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1. Introduction

Fourteen-membered cyclam

ABSTRACT

New trans-disubstituted macrocyclic ligands, 1,8-[N,N-bis(3-formyl-12-hydroxy-5-methyl)benzyl]-5,12-
dioxo-1,4,8,11-tetraazacyclotetradecane (L'), 1,8-[N,N-bis(3-formyl-12-hydroxy-5-bromo)benzyl]-5,12-
dioxo-1,4,8,11-tetraazacyclotetradecane (L?), N,N-bis[1,8-dibenzoyl]-5,12-dioxo-1,4,8,11-tetraazacyclo-
tetradecane (L), N,N-bis[1,8-(2-nitrobenzoyl)]-5,12-dioxo-1,4,8,11-tetraazacyclotetradecane (L*), and
N,N-bis[1,8-(4-nitrobenzoyl)]-5,12-dioxo-1,4,8,11-tetraazacyclotetradecane (L>) were synthesized. The
ligands were characterized by elemental analysis, FT IR, '"H NMR and mass spectrometry studies. The
crystal structure of L! is also reported. The copper(Il) and nickel(Il) complexes of these ligands were pre-
pared and characterized by elemental analysis, FT IR, UV-Vis and mass spectral studies. The cyclic vol-
tammogram of the complexes of ligand L'~ show one-electron quasi-reversible reduction wave in the
region —0.65 to —1.13 V, whereas that of L* and L% show two quasi-reversible reduction peaks. Nickel(II)
complexes show one electron quasi-reversible oxidation wave at a positive potential in the range +0.95 to
+1.06 V. The ESR spectra of the mononuclear copper(ll) 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 e 1.70-1.73 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(Il) complexes
as catalysts and hydrolysis of 4-nitrophenylphosphate using the copper(Il) and nickel(Il) complexes as
catalysts were carried out. The ligands and their complexes were also screened for antimicrobial activity
against Gram-positive, Gram-negative bacteria and human pathogenic fungi.

© 2010 Elsevier Ltd. All rights reserved.

tions [7,8]. Oxopolyamines have been extensively studied due to
their important biological functions and some unusual properties

(1,4,8,11-tetraazacyclotetradec- [9,10].

ane) is one of the most versatile tetraamine ligands owing to their
coordination properties and their wide range of applications [1,2].
Among potential applications of the metal complexes of these
ligands are the selective removal of toxic metals from waste
streams radiotherapy and contrast agents for magnetic resonance
imaging [3-5]. Dioxocyclams belong to a subgroup which is
claimed to be a structural intermediate between oligopeptides
and saturated polyamines and which has also been extensively
investigated [6]. Typically, the 14-membered dioxocyclams, like
porphyrins and corrin, incorporate metal ions into their cavities
and form stable square planar complexes with several configura-
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It is possible to carry out the modification of tetraaza macrocy-
clic ligands to control and tune the redox properties of coordinated
metal centres [11]. Variations can be introduced by altering the
macrocyclic ring size or by placing substituents on the nitrogen do-
nors and/or ring framework. Of these approaches, N-functionaliza-
tion with four identical pendant arms is straightforward [12]. So
far, great effort has been devoted to the incorporation of function-
alized pendant groups into a saturated macrocyclic tetraamine
structure to modify its conformational properties and the redox
properties of its metal complexes [13-15].

The cyclam derivatives are also used as spacers (i.e., the bridge
between the coordinating units) because of their exceptional coor-
dination properties and the abundant available literature describ-
ing efficient and straightforward N- or C-substitution strategies
[16]. The nature and redox state of the metal ions located in the
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macrocyclic spacer units drastically influences their properties
[17]. Gasnier et al. [18] have reported supramolecular coordination
materials based on a bis-terpyridine-functionalized dioxocyclam
ligand.

The chemistry of N-functionalized cyclam based compartmen-
tal ligands and their copper(Il) and nickel(Il) complexes remain
an important field of research. Macrocyclic dioxotetraamines bear-
ing functionalized pendant groups are powerful chelating agents,
and can coordinate with many transition metal ions to form com-
plexes which are effective oxidants and biomimetic redox catalysts
[19]. However, up to now, only a few examples of such functional-
ized macrocyclic dioxotetraamines have been reported [20,21].
Herein, we report the synthesis and characterization of five new
macrocyclic dioxocyclam ligands and their complexation proper-
ties with Cu(Il) and Ni(Il) as well as the crystal structure of the
ligand L'.

