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Synthesis of new unsymmetrical “‘end-off”” phenoxo bridged
copper(II), nickel(IT) and zinc(II) complexes: spectral, magnetic,
electrochemical, catalytic, and antimicrobial studies
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tDepartment of Inorganic Chemistry, School of Chemical Sciences,
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(Received 13 March 2008; in final form 21 July 2008)

A new class of unsymmetrical end-off, aminomethylated N-methylpiperazine and
aminomethylated diethanolamine binucleating ligands, 2-[bis(2-hydroxyethyl)aminomethyl]-6-
[(4-methylpiperazin-1-yl)methyl]-4-methylphenol (HL') and 2-[his(2-hydroxyethyl)amino-
methyl]-6-[(4-methylpiperazin-1-yl)methyl]-4-acetylphenol (HL?) were synthesized by following
sequential aromatic Mannich reactions. Their mononuclear and binuclear Cu(Il), Ni(II) and
Zn(II) complexes have been synthesized and their formulation was confirmed by analytical and
spectral analysis. The mononuclear Cu(II) complexes have a magnetic moment value close to
the spin only value with four hyperfine EPR signals. The binuclear Cu(Il) complexes have an
antiferromagnetic interaction with a broad EPR signal. Electrochemical studies of the
complexes reveal that all the redox processes are irreversible. Catecholase activity of Cu(II)
complexes and the hydrolysis of 4-nitrophenylphosphate using Cu(Il), Ni(Il), and
Zn(IT) complexes were carried out. Spectral, magnetic, electrochemical, and catalytic behaviors
of the complexes are compared on the basis of the p-substituent of the phenolic ring. Some of
the complexes show significant growth inhibitory activity against pathogenic bacteria and
fungi.

Keywords: Unsymmetrical “end-off” ligands; Magnetic properties; Electrochemistry; Catalytic
activity; Antimicrobial activities; Mono and binuclear metal complexes

1. Introduction

The design and synthesis of cyclic or acyclic unsymmetrical binucleating ligands have
been the subject of growing interest because the binuclear active sites of metalloenzymes
are usually unsymmetrical with respect to the donor atoms as well as coordination
numbers and/or the geometric arrangement [1-4]. For example, the unsymmetrical
nature of the dicopper site in haemocyanin is demonstrated in the crystal structure of
deoxyhaemocyanin and sequence homology studies on tyrosinases have shown that
while one of the copper sites has been highly conserved throughout evolution, the

*Corresponding author. Email: vnnara@yahoo.co.in

Journal of Coordination Chemistry
ISSN 0095-8972 print/ISSN 1029-0389 online © 2009 Taylor & Francis
DOI: 10.1080/00958970802570917



08: 47 23 January 2011

Downl oaded At:

“End-off” ligands 1357

(@ R (b) R (c) R

Scheme 1. Types of unsymmetrical “end-off” ligands.

structure of the second copper site has been quite variable. For most of the tyrosinases,
three histidines are positioned to coordinate each of the copper ions, but for a few cases
Cup is apparently only coordinated to two histidines, increasing interest in
unsymmetrical binucleating ligands for modeling studies [1-5].

In phenol-based ‘“‘end-off” complexes, in addition to the phenolate endogenous
bridge the presence of one or two exogenous bridges made up of acetate, hydroxide,
azide, cyanate, etc., give favorable distance between the bimetal centers resembling
biosites [6, 7]. Diaminomethylated phenols have been used as templates for formation
of dinuclear iron complexes which are active site mimics of enzymes like hemerythrine
[8], methane monooxygenase [9] or ribonucleotide reductase [10]. The presence of
diecthanolamino arm enables the ligand to serve a variety of commercial applications
such as corrosion inhibitors, surfactants, gas purification, and herbicides [11].

Complexes of symmetrical binucleating “‘end-off”” compartmental ligands have been
reported with a wide range of transition metal ions [12-14]. But due to the problems in
synthesis, only limited unsymmetrical “end-off”” complexes were reported. Three types
of unsymmetrical “end-off”” ligands are shown in scheme 1. Other than syntheses from
Schiff-base condensation, reports are sparse [15, 16].

In continuation of our previous work [15], we have synthesized two new
phenol-based unsymmetrical diaminomethylated “‘end-off” ligands 2-[bis(2-hydro-
xyethyl)aminomethyl]-6-[(4-methylpiperazin- 1-yl)methyl]-4-methylphenol (HL') and
2-[bis(2-hydroxyethyl)aminomethyl]-6-[(4-methylpiperazin-1-yl)methyl]-4-acetylphenol
(HL?) by sequential aromatic Mannich reactions. The ligands have one amine tridentate
chelating arm possessing NO; coordination site and one amine bidentate chelating arm
possessing N,O coordination attached to the 2- and 6-positions of the phenolic ring.
They form mononuclear and homo binuclear copper(Il), nickel(II), and zinc(II)
complexes as “‘asymmetric donors” with respect to the two metal ions. The spectral,
electrochemical, magnetic, and catalytic studies of these complexes are also discussed.
Some of the complexes were screened for antibacterial and antifungal activities.

