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Copper(Il) complexes of N-benzothiazolesulfonamides (HL* = N-2-(4-methylphenylsulfamoyl)-6-nitro-benzothiazole,
HL? = N-2-(phenylsulfamoyl)-6-chloro-benzothiazole, and HL3= N-2-(4-methylphenylsulfamoyl)-6-chloro-benzothiazole)
with ammonia have been synthesized and characterized. The crystal structures of the [Cu(L),(NHs),]+2MeOH (1),
[Cu(L?)5(NHs3)2] (2), and [Cu(L%)2(NHs);] (3) compounds have been determined. Compounds 1 and 2 present a
distorted square planar geometry. In both compounds the metal ion is coordinated by two benzothiazole N atoms
from two sulfonamidate anions and two NH; molecules. Complex 3 is distorted square-pyramidal. The Cu(ll) ion
is linked to the benzothiazole N and sulfonamidate O atoms of one of the ligands, the benzothiazole N of another
sulfonamidate anion, and two ammonia N atoms. We have tested the superoxide dismutase (SOD)-like activity of
the compounds and compared it with that of two dinuclear compounds [Cu,(L*)2(OCHz)2(NHs),] (4) and [Cu,(L*),-
(OCHa)z(dmso),] (5) (HL* = N-2-(phenylsulfamoyl)-4-methyl-benzothiazole). In vitro indirect assays show that the
dimeric complexes are better SOD mimics than the monomeric ones. We have also assayed the protective action
provided by the compounds against reactive oxygen species over Asod1 mutant of Saccharomyces cerevisiae. In
contrast to the in vitro results, the mononuclear compounds were more protective to SOD-deficient S. cerevisiae
strains than the dinuclear complexes.

reacts with hydrogen peroxide £8;) and nitric oxide
radicals to generate the extremely reactive species hydroxyl
radical (HO) and peroxynitrite (ONOO), respectively. The

first line of cellular defense is the superoxide dismutases
(SODs), the metalloenzymes which catalyze the dismutation
of superoxide anions into hydrogen peroxide and dioxygen.
Increasing intracellular levels of SOD or administering
exogenous SOD has been investigated for use in protection
against oxidative injury, but the results were disappointing
because, as a protein, SOD has a number of delivery and
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1. Introduction

Free radicals represent one of the main causes of both
cellular damage and numerous degenerative disédgss.
predominant cellular free radical is an oxygen-derived
species, superoxide anion £0), that is formed by the
leakage of high-energy electrons along mitochondrial electron
transport chains and by a variety of cytosolic and membrane-
bound enzymes, including xanthine oxidase and cytochrome
P450 complexe%.0,"~ mediates direct cell damage and

(4) Beckman, J. S.; Koppenol, W. Am. J. Physiol1996 271G 424.
(5) Weiss, R. H.; Riley, D. P. Therapeutic Aspects of Manganese(ll)-

(2) Simonian, N. A.; Coyle, J. TAnnu. Re. Pharmacol. Toxicol1996
36, 83.
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brane permeability, nontoxicity, and cost-effectiverfebhe Scheme 1. N-Substituted Sulfonamides
search for SOD mimics yielded a variety of chelates of R

transition metals such as copge?.In this study, we have

published several papers describing the SOD mimic activity | |N
of copper complexes with-substituted sulfonamidé§:*® ) )\ ,
. . . . R S NHSO; R

Other pharmacological properties have been reported in detail
for a large number of metal complexes of sulfonamitfes. R R R

Numerous indirect assays, such as the nitro blue tetrazo--2-@-methylphenylsulfamoyl)-6-nitro-benzothiazole (HL') ~ CH, ~ NO, H
lium (NBT) or cytochromec or brazilin assays, have been  N-2-(phenylsulfamoyl)-6-chloro-benzothiazole (HL) H ca  H
used in attempts to measure the SOD activity of putative N-2-(4-methylphenylsulfamoyl)-6-chloro-benzothiazole (HL’) CH, €l H