2. Experimental
2.1. Analytical and physical measurements

Elemental analysis of the complexes was obtained using a
Haereus CHN rapid analyzer. FT IR spectra were recorded on a Shi-
madzu FT IR 8300 series spectrophotometer in the range 4000-
400 cm~! using spectral grade KBr. "TH NMR spectra were recorded
using a JEOL GSX 400 MHz NMR spectrometer. Atomic absorption
spectral data were recorded using a Varian spectra AA-200 model
atomic absorption spectrophotometer. FAB™ mass spectrum was
obtained on a JEOL SX102/DA-6000 Mass Spectrometer using m-
nitro benzyl alcohol (NBA) as the matrix. The accelerating voltage
was 10 kV and the spectrum was recorded at room temperature.
Electronic spectral studies were carried out on a Hitachi 320 spec-
trophotometer in the range 200-1100 nm. Molar conductivity was
measured by using an Elico digital conductivity bridge model CM-
88 using freshly prepared solution of the complex in dimethyl-
formamide. Cyclic voltammograms were obtained on a CHI-600A
electrochemical analyzer. The measurements were carried out un-
der oxygen-free conditions 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 (1+)
couple was used as an internal standard and E;, of the ferro-
cene/ferrocenium (Fc/Fc*) couple under the experimental condi-
tion was 470 mV. Tetra(n-butyl)Jammonium perchlorate (TBAP)
was used as the supporting electrolyte. Room temperature mag-
netic moments were measured on a PAR vibrating sample magne-
tometer Model-155. X-band EPR spectra were recorded at 25 °C on
a Varian EPR-E 112 spectrometer using diphenylpicrylhydrazine
(DPPH) as the reference. Catalytic oxidation of catechol to o-qui-
none by the copper complexes and hydrolysis of 4-nitrophenyl-
phosphate by the copper and nickel complexes were studied in
103 M dimethylformamide solutions. The oxidation reactions
were followed spectrophotometrically with the strongest absorp-
tion band of o-quinone at 390 nm and monitoring the increase in
absorbance; the hydrolysis of 4-nitrophenylphosphate was moni-
tored by following the UV absorbance change at 420 nm (assigned
to the 4-nitrophenolate anion) as a function of time. A plot of log
(A/As — Ap) versus time was made for each complex and the rate
constants for the catalytic oxidations and hydrolysis of 4-nitrophe-
nylphosphate were calculated.

The ligand L! was crystallized from chloroform solution in the
space group P2;/n with two half-molecules of the macrocycle
and one molecule of chloroform solvent in the asymmetric unit.
Light yellow crystal of the ligand L', 0.30 x 0.25 x 0.20 mm, was
used for indexing and intensity data collection was carried out

using Bruker SMART APEX-CCD diffractometer equipped with a
fine focus, 3 kW sealed tube X-ray source and graphite monochro-
mated Mo Ko radiation at 293(2) K. The data covered over a hemi-
sphere of reciprocal space by a combination of three sets of
exposures; each set had a different ¢ angle (0°, 88° and 180°) for
the crystal and each exposure of 10 s covered 0.3° in ®. The detec-
tor was at a distance of 4 cm from the crystal and the swing angle
of the detector was —35°. Cell refinement and data reduction were
performed by the smart and saint programs [22]. The final unit cell
was obtained from Xxyz centroids of reflections after integration.
Intensity data were corrected for Lorentz and polarization effects,
scale variation, for decay and absorption: a multi scan absorption
correction was applied, based on the intensities of symmetry
related reflections measured at different angular settings (sADABs)
and reduced to F2.

The structure was solved by direct methods using the program
sHELXS-97 [23], a package for crystal structure solution using direct
methods. All non-hydrogen atoms were refined anisotropically
[23] by full-matrix least-square procedures with the weight
w = 1/[0%(F?) + (0.2000P)], where P = (F? + 2F?)/3. Some of the
hydrogen atoms were geometrically fixed and allowed to ride on
the parent carbon atom and other hydrogen atoms were located
from the different Fourier map and refined isotropically. The CCDC
reference number is 723256. The crystallographic data and struc-
ture refinement for the ligand L! are given in Table S1. The selected
bond lengths and angles are listed in Table S2.

2.2. Chemicals and reagents

Synthesis of the parent ligand, 1,4,8,11,-tetraazacyclotetradec-
ane 5,12-dione, as well as 5-methyl salicylaldehyde, 3-chloro-
methyl-5-methyl salicylaldehyde and 3-chloromethyl-5-bromo
salicylaldehyde were carried out according to literature methods
[24,25]. Benzoyl chloride and nitrobenzoyl chlorides were pur-
chased from Sigma-Aldrich and used as such. Analytical grade
methanol, acetonitrile and dimethylformamide were purchased
from Qualigens and used as such. TBAP was used as supporting
electrolyte in electrochemical measurement was purchased from
Fluka and recrystallised from hot methanol. (Caution! TBAP is
potentially explosive; hence care should be taken in handling the
compound). All other chemicals and solvents were of analytical
grade and were used as received without any further purification.