2. Experimental

2.1. Analyses and physical measurements

Elemental analyses were obtained using a Haereus C, H, N rapid analyzer. The atomic
absorption spectral data were recorded using a Varian spectra AA-200 model atomic
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absorption spectrophotometer. 'H NMR spectra were recorded using a JEOL GSX
400 MHz NMR spectrometer. Mass spectra were obtained on JEOL DX-303 and JEOL
SX-102 (FAB) mass spectrometers. IR spectra were recorded on a Shimadzu FT-IR
8300 series spectrophotometer with KBr disks from 4000 to 400cm~'. Electronic
spectral studies were carried out on a Hitachi 320 spectrophotometer in the range of
200-1100 nm. X-band ESR spectra were recorded at 25°C on a Varian EPR-E 112
spectrometer using diphenylpicrylhydrazine (DPPH) as the reference. Room tempera-
ture magnetic moments were measured on a PAR vibrating sample magnetometer
Model-155. Variable temperature magnetic moments were measured on an EG & G
Princeton applied research VSM model 4500. Molar conductivity was measured by
using an Elico digital conductivity bridge model CM-88 using freshly prepared solution
of the complex in dimethylformamide. Cyclic voltammograms were obtained on a CHI-
600A electrochemical analyzer. The measurements were carried out under oxygen-free
condition using a three-electrode cell in which a glassy carbon electrode was the
working electrode, a saturated Ag/AgCl electrode was the reference electrode and
platinum wire was used as the auxiliary electrode. A ferrocene/ferrocenium (14) couple
was used as an internal standard; E,, of the ferrocene/ferrocenium (Fc/Fc™) couple
under the experimental condition is 470mV. Tetra(n-butyl)ammonium perchlorate
(TBAP) was used as the supporting electrolyte. The catalytic oxidation of catechol to
o-quinone by the copper complexes and the hydrolysis of 4-nitrophenylphosphate by
the copper, nickel, and zinc complexes were studied at 107> M in dimethylformamide.
The reaction was followed spectrophotometrically by choosing the strongest
absorbance of o-quinone at 390 nm and monitoring the increase in the absorbance;
hydrolysis of p-nitrophenylphosphate was monitored by following the UV absorbance
change at 420 nm (assigned to the 4-nitrophenolate anion) as a function of time. A plot
of log(Ay/A, — A,) versus time was made for each complex and the rate constants for
the catalytic oxidation and the hydrolysis of 4-nitrophenylphosphate were calculated.

2.2. Materials and safety note

Formaldehyde solution, N-methylpiperazine, diethanolamine, p-cresol and p-hydro-
xyacetophenone were purchased from Qualigens and used as such. Methanol,
acetonitrile and dimethylformamide were purchased from Qualigens and distilled
before use. TBAP used as supporting electrolyte in electrochemical measurement was
purchased from Fluka and recrystallized from hot methanol. (Caution! All perchlorate
salts are explosive and hence care should be taken while handling.) All other chemicals
and solvents were of analytical grade and used as received without purification. The
metal salts were in the hydrated form, i.e. Cu(OAc),-H>O, Ni(OAc),-4H,0, and
Zn(OAC)z . 2H20

2.3. Preparation of precursor compounds

2.3.1. Preparation of 2-[(4-methylpiperazin-1-yl)methyl]-4-methylphenol (PC-1). A
mixture of 4-methylphenol (5.23mL, 0.05mol), N-methylpiperazine (5.54mL,
0.05mol) and formaldehyde solution (37%) (3.77mL, 0.05mol) in methanol (50 mL)
were treated at 50°C for 12h. A 3mL portion of formaldehyde was added after 6 h
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Scheme 2. Synthesis of precursor compounds.

(scheme 2) during the course of the reaction. Then, methanol was evaporated under
vacuum and the resulting oil was extracted with chloroform. The crude compound was
purified by column chromatography using chloroform: methanol mixture (98:2) as
eluent to give a pale yellow oily compound. Yield: 5.61 g (51%), Mass (EI) m/z: 222.30.
Anal. Calcd for C3H,oN,O: C, 70.87; H, 9.15; N, 12.72. Found: C, 70.96; H, 9.25; N,
12.65%. '"H NMR (8 ppm in CDCl3) ~2.23 (s, 3H), ~2.30 (s, 3H), ~2.53 (br s, 8H),
~3.65 (s,2H), 6.70-6.94 (m, 3H).

2.3.2. Preparation of 2-[(4-methylpiperazin-1-yl)methyl]-4-acetylphenol (PC-2). The
above similar procedure was used for preparation of precursor compound PC-2 by
using 4-acetylphenol (6.81 g,0.05mol), instead of 4-methylphenol. In this case a pale
brown compound was obtained. Yield: 6.95 g (56%). m.p.: 94°C. Mass (EI) m/z: 248.30.
Anal. Calcd for C4;H,oN>O5: C, 67.72; H, 8.12; N, 11.28. Found: C, 67.78; H, 8.08; N,
11.37(%). "H NMR (8 ppm in CDCls): ~2.23 (s, 3H), ~2.44 (s, 3H), ~2.56 (br s, 8H),
~3.70 (s,2H), 6.75-7.73 (m, 3H).

2.4. Preparation of ligands

2.4.1. Preparation of 2-[his(2-hydroxyethyl)aminomethyl]-6-[(4-methylpiperazin-1-yl)
methyl]-4-methylphenol (HL'). Ligand-1 (HL') was synthesized by taking PC-1
(4.4¢,0.02mol) in methanol (100 mL) mixed with diethanolamine (1.92mL, 0.02 mol)
and formaldehyde solution (37%) (1.51 mL, 0.02 mol) and the solution was refluxed for
12h. A 2mL portion of formaldehyde was added at approximately 6h. After that,
methanol was evaporated under vacuum, the resulting oil was extracted with
chloroform and the crude compound was purified by column chromatography using
chloroform : methanol mixture (96:4) as eluent. A light brown oil was obtained
(scheme 3). Yield: 4.32 g (64%). Mass (EI) m/z: 338.60. Anal. Calcd for C1gH3;N305: C,



08: 47 23 January 2011

Downl oaded At:

1360 K. Shanmuga Bharathi et al.

R
N
CH,OH
PC + CHO + jj\ N oH N
HO oH Reflux, 12h g j OH
HO
i
CHy
where, R
HL'  —CH,
HL2  —C=0

CHg

Scheme 3. Synthesis of unsymmetical “end-off”” ligands.

64.07; H, 9.26; N, 12.45. Found: C, 64.19; H, 9.35; N, 12.37(%). Selected IR data (KBr
disc, v/em™"): 3200-3500, 1450. '"H NMR (8§ ppm in CDCl3): ~2.16 (t,2H), ~2.22
(s, 3H), ~2.30 (s, 3H), 2.50-2.60 (m, 12H), 3.55-3.82 (m, 8H), ~6.79 and 6.84 (s, 2H).
UV-Vis[Amax(nm) (¢, M~ ecm™")] in MeOH: 292 (21,100).

