 h. After that, the soleere filtered off, washed with cooled EtOH, tlesidue was
crystallized from HO/EtOH to obtained crystals. The product was dimecacuum.

1-(4-((1,4,7,10-tetraazacycl ododecan-1-yl )methyl)benzyl)-1H-benzo[ d]imidazole Zn ( II) complex (8a)

An solution of EtOH (10 mL), the obtained acid fteg@and 7a (0.36 g, 0.99 mmoL) and Zn(Clfp- 6H,0 (0.37 g,
0.99 mmol) was stirred at room temperature for 24fter that, the process followed the procedurscdbed
above. White solid (yield 68.3%). m.p. > 290 °CddeMS(ESI)m/z 496.14 [(M+K-2H"-2CIO,)", 57]. Anal.
Calcd. for GsH33ClNgOZn: C 36.48, H 4.39, N 11.10; found: C 36.70, H14.8! 10.94."H NMR (D0,
300MHz) 6: 2.66-3.07 (m, 16H, NEI,CH,N), 3.74 (s, 2H, NE,Ph), 5.65 (s, 2H, PH&:BIm), 7.33-7.81 (m, 8H,
PhH, BIm-H), 8.81(s, 1H, BInH).

1-(4-((1,4,7,10-tetr aazacycl ododecan-1-yl)methyl)benzyl)-1H -benzo[ d]imidazole Cu ( /) complex (8b)

An solution of EtOH (10 mL), the obtained acid flegand 7a (0.34 g, 0.97 mmolL) and Cu(CJ}p- 6H,0 (0.37 g,
0.99 mmol) was stirred at room temperature for 24fter that, the process followed the procedurscdbed
above. Blue solid (yield 65.8%). m.p. 231-233 °CS(@SI) m/z 455 [(M-H"-2CIO,)", 32]. Anal. Calcd. for
C3H3,ClNgOgCu- 4H0: C 38.00, N 11.56, H 5.55; found: C 38.02, N 0118 4.92.

746



Bingying Jiang et al J. Chem. Pharm. Res,, 2014, 6(2):742-752

1-(3-((1,4,7,10-tetraazacycl ododecan-1-yl ) methyl)benzyl)-1H-benzo[ d]imidazole Cu ( /) complex (8c)

An solution of EtOH (10 mL), the obtained acid figgand 7b (0.28 g, 0.68 mmoL) and Cu(CJ}p- 6H,0 (0.25 g,
0.69 mmol) was stirred at room temperature for 24fter that, the process followed the procedurscdbed
above. Blue solid (yield 62.4%). m.p. 239-241 °CS(&SI) m/z 573 [(M+H,0O-CIO,)*, 52]. Anal. Calcd. for
Co3H3,ClNgOgCu- 2.5H0: C 39.46, N 12.01, H 5.33; found: C 39.97, N 8118 5.02.

1-((6-((1,4,7,10-tetraazacycl ododecan-1-yl )methyl) pyridin-2-yl ) methyl)-1H-benzo[d]imidazole Zn (/) complex
(8d)

An solution of EtOH (10 mL), the obtained acid fiegand 7c (0.17 g, 0.45 mmolL) and Zn(C}p-6H0 (0.17 g,
0.45 mmol) was stirred at room temperature for 24fter that, the process followed the procedurscdbed
above. White solid (yield 58.0%). m.p. 2289 °C. MS(ESI)m/z 560 [(M-CIOy)*, 27]. Anal. Calcd. for
C,oH3:ClsN701,Zn- GHsOH: C 35.84, N 12.19, H 4.76; found: C 35.84, N2P2H 4.69H NMR (D,O, 300MHz)
8: 2.569-3.04 (m, 16H, NEI,CH;N), 4.19 (s, 2H, NB,Py), 6.37%7.88 (m, 6H, BimH, PyH).

1-((6-((1,4,7,10-tetraazacycl ododecan-1-yl )methyl) pyridin-2-yl ) methyl)-1H-benzo[d]imidazole Cu (/) complex
(8e)

An solution of EtOH (10 mL), the obtained acid fiegand 7c (0.17 g, 0.45 mmolL) and Cu(CJ3- 6H,0 (0.17 g,
0.45 mmol) was stirred at room temperature for 24fter that, the process followed the procedurscdbeed
above. Blue solid (yield 37.9%). m.p. 251-255 °CS(@SI|) m/z 558 [(M-CIQ))", 22]. Anal. Calcd. for
C2oH3,CIsN;0.,Cu- GHsOH: C 35.92, N 12.22, H 4.77; found: C 35.89, N6D2H 4.67.

