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Synthesis, spectral, magnetic, electrochemical and
catalytic studies of cyclam-based copper(II) and nickel(II)
complexes — effect of N-substitution
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K. RAJESH, G. NIRMALA and V. NARAYANAN*

Department of Inorganic Chemistry, University of Madras, Guindy Campus, Chennai,
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(Received 18 August 2007; in final form 30 January 2008)

New N-substituted cyclam ligands 1,8-[bis(3-formyl-2-hydroxy-5-methyl)benzyl]-1,4,8,11-tetra-
azacyclotetradecane, 1,8-[bis(3-formyl-2-hydroxy-5-methyl)benzyl]-4,11-dimethyl-1,4,8,11-tet-
raazacyclotetradecane, 1,8-[his(3-formyl-2-hydroxy-5-bromo)benzyl]-1,4,8,11-tetraazacyclo
tetradecane, and 1,8-[bis(3-formyl-2-hydroxy-5-bromo)benzyl]-4,11-dimethyl-1,4,8,11-tetraaza-
cyclotetradecane (L'-L*) were synthesized and mononuclear copper(Il) and nickel(II)
complexes prepared. The ligands and complexes were characterized by elemental analysis,
electronic, IR, "H NMR and '>*C NMR spectral studies. N-alkylation causes red shifts in the
Amax Vvalues of the complexes. Copper(Il) complexes show one-electron, quasi-reversible
reduction waves in the range —1.04 to —1.00 V. The nickel(II) complexes show one-electron,
quasi-reversible reduction waves in the range —1.18 to —1.30V and one-electron,
quasi-reversible oxidation waves in the range +1.20 to +1.40V. The reduction potential of
the copper(II) and nickel(II) complexes of the ligands L' to L? and L* to L* shift anodically on
N-alkylation. The ESR spectra of the mononuclear copper(Il) complexes show four lines,
characteristic of square-planar geometry with nuclear hyperfine spin 3/2. All copper(Il)
complexes show a normal room temperature magnetic moment value pp=1.70-1.74 BM
which is close to the spin only value of 1.73 BM. Kinetic studies on the oxidation of
pyrocatechol to o-quinone using the copper(I) complexes as catalysts and on the hydrolysis of
4-nitrophenylphosphate using the copper(Il) and nickel(II) complexes as catalyst were carried
out. The tetra-N-substituted complexes have higher rate constants than the corresponding
disubstituted complexes.

Keywords: Cyclam; Nickel complexes; Copper complexes; Catecholase activity; Hydrolysis of
nitrophenyl phosphate

1. Introduction

The synthesis of 1,4,8,11-tetraazacyclotetradecane (cyclam) and substituted cyclam
ligands to control and tune coordination properties of transition and lanthanide metal
complexes has been the subject of growing interest [1-3]. Among the range of
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tetraazamacrocyclic ligands, cyclam and cyclen are the two most important
tetraazamacrocycles and their complexes have been widely used as MRI contrasting
agents [4], luminescent probes [5], DNA cleavers [6], and medicines for radio-
pharmaceutical applications [7]. Tetraazamacrocyclic ligands bearing additional
pendant coordination side arms have been of particular interest, as their properties
and selectivity for certain metal ions may be quite different from those of the
unsubstituted parent macrocycles [8—10]. Understanding of N-substitution of the ligand
on coordination remains an important field of research. Copper catalyzed oxidation of
phenols [11, 12] and hydrolysis of the active sites in a number of enzymes by nickel ions
[13] are important chemical processes in biological systems. Herein, we report the
synthesis of a series of new N-substituted cyclam ligands (L'-L?%) containing a highly
reactive free aromatic formyl group and phenolic oxygen as additional co-coordinating
groups. Mononuclear copper(Il) and nickel(II) complexes of these ligands are also
reported The formyl group can be condensed with a fluorescent moiety [14], or redox
active molecules, to be used for sensor applications [15] in the future. The cavity size
and the shape of the molecule can be easily tuned to study the coordination properties
of the ligands. Effect of N-substitution on the spectral, electrochemical, and catalytic
properties of these complexes are also discussed.

2. Experimental

2.1. Chemicals and reagents

1,4,8,11-Tetraazacyclotetradecane (cyclam) [16], 5-methyl salicylaldehyde [17],
3-chloromethyl-5-methyl salicylaldehyde, 3-chloromethyl-5-bromo salicylaldehyde [18]
and 1,4,8,11-tetraazatricyclo[9.3.1.1*%]hexadecane [19] were prepared by literature
methods. Analytical grade methanol, acetonitrile and dimethylformamide were
purchased from Qualigens and used as received. TBAP (tetrabutylammonium
perchlorate) used as supporting electrolyte in electrochemical measurement was
purchased from Fluka and recrystallized from hot methanol. (Caution! TBAP is
potentially explosive; hence care should be taken in handling the compound.) All other
chemicals and solvents were analytical grade and were used as received.