2.4.2. Preparation of 2-[bis(2-hydroxyethyl)aminomethyl]-6-[(4-methylpiperazin-1-yl)methyl]
-4-acetylphenol (HL?). The above similar procedure was used for the preparation of
HL? by using PC-2 (4.97 g,0.02mol) instead of PC-1. The ligand HL? was obtained as
a brown oily compound. Yield: 4.90 g (67%). Mass (EI) m/z: 365.80. Anal. Caled for
Ci9H31N3Oy4: C, 62.44; H, 8.55; N, 11.50. Found: C, 62.49; H, 8.53; N, 11.47. Selected
IR data (KBr disc, v/em™"): 3200-3500, 1670. 'H NMR (8§ ppm in CDCls): ~2.17
(t,2H), ~2.23 (s,3H), 2.46-2.54 (m, 15H), 3.59-3.78 (m, 8H), ~6.82 and 7.61 (s,2H).
UV-Vis[Anax(nm) (e, M~'em™1)] in MeOH: 285 (21,900).

2.5. Synthesis of mononuclear complexes
2.5.1. Synthesis of mononuclear complexes of HL'

2.5.1.1. Synthesis of [CuL'(OAc)]-H>0. To a 40mL methanol solution of HL!
(1.01 g,0.003 mol) was added Cu(OAc),-H-O (0.60 g, 0.003 mol) dissolved in 20 mL of
methanol and the solution was refluxed for 4 h. Then, the solution was filtered hot and
allowed to stand at room temperature. After slow evaporation of the solvent at 25°C,
a dark green compound was obtained and recrystallized from acetonitrile (scheme 4).
Yield: 1.01 g (71%). Anal. Calcd for [C50H33N305Cu] - H,O: C, 50.35; H, 7.39; N, 8.81;
Cu, 13.32. Found: C, 50.42; H, 7.33; N, 8.89; Cu, 13.41(%). Selected IR data (KBr disc,
v/em™h): 3200-3500, 1456. UV-Vis[Anax(nm) (e, M~'ecm™")] in MeOH: 605 (180), 365
(17,100), 291 (23,100). g: 2.28, g,: 2.07 and A: 195. per: 1.71 BM.
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Scheme 4. Synthesis of unsymmetical “‘end-off”” complexes.

2.5.1.2. Synthesis of [NiL'(OAc)]-H->O. The Ni(Il) complex was prepared by
following the above procedure using HL' (1.01g,0.003mol) and Ni(OAc),-4H,0O
(0.75g,0.003mol). A brown compound was obtained on recrystallization from
acetonitrile. Yield: 0.95¢g (67%). Anal. Calcd for [C,0H33N305Ni]- H,O: C, 50.87; H,
7.47; N, 8.90; Ni, 12.43. Found: C, 50.96; H, 7.51; N, 8.85; Ni, 12.48(%). Selected IR
data (KBr disc, v/em™'): 3200-3500, 1453. UV-Vis[Amax(nm) (e, M~ cm™")] in MeOH:
574 (144), 367 (17,600), 291 (23,400).

2.5.1.3. Synthesis of [ZnL'(OAc)]-H>0. The Zn(II) complex was prepared by
following the above procedure with Zn(OAc),-2H,O (0.66g,0.003mol). A
colorless compound was obtained on recrystallization from acetonitrile. Yield: 0.95¢g
(64%). Anal. Calcd for [Co0H33N505Zn(H,0),]: C, 48.34; H, 7.50; N, 8.46; Zn, 13.16.
Found: C, 48.39; H, 7.43; N, 8.57; Zn, 13.24(%). Selected IR data (KBr disc, v/cmfl):
3200-3500, 1446. '"H NMR (5§ ppm in CDCly) ~2.00 (s,3H), 2.16-2.77 (m,24H),
3.61-3.89 (m, 8H), 6.85-7.27 (m, 2H). UV-Vis[/max(nm) (¢, M~'ecm™")] in MeOH: 292
(21,900).

2.5.2. Synthesis of mononuclear complexes of HL>

2.5.2.1. Synthesis of [CuL?’(OAc)]-H>0. To a 40mL methanol solution of HL?
(1.10 g,0.003 mol) was added Cu(OAc), - H,O (0.60 g, 0.003 mol) dissolved in 20mL of
methanol and the solution was refluxed for 4h. After the reaction completion, the
solution was filtered hot and allowed to stand at room temperature. After slow
evaporation of the solvent at 25°C, a dark green compound was obtained and
recrystallized from acetonitrile (scheme 4). Yield: 0.98¢g (65%). Anal. Calcd for
[C51H33N304Cu] - H,O: C, 49.94; H, 6.98; N, 8.32; Cu, 12.58. Found: C, 49.89; H, 7.04;
N, 8.39; Cu, 12.54(%). Selected IR data (KBr disc, v/cmfl): 3200-3500, 1678, 1452.
UV-Vis[Zmax(tm) (e, M~ 'em™")] in MeOH: 596 (160), 355 (15,900), 287 (23,600). g;:
2.21, g;: 2.05 and Ay: 186. pegr: 1.72 BM.
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2.5.2.2. Synthesis of [NiL?(OAc)]-H>O. The Ni(I) complex was prepared by the
above procedure using HL? (1.10 g,0.003 mol) and Ni(OAc), - 4H,O (0.75 g, 0.003 mol).
A brown compound was obtained on recrystallization from acetonitrile. Yield: 1.00 g
(67%). Anal. Calcd for [C5H33N306Ni] - H,O: C, 50.42; H, 7.05; N, 8.40; Cu, 11.73.
Found: C, 50.46; H, 7.12; N, 8.37; Cu, 11.71(%). Selected IR data (KBr disc, v/cm_l):
32003500, 1679, 1450. UV-Vis[ipax(nm) (e,M~'ecm™")] in MeOH: 570 (135), 360
(16,100), 289 (23,700).