1-(4-((1H-imidazol - 1-yl)methyl)benzyl)-1,4,7,10-tetr aazacycl ododecane Zn ( ZI) complex (9a)

An solution of EtOH (10 mL), the obtained acid flegand (0.34 g, 0.99 mmolL) and Zn(C)@ 6H,0 (0.37 g, 1.0
mmo1l) was stirred at room temperature for 24 hethat, the solids were filtered off, washed vadtiol EtOH, the
residue was crystallized from,8/EtOH to obtained colorless crystals. The produas driedin vacuum White
solid (yield 68.3%). m.p. > 290 °C (dec.). MS(ESWz 457 [(M+OH-Im-HCIO,)*, 8]. Anal. Calcd. for
C10H30ClLNgOsZn- H,0O: C 36.52, N 13.35, H 5.16; found: C 36.68, N 534 4.98H NMR (CDCk, 300MHz)3:

2.79-4.50 (m, 16H, NEI,CH,N), 4.75 (s, 2H, N@&,Ph), 5.36 (s, 2H, Im@,Ph), 6.928.66 (m, 7H, IreH, PhH).

1-(4-((1H-imidazol - 1-yl )methyl )benzyl)-1,4,7,10-tetr aazacycl ododecane Cu ( ) complex (9b)

An solution of EtOH (10 mL), the obtained acid flegand (0.34 g, 0.99 mmolL) and Cu(C)}6H,0 (0.36 g, 1.0
mmol) was stirred at room temperature for 24 heAfhat, the process followed the procedure desdrébove.
Blue solid (yield 65.8%). m.p. 218-221 °C. MS(ESi/z 621 [(M+H0)", 29]. Anal. Calcd. for
C19H30Cl,NgOgCu- 0.5HO- 3.5GHsOH: C 35.83, N 11.16, H 5.83; found: C 34.94, N7/B1H 5.06.

1-(3-((1H-imidazol - 1-yl )methyl )benzyl)-1,4,7,10-tetr aazacyclododecane Zn ( ZI) complex (9c)

An solution of EtOH (10 mL), the obtained acid flggand (0.25 g, 0.73 mmolL) and Zn(CG) 6H,0 (0.27 g, 0.73
mmol) was stirred at room temperature for 24 heAfhat, the process followed the procedure desdrébove.
White solid (yield 75.0%). m.p. 22223 °C. MS(ESI) m/z 627 [(M+NaJ, 100]. Anal. Calcd. for
Ci10H30ClL,NgOsZn- H,0 : C 36.52, N 13.45, H 5.16; found: C 36.70, N7#2H 5.19'H NMR (D,0O, 300MHz)3:
2.59-3.11 (m, 16H, N@&,CH,N), 3.80-3.94 (br, 2H, NEi,Ph), 5.39 (s, 2H, ImB,Ph), 7.288.71 (m, 7H, IrH,
PhH).

1-(3-((1H-imidazol - 1-yl)methyl )benzyl)-1,4,7,10-tetr aazacycl ododecane Cu ( ) complex (9d)

An solution of EtOH (10 mL), the obtained acid ftegand (0.25 g, 0.73 mmolL) and Cu(G)@6H,0 (0.27 g, 0.73
mmol) was stirred at room temperature for 24 heAfhat, the process followed the procedure desdrébove.
Blue solid (yield 54.5%). m.p. 210-212 °C. MS(ESH/z 404 [(M-H'-2CIO,)", 70]. Anal. Calcd. for
C19H30CI.NgOgCu- 3H0O-0.5GHs0OH: C 35.22, N 12.32, H 5.76; found: C 35.17, N771H 5.11.
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¢: R = 2,6-dimethyl pyridy! : a: R = p-xylyl ; X = benzimidazoyl; M = Zn; n = 3;
X = ben2|m|dazoy| b: R =p-xylyl ; X = benzimidazoyl ; M =Cu; n =2;
C: R = m-xylyl ; X = benzimidazoyl ; M =Cu; n=2;
d: R = 2,6-dimethyl pyridyl ; X = benzimidazoy! ;
M=2Zn;n=3;
e: R =26-dimethyl pyridyl ; X = benzimidazoyl ;
M=Cu; n=3;