2.2. Analytical and physical measurements

Elemental analysis of the complexes was obtained using a Haereus CHN rapid
analyzer and "H NMR spectra were recorded using a JEOL GSX 400 MHZ NMR
spectrometer. Electronic spectral studies were carried out on a Hitachi 320
spectrophotometer in the range 200-800nm. IR spectra were recorded on a
Shimadzu FTIR 8300 series spectrophotometer on KBr disks in the range 4000 to
400cm~". Molar conductivity was measured by using an Elico digital conductivity
bridge model CM-88 using freshly prepared solution of the complex in dimethylfor-
mamide. Cyclic voltammograms were obtained on a CHI-600A clectrochemical
analyzer. The measurements were carried out under oxygen-free conditions using a
three-clectrode 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



09: 28 23 January 2011

Downl oaded At:

3596 S. Sreedaran et al.

as the auxiliary electrode. A ferrocene/ferrocenium (l1+) couple was used as an
internal standard and E;, of the ferrocene/ferrocenium (Fc/Fc™) couple under the
experimental condition is 470 mV. Tetra(n-butyl)ammonium perchlorate (TBAP) was
used as the supporting electrolyte. Room temperature magnetic moments were
measured on a PAR vibrating sample magnetometer Model-155. X-band ESR spectra
were recorded at 25°C on a Varian EPR-E 112 spectrometer using diphenylpicrylhy-
drazine (DPPH) as the reference. The atomic absorption spectral data were recorded
using a Varian spectra AA-200 model atomic absorption spectrophotometer. Mass
spectra were obtained on a JEOL SX-102 (FAB) mass spectrometer. Catalytic
oxidation of catechol to o-quinone by the copper complexes and hydrolysis of
4-nitrophenylphosphate by the copper and nickel complexes were studied in 107° M
dimethylformamide solutions. The reactions were followed spectrophotometrically
with the strongest absorption band of o-quinone at 390nm and monitoring the
increase in absorbance; the hydrolysis of p-nitrophenylphosphate was monitored by
following the UV absorbance change at 420nm (assigned to the 4-nitrophenolate
anion) as a function of time. A plot of log (Aa/Ax —A,) versus time was made for
each complex and the rate constants for the catalytic oxidations and the hydrolyses of
4-nitrophenylphosphate were calculated.

2.3. Synthesis of precursor compound (PC-1)

The compound 1.4,8,11-tetraazatricyclo[9.3.1.1*%]hexadecane (0.29 g, 0.0013 mol) was
dissolved in acetonitrile (30mL) and two equivalents of 3-chloromethyl-5-methyl
salicylaldehyde (0.48 g, 0.0026 mol) in acetonitrile (30mL) was rapidly added.
This solution was stirred at room temperature (25°C) for 24h and the yellow
precipitate which formed was filtered, washed with a small quantity of acetonitrile and
dried under vacuum. This crude compound 1,8-[bis(3-formyl-2-hydroxy-5-methyl)ben-
zyl]-4,11-diazaniatricyclo[9.3.1.1*%]-hexadecane dichloride was recrystallized from
water to give white crystals. Yield-90%. M.p-278°C. IR (KBr): 3393cm™',
1680cm™'; '"H NMR: §(ppm in DMSO-Dy), 1.23 (q, 4H, p-CH,), 2.57 (m, 16H,
«a-CH,), 3.24 (s, 4H, N-CH>—N) 4.10 (s, 4H, N-CH»-Ar), 7.34 (d, 4H, Ar—H), 9.86 (s,
2H, Ar—CHO). '*C NMR: § (ppm in DMSO-Dy), 28.3, 49.1, 54.4, 55.2, 55.8, 56.2, 60.5,
78.6, 122.1, 124.8, 126.2, 131.0, 136.1, 159.6, 196.6.