2.5.2.3. Synthesis of [ZnL?(OAc)]-H>O. The Zn(Il) complex was prepared by the
same procedure using HL? (1.10 g, 0.003 mol) and Zn(OAc), - 2H,O (0.66 g, 0.003 mol).
A colorless compound was obtained on recrystallization from acetonitrile. Yield:
0.96 g (61%). Anal. Caled for [C,1H33N304Zn(H,0),]: C, 48.05; H, 7.10; N, 8.00; Zn,
12.46. Found: C, 48.12; H, 7.06; N, 8.05; Zn, 12.54(%). Selected IR data (KBr disc,
p/em™"): 3200-3500, 1680, 1449. UV-Vis[Ana(nm) (e, M~ 'em™")] in MeOH: 289
(22,500).

2.6. Synthesis of binuclear complexes
2.6.1. Synthesis of binuclear complexes of HL'

2.6.1.1. Synthesis of [CuL'(0Ac)(H>0)](ClO,)>. A  solution of HL!
(0.67 g,0.002mol) in MeOH (40 mL) was added to Cu(OAc),-H,O (0.80 g, 0.004 mol)
in MeOH (20mL) and refluxed for 11h. The mixture was then reacted with two
equivalents of NaClO, dissolved in 10 mL of methanol and further refluxed for 1 h. A
dark green precipitate was collected on evaporation of the resulting solution to half the
volume and allowing to standing at room temperature (25°C). A dark green compound
was obtained on recrystallization from acetonitrile (scheme 4). Yield: 1.09g (74%).
Anal. Caled for [Co0H33N305Cu,(H>0)](ClOy),: C, 32.48; H, 4.77; N, 5.68; Cu, 17.19.
Found: C, 32.45; H, 4.84; N, 5.71; Cu, 17.25(%). FAB mass (m/z): 740.00. Selected IR
data (KBr disc, v/cm_l): 3200-3500, 1605, 1455, 1102, 651. Conductance
(Am/Scm?mol™") in DMF: 158. UV-Vis[/pax(nm) (e, M~ 'cm™')] in MeOH: 672
(402), 369 (16,700), 292 (23, 500). g: 2.10. pe: 2.41 BM.

2.6.1.2. Synthesis of [Ni>L'(OAc)(H-0);](ClO,)>. The Ni(Il) complex was pre-
pared by the above procedure using HL' (0.67 g,0.002mol) and Ni(OAc),-4H,0O
(1.00g,0.004 mol). A brown compound was obtained on recrystallization from
acetonitrile. Yield: 107g (70%) Anal. Calcd for [C20H33N305Ni2(H20)3](CIO4)2I C,
31.37; H, 5.13; N, 5.49; Ni, 15.33. Found: C, 31.42; H, 5.18; N, 5.47; Ni, 15.31(%).
FAB mass (m/z): 766.00. Selected IR data (KBr disc, v/em™'): 3200-3500,
1607, 1453, 1101, 650. Conductance (A,/Scm’mol™') in DMF: 162.
UV-Vis[/max(nm) (¢, M~'em™")] in MeOH: 1037 (102), 800 (162), 632 (283), 377
(16,900), 287 (24,900).

2.6.1.3. Synthesis of [Zn>L'(OAc)(H-0);](CIlO,),. The Zn(II) complex was pre-
pared by the same procedure using HL' (0.67 g, 0.002mol) and Zn(OAc),-2H,0
(0.88 g,0.004 mol). A colorless compound was obtained on recrystallization from
acetonitrile. Yield: 1.06 g (68%). Anal. Calcd for [CryH33N305Zn,(H>0);](ClOy4),: C,
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30.83; H, 5.04; N, 5.39; Zn, 16.78. Found: C, 30.89; H, 5.07; N, 5.32; Zn, 16.85(%).
FAB mass (m/z): 780. Selected IR data (KBr disc, v/em™"): 3460, 1610, 1456, 1100, 652.
"H NMR (8§ ppm in CDCly) ~2.01 (s,3H), 2.16-2.77 (m,26H), 3.64-3.94 (m,8H),
6.88-7.30 (m,2H). Conductance (An,/S cm®mol™") in DMF: 159. UV—-Vis[/pax(nm)
(e, M~'em™")] in MeOH: 292 (23, 600).

2.6.2. Synthesis of binuclear complexes of HL?

2.6.2.1. Synthesis of [CuL?(0Ac)(H>0)](ClO;),. A solution of HL? (0.73g,
0.002mol) in MeOH (40mL) was added to Cu(OAc),-H->O (0.80g,0.004 mol) in
MeOH (20mL) and refluxed for 11h. The mixture was then reacted with two
equivalents of NaClOy, dissolved in 10 mL of methanol and refluxed for another hour.
A dark green precipitate was collected on evaporation of the resulting solution to half
the volume and cooling by standing at room temperature (25°C). A dark green
compound was obtained on recrystallization from acetonitrile (scheme 4). Yield: 1.12 g
(73%). Anal. Calcd for [C51H33N30Cu,(H,0)](CIOy),: C, 32.86; H, 4.60; N, 5.47; Cu,
16.56. Found: C, 32.91; H, 4.62; N, 5.41; Cu, 16.53(%). Selected IR data (KBr disc,
p/em™"): 3200-3500, 1680, 1610, 1460, 1100, 651. Conductance (Am/S cm’mol™!) in
DMF: 157. UV-Vis[Amax(nm) (e, M~ ecm™")] in MeOH: 668 (396), 362 (16, 100), 288
(24,400). g: 2.11. peg: 2.62 BM.