N-2-(phenylsulfamoyl)-4-methyl-benzothiazole (HL*) H H CH,

SOD mimicst’~2* However these assays, which typically rely

on a spectrophotometric change of a redox indicator to
measure superoxide levels, cannot kinetically distinguish
between a catalytic dismutation of superoxide and a sto-
ichiometric interaction of superoxide with the putative SOD

mimic. The direct methods to determine the SOD activity,

pulse radiolysis, and stopped-flow kinetic analysis help
elucidate if the complexes are a true catalyst or not, but the
concentration of superoxide anions is higher than that
observed in vivo. In fact, several SOD mimics which showed 2. Experimental Section

vgry;ﬁzlsment SOD-like activity in vitro failed to do so in Materials and Methods. Reagents and solvents were com-
vivo.227# Thus far, none of the assays currently employed ercially available and were used without further purification.
can exactly replicate the environment encountered by theseglemental analyses (C, N, H, S) were performed on a Carlo Erba
SOD mimics in the cellular moiety. As a consequence we AAS instrument. IR spectra (KBr disks) were obtained using a
have proposed a new method based on the protection of theMattson Satellite FT-IR in the range 406000 cnt?. Fast atomic
complexes against oxidative stress over three different strainsbombardment (FAB) mass spectra were obtained on a VG Autospec
of Saccharomyces cerisiael! spectrometer with 3-nitrobenzyl alcohol as a matrix. The electro-
spray mass spectra, in positive mode (§Sbf the compounds
dissolved in dmso:EtOH [1:4] were obtained from an ESQUIRE
3000 Plus (Bruker) ion trap mass spectrometer. Diffuse reflectance
spectra (Nujol mulls) of the complexes were recorded on a
Shimadzu UV-2101 PC spectrophotometer. Electronic paramagnetic
resonance (EPR) spectra obtained at the X-band frequency at room
temperature with a Bruker ELEXSYS spectrometer.

Synthesis of the LigandsN-2-(4-Methylphenylsulfamoyl)-6-

As a continuation of our research, we describe the
synthesis, structural determination, and spectroscopic proper-
ties of three mononuclear copper complexes with
substituted sulfonamides (Scheme 1). A study of the SOD
mimetic activity in vitro and the protection against reactive
oxygen species in vivo of these compounds and two dinuclear
complexes previously synthesiZéds reported.

(6) Dowling, E. J.; Chander, C. L.; Claxson, A. W.; Lillie, C.; Blake, D.
R. Free Radical Res. Commuh993 18, 291.
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Serratricel, GJ. Am. Chem. Sod 995 117, 1965.

(9) BatinicHaberle, I.; Spasojevjcl.; Stevens, R. D.; Hambright, P.;
Pedatsur, N.; Okado-Matsumoto, A.; FridovichDhlton Trans2004
1696.
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2003 8, 112.
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Granda, SJ. Inorg. Biochem1995 60, 219.
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(16) Borras, J.; Alzuet, G.; Ferrer, S.; Supuran, C. T.Metal complexes
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Scozzafava, A., Conway, J., Eds.; CRC Press: Boca Raton, 2004.
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Commun2003 6, 1205.

(22) Riley, D. P.; Rivers, W. J.; Weiss, R. Anal. Biochem1991, 196,
344.

(23) Riley, D. P.Chem. Re. 1999 99, 2573.