2.4. Synthesis of L'

PC-1 (1 g, 0.0017 mol) was dissolved in 200 mL of aqueous NaOH (0.3 M) with stirring.
After stirring for 4 h, the solution was extracted with CHCI; (5 x 30 mL). The combined
CHC; extracts were dried with anhydrous MgSO, and concentrated under vacuum to
give  1,8-[bis(3-formyl-2-hydroxy-5-methyl)benzyl]-1,4,8,11-tetraazacyclotetradecane.
Yield: 72%. M.p.: 282°C (dec). Anal. Caled for CrsH4oN4O4 (%): C, 67.72; H, 8.12;
N, 11.28. Found: C, 67.64; H, 8.02; N, 11.17. IR data (KBr disc): 3389 em™ !, 3285em ™!,
1680cm ™. "H NMR: § (ppm in CDCls), 1.54 (q, 4H, B-CH,), 2.32 (m, 16H, a-CH,),
2.56 (br, s, 2H, NH), 4.1 (s, 4H, N-CH,-Ar), 7.26 (d, 4H, Ar-H), 9.92 (s, 2H,
Ar-CHO), 12.54 (br, s, Ar—OH). '*C NMR: 8 (ppm in DMSO-Dy), 28.3, 49.4, 54.8,
55.2, 55.7, 60.5, 122.4, 126.2, 126.8, 131.0, 136.8, 157.6, 196.0.
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2.5. Synthesis of L’

PC-1 (1g, 0.0017mol) was dissolved in EtOH/H-O (95:5 v/v) mixture. 10
equivalents of NaBH,; were then added and the mixture was refluxed for 3h.
After cooling to room temperature, 10 mL of HCl (3M in water) was added. The
mixture was concentrated to dryness and the residue was then dissolved in 100 mL
of water and concentrated KOH was added (pH =12). After extraction with CHCl;
(5x30mL) the organic phase was collected, dried with anhydrous MgSO, and
concentrated to give 1,8-[bis(3-formyl-2-hydroxy-5-methyl)benzyl]-4,11-dimethyl-
1,4,8,11-tetraazacyclotetradecane. Yield: 84%. M.p.: 280°C (dec). Anal. Caled for
C30H3sN4O4 (%): C, 69.47; H, 7.38; N, 10.80. Found: C, 69.38; H, 7.27; N, 10.72.
IR (KBr): 3365cm™', 1676 (s) em™~'. '"H NMR (ppm in CDCls): §1.54 (q, 4H,
B-CH,), 2.32 (t, 16H, a-CH,), 2.65 (br, s, 6H, N-CH3), 4.1 (s, 4H, N-CH»,-Ar), 7.32
(d, 4H, Ar—H), 9.98 (s, 2H, Ar—-CHO), 12.32 (br, s, Ar—OH). '*C NMR: § (ppm in
DMSO-Dy), 30.1, 49.7, 54.7, 55.0, 55.8, 60.2, 124.1, 124.8, 126.5, 133.0, 136.4, 157.6,
196.0.

2.6. Synthesis of precursor compound (PC-2)

The  compound 1,8-[bis(3-formyl-2-hydroxy-5-bromo)benzyl]-4,11-diazaniatricy-
clo[9.3.1.1*%*]hexadecane dichloride (PC-2) was prepared by following the procedure
of PC-1 using two equivalents of 3-chloromethyl-5-bromo salicylaldehyde (0.0026 mol,
0.65 g), instead of 3-chloromethyl-5-methyl salicylaldehyde. Yield: 90%, M.p.: 282°C,
IR (KBr): 3405cm ™", 1680cm™". "H NMR (8 ppm in DMSO-Dy), 1.23 (q, 4H, -CH,),
2.12 (t, 16H, a-CH,), 4.1 (s, 4H, N-CH>-Ar), 7.74 (d, 4H, Ar-H), 10.22 (s, 2H,
Ar-CHO). >C NMR: 8§ (ppm in DMSO-Dy), 28.0, 49.4, 54.5, 54.8, 55.2, 55.7, 61.2,
78.2, 123.1, 125.3, 126.2, 130.0, 136.1, 158.6, 196.4.

2.7. Synthesis of L’

1,8-[bis(3-formyl-2-hydroxy-5-bromo)benzyl]-1,4,8,11-tetraazacyclotetradecane was
prepared by using (PC-2) (1g, 0.0014 mol) instead of PC-1. Yield: 75%. M.p.: 300°C
(dec). Anal. Calcd for CosH34N404Br; (%): C, 49.86; H, 5.47; N, 8.95. Found: C, 49.78;
H, 542; N, 887. IR (KBr): 3407cm~!, 3289cm~' 1680cm~'. 'H NMR:
3 (ppm in CDCly), 1.49 (q, 4H, B-CH,), 2.56 (br, s, 2H, NH), 2.38 (m, 16H, «-CH;),
3.39 (s, 4H, N-CH,-N), 4.1 (s, 4H, N-CH,-Ar), 7.76 (d, 4H, Ar—H), 10.20 (s, 2H,
Ar-CHO), 12.64 (br, s, Ar—OH). '*C NMR: §(ppm in DMSO-Dy), 29.8, 49.7, 53.7, 55.0,
55.6, 61.6 122.6, 124.8, 126.0, 131.0, 136.1, 159.0, 196.0.