2.6.2.2. Synthesis of [Ni>L’(OAc)(H-0);](CIlO,)>. The Ni(Il) complex was prepared
by the same procedure using HL? (0.73g,0.002mol) and Ni(OAc),-4H,0O
(1.00g,0.004 mol). A brown compound was obtained on recrystallization from
acetonitrile. Yield: 1.13g (71%). Anal. Calcd for [Cy H33N;306Nix(H>0);5](ClOy4),: C,
31.77; H, 4.95; N, 5.29; Ni, 14.79. Found: C, 31.75; H, 5.01; N, 5.34; Ni, 14.78(%).
Selected IR data (KBr disc, v/cm*]): 3455, 1678, 1602, 1461, 1102, 652. Conductance
(Am/S cm?mol ™) in DMF: 160. UV-Vis[Ana(nm) (e, M~ cm™")] in MeOH: 1000 (110),
792 (135), 630 (278), 366 (16, 300), 286 (24, 600).

2.6.2.3. Synthesis of [ Zn>L?(OAc)(H>0)3](CIlO,)>. The Zn(Il) complex was prepared
by following the above procedure using HL? (0.73 g,0.002 mol) and Zn(OAc), - 2H,O
(0.88 2,0.004 mol). A colorless compound was obtained on recrystallization from
acetonitrile. Yield: 1.06g (66%). Anal. Calcd for [C,H33N304Zn,(H>0)5](ClO4),: C,
31.25; H,4.87; N, 5.20; Zn, 16.20. Found: C, 31.34; H, 4.93; N, 5.14; Zn, 16.23(%). Selected
IR data (KBr disc, v/cm*l): 3450, 1681, 1603, 1447, 1103, 651. Conductance (A,,/S
cm’mol ") in DMF: 165. UV-Vis[/yax(nm) (e, M~ ecm™")] in MeOH: 290 (24, 100).

3. Results and discussion

New unsymmetrical end-off ligands having two different aminomethylated side arms
have been synthesized by sequential aromatic Mannich reactions (schemes 2 and 3).
The mononuclear and homo binuclear Cu(II), Ni(Il), and Zn(II) complexes of the
ligands were prepared as shown in scheme 4.
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3.1. Spectral studies

3.1.1. Infrared spectra. The IR spectral data of the ligands show bands around 3350
and 3450 cm ™" due to phenolic and aliphatic OH [17] stretching frequencies, respectively.
The sharp band at 1670cm ™" for HL? shows the presence of aromatic carbonyl in the
ligand and it remains unchanged in all the complexes, indicating that the carbonyl group
is not coordinated. The broad band at 3450 cm ™" in all complexes is due to OH [17] and
the presence of water. The peak at 1650 cm ™' in addition to the peak at 3450 cm ™" in all
the binuclear complexes and zinc(II) mononuclear complexes shows that the water is
coordinated to the metal [18]. The strong v(CO,) bands at 1450cm™" in mononuclear
complexes indicates the presence of acetate. The binuclear complexes show the
antisymmetric and symmetric v(CO,) vibrations of the acetate at 1600-1610 and
1445-1465cm™", respectively. A Av value [Av=v,(CO,)— v, (CO,)] smaller than
200cm ™' is typical of bridging carboxylate [19]. The presence of uncoordinated
perchlorate in all the binuclear complexes is inferred from the single broad band
around 1100cm™" (vs-antisymmetric stretching) not split and a band around 650 cm ™"
(vg-antisymmetric bending). No band around 930 cm™" (v,-symmetric stretching) due to
coordinated perchlorate is observed, clearly indicating no coordinated perchlorate [20].

3.1.2. Electronic spectra. The electronic spectra of the mono and binuclear Cu(Il)
complexes and the mononuclear Ni(Il) complexes exhibit three main transitions.
A moderately intense peak in the range 280-300 nm is probably due to intra-ligand
charge transfer transition [21]. A peak or shoulder at 350-370 nm is due to phenolato to
copper(Il) charge transfer [21]. Mononuclear Cu(I) complexes show A, at 600 nm
due to d-d transition characteristic of square-planar geometry; binuclear Cu(II)
complexes have the d—d transition at 670 nm indicative of “‘distorted square-pyramidal
geometry” [22]. Mononuclear Ni(IT) complexes show a single weak ¢-d band at 570 nm
due to 1Alg—> lAzg, indicating square-planar geometry [23]. The binuclear Ni(II)
complexes show three d—d transitions at 1000nm, 800nm and 630nm assigned to
PAng—> *Thg, Ay —> Tig, *Azg— T 4(P), characteristic of octahedral Ni** [24]. Mono
and binuclear Zn(IT) complexes display only ligand-centered charge transfer transitions
in the UV region [23, 25].

The position of the phenolato-to-copper LMCT charge-transfer is sensitive to the
electron density on copper [14, 16, 26]. There is a slight decrease in wavelength for the
complexes when the electron-donating p-substituent, -CHj3 (365-377 nm) of the phenolic
ring is replaced by electron-withdrawing —C(O)CHj5 (355-366 nm). In complexes of HL?,
the electron-withdrawing —C(O)CH3 group at the para position delocalizes electron
density, increasing the Lewis acidity of copper, thus shifting the phenolato-to-copper
LMCT band to higher energy. For HL' complexes, the electron-donating —CHjy
increases electron density at the phenolic oxygen, causing the red shift [14, 16, 26].

3.1.3. 'TH-NMR spectra. The precursor compounds, ligands and their Zn(II)
complexes were examined by '"H-NMR spectra. In the precursor compounds singlets
at 2.23ppm in both cases are assigned to the N-methyl group, singlets at 2.30 and
2.44ppm are assigned for Ar—CH; protons and —C(O)CHj;, respectively. The eight
protons of the four methylene functions in the piperazine ring are a broad singlet at
2.53-2.56 ppm and singlets at 3.65-3.70 ppm are assigned to benzylic protons.
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Multiplets in the range of 6.70-6.94 and 6.75-7.73 ppm are assigned to the three
aromatic protons.