(24) Goldstein, S.; Czapski, Gree Radical Res. Commuh99], 12, 13.
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nitro-benzothiazole (HLY). A mixture containilg 1 g of2-amino-
6-nitrobenzothiazole and 2.5 g of toluene-4-sulfonyl chloride in 6
mL of pyridine was heated at reflux for 1 h. Then, it was added to
10 mL of cold water and stirred for several minutes. A solid was
obtained and it was purified using ethafbData for compound
N-2-(4-sulfamoyl)-6-nitro-benzothiazole (HL (1.786 g, 74%)
found: C, 56.75; H, 2.96; N, 12.03; S, 17.11;4811N,S,0.ClI
requires C, 56.93; H, 3.14; N, 12.04; S, 16.32, M 3aQ,/cm
1550 (thiazole); 1314, 1151 ($9955 (S-N). FAB: m/z350 (M™).
Solid UV—Vis (Amadnm): 371, 509(sh).
N-2-(Phenylsulfamoyl)-6-chloro-benzothiazole (HB) and N-2-
(4-Methylphenylsulfamoyl)-6-chloro-benzothiazole (HL). These
ligands were obtained and characterized as previously rep8rtéd.
Synthesis of the Complexes. [Cu()2(NH3)z]-2MeOH (1),
[Cu(L?)(NH3),] (2), and [Cu(L3)2(NH3);] (3). We dissolved 1
mmol of the corresponding benzothiazolesulfonamide in 30 mL of
methanol plus 2 mL of aqueous NH30%). This solution was
added dropwise to 20 mL of a methanolic solution containing 1
mmol of Cu(NQ),3H,0O. The resulting mixture was stirred for
several hours. A violet solid was formed and removed by filtration.
After a few days, black crystals fdrand3 and violet crystals for
2 were obtained from the filtrate after slow evaporation at room

(26) Gonztez-Alvarez, M.; Alzuet, G.; Borrg, J.; Gar@-Granda, S.;
Montejo, J. M.J. Inorg. Biochem2003 96, 443.
(27) Vogel, A. I.Longman Scientific & Technical989.
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temperature. Crystals df, 2, and 3 were isolated by filtration,
washed with methanol, and dried under vacuum.

Complex1 (0.282 g, 65.8%) found: C, 41.72; N, 13.10; H, 4.00;
S, 15.02. GoH34CuNgO40S, requires C, 41.97; N, 13.06; H, 3.99;
S, 14.94y/cm™1: 1455 (thiazole); 1284, 11431126 (SQ); 973
(S—N). Solid UV—vis (Ama/nm): 600. ESI-MS gives a peak at
m/z = 858. Conductivity measurements in dmso:EtOH (1:4)
solutions: 34.%S/cm.

Complex2 (0.178 g, 47.9%) found: C, 41.91; N, 11.30; H, 2.99;
S, 17.41. GH2,ClL,CuNsO4S, requires C, 41.90; N, 11.27; H, 2.97;
S, 17.21wvpmadcm L 1486-1453d (thiazole); 1255, 1139 (SR
974 (S-N). Solid UV—vis (Amanm): 312, 559, 684(sh). ESI-MS
gives a peak atv/z = 771. Conductivity measurements in dmso:
EtOH (1:4) solutions: 30.&S/cm.

Complex3 (0.206 g, 53.5%) found: C, 43.44; N, 10.83; H, 3.46;
S, 16.96. GgH26Cl,CuNsO4S4 requires C, 43.49; N, 10.86; H, 3.38;
S, 16.58vma/cm L 1483-1451d (thiazole); 1275, 1137 (90974
(S—N). Solid UV—vis (Amaynm): 318, 576, 660sh. ESI-MS gives
a peak atm/z = 745. Conductivity measurements in dmso:EtOH
(1:4) solutions: 24.%S/cm.

[Cuz(L*)2(OCH3)2(NH3)] (4) and [Cup(L *)2(OCH3)2(dmso)]

(5) [HL*= N-2-(4-Methylbenzothiazole)benzenesulfonamide].

Gonzdez-Alvarez et al.

Table 1. Crystal Data and Structure Refinement for
[Cu(LY)2(NH3)2]-2MeOH (@), [Cu(L?)2(NH3)7] (2), and
[Cu(L3)2(NHa)7] (3)

1 2 3

empirical formula  GoH34CuNg-  CogH22Cl,CuNs-  CagH26Cl2CuNg-

0104 0484 OsSs
formula weight 858.43 745.18 770.95
crystal system triclinic monoclinic monoclinic
space group P1 Pa Pc
a, 8.041(1) 12.533(1) 12.704(1)
b, A 8.176(1) 12.203(1) 12.275(1)
c A 14.451(1) 10.466(1) 10.570(1)
o (deg) 90.904(1)
p (deg) 115.877(1) 111.62(1) 105.879(3)
y (deg) 92.568(1)
v, A3 912.51(17) 1488.1(2) 1585.4(2)
z 1 2 2
A 1.54184 1.54184 1.54184
u, mmt 3.561 5.703 5.375
Pealcs glCn? 1.562 1.663 1.607
T, K 200(2) 200(2) 150(2)
Ry 0.0474 0.0446 0.0759
WRy 0.1160 0.1216 0.1944

non-hydrogen atoms were anisotropically refined. All hydrogen
atoms were considered as ideal and geometrically placed. All