2.3. Synthesis of the ligands

2.3.1. Synthesis of 1,8-[N,N-bis(3-formyl-12-hydroxy-5-methyl)-
benzyl]-5,12-dioxo-1,4,8,11-tetraazacyclotetradecane (L")

Two equivalent of 3-chloromethyl-5-methyl salicylaldehyde
(1.47 g, 0.008 mol) in 50 mL of acetonitrile was rapidly added to
5,12-dioxo-1,4,8,11-tetraazacyclotetradecane (1 g, 0.004 mol) dis-
solved in 50 mL of hot acetonitrile and stirred for 24 h. The yellow
precipitate obtained was filtered, washed with small quantity of
acetonitrile and dried under vacuum. This was recrystallized from
water to afford L! as a yellowish white solid.

Yield: 1.72 g (75 %) M.p: 300 °C. Anal. Calc. for [C;gH3406N4]: C,
64.33; H, 6.56; N, 10.70. Found: C, 64.23; H, 6.47; N, 10.60%; Se-
lected IR (KBr) (v/cm™!): 3398 v(OH), 3289 v(NH), 1670, 1648
¥(C=0). 1TH NMR (6 ppm in CDCl3): 1.17 (s, 6H, CH3), 1.9-2.26
(m, 12H, o-CH,), 3.35-3.43 (m, 4H, CH,-CH,-C=0), 4.4-4.6 (m,
4H, benzylic CH,), 7.26 (m, 4H, Ar-H), 9.77 (s, 2H, Ar-CHO), 9.86
(s, 2H, CHy-NH). Amax nm (&, M~ cm™!) in DMF: 276 (22 450).

2.3.2. Synthesis of 1,8-[N,N-bis(3-formyl-12-hydroxy-5-bromo)-
benzyl]-5,12-dioxo-1,4,8,11-tetraazacyclotetradecane (L)

Ligand L? was prepared by a method similar to that described
for L! by using 3-chloromethyl-5-bromo salicylaldehyde (1.82 g,
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0.008 mol). The crude product thus obtained was recrystallized
from acetonitrile to afford L? as a yellowish white solid.

Yield: 2.1 g (75 %). M.p: 294 °C. Anal. Calc. Co6H2306N4Br: C,
47.87; H, 4.32; N, 8.58. Found: C, 47.80; H, 4.30; N, 8.50%. Selected
IR (KBr) (v/cm™'): 3385 v(OH), 3294 v (NH), 1668, 1642 v(C=0). 'H
NMR (6 ppm in CDCl3): 1.9-2.26 (m, 12H, a-CH,), 3.38-3.43 (m,
4H, CH,-CH,-C=0), 4.4-4.8 (m, 4H, benzylic CH,), 7.26 (m, 4H,
Ar-H), 9.77 (s, 2H, Ar-CHO), 9.86 (s, 2H, H,C-NH-). /max, nm (g,
M~ cm™') in DMF: 265 (22 380).

2.3.3. Synthesis of N,N-bis[1,8-dibenzoyl]-5,12-dioxo-1,4,8,11-tetra-
azacycloteradecane (L)

Ligand L3 was prepared by a method similar to that described
for L' by using two equivalent of benzoyl chloride (1 mlL,
0.009 mol). The crude product thus obtained was recrystallized
from DMF to afford L* as a white solid.

Yield: 1.24 g (75 %). M.p: 300 °C. Anal. Calc. for [Ca4H2504N4]: C,
66.03; H, 6.47; N, 12.83. Found: C, 66.00; H, 6.39; N, 12.76%; Se-
lected IR (KBr) (v/em™'): 3295 v(N-H), 1672, 1634 v(C=0). 'H
NMR (6 ppm in CDCl3): 1.17 (s, 6H, CH3), 1.9-2.26 (m, 12H, o-
CH,), 3.35-3.43 (m, 4H, CH,-CH,-C=0), 7.26 (m, 4H, Ar-H), 9.86
(s, 2H, CH,-NH). Amax, nmM (&, M~! cm™!) in DMF: 267 (22 410).

2.3.4. Synthesis of N,N-bis[1,8-(2-nitrobenzoyl)]-5,12-dioxo0-1,4,8,11-
tetraazacyclotetradecane (L*)

Ligand L* was prepared by a method similar to that described
for L! by using two equivalent of o-nitrobenzoyl chloride (1.2 mL,
0.009 mol). The crude product thus obtained was recrystallized
from DMF to afford L* as a yellowish white solid.