The two protons of the aliphatic —OH as a triplet at 2.16 and 2.17 ppm in the case of
HL' and HL?, respectively, and singlets at 2.22 and 2.23 ppm are assigned to three
N-methyl protons. In HL', the singlet at 2.30 ppm is due to Ar-CH5 and multiplets
from 2.50-2.60 ppm are assigned to eight protons in the piperazine and four protons in
the two ~O—CH, functions. In HL? multiplets in the range 2.46-2.54 ppm are due to
—C(O)CH3;, eight protons in the piperazine and four protons in the two —-N-CH,—R.
Multiplets in the range 3.55-3.82 and 3.59-3.78 ppm are assigned to four protons in two
benzylic functions and four protons in two —O—CH, functions in HL' and HL?
respectively; singlets at 6.79, 6.84 and 6.82, 7.61 ppm are assigned to two aromatic
protons.

In the "H-NMR spectra of the mononuclear Zn(II) complex of HL', multiplets in the
range 2.16-2.77 ppm are assigned for 24 aliphatic protons which include four protons of
two water molecules and excludes acetate which is a singlet at 2.00 ppm Benzylic
protons, —O—CH, protons and aromatic protons are not changed much compared to
the ligand. The "H-NMR spectra of the binuclear Zn(II) complex of HL' is similar to its
mononuclear Zn(II) complex with the addition of one more water.

3.1.4. Mass spectral analysis. The EI mass spectra of the precursor compounds show
the molecular ion peaks at m/z=222.30 and 248.30, respectively. The molecular ion
peaks (m/z) of HL' and HL? were at 338.60 and 365.80, respectively. The FAB mass
spectra of binuclear Cu(II), Ni(I) and Zn(II) complexes of HL' show molecular ion
peaks (M) at m/z =740, 766 and 780, respectively. The spectra also show some peaks
corresponding to various fragments of the complexes with many peaks due to isotopes.
Thus, '"H-NMR and mass spectral data confirm the structures of the precursor
compounds, ligands and their complexes.

3.1.5. ESR spectra. The solid state ESR spectra of the copper(I) complexes were
recorded in the X-band region at room temperature. ESR spectra of mononuclear
1 and 4 show four lines [27] with a nuclear hyperfine spin of 3/2, having g values
2.28 and 2.21, g, values of 2.07 and 2.05 and A4; 195 and 186cm™". Broad spectra
[27] without hyperfine splitting were obtained for dicopper complexes 7 and 10 with
g=2.1 centered at 3200G, indicating the presence of an antiferromagnetic
interaction between the two copper ions. From favorable orientation of the magnetic
orbitals and in spite of the Cu—Cu separation, an antiferromagnetic interaction is
observed.

3.2. Magnetic studies

The measured magnetic moment of 1 and 4 are 1.71 and 1.72 BM, very close to the spin
only value (1.73BM) expected for complexes having one copper(Il) with a single
unpaired electron in an essentially dx*—y* orbital. Room temperature magnetic moment
of 7 and 10 are 2.41 and 2.62 BM, respectively, showing interaction between copper
centers. To find the magnetic exchange interaction, the magnetic moments of 7 and 10
were measured in the temperature range of 77-300K, as shown in figure 1.
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Figure 1. Temperature-dependence magnetic properties for [Cu,L'(OAc)(H,0)](ClO4)- (7).

The temperature dependence was interpreted using the modified Bleany—Bowers
equation [28],

xom = {(Ng*B*/3kT)[3 + exp(—=2J/kT)]"'(1 — P) + (0.45P/T) + N,

in which the values of N,, the temperature independent fraction and g are fixed as
120 x 10 ®cm®M ™" and 2.20, respectively. x,, is the paramagnetic susceptibility per
metal atom after correction for diamagnetism, P is the fraction of monomeric
copper(Il) impurities and —2J is the singlet-triplet energy separation. The —2J values
were evaluated by a nonlinear regression analysis in which —2J, P and g are the
variables. The values of the exchange integral —2J for 7 and 10 are 43 and 26cm™ ',
indicative of weak antiferromagnetic coupling between copper(Il) ions.

Complexes 7 and 10 show A« at 672 and 668 nm, respectively, indicating similar
geometry. So the change in the magnetic exchange interaction difference is mainly
influenced by the p-substituent of the phenolic ring. The electron-withdrawing group in
the para position of the phenolic ring in 10 decreases the electron density on the copper
centers [14, 16] and the antiferromagnetic coupling. Reduction in electron density
weakens the Cu—O bond and reduces the spin exchange interaction [29]. The electron-
donating CHj; increases the electron density of the copper centers increasing
antiferromagnetic coupling. The mononuclear Ni(II) complexes 2 and 5 are square
planar and diamagnetic. The binuclear Ni(I) complexes 8 and 11 have magnetic
moments of 3.03 and 3.05 BM, respectively, at room temperature, which is
characteristic of Ni** in an octahedral site [24] and shows interaction between the
two nickel centers. The variable temperature magnetic study of 8 and 11 from 77 to
300K was interpreted using the modified Bleany-Bowers equation [28]. The values of
the exchange integral —2J for the binuclear Ni(I) complexes 8 and 11 are 52 and
39cm™', respectively, indicative of weak antiferromagnetic coupling between the
nickel(II) ions.

A significantly smaller —2J value is observed for 10 than the copper(Il) complex of
2,6-bis(4-methylpiperazin-1-yl-methyl)-4-acetylphenol [14]. There is a change of one
aminomethylated diethanolamine side arm in the unsymmetrical ligand instead of one
of two aminomethylated piperazinylmethyl side arms in the symmetrical ligand.
The larger flexibility of the complex of the unsymmetrical ligand induces a larger
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dihedral angle between the two copper containing planes and causes a smaller —2J
value [30].

3.3. Electrochemical studies

The conductance of all complexes was carried out in DMF. For mononuclear
complexes, the conductance values were in the range 10-15 (An/Scm’mol™"),
indicating that the complexes are neutral. Conductance values of the binuclear
complexes are in the range 150170 (A.,/Scm?mol™"), indicating that they are 1:2
electrolytes [31], showing no deprotonation of the two aliphatic OH protons during
complexation [17].