These compounds were obtained and characterized as previously,roqen atoms were isotropically refined. Final cycle of full-matrix

reportecks

X-ray Data Collection. [Cu(LY)2(NH3),]-2MeOH (1), [Cu-
(L?2(NH3);] (2), and [Cu(L3)x(NH3)7] (3). A black crystal, size
0.30x 0.25x 0.10 mm, triclinic, space groupl (determined from
the systematic absences) for comple» black crystal, size 0.22
x 0.16 x 0.10 mm, monoclinic, space group f8r complex2, or
a dark violet crystal, size 0.1% 0.15 x 0.12 mm, monoclinic,
space groupP. for complex3 was used for the data collection.

least-squares refinement based on 2560 reflections and 243
parameters for complek 2022 reflections and 389 parameters for
complex2, or 2455 reflections and 407 parameters for com@ex
converged to a final value &1 (F2 > 20(F?)) = 0.0474 (complex

1), 0.0456 (comple®R), or 0.0759 (compleB); WR2(F? > 20(F?))

= 0.1160 (), 0.1222 ), and 0.1944 3); R1(F?) = 0.0601 (),
0.0486 @), and 0.7743); wR2(F?) = 0.1252 (), 0.1237 @), and
0.1956 B). Final difference Fourier maps showed no peaks higher

Data collection was performed at 200(2) K on a Nonius KappaCCD han 0.304 e A3 for compoundl, 1.028 e A3 for compound, or

single-crystal diffractometer, using €Ka radiation ¢ = 1.5418

1.150 e A3 for compound3 nor deeper thar-0478 e A3 (1),

R). Crystal-detector distance was fixed at 29 mm, and a total of _( g75 ¢ A3 (2), or —0.604 e A3 (3).

760 (1), 670 @), or 766 @) images were collected using the

For the three complexes atomic scattering factors were taken

oscillation method (both f and w oscillations were necessary to fill tom the International Tables for Crystallography (Vol. @.

the Ewald Sphere), with°2scillation and 40 sl(and2) or 150 s

Geometrical calculations were made using PARSTLhe

(3) exposure time per image. Data collection strategy was Calcu|atedcrystal|ographic plots were made using PLAT@MII calculations

with the program Collect Data reduction and cell refinement were
performed with the programs DENZO and SCALEPA&HA totall
of 7312 (1), 10995 @), or 13350 B) reflections were collected
between® = 2° and 70. Unit cell dimensions were determined
from 1286 (), 2022 @), or 2212 @) reflections. Multiple measured
reflections were averageBRymerqe= 0.052, resulting in 2568 unique
reflections bkl range—0 <h <8,-9 <k <8,0<1 < 17), of
which 2010 are observed with> 20(l) for complex1, Ryerge =
0.064, resulting in 2022 unique reflectiorik(range 0< h < 12,
0 <k<14,-12 < | < 12), of which 1882 are observed with~
20(1) for complex2 or Ryerge = 0.068, resulting in 2455 unique
reflections bkl range—14 <h <14,0< k < 14,0<1| < 12), of
which 2353 are observed with > 20(1) for complex 3. Final
mosaicity was 0.659(4)(1), 0.596(4) (2), or 0.624(3j (3). Data
completeness was 98.7% &nd @) or 96.0% ). Intensity—error
ratio for all reflections was 379.4:15.8)( 397.4:18.52), or 479.0:
25.8 @).

A summary of crystallographic data for complex&s3 is
collected in Table 1.

Structure Refinement. Crystal structures of—3 were solved
by Patterson methods, using the program DIRDIF®8nisotropic
least-squares refinement was carried out using SHELXEL@VL

(28) Nonius, B. V.Collect 1997-2000.
(29) Otwinowski, Z.; Minor, W.Methods Enzymoll997, 276, 307.
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were performed at the University of Oviedo on the Scientific
Computer Center and X-ray group computers.