Yield: 1.24 g (65 %) M.p: 280 °C. Anal. Calc. for [C34H2608N6]: C,
54.74; H, 4.98; N, 15.96. Found: C, 54.63; H, 4.89; N, 15.87%; Se-
lected IR (KBr) (v/em™!): 3290 v(N-H), 1665, 1645, v(C=0), 1558
Vasym(NO2), 1350 vsym(NOy). H NMR (6 ppm in CDCl3): 1.17 (s,
6H, CH3), 1.9-2.26 (m, 12H, o-CH,), 3.35-3.43 (m, 4H, CH,-CH,-
C=0), 7.26 (m, 4H, Ar-H), 9.86 (s, 2H, CH,-NH). /pax, nm (g,
M~ cm™') in DMF: 280 (22 470).

2.3.5. Synthesis of N,N-bis[1,8-(4-nitrobenzoyl)]-5,12-diox0-1,4,8,11-
tetraazacyclotetradecane (L°)

Ligand L* was prepared by a method similar to that described
for L! by using two equivalent of p-nitrobenzoyl chloride (1.67 g,
0.009 mol). The crude product thus obtained was recrystallized
from DMF to afford L as a yellowish white solid.

Yield: 1.24 g (65 %). M.p: 280 °C. Anal. Calc. for [C24H»605N6]: C,
54.74; H, 4.98; N, 15.96. Found: C, 54.63; H, 4.89; N, 15.87%; Se-
lected IR (KBr) (v/cm™!): 3275 v(N-H), 1660, 1642 v(C=0), 1553
Vasym(NO2), 1348 vgy(NO,). '"H NMR (5 ppm in CDCls): 1.17 (s,
6H, CH3), 1.9-2.26 (m, 12H, o-CH,), 3.35-3.43 (m, 4H, CH,-CH,-
C=0), 7.26 (m, 4H, Ar-H), 9.86 (s, 2H, CH,-NH). /max nm (g,
M~ cm™) in DMF: 275 (22 450).

2.4. Synthesis of macrocyclic mononuclear copper(Il) and nickel(Il)
complexes

The copper(ll) and nickel(Il) complexes were prepared by
refluxing the respective metal perchlorate (1 mmol) in methanol
(50 mL) with appropriate ligands (1 mmol) in DMF (50 mL). The
resulting solution was refluxed for 8 h. Then the solution was fil-
tered whilst hot and allowed to stand at room temperature. After
the evaporation of solvent, the compound was recrystallised from
acetonitrile to get the pure complexes.

2.4.1. [Cull]

Brown solid. Yield: 0.89 g (80 %). Anal. Calc. for [C,gH3,N406Cul:
C, 57.55; H, 5.52; N, 9.59, Cu, 10.87. Found: C, 57.50; H, 5.44; N,
9.50, Cu, 10.80%. Selected IR (KBr) (v/cm™!): 3420 v(O-H), 1655,

1635 ¥(C=0). Conductance (Ay,/S cm? mol~!) in CH3CN: 18. Amax,
nm (¢, M~' cm 1) in DMF: 476 (144), 377 (16 342), 310 (23 620).
8 2.47, g 2.16, A; 162. Meft: 1.70.

2.4.2. [Cul?]

Brown solid. Yield: 0.76 g (70%). Anal. Calc. for [C,6H2gN4OgBr.
Cul: C,43.74; H, 3.66; N, 7.84; Cu, 8.89. Found: C, 43.67; H, 3.60; N,
7.79, Cu, 8.78%. Selected IR (KBr) (v/em~'): 3390 v(0O-H), 1658,
1636 v(C=0). FAB Mass [M]*: 712. Conductance (A,/S cm? mol~!)
in CH3CN: 14. Jmax, nm (¢, M~'cm™') in DMF: 568 (169), 395
(15 400), 312 (33 600). g 2.31, g, 2.09, Ay 160. piegr: 1.73.

2.4.3. [Cul®]

Brown solid. Yield: 0.89 g (80%). Anal. Calc. for [Cy4H6N404Cul:
C, 57.87; H, 5.26; N, 11.24, Cu, 12.75. Found: C, 57.80; H, 5.21; N,
11.19, Cu, 12.69%. Selected IR (KBr) (vjcm™!): 1659, 1624 v(C=0).
FAB Mass [M]": 497. Conductance (Am/Scm?mol ') in CH5CN:
12. Jmax, DM (g, M~ cm™") in DMF: 490 (145), 380 (12 400), 311
(24 650) 8l 2.30 8. 2.07, Ay 171. Heft: 1.71.