3.3.1. Reduction at negative potential. Electrochemical properties of the complexes
were studied by cyclic voltammetry in the potential range 0 to —1.8V in DMF
containing 0.1 M TBAP as supporting electrolyte and the data are summarized in
table 1. The electronegativity and hard nature of phenoxide influence the electro-
chemical properties of the complexes [32, 33]. The ligands do not show reduction in the
range studied (0 to —1.80V versus Ag/AgCl) even in basic conditions (pH 7.5-9.5)
(addition of NH4OH); hence, the peaks obtained for the complexes are due to reduction
of metal centers. Cyclic voltammograms for binuclear nickel(II) complexes are depicted
in Supplementary Material. Cyclic voltammograms with different scan rates show no
corresponding anodic peak in the cathodic direction, indicating irreversible process.
The mononuclear copper(Il), nickel(Il) and zinc(Il) complexes 1-6 show irreversible
one-electron reduction in the cathodic region. The binuclear copper(Il), nickel(Il) and
zinc(IT) complexes 7-12 show two-step irreversible reductions. Controlled potential
electrolysis was also carried out for the complexes at 100 Mvs~' more negative to the
cathodic peak, consuming one electron per molecule (7 =0.95), indicating that each
wave corresponds to one electron process. The two reduction processes are assigned
generically as follows,

MHMH—> MHMI — MIMI

Table 1. Electrochemical data® for the complexes (reduction at cathodic potential).

No. Complexes El. (V) E. (V)
1. [CuL'(OAc)]- H,O —0.87 -
2. [NiL'(OAc)]- H,O —0.96 -
3. [ZnL'(OAc)(H,0)s] —0.97 -
4, [CuL*(OAc)] - H,O —0.80 -
5. [NiL*(OAc)]- H,O —0.89 -
6. [ZnL*(OAc)(H,0),] —0.91 -
7. [Cu,L'(OAC)(H,0)|(ClOy), —0.85 —-1.25
8. [Ni,L'(OAc)(H,0)5](ClOy4), —0.90 —1.39
9. [Zn,L (OAc)(H,0);](ClOy), —0.92 —1.80
10. [Cu,L*(OAc)(H,0)|(ClOy), —0.75 —1.16
11. [Ni,L*(OAc)(H,0)5](ClOy4), —0.78 —-1.30
12. [Zn,LA(0AC)(H,0)3](ClO4), —0.80 —-1.60

Note: *Measured by CV at 50mV/s. E versus Ag/AgCl conditions: GC working and Ag/AgCl reference
electrodes; supporting electrolyte TBAP; concentration of complex: 1 x 107> M, concentration of TBAP:
1x 107" M.
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Copper, nickel and zinc, which are soft acids, favor coordination with nitrogen
compared to oxygen. In complexation of these binucleating ligands, the first metal
coordinates to the arm possessing N>O coordination sites rather than NO;; on
reduction, the metal in NOj coordination will reduce first. This is also further
supported by the higher flexibility of the diethanolamine arm possessing NO;3
coordination sites which hold the reduced cation easily and stabilizes the formation
of Cu(I) [30]. This is shown from lowering the first reduction potential of the binuclear
complexes when compared to that of the corresponding mononuclear complexes.

The reduction potential of the complexes is affected by the p-substituent of the phenyl
ring, slightly higher for HL' than complexes of HL? [14, 16, 29].

3.3.2. Oxidation process at anodic potential. Mononuclear Ni(II) complexes 2 and 5
show an irreversible oxidation wave at +0.79 and +0.85V, respectively. The binuclear
Ni(IT) complexes 8 and 11 show two, one-electron processes at +0.85, +1.25 and +0.87,
+1.36V, respectively (Supplementary Material). The irreversible two oxidation
processes for the binuclear Ni(II) complexes are assigned generally as follows,

NiHNiH — NiHINiH N NiIIINiIII

3.4. Kinetic studies

3.4.1. Oxidation of pyrocatechol (catecholase activity). All the copper(Il) complexes
were subjected for catecholase activity as functional models for the metalloenzymes
[34, 35]. The product o-quinone is stable and has a strong absorbance at 390 nm.
Solutions of the complexes 10> moldm ™ in dimethylformamide were treated with 100
equivalents of pyrocatechol in the presence of air. The course of the reaction was
followed at 390nm for 45min at Smin intervals. The slope was determined by the
method of initial rates by monitoring the growth of the 390 nm band of the product
o-quinone. A linear relationship for initial rate and complex concentration obtained for
all the complexes shows first order dependence on the complex concentration. The plot
of log(Ay/Aq — A4;) versus time for catecholase activity of 1 and 7 is shown in figure 2.
The observed initial rate constant values are given in table 2. Under anaerobic
conditions little product was formed, so the solvent was saturated with O, before the
kinetic experiments. Oxygen participates directly in the catalytic cycle of the oxidation
reaction, acting as a thermodynamic driving force for reoxidizing any copper(I) species
generated in the cycle back to the active copper(Il) species [13, 14, 27].

The structural features and electrochemical properties are important in determining
the catalytic activity of the complexes. Changing from a mononuclear to a binuclear
system, varying the p-substituents, varying the exogenous ligands and increasing the
ring size lead to significant differences in the catalytic properties of the complexes.
Binuclear copper(Il) complexes show higher reactivity because oxidation of pyroca-
techol to o-quinone requires two metal ions in close proximity [36]. Reactivity of the
complexes differs significantly as the p-substituent of phenolic ring varies with HL?
having enhanced catalytic activity, due to the electron-withdrawing p-substituent,
C(O)CHj; [16, 29]. If the reduction potential is too negative, the complex has decreased
catalytic activity due to a more difficult reduction to copper(I), and a more positive
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Figure 2. Catecholase activity of the copper(I) complexes: (a) [CuL'(OAc)]-H,O (1); (b)
[Cu,L' (OAC)(H20)](CIOy), (7).

Table 2. Hydrolysis of 4-nitrophenylphosphate® and catecholase activity®.