Scheme 1 The synthetic routes of benzimidazolyl cqrounds 8a-8e
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1-((6-((1H-imidazol-1-yl ) methyl) pyridin-2-yl )methyl)-1,4,7,10-tetraazacyclododecan-e Zn (1) complex (9¢)

An solution of EtOH (10 mL), the obtained acid flggand (0.28 g, 0.82 mmolL) and Zn(C) 6H,0 (0.31 g, 0.83
mmol) was stirred at room temperature for 24 heAfhat, the process followed the procedure desdrébove.
White solid (yield 56.7%). m.p. 241-244 °C. MS(E&ijz 406 [(M-H"-2CIO,)*, 18], 520 [(M-Im-H,0)", 23].
Anal. Calcd. for GgH,oClLN,OgZn-0.5HCIQ- H,O: C 31.98, N 14.50, H 4.70; found: C 32.28, N 944 4.56.*H
NMR (D,O, 300MHz) &: 2.71-3.09 (m, 16H, NE,CH,N), 4.15 (s, 2H, NE,Ph), 5.44 (s, 2H, Im@&,Ph),
6.92-6.95 (d, J = 7.8 Hz, 1H, Py8; 7.09 (s, 1H, InH), 7.15 (s, 1H, InH), 7.44-7.47 (d, J = 7.7 Hz, 1H, Py 5-
H), 7.93-7.98 (d, J = 8.3 Hz,1H, PyH).

Study of the kinetics of the hydrolysis reaction

Absorption spectrometry was performed using JASGBB0O UV/vis spectrophotometer at 30 + 0.1 °C. Kicsedf
the reactions was carried out in aqueous buffeutisols with different pH and temperatures and dated by
following the increase in the absorption at 400 dune to the release of tipenitrophenolate ion. The kinetic data
were collected under pseudo-first-order conditi@meess of the metal complex). The initial ratd efitrophenolate
release was calculated and the results were thegweof three independent measurements. Hengg, ikas
determined by the regression equation with [r@d) and time. In this equation the.Aor A represents the
absorbance values of 4-nitrophenolate at equilibstate and any time in the reaction respectively.

RESULTS AND DISCUSSION

The general synthesis procedures of the metal congxes

All target complexes were synthesized following tloeites described iScheme land Scheme 2 The target
derivatives were synthesized from 3Boc-cyclen. figaetion mixture of protected cyclen with differdéraiogenides
was purified by column chromatography with diffaretuent. The azoles, such 4&-4d, were reacted witt8a-3b
on the conditions of NaH/THF to get the crude patgGa-5f, and the yields after being processed ranged 801
% to 95.3 %. Then compoundsa-5f were stirred with saturated HBeMOH, and their corresponding
hydrobromate$a-6fwere filtrated and collected. At last these computsuwwere dried in vacuum below 40 °C.

The hydrobromide was dissolved in water (10 mL) &me pH of the solution was adjusted to 12 withemys
NaOH. The alkaline solution was extracted with,CH (30 mLx5), then dried by anhydro-p&0, and evaporated.
Solution of EtOH (10 mL), the obtained acid fregalid and equal molar weight of perchlorate wereethiand
stirred at room temperature for 24 h. After thhg solid was filtered off, washed with cool EtOHe tresidue was
crystallized from HO/EtOH to obtained crystals, and the product wasddn vacuum.

H
N
Zn(ClO,),/C,HsOH ' —~
sd.6r _NAOH (ClO4)2/CoHs . HN_”I\:AZKN/\C:Z X
or Cu(ClO,),/C,HsOH K/NJ NP4
H
9a-9e
imidazole
derivatives
a: R = p-xylyl ; X =imidazoyl ; M= Zn; n = 2;
b: R =p-xylyl ; X =imidazoyl; M = Cu; n = 2;
C: R = m-xylyl ; X = imidazoyl ; M =Zn; n = 2;
d: R =m-xylyl; X = imidazoyl ; M =Cu; n = 2;
e: R =2,6-dimethyl pyridyl ; X = imidazoyl ;
M =2Zn;n=3;

Scheme 2 The synthetic routes of imidazolyl compods 9a-9e

Comparison of the catalytic activity of different metal complexes in PNPP catalytic hydrolysis