2.4.4. [Cul?]

Brown solid. Yield: 0.84 g (75%). Anal. Calc. for [Cy4H24NgOgCul:
C, 49.01; H, 4.11; N, 14.29, Cu, 10.81. Found: C, 48.97; H, 4.05; N,
14.19, Cu, 10.75%. Selected IR (KBr) (v/em™1): 1663, 1639 v(C=0),
1550 Vasym(NO3), 1344 vgym(NO,). Conductance (Amy/S cm? mol~')
in CH5CN: 18. Amax NmM (¢, M~'cm™!) in DMF: 538 (162), 392
(14 230), 304 (30220). gy 2.29, g, 2.09, Ay 170. pegr: 1.72.

2.4.5. [CuL’]

Brown solid. Yield: 0.84 g (75%). Anal. Calc. for [C34H24NgOgCul:
C,49.01; H, 4.11; N, 14.29, Cu, 10.20. Found: C, 48.97; H, 4.05; N,
14.19, Cu, 10.15%. Selected IR (KBr) (v/cm™1): 1660, 1639 v(C=0),
1542 V45ym(NO3), 1341 vgym(NOy). Conductance (Ay/S cm? mol ')
in CH3CN: 18. Amax, NmM (¢, M~'cm™!) in DMF: 542 (160), 387
(14 200), 309 (30 100). gy 2.31, g, 2.10, A; 162. peg: 1.71.

2.4.6. [NiL']

Yellowish green solid. Yield: 0.830g (75%). Anal. Calc. for
[C28H32N406Ni]: C, 58.03; H, 5.56; N, 9.67, Ni, 10.13. Found: C,
58.00; H, 5.46; N, 9.57, Ni, 10.03%. Selected IR (KBr) (v/cm™'):
3398 v(0-H), 1658, 1634 v(C=0). Conductance (Ay,/S cm? mol 1)
in CH5CN: 16. Amax, Nm (&, M~'ecm™!) in DMF: 480 (160), 378
(14 765), 314 (26 600).

2.4.7. [Nil?]

Yellowish green solid. Yield: 0.86g (80%). Anal. Calc. for
[C26H26N406B,Ni]: C, 44.04; H, 3.69; N, 7.90, Ni, 8.27. Found: C,
44.00; H, 3.62; N, 7.85; Ni, 8.20%. Selected IR (KBr) (v/cm'):
3410 v(0-H), 1650, 1630 v(C=0). FAB Mass [M—L]: 708. Conduc-
tance (Am/S cm? mol~!) in CH3CN: 13. Amax, nm (¢, M~ cm™!) in
DMEF: 490 (162), 391 (16 620), 309 (30 280).

2.4.8. [Nil?]

Yellowish green solid. Yield: 0.73 g (65%). Anal. Calc. for
[C24H26N4O4Ni]: C, 58.44; H, 5.32; N, 11.35, Ni, 10.85. Found: C,
58.39; H, 5.27; N, 11.30, Ni, 10.78%. Selected IR (KBr) (v/cm™'):
1659, 1628 v(C=0). Conductance (A,/Scm?mol~!) in CH5CN:
15. Amax, DM (&, M~ cm™1) in DMF: 561 (172), 370 (13 480), 312
(26 600).

2.4.9. [NiL?]

Yellowish green solid. Yield: 0.80g (70%). Anal. Calc. for
[C24H24NGgOgNi]: C, 49.42; H, 4.15; N, 14.41, Ni, 10.06. Found: C,
49.38; H, 4.05; N, 14.35; Ni, 10.00%. Selected IR (KBr) (v/cm™'):
1652, 1634 v(C=0), 1554 V45ym(NO>), 1340 v5ym(NO;). Conductance
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(Am/S cm? mol~1) in CH3CN: 13. Amax, nmM (¢, M~ cm™!) in DMF:
520 (145), 380 (16 800), 325 (29 400).

2.4.10. [NiL®]

Yellowish green solid. Yield: 0.80g (70%). Anal. Calc. for
[Co4H24NgOgNi]: C, 49.42; H, 14.41; N, 7.84, Ni, 10.06. Found: C,
49.38; H, 14.35; N, 7.79; Ni, 10.00%. Selected IR (KBr) (v/cm™!):
1660, 1634 v(C=0), 1534 Va5ym(NO3), 1335 vsym(NO,). Conductance
(Am/S cm? mol™!) in CH5CN: 13. Amax, nm (¢, M~ cm™!) in DMF:
546 (155), 385 (16 740), 320 (28 940).