2.8. Synthesis of L*

1,8-[bis(3-formyl-2-hydroxy-5-bromo)benzyl]-4,11-dimethyl-1,4,8,11-tetraazacyclo-
tetradecane was prepared by using (PC-2) (1 g, 0.0014 mol) instead of PC-1. Yield: 70%.
M.p.: 285°C (dec). Anal. Caled for C,gH33N4O4Br, (%): C, 51.39; H, 5.85; N, 8.56.
Found: C, 51.34; H, 5.78; N, 8.49. IR (KBr): 3409cm~', 3278cm™!, 1676cm™".
'"H NMR (ppm in CDClsy): §1.62 (q, 4H, p-CH,), 2.32 (t, 16H, «-CH,), 2.37
(s, 6H, N-CH3), 4.1 (s, 4H, N-CH,-Ar), 7.32 (d, 4H, Ar—H), 10.24 (s, 2H, Ar—-CHO),
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12.32 (s, cAr—OH). '*C NMR: 8§ (ppm in DMSO-Dy), 33.4, 50.7, 54.0, 54.4, 55.2, 62.2,
122.0, 124.8, 126.3, 132.1, 136.7, 157.9, 196.2.

2.9. Synthesis of macrocyclic mononuclear complexes

The copper(Il) and nickel(II) complexes were prepared by refluxing the respective metal
perchlorate hexahydrate (1 mmol) in methanol (50mL) with appropriate ligand
(1 mmol) in methanol (50 mL). The resulting solution was refluxed for 8h, filtered
while hot and allowed to stand at room temperature. After evaporation of the solvent,
the compound was recrystallized from acetonitrile to get pure complex.

2.9.1. [CuL'|(C104),. Dark brown solid. Yield: 75%. Anal. Caled for
[C23H40N404C11](C104)2: C, 4430, H, 5.31; N, 738, Cu, 8.37. Found: C, 4438, H,
5.10; N, 7.31; Cu, 8.41 (%). FAB mass [M—ClO,]": 660. Conductance (A /S cm®mol ")
in CH;CN: 139.

2.9.2. [CuL?(ClOy4),. Dark brown solid. Yield: 72%. Anal. Caled for
[C30H44N404Cu](ClOy),: C, 45.78; H, 5.63; N, 7.12; Cu, 8.07. Found: C, 45.69; H,
5.57; N, 7.09; Cu, 7.97%. FAB mass [M—ClO,4]*: 688. Conductance (A,/S cm? mol_l)
in CH;CN: 152.

2.9.3. [NiL'|(C104),. Yellowish green compound. Yield: 72%. Anal. Caled for
[CosH4oN4O4Ni](ClOy),: C, 44.59; H, 5.34; N, 7.43; Ni, 7.78. Found: C, 44.63; H,
5.32; N, 7.37; Ni, 7.71%. '"H NMR (ppm in CDCl3): §1.71-1.76 (q, 4H, B-CH,), 2.27
(s, 6H, Ar—-CHs3), 2.39-2.60 (m, «-CH>»), 3.2 (s, 2H, NH), 3.56 (s, 4H, N-CH,-Ar),
7.0-7.12 (d, 4H, Ar-H), 10.34 (s, 2H, Ar—-CHO), 13.82 (s, Ar—-OH). FAB mass
[M—ClO4]*: 655. Conductance (Am/Scm?mol™") in CH;CN: 133.

2.9.4. [NiL%(Cl0y),. Yellowish green compound. Yield: 70%. Anal. Caled for
[C30H44N4O4Ni](ClOy),: C, 46.06; H, 5.67; N, 7.16; Ni, 7.50. Found: C, 46.02; H,
5.58; N, 7.31; Ni, 7.11%. '"H NMR (ppm in CDCls): §1.74-1.82 (q, 4H, -CH,), 2.28
(s, 6H, Ar-CHjz), 2.43-2.60 (m, 8H, «-CH,), 3.2 (s, 2H, NH), 3.39-3.43
(m, 8H, -N-CH,), 3.56 (s, 4H, N-CH,-Ar), 7.0-7.12 (d, 4H, Ar-H), 10.34 (s, 2H,
Ar-CHO), 1380 (s, Ar-OH). FAB mass [M-ClO4]": 687. Conductance
(Apm/Scm?mol™") in CH;CN: 149.

2.9.5. [CuL}|(ClO4),. Dark brown solid. Yield: 74%. Anal. Caled for
[Cr6H34N404Br,Cu](ClOy),: C, 35.13; H, 3.86; N, 6.30; Cu, 7.15. Found: C, 35.16;
H, 3.69; N, 630; Cu, 7.10%. FAB mass [M-2ClO4*": 689. Conductance
(Am/Scm?mol ") in CH5CN: 157.