Rate constant (k) (x107%) min~"

No. Complexes NPP Catecholase
1. [CuL'(OAc)] - H,O 4.90 7.10
2. [NiL'(OAc)]- H,O 5.70 -
3. [ZnL'(OAc)(H,0),] 4.80 -
4, [CuL*(OAc)]- H,0 5.30 7.80
5. [NiL}OAc)]- H,O 6.70 -
6. [ZnL*(OAc)(H,0),] 5.10 -
7. [Cu,L'(OAC)(H,0)](ClO,), 14.40 19.60
8. [Ni,L (OAc)(H,0);](ClOy), 19.10 -
9. [Zn,L' (OAC)(H,0)5](Cl04), 13.60 -

10. [Cu,L*(OAC)(H,0))(ClOy), 16.30 23.40

11. [Ni,L*(OAc)(H,0)3](ClO4), 23.50 -

12. [Zn,L2(OAC)(H,0)5](Cl04), 15.80 -

Notes: Concentration of the complexes: 1 x 107> M; Concentration of 4-nitrophenylphosphate: 1 x 10~' M;
Concentration of pyrocatechol: 1x 107" M.
*Measured spectrophotometrically in DMF.

reduction potential of the complex gives a higher catalytic activity since the donor
atoms stabilize copper(I).

3.4.2. Kinetic studies of hydrolysis of 4-nitrophenylphosphate. The hydrolytic activity
of the mono and binuclear copper(Il), nickel(Il) and zinc(II) complexes towards
4-nitrophenylphosphate has been examined spectrophotometrically in DMF at 25°C in
the presence of air. An absorption band typical of the p-nitrophenolate anion appeared
at 420nm and the intensity increased with time. No significant hydrolysis of the test
substrate was observed when the metal complex was absent. Plots of log(A4,/4, — A4,)
versus time for hydrolysis of 4-nitrophenylphosphate activity of the complexes are
shown in figure 3. A linear relationship for all the complexes shows a first-order
dependence on the complex concentration for the systems. Initial rate constant values
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Figure 3. Hydrolysis of 4-nitrophenylphosphate by copper(I) and nickel(Il) complexes:

() [CuL'(OAC)-H,O (1); (b) [NiL'(OAJ-H:0 (2 (o) [CusL'(OAC)H0)(CIOs),  (7);
(d) [Ni,L'(OAc)(H0)3](ClO.); (8).

for catalytic hydrolysis of 4-nitrophenylphosphate by the complexes are given in table 2.
Binuclear complexes show higher reactivity than corresponding mononuclear com-
plexes from two metal ions in close proximity. The mechanism of action has been
explained with model complexes [37].

Hydrolysis of 4-nitrophenylphosphate by the Cu(Il), Ni(I) and Zn(II) complexes
shows the Ni(I) complexes have a higher rate constant than the Cu(Il) and Zn(II)
complexes, similar to earlier reports [13, 14]. Cu(Il) complexes are more active towards
oxidation of pyrocatechol than phosphate hydrolysis.

3.5. Antimicrobial activity

Complexes 1, 2, 7 and 8 were screened for antibacterial activity against Staphylococcus
aureus (ATCC 6538p), Bacillus cereus (ATCC 11778), Pseudomonas aeroginosa (ATCC
9027), Escherichia coli (ATCC 25922) and Klebsiella pneumoniae (ATCC 29665), and
antifungal activity against Candida albicans (ATCC 90028) by the cup plate method
using Nutrient agar. Radial growth of the colony was recorded on completion of the
incubation and the mean diameter for each complex was recorded at a concentration of
100 pgml™"'. The average percentage inhibition of the bactericidal growth was
compared using the Vincent [38] equation /=100(C — T)/C, where [=percentage
inhibition, 7'=average diameter of the bacterial growth on the tested plates and
C =average diameter of the growth on the control plates.

The screening data of the inhibition of the bacteria and fungi are given in table 3.
Complex 7 showed activity against all bacteria except E. coli, highly active against the
bacteria B. cereus and K. pneumoniae and moderately active against S. aureus, but only
weakly active against P. aeruginosa. Complex 8 showed better activity against
P. aeruginosa and was weakly active against S. aureus. Complex 1 showed only weak
activity against the bacteria S. aureus, B. cereus and K. pneumoniae. Complexes 1, 7 and
8 all show activity against C. albicans, with 7 showing better activity. All four complexes
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Table 3. Screening data of complexes.

Zone of inhibition (mm)

Antibacterial Antifungal
Complexes S.a. E.c. B.c. K.p. P.a. C.a.
1. 12 - 13 14 - 12
2. _ _ _ - _ _
7. 21 - 27 31 19 22
8. 16 - - - 26 18

Notes: Staphylococcus aureus = S.a.; Escherichia coli= E.c.; Bacillus cereus = B.c.; Klebsiella pneumonia = K.p.; Pseudomonas
aeruginosa = P.a.; Candida albicans = C.a. 0—10 mm =inactive; 10-20 mm = weakly active; 21-25 mm = moderately active;
26-35mm = highly active. Concentration of the compound: 1 mgmL ™" in dimethylsulfoxide; quantity in each cup: 0.1 mL;
Diameter of the cup: 10 mm; control of the antibacterial activity: norfloxacin; control of the antifungal activity: grisofulvin;
and Solvent used: dimethylsulfoxide.

are inactive against E. coli. The mononuclear nickel(II) complex is inactive against all
the bacteria and fungi.

4. Summary

Two new phenol-based unsymmetrical “end-off”” ligands and their mono and binuclear
Cu(II), Ni(IT) and Zn(II) complexes have been prepared and characterized. Both the
variable temperature magnetic and ESR spectral studies of the binuclear Cu(II)
complexes show magnetic exchange between the two coppers. Electron-donating
compared to electron-withdrawing p-substituent of the phenolic ring causes (a) a red
shift in the LMCT-charge transfer band in electronic spectra and (b) an increase in
antiferromagnetic interaction between copper(II) centers. Electron-withdrawing
p-substituent causes anodic shift in the reduction potential of the metal.

Supplementary material

Magnetic and ESR spectral data for the binuclear Cu(II) and Ni(II) complexes
and figures of cyclic voltammograms are given as supplementary material.
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