3. Results and discussion

Tetra N-substituted dioxocyclam based ligands have been syn-
thesized and their mononuclear copper(ll) and nickel(Il) com-
plexes were prepared as shown in Schemes 1 and 2. The
complexes were characterized by spectral studies. Their magnetic,
electrochemical, catalytic and antibacterial activities are discussed.
The molar conductance values of all the copper(Il) and nickel(II)
complexes fall in the expected range of 12-18 A,/Scm ™! mol !,
which indicates that the complexes are neutral [26].

3.1. The structure of ligand L'

The ligand L', crystallize in the space group P2;/n by slow evap-
oration method where chloroform was used as solvent. Fig. 1
shows ORTEP diagram of ligand L! at 30% probability level.

The ligand contains half molecule in the asymmetric unit and
also two water molecules and two chloride ions. Atom N1 and
N1a are in protonated state. The sum of the bond angles around
the atom N1(333.57°) shows the sp® hybridization and N2

(359.66°) shows the sp? hybridization. The molecule is stabilized
by O-H---0, N-H---O, N-H---N and C-H---O intramolecular interac-
tions and the crystal packing is stabilized by C-H---C and C-H---O
intermolecular interactions.

3.2. Spectral studies

The FT IR spectra of the ligands L! and L2 show a sharp band at
around 1670 cm™' due to the presence of ~-CHO group. The OH
group in the ligands shows a broad peak around 3400 cm™!. The
IR spectra of the ligands L*>-L> shows a band in the region of
1634-1680 cm™' is due to the carbonyl group. A band in the region
of 3275-3295 cm™! is due to the presence of -NH group. The N-
substituted dioxocyclam ligands L* and L> show strong absorptions
at about 1555 cm~! and 1350 cm™! corresponding to -NO, stretch-
ing vibrations.

All complexes show a sharp band in the region 1624-
1652 cm™!, due to vC=0 stretching. All complexes of ligands L!
and L? show a broad peak around 3400 cm™'. This shows that
the OH group is not coordinated to the metal. The band at about
3290 cm~! is absent in all the complexes which implies that the
secondary (N-H) group in all ligands are deprotonated due to com-
plexation. The mononuclear complexes of the ligands L* and L>
show strong absorptions at around 1550 and 1345 cm™' corre-
sponding to -NO,, stretching vibrations [27].

The electronic spectral data are given in Table S3. In general, the
spectra of dioxocyclam complexes are broader than those of cy-
clam complexes which may be due to the larger splitting of the
low-lying d-orbitals in the system with trans arrangement of
amide donors. The electronic spectra of all the complexes show
one peak in the range of 309-325 nm assigned to the intra ligand
transition (m-m ). An intense peak in the range of 370-395 nm is
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Fig. 1. The ORTEP diagram of the ligand L.

due to ligand-to-metal charge transfer transition, and a broad peak
in the range of 476-568 nm is due to d-d transitions. The cop-
per(Il) complexes show /ma.x value in the region 476-568 nm is
typical for reported square planar tetraazamacrocyclic copper(Il)
complexes [11,28-30]. The electronic spectra of nickel(Il) com-
plexes show a single band in the region 479-520 nm consistent
with the transition in a square-planar geometry of the complexes
[31-33] with N4 coordination.

3.3. ESR spectral analysis

The copper(ll) complexes show four lines in the ESR spectrum
with hyperfine splitting by a nuclear spin of 3/2. The hyperfine
Ay splitting falls in the range of 160-172 x 10~* cm™!, indicative
of an electron interacting with only one copper nucleus. The rela-
tion g, > g, is typical of d° copper(ll) complexes in a ground state
doublet with the unpaired electron in a dy,_,, orbital. The g and Ay
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values of copper(Il) complexes are close to the [Cu(dioxocyclam)]**
suggesting essentially square-planar coordination geometry of the
mononuclear copper(Il) complexes [34-36]. The room temperature
(at 298 K) magnetic moment studies of the copper(Il) complexes
show a pegr value in the range of 1.70-1.73 BM, which is close to
the spin-only value of the copper(Il) ion [37]. The nickel(Il) com-
plexes are diamagnetic in nature due to square planar geometry
around the metal ion [38].

3.4. Electrochemical properties of the complexes

The electrochemical data are summarized in Table S4. The elec-
trochemical properties of the complexes were studied by cyclic
voltammetry in dimethylformamide containing 10~'M tetra(n-
butyl)ammonium perchlorate (TBAP) as supporting electrolyte.