2.9.6. [CuL4](ClO4)2. Dark brown solid. Yield: 71%. Anal. Caled for
[CogH33N4O4Br,Cu](ClOy),: C, 36.68; H, 4.18; N, 6.11; Cu, 6.93. Found: C, 36.66;
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H, 4.09; N, 6.09; Cu, 6.84%. FAB mass [M-2ClO,]": 718. Conductance
(Am/Scm?mol ") in CH5CN: 159.

2.9.7. [NiL3|(C104),. Yellowish green compound. Yield: 75%. Anal. Caled for
Cr6H34N4O04BroNi(ClOy),: C, 35.33; H, 3.88; N, 6.34; Ni, 6.64. Found: C, 35.36; H,
3.57; N, 6.30; Ni, 6.58%. '"H NMR (ppm in CDCl5): §1.69-1.82 (q, 4H, -CH,), 2.28
(s, 6H, Ar—-CHs;), 2.40-2.64 (m, 8H, NH-CH,), 3.21 (s, 2H, NH), 3.41-3.45 (m, 8H,
N-CH,), 3.56 (s, 4H, N-CH,-Ar), 7.21-7.30 (d, 4H, Ar-H), 10.34 (s, 2H, Ar—CHO),
13.82 (s, Ar-OH). FAB mass [M-ClO4*: 784. Conductance (Ap/Scm’mol™")
in CH;CN: 143.

2.9.8. [NiL*|(C104),. Yellowish green compound. Yield: 75%. Anal. Caled for
[CogH33N4O4Br,Ni](ClOy),: C, 36.87; H, 4.20; N, 6.14; Ni, 6.44. Found: C, 36.77; H,
4.11; N, 6.13; Ni, 6.33%. '"H NMR (ppm in CDCls): § 1.69-1.82 (q, 4H, 8-CH>), 2.28 (s,
6H, Ar—CH3), 2.40-2.64 (m, 16H, «-CH,), 3.20 (s, 2H, NH), 3.58 (s, 4H, N-CH,-Ar),
7.21-7.32 (d, 4H, Ar-H), 10.34 (s, 2H, Ar—-CHO), 13.78 (s, Ar—OH). FAB mass
[M—ClO4]*: 813. Conductance (Am/Scm?mol™") in CH;CN: 147.

3. Results and discussion

The precursor compounds PC-1 and PC-2 were prepared from the reaction of 1,4,8,11-
tetraazatricyclo[9.3.1.1*%hexadecane with two equivalents of 3-chloromethyl-5-methyl
salicylaldehyde and 3-chloromethyl-5-bromo salicylaldehyde, respectively. PC-1 and
PC-2 were hydrolyzed with NaOH to yield the macrocyclic ligands L' and L3
respectively. The macrocyclic ligands L? and L* were prepared by the reduction of PC-1
and PC-2 with excess NaBH, in ethanol. The mononuclear copper(Il) and nickel(II)
complexes were prepared from an equimolar amount of ligand and corresponding
metal(Il) perchlorate. The synthetic routes for ligands and complexes are shown in
schemes 1 and 2, respectively. The complexes were characterized by spectral studies,
magnetic, electrochemical and catalytic behavior. Crystals of L' of X-ray quality were
obtained from chloroform by slow evaporation at room temperature [20].

3.1. Spectral studies

The IR spectra of L'-L* show a sharp band at 1680 cm™" due to the presence of CHO
group. Bands around 3290 cm ™" are indicative of vN—H in the ligands. The OH group
in all the ligands show a peak at 3400 cm™'. Due to tetra substitution, YN-H peaks are
absent in L? and L*. All the complexes show a sharp band at 1665-1678 cm ™" due to
vC=0 stretching, indicating the carbonyl is not coordinated to the metal.
Uncoordinated perchlorate anions in all complexes are inferred from single broad
bands around 1100 cm™" (vs-antisymmetric stretching) which are not split and a band
around 650 cm™ ! (vg-antisymmetric bending). The band around 930 cm ™! (v,-symmetric
stretching) due to coordinated perchlorate is not observed [21, 22]. All the complexes
show a peak around 3400 cm™', showing that OH is not coordinated with the metal.
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Scheme 1. Synthesis of N-substituted ligands.