It is well known that the enzymatic catalytic adtvand selectivity are correlative to the enzymatiructure. The
mimic hydrolase used in this study exhibited simidfects as that of the natural hydrolase in PNRRlytic
hydrolysis. The complexe3a-8b linked with p-xylyl and other compound8c-8e conjugated with different linkers
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were all tested as hydrolytic catalysts at neuptdl 7.0. Among all the benzimidaole compleXés8e the 8d
showed the best catalytic efficiency at pH 7I@lfle 1). In a word, the K values of PNPP hydrolysis accelerated
by 8a-8e were 718~43.8 times larger than the hydrolysis watkout catalyst, and 223~13.6 times larger thgnpK
value of Zn (ll) cation hydrolysis. The maximum helytic rate of complexdd was 8.7 10* s* at pH 7.0.
Moreover, data imable 2 showed that the §; values of target imidazolyl compoun€éla-9e were ranging from
3.9x10" s'to 26.0x10' s at pH 7.0, and the J; values were about 77-11.5 times larger than thatno(ll)
hydrolysis and 247.6~37.1 fold of the uncatalyzsaction under the same conditions.

The changing tendency of,k; values of imidazolyl compour@g-9e was as the same as the variety gf;Kvalues
of 8a-8e described above. This may be ascribed to the fatigweason: the closer of cyclen and azole, thieebet
efficiency of the target complex hydrolyzing PNP&s for the compoundd, the best catalyst of all, the 2,6-
dimethyl pyridyl linker was the key factor in favof catalytic function of hydrolysis. This may beedto the fact
that the nitrogen atom in pyridyl could reduce ithieraction between Zn (1) center and azole ama, ey could
produce marked effects as synergetic catalyst daFPhydrolyzing. Compoun@d with Cu (1) center exhibited the
highest efficiency among all these imidazole com@ée and as we know, few Cu (II) cyclen complexesrmoting
the hydrolysis of carboxyester were reported, extiegt some Cu[9]ane/\complexes showing catalytic efficiency
on phosphate ester hydrolysis [22]. Due to the tta&t Cu (1) was a weak Lewis acidic metal iond dhe pKa of
water bound to Cu (Il)-cyclen complex was abou#8&Bd was hard to form functional Cu (I1)-OH cer|22]. So
that the catalysis mechanisms of Cu (II) complexese quit different from that of zZn (ll) compoundsinally,
these results showed that benzimidazolyl compo8aeie generally had higher Jg; values than that of imidazolyl
compounds9a-9e The relative strongex-n stack effect between benzimidazole arm and 4qiieaolate than
imidazole was the major reason for the differerfzgeoved in these azole compounds.

Table. 1 The max-value of pseudo-frist-order constas for hydrolysis of PNPP by benzimidazole compless in agueous solution and the
corresponding pH

Entry Complex Kps/10% (ST pH

1 8a 4.6 7.0
2 8b 54.3 7.0
3 8¢ 28.1 7.0
4 8d 75.4 7.0
5 8e 5.3 7.0
6 Zn* 0.3384 7.C
7 no 0.1054 7.0
8 benzimidazle = Not detecte 7.0

Conditions: [complex] = 1.00x1® mol-dr?, [substrate] = 5.00x16 mol-dm-3 Tris-HCI buffer (0.10 mol-df), | = 0.10 (NaNQ), PNPP: p-
nitrophenyl picolinate.

Table. 2 Pseudo-frist-order constants for PNPP hydilysis catalyzing by different imidazole complexes aqueous solution

Entry Complex Kp/10°(s) pH

1 9a 8.7 7.0
2 9b 4.3 7.0
3 9c 3.9 7.0
4 od 26.0 7.0
5 %e 7.1 7.0
6 Zn? 0.33821 7.0
7 no 0.105[4 7.0
8 imidaozle Not detecte 7.C

Conditions: [complex] = 1.00x18 mol-dn¥, [substrate] = 5.00x10 mol-dn¥; Tris-HCI buffer(0.10 mol-dih pH = 7.0), | = 0.10 (NaN@),
PNPP: p-nitrophenyl picolinate