3.4.1. Reduction process at negative potential

The cyclic voltammogram of the copper(Il) and nickel(Il) com-
plexes were recorded in the potential range 0 to —1.8 V. Cyclic vol-
tammograms for mononuclear [CuL!] and [NiL’] complexes are
shown in Figs. 2 and 3, respectively. The Cyclic voltammograms
show one quasi-reversible reduction wave [39] at negative poten-
tial in the range —0.65 to —1.13 V for the complexes derived from
L, L2 and L3. The mononuclear complexes L* and L> show both me-
tal and ligand (-NO;) reduction peaks in the cathodic region of
—0.78 to —1.07 V and —1.40 to —1.60 V. Among the two reduction
peaks the first reduction peak is quasi-reversible and is attributed
to the reduction of metal ion in the dioxocyclam compartment,
whereas the second reduction is irreversible and corresponds to
NO, group in the side arm. The AE value is always greater than
60 mV. Electrolysis at controlled potential was also carried out
and the experiment shows that the couple corresponds to one elec-
tron transfer process. Thus, the one electron process occurring at
the electrode surface was inferred to be

M!' =M
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Fig. 2. Cyclic voltammogram of the [CuL!] complex: (Reduction process).
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Fig. 3. Cyclic voltammogram of the [NiL>] complex: (Reduction process).

3.4.2. Oxidation process at positive potential

The cyclic voltammogram for nickel(Il) complexes were re-
corded at anodic potential in the range O to +1.6 V. The electro-
chemical data are summarized in Table S5. The cyclic
voltammogram for the nickel(II) complex is shown in Fig. 4. Each
voltammogram shows one quasi-reversible oxidation wave [39]
at a positive potential in the range +0.95 to +1.06 V. Controlled po-
tential electrolysis indicates that the couple corresponds to one
electron transfer process.

Ni" = Ni™"

20

Current / nA

-100

-120

-4 T
16 14 12 10 08 06 04 02 O
Potential / V

Fig. 4. Cyclic voltammogram of the [NiL>] complex: (Oxidation process).
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3.5. Kinetic studies

3.5.1. Oxidation of pyrocatechol (catecholase activity)

The catecholase activity of the copper(Il) complexes was stud-
ied using pyrocatechol as a convenient model substrate for the
identification of functional models for the metalloenzymes by fol-
lowing the reported methods [40,41]. Solutions (10~ mol dm~3) of
complexes in dimethylformamide were treated with 100 equiva-
lents of pyrocatechol in the presence of air. The reaction was fol-
lowed every 5 min spectrophotometrically at 390 nm for 45 min.
The slope was determined from initial rates by monitoring the
growth of the 390 nm band of the o-quinone product. A linear rela-
tionship for initial rate and the complex concentration obtained for
the copper(ll) complexes shows first-order dependence on the
complex concentration. Fig. 5 shows the plots of 10g(A../As — A¢)
versus time for catecholase activity of copper(Il) complex of the li-
gands L?> and L% The initial rate constant values are given in
Table S6. It is noteworthy that the reactivity of the complexes dif-
fers significantly by varying the N-substitution. The catalytic activ-
ity of the complexes is in the range of 2.12-4.41 x 1073 min .

3.5.2. Hydrolysis of 4-nitrophenylphosphate

The catalytic activity of the copper(Il) and nickel(Il) complexes
with respect to hydrolysis of 4-nitrophenylphosphate was deter-
mined spectrophotometrically by monitoring the increase in the
characteristic absorbance of the 4-nitrophenolate anion at
420 nm in dimethylformamide for 45 min at regular time intervals
of 5 min. For this purpose, 107> mol dm~3 solutions of complexes
were treated with 100 equivalents of 4-nitrophenylphosphate in
the presence of air. A linear relationship for all the complexes
shows a first-order dependence on the complex concentration.
Fig. 6 shows the results for hydrolysis of 4-nitrophenylphosphate
by copper(ll) and nickel(ll) complexes of the ligand L2 The ob-
served initial rate constants for the complexes are given in
Table S6. The catalytic activity of the complexes is in the range of
1.98-3.92 x 103 min~'. The complexes of the ligand L! show low-
er rate constant value than the complexes of L7,

The structural features and electrochemical properties are
important factors in determining the catalytic activity of the com-
plexes. The catalytic activity of the complex containing electron
withdrawing group is higher than that of the complex containing
no electron withdrawing group. It can be seen that if the reduction
potential is too negative, the complex has a decreased catalytic
activity due to a more difficult reduction to metal(I). Literature re-
ports, [42,43] also show that the complexes containing electron-
withdrawing groups show higher catalytic activity than complexes
with electron donating substituents.
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Fig. 5. Catecholase activity by the (a) [CuL®] (b) [CuL?] complexes.
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Fig. 6. Hydrolysis of 4-nitrophenylphosphate by (a) [CuL?] (b) [NiL?] complexes.