The electronic spectra of all the complexes exhibit three main features: (i) one or two
peaks in the range of 250-300 nm assigned to the intra-ligand charge transfer transition
(m—mr*), (i) an intense peak in the range of 380400 nm is due to ligand-to-metal charge
transfer, and (iii) all the copper(Il) complexes show d-d transitions in the region of
500-555nm, typical for square planar tetraazamacrocyclic copper(Il) complexes
[23, 24]. The electronic spectra of nickel(IT) complexes show d—d bands in the region
480-500 nm, consistent with square planar geometry with N4 coordination [25, 26a].
The observed d-d bands for unsubstituted copper(Il) and nickel(Il) macrocyclic
complexes are 450 and 517 nm, respectively [47]. The electronic spectra of the complexes
show a red shift on increasing N-alkylation. The electronic spectra values are given in
table 1. The red shift in the d-d absorption bands of the copper(Il) and nickel(II)
complexes may be due to tetrahedral distortion of the coordination sphere caused by
N-alkylation [26b].

The '"H NMR spectra of the ligands show a singlet in the range of § 12.30-12.60 ppm
for phenolic OH protons and the aromatic aldehyde is singlet in the range of
39.98-10.20 ppm. The nickel(IT) complexes show a singlet at §13.40ppm due to
phenolic proton and a singlet at § 10.30 ppm due to aldehyde proton. This shows that
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Scheme 2. Synthesis of mononuclear copper(Il) and nickel(II) complexes.
Table 1. Electronic, magnetic and ESR spectral data of the complexes.
ESR
[(rmax (nm)) (e, M~ 'em ™) Magnetic moment
Compound in CH;CN et BM g g A
L' 281 (22,450), 258 (26,400)
L? 294 (20,640), 261 (24,540)
L? 289 (22,760), 262 (24,480)
L* 296 (21,440), 268 (25,760)
[CuL'}(ClOy), 512 (169) 394 (15,400), 302 (33,600) 72 2.31 2.09 160
[CuL?(ClOy), 554 (181) 392 (11,600), 311 (32,408) 1.72 2.21 2.05 165
[CuL’|(ClOy), 518 (172) 378 (12,934), 303 (29,187) 1.74 2.18 2.10 172
[CuL*(ClOy), 560 (179) 389 (12,642), 305 (32,342) 72 2.31 2.06 175
[NiL'(ClO4), 478 (186) 376 (11,421), 300 (30, 347)
[NiL?(ClO4), 491 (164) 385 (12,524), 300 (30, 320)
[NiL3](ClO4), 482 (182) 371 (12,243), 301 (31, 434)
[NiL*(ClO4), 497 (180) 383 (13,548), 305 (32, 212)

the phenolic OH group and the aromatic aldehyde are not coordinated to the metal.
Figure 1 shows the '"H NMR spectrum of [NiL'](ClOy)s.

3.2. Magnetic properties of the complexes

All the copper complexes show four lines in the ESR spectrum with nuclear hyperfine
spin 3/2. The hyperfine A splitting falls in the range of 150-160 x 10~*cm™", indicative
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Figure 1. "H NMR spectrum of [NiL'](ClOy),.
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Figure 2. ESR spectrum of [CuL'](ClO,)s.

of an electron interacting with only one copper nucleus. The relation g, > g, is typical of
d’ copper(II) complexes in a ground state doublet with the unpaired electron in a dye_ye
orbital [27, 28]. The g and A values of (CuL'-CuL? are close to the [Cu(cyclam)]*"
suggesting essentially square-planar coordination geometry of the mononuclear
copper(Il) complexes [29-33]. Figure 2 shows the ESR spectrum of [CuL'](ClO,),.
The ESR spectrum values of all the copper(I) complexes are given in table 1.
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Table 2. Electrochemical data* for the complexes (reduction at cathodic potential).

No. Complexes Ep. (V) Ep, (V) Eip (V) AE (mV)
1 [CuL'|(ClO.), —1 —0.84 —0.92 160
2 [CuL?)(ClO.), —0.96 —0.78 —0.87 120
3 [CuL?|(ClO.), —1.04 —0.92 —0.98 120
4 [CuL¥)(ClOy), —0.94 —0.8 —0.87 140
5 [NiL'(C1O4), 1.3 —0.98 —1.14 360
6 [NiL?(CIO4), —~1.18 —0.84 —1.01 340
7 [NiL*|(ClO4), —1.26 —0.94 -1.1 320
8 [NiL*(ClO4), —1.21 —0.88 —1.04 320

*Measured by CV at 50mVs~'. E vs. Ag/AgCl conditions: GC working and Ag/AgCl reference electrodes; supporting
electrolyte TBAP; concentration of complex 1 x 107> M, concentration of TBAP 1 x 10~ M.

)

Currc_nl x 10

4 L L i 1
02 -04 06 -08 -0 -2 -4

Potentiol (V vs Ag/AQCl)
Figure 3. Cyclic voltammogram of (a) [CuL'](ClOy)»; (b) [CuL?|(ClO,), (reduction process).