Acid effect and synergetic catalytic mechanism ohe complexes

In order to understand the mechanism of this kinchtalysis, the kinetics of PNPP catalytic hydsidywas studied
by complexes88a and9a as examples at different pH values. The resultg wbkown inFig. 1. TheFig. 1 exhibited
that the Kps; of PNPP hydrolysis catalyzed by compo@aand9adid not always increase with the increase of pH
from pH 6.5 to 7.5. The maximum hydrolytic ratesbath compoun@®a and 9a appeared at pH 7.0, and thg,&
values were 4.6x1Ds* and 8.7x10 s?, respectively. This result was in accordance wiith reference 6. This
tendency proved that the azole unit could bind@rand act as a general acid for a nucleophilacktin catalysis
process. Meanwhile, benzimidazolyl group in commb8a could conjugate the 4-nitrophenolate group throtingh
n-n stack effect to stabilize the host-guest complexha same time. It was reported that cyclen déviga
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coordinated with Zn (1) carried a water molecuseaa additional ligand in aqueous solution [23}] &ris believed
that the metal bound hydroxide (M—OH) is the sodorenucleophilic attack around pH 7.0 [9]. As maxamples
of metallic-enzyme mimetic models, the metal-botiydroxide appears as the critical nucleophile at7p®i[24].
But in solutions with higher pH, azolyl arm was d&pnated, and could not act as a general acidiysatahe Kys:
value of8a and 9a decreased to 3.9xf0s* at pH 7.2 and 8.0x1Ds* at pH 7.5 respectively, and they were
apparently smaller than that corresponding dafgHa?.0. Furthermore, it must be pointed out thatftiee OHin
solution was the primary nucleophilic reagent at§6{ and the hydrolysis rate was significantlgéar

In certain model systems, the cooperative actiahbbeen demonstrated, such as dinuclear speciesythmetal
ions act cooperatively in the catalytic processhezi one metal ion provides the nucleophile anddtier one
coordinates the substrate or both metal ions [gatie in substrate binding, activation, and cleaviZb]. From
these hydrolytic data of benzimidazole and imidazdbne inTable 1 andTable 2, it may be concluded that azole
group showed no direct catalytic effect and workedssistant to capture the substrate and cleawastar bond. So
that, in this synergetic catalysis model, the twoctional groups among the azole cyclen compoundidcaork
respectively to complement each other and accomthis hydrolysis process. The azoles groups weisidered to
array of stabilizing and activating interactiongtwH’. From the results described above, the propostadysis
mechanisms o8a and9a were depicted irfrig. 2, which showed the two kinds of complexes actetiyasolytic
enzymes with two functional catalytic centers, aves the cation nucleus, and the other was thedwteic arm.
So that the target materials discussed in thismpapee indeed synergetic catalysts.

1.8
0.0008-
1.6 .
0.0007 1.4
(1) complex 8a . (2) complex 9a
0.0006- 1.24
1
© 000051 Y O
3 ™~ “5os] < T
2 5
3 0.0004- . X 0.6
0.0003- 0.4
.
\_/. ] =
0.00021 021
0.04+—+———17——————————————————
64 66 68 70 72 74 16 64 66 68 70 7.2 7.4 76 7.8 80 82
pH pH

Fig. 1 Keps1versus pH for the hydrolysis of PNPP by complex 8a and 9at | = 0.10 (NaNQ), T = 303.2+0.1 K

H H O H
H(\Né N (H(a H(\Né I—T\N/: N
O e R )¢
NN N < NG SR
N N N SH N
2Cloy 2Cloy
8a 9a

Fig. 2. Synergetic catalysis gf-nitrophenylacetate hydrolysis with the enzyme mode8a and 9a
CONCLUSION

In this work, a number of Zn(ll) and Cu(ll) compésx of the tetraaza-cyclododecane with benzimidarole
imidazole unit were synthesized and characterizeliused as artificial enzyme mimetic models tolgatgaPNPP
hydrolysis. There are several interesting resuttioed in this work: (1) the Zn(ll) complexes hiagrcyclen-
benzimidazole showed marked rate acceleration by thi3223 fold larger than hydrolytic rate catalyzgy Zn(ll)
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cation, and 43.8~718 times faster than the hydimlgate without any catalyst; (2) the catalyticivdty of the
complexes carrying cyclen-benzimidazole was mughdri than that of cyclen-imidazole derivatives; (8 PNPP
hydrolysis catalyzed by synthetic enzyme mo#laland 9a was most probably through synergistic hydrolytic
mechanism; (4) the largest rate acceleration obthinith benzimidazolyl compourb (75.4x10%s™) at pH 7.0
clearly demonstrates the potential of such multifiomal enzyme models.
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