3.6. Antifungal and antimicrobial activities

Antifungal and antibacterial activities of the complexes were
tested by the well diffusion method using Sabouraud dextrose agar
and Muller Hinton agar [44]. The radial growth of the colony was
recorded on completion of the incubation, and the mean diameter
for each complex at a concentration of 100 pg/ml was recorded.
The average percentage inhibition of the bacterial growth medium
was compared using the Vincent equation: I = 100 (C — T)/C, where
I = percentage inhibition, T=average diameter of the bacterial
growth on the tested plates and C = average diameter of the growth
on the control plates. The diameters of the zone of inhibition pro-
duced by the compounds were compared with the standard antibi-
otics Streptomycin 10 pg/well and Azithromycin 15 pg/well (for
Candida albicans).

3.6.1. Inoculum preparation

Fresh bacterial cultures were used for the antibacterial suscep-
tibility test. Five ATCC colonies of the strains were inoculated to
Tryptic soy or Brain Heart Infusion broth and incubated at 37 °C
for 22-24 h time period. Turbidity was adjusted with sterile broth
so as to correspond to the 0.5 Mc Farland standard, a standard
inoculum of the microorganism 1.5 x 10° colony forming units
CFU/ml, a 1:100 dilution of a suspension of turbidity equal to a
Mc Farland standard 0.5. The turbidity was adjusted to match a
Mc Farland 0.5 barium sulfate method. This is prepared by adding
0.5 ml of 1.175% w/v (0.048 m) hydrate (BaCl,-2H,0) to 99.5 ml of
1% w/v (0.36) sulfuric acid.

3.6.2. Antifungal activity

We have evaluated the antifungal activity of all the ligands and
metal complexes against the human pathogenic fungus C. albicans.
The screening data are reported in Table S7. The activity observed
for the present complexes was comparable with the N-substituted
tetraazamacrocycles reported in literature [45]. The copper(Il) and
nickel(Il) complexes show higher activity than their corresponding
ligands. Another interesting result observed in this study is that
mononuclear complexes of the ligands containing electron with-
drawing group show higher activity than the other complexes. It
seems from the results that the nature of the ligand and the coor-
dinated metal ion plays a significant role in the inhibition activity.

3.6.3. Antibacterial activity

All the prepared complexes have been screened for their in vitro
antibacterial activity against selected five pathogenic bacteria such
as Pseudomonas aeruginosa (ATCC 10145), Staphylococcus aureus
(ATCC 12600), Escherichia coli (ATCC 11775), Bacillus subtilis (ATCC
6633), and Klebsiella pneumonia (ATCC 13883), respectively. The
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screening results are shown in Table S7. All the copper(Il) and nick-
el(Il) complexes show comparable activity against all bacteria. The
higher activity of the complexes may be ascribed to Tweedy’s the-
ory, according to which chelation reduces the polarity of the cen-
tral metal atom because of partial sharing of its positive charge
with the ligand, which favors permeation of the complexes
through the lipid layer of the membrane [46]. Further, the extent
of inhibition by the complexes depends on the particular type of
macrocyclic ligand and the axial ligand/counter ion (perchlorate).

The presence of cyclam unit in the complexes does apparently
improve the activity of the complexes. A similar observation holds
for copper(ll) and nickel(Il) complexes of cyclam ligands, as com-
pared to the corresponding complexes with ON donor ligands
[47], suggesting that cyclam plays a critical role in activity
enhancement. An additional important feature in the biologically
active metal complexes of the present investigation may be im-
parted by the peculiar nature of the ligand in which different cy-
clam units bring about a change in the coordinating ability. The
binding of the complexed metals to the nitrogen bases of the en-
zymes have been suggested as possible mechanisms of action by
earlier workers [47]. The action of these complexes could be due
to the interaction of the nucleic acid component of the bacteria
with the nitrogen donor ligands (which contains lone pairs) or
the d-metal ions which act as good acceptors.

4. Conclusion

Various N-substituted 14-membered macrocyclic dioxocyclams
and their copper(Il) and nickel(Il) complexes have been synthe-
sized. The electronic spectra of Cu(Il) and Ni(Il) complexes indicate
a square planar geometry around the metal ion and cyclic voltam-
metry of the complexes exhibit one electron quasi-reversible pro-
cess. Antimicrobial activities have been conducted against five
selected pathogenic bacteria and one fungus. All these studies of
the complexes agree well with the established trend.
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Appendix A. Supplementary data

CCDC 723256 contains the supplementary crystallographic data
for ligand L'. These data can be obtained free of charge via http://
www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.poly.2010.09.036.
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