The room temperature (at 298 K) magnetic moment studies of copper(Il) complexes
show a g in the range of 1.70—1.74 BM, close to the spin-only value of copper(II) [18].
The magnetic moment values of the copper(Il) complexes are given in table 1.
The nickel(II) complexes are diamagnetic due to square planar geometry around the
metal [34].

3.3. Electrochemical properties of the complexes

The molar conductance values of the complexes in dimethylformamide fall in the range
of 133-159 A,,/Scm ™' mol™", indicating 1: 2 electrolytes [35]. The electrochemical data
are summarized in table 2. The cyclic voltammograms for the copper(Il) complexes are
shown in figure 3 and for nickel(IT) complexes shown in figure 4.

3.4. Reduction process at negative potential

The cyclic voltammogram of the copper(IT) and nickel(II) complexes were recorded in
the potential range 0 to —1.4V. Cyclic voltammograms for copper(Il) complexes are
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Figure 4. Cyclic voltammogram of (a) [NiL'J(ClO4),; (b) [NiL?](CIOy), (reduction process).

shown in figure 3. Each voltammogram shows one quasireversible reduction wave [36]
at negative potential (—0.94 to —1.04 V). The reduction processes are quasireversible,
as evident from the following criteria: AE increases with increasing scan rate and is
always greater than 60 mV. Controlled potential electrolysis carried out at 100 mV more
negative than the reduction wave consumes one electron per molecule.

The reduction potentials of the copper complexes shift anodically from the L'
(Epe=—1.00) V to L’ (Epe=—0.94) V, due to (i) the steric effect of the methyl groups
on two frans-nitrogens of the macrocycle, causing distortion of the geometry of the
complexes (due to macrocyclic distortion). (ii) The increase in tertiary nitrogens in L*
causes more distortion of the coordination geometry around the metal ion making the
system more flexible, which stabilizes Cu(I) [37-42]. The one electron process occurred
at the electrode surface was inferred to be

Cu" Cu'

The same trend was observed for nickel(II) complexes, where N-alkylation of the
macrocyclic framework stabilizes the monovalent metal ions by increasing the cavity
size of the macrocyclic ligand and decreasing the ligand field strength imparted by the
nitrogen donor [43]. The copper(Il) and nickel(II) complexes of the ligands L* and L*
also show the same type of cyclic voltammograms with slight variation in the reduction
potential.

3.5. Oxidation process at positive potential

The cyclic voltammograms for nickel(II) complexes were recorded at anodic potential in
the range 0 to +1.6 V. Each voltammogram shows one quasireversible oxidation wave
[36] at a positive potential (41.24 to +1.38 V), shown in figure 5. The electrochemical
data are summarized in table 3. Controlled potential electrolysis indicates consumption
of one electron per molecule. The oxidation potentials of nickel(IT) complexes shift
towards positive potential [36] as the number of tertiary nitrogens increase. Since L*
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Figure 5. Cyclic voltammogram of (a) [NiL'](Cl1O.,)»: (b) [NiL?(ClO4), (oxidation process).

Table 3. Electrochemical data* for the complexes (oxidation at anodic potential).

No. Complexes Ep. (V) Ep. (V) Ein (V) AE (mV)
1 [NiL')(ClO,), 1.24 0.98 1.08 260
2 [NiL?|(ClO4), 1.34 1.2 1.27 140
3 [NiL?](Cl04), 1.26 1.11 1.18 150
4 [NiL*|(C104), 1.38 1.23 1.3 150

*Measured by CV at 50mVs~'. E vs. Ag/AgCl conditions: GC working and Ag/AgCl reference electrodes; supporting
electrolyte TBAP; concentration of complex 1 x 107> M, concentration of TBAP 1 x 10~' M.

stabilizes the lower oxidation state, oxidation of [NiL>ClO,),] is more difficult than
[NiL'(ClO4),]. The same trend was also observed for nickel(IT) complexes of L* and L*.

NiH NiHI

The present study and literature reports establish that a decrease in the ligand field
strength of the macrocyclic ligand results in an anodic shift of the reduction potentials
of their metal complexes [36]. Alternatively the anodic shift in the reduction potential of
the copper(Il) and nickel(Il) complexes could be attributed to tetrahedral distortion
of the coordination sphere caused by steric strain induced by the N-alkylation [26b].

3.6. Kinetic studies

3.6.1. Oxidation of pyrocatechol (catecholase activity). The catecholase activity of the
copper(I) complexes was carried out using pyrocatechol as the model substrate for
identification of functional models for metalloenzymes [44, 45]. Solutions
(107" mol dm ) of complexes in dimethylformamide were treated with 100 equivalents
of pyrocatechol in the presence of air. The reaction was followed every 5min
spectrophotometrically at 390 nm for 45min. The slope was determined from initial
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Figure 6. Catecholase activity of (a) [CuL'](ClOy),; (b) [CuL?(Cl1O04); (c) [CuL?[(ClO4)>; (d) [CuL*|(ClOy)s.

Table 4. Hydrolysis of 4-nitrophenyl phosphate* and catecholase activity*.

Rate constant gk)
(x107*)min~

No. Complexes Catecholase NPP
1 CuL!(Cl04), 11.2 13.5
2 CuL*(ClOy), 13.5 17.9
3 CuL’(ClO,), 12.6 11.9
4 CuL*(Cl0O,), 15.9 19.2
5 NiL!'(ClO4), - 12.5
6 NiL*(ClOy), - 19.4
7 NiL3(ClOy), - 16.8
8 NiL*%(ClOy), - 21

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

rates by monitoring the growth of the 390 nm band of the o-quinone product. A linear
relationship for initial rate and the complex concentration obtained for the copper(II)
complexes shows first-order dependence on the complex concentration.

Plots of log (A4/As— A, versus time for catecholase activity of the copper(1l)
complexes are shown in figure 6. The observed initial rate constants are given in table 4.
[CuL?(ClOy4), has higher catalytic activity (13.5x 10> min~") than [CuL'](ClO,),
(11.2x 110> min~"). The rate of oxidation of catechol to o-quinone increases as the
macrocyclic N-alkylation increases [29, 46], perhaps due to flexibility resulting from
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Figure 7. Hydrolysis of 4-nitrophenylphosphate by (a) [CuL'](ClOL)»; (b) [CuL?(ClO4)»; () [NiL'J(ClO4);
(d) [NiL?)(C1Oy),.

distortion of the coordination sphere on N-alkylation. This geometry may favor
substrate coordination in the axial position, which in turn increases the rate of
reaction [47].

3.6.2. Kinetic studies of hydrolysis of 4-nitrophenylphosphate. The catalytic activity of
the copper(Il) and nickel(IT) complexes on hydrolysis of 4-nitrophenylphosphate was
determined spectrophotometrically by monitoring the increase in the characteristic
absorbance of the 4-nitrophenolate anion at 420 nm in dimethylformamide at 25°C.
For this purpose, 10°moldm™ solutions of complexes were treated with
100 equivalents of 4-nitrophenyl phosphate in the presence of air.

The course of the reaction was followed at 420nm for 45min at regular time
intervals. The slope was determined by the method of initial rates by monitoring the
growth of 4-nitrophenolate anion. A linear relationship for all the complexes shows a
first-order dependence on the complex concentration. Plots of log (A./A, — A,) versus
time for hydrolysis of 4-nitrophenylphosphate are shown in figure 7. The observed
initial rate constants for the copper(Il) and nickel(IT) complexes are given in table 4.
The rates of hydrolysis catalyzed by the complexes of L? and L* were higher than those
of L' and L? i.e. the catalytic activity of copper(II) and nickel(IT) complexes increases
on N-alkylation.
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The higher activity of [NiL*(ClOg),] is 19.40 x 10 min~"' than [NiL'(ClOy),]
(12.4 x 10~%) may be due to greater distortion of the geometry of the complex with
N-alkylation [48]. This distortion in geometry is inferred from the absorption spectra of
the complexes. The di N-substituted nickel(IT) complex has d-d bands at 478 and
482 nm, and for tetra N-substituted macrocycle at 491 and 497 nm, respectively. The di
N-substituted copper(IT) complex has d-d bands at 512 and 518 nm, tetra N-substituted
copper complex at 554 and 560 nm, respectively [48]. This red shift in the wavelength
indicates that the coordination in the tetra N-substituted complex is more distorted
than that of the di N-substituted complex [49]. It is evident from the literature [50], the
rate constant for more distorted complex is higher than for less-distorted complex.
On comparison of the hydrolysis of 4-nitrophenylphosphate by nickel(II) and
copper(Il) complexes, the nickel(Il) complexes have higher rate constants than the
copper complexes, similar to nickel(I) (tren) complexes reported by De Rosch and
Trogler [47].

4. Summary

N-substituted cyclam-based copper(Il) and nickel(Il) complexes have been prepared
and characterized. The complexes show significant change in their characteristics by
increasing N-alkylation, (a) a red shift observed in the electronic spectra of the
complexes, (b) anodic shifts in the reduction potential of the complexes and
(c) increasing catalytic activity of the complexes. The effect of N-alkylation on the
reduction potential and the red shift in the d-d absorption bands of the complexes could
in principle be attributed to a tetrahedral distortion of the coordination geometry due
to steric strain.
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