In Vitro Evaluation of SOD-like Activity. SOD-like activity
of the complexed—5 was determined by using the inhibition by
the complexes of the reaction o%O with nitro blue tetrazolium
(NBT), following the method published by Oberley and Spitz with
slight modifications®®> Xanthine (1.5x 10™* M) and xanthine
oxidase in 50 mM potassium phosphate buffer,5H.8, are used
to generate a reproducible and constant flux of superoxide anions.
The rate of reduction of NBT (5.& 10°° M) to blue formazane
was followed spectrophotometrically at 560 nm. Data in the absence
of the complex were used as a reference. The rate of NBT reduction

(30) Beurskens, P. T.; Beurskens, G.; Bosman, W. P.; de Gelder, R.aGarci
Granda, S.; Gould, R. O.; Isia®ad, R.; Smits, J. M. MThe DIRDIF-

96 Program SystemCrystallography Laboratory, University of
Nijmegen: The Netherlands, 1996.

(31) Sheldrick, G. MSHELXL-97, A computer program for refinement of
crystal structuresUniversity of Gottingen, 1997.

(32) International Tables for X-ray CrystallographiKynoch Press: Bir-
mingham (Present distributor: Kluwer Academic Publishers: Dor-
drecht, The Netherlands), 1974

(33) Nardelli, M.Comput. Chem1983 7, 95.

(34) Spek, A. LPLATON, A Multipurpose Crystallographic Todltrecht
University: Utrecht, The Netherlands, 2000.

(35) Oberley, L. W.; Spitz, D. R. IiHandbook of Methods for Oxygen
Radicals Resear¢lGreenwald, R. A., Ed.; CRC Press: Boca Raton,
FL, 1986; p 217.
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was progressively inhibited after the addition of copper complex Scheme 2. Diameter of Inhibition around the Paper Disks Containing

solutions at increasing concentrations prepared in 50 mM Tris-HC| Menadione and Hydrogen Peroxide

buffer (pH= 7.8) to the system. The percentage inhibition of the

NBT reduction was used as a measure of the SOD activity of the

compounds. In a typical experiment 0.1 mL of xanthine oxidase

was added to 0.8 mL of a solution containing 0.69 mL of potassium

phosphate buffer (pi 7.8), 0.025 mL of NBT, and 0.085 mL of

xanthine. The enzymatic system was also tested against a possible

inactivation caused by the copper(ll) complexes. To evaluate if the

complexes affect the generation of superoxide anions by directly

interacting with the enzymatic system, the formation of uric acid

from xanthine was followed at 310 nm. The inhibition percentage

of enzyme activity was subtracted from that of NBT. The

concentration of complex required to yield 50% inhibition of NBT

reduction (named I§) was determined from a plot of percentage

inhibition versus complex concentration. Thesd@ata have been

calculated from the mean of three independent measurements.
In Vivo Evaluation of the SOD-like Activity. The in vivo SOD-

like activity of the complexesl—5 was evaluated over three

different strains ofS. cereisiae W303-1A, wild type MATa

ade2-1 ura3-1 his3-11 trpl leu2-3 leu2-112 can1-180)CC96687,

strain defective in the cytoplasmatic copper-dependent AT @

ura3-52 trp1-289 hisAl leu2-3 leu2-112 sodl::URA3)and 3. Results and Discussion

ATCC96688, strain defective in the mitochondrial manganese .

dependent SODATa ura3-52 trp1-289 hisa1 leu2-3 leu2-112 3.1. Crystal Structure. The crystal structures with the

sod2::TRP). The strains were obtained from American Type atomic numbering scheme of compouris2, and 3 are

Culture Collection (ATCC). The protective action of the complexes shown in Figures 1, 2, and 3, respectively. Significant bond

against free radicals produced by respiration and against free radicaldengths and angles are listed in Table 2. In [C){(NH3)2]-

generated by menadione op® was determined. 2MeOH (1) the copper ion is four-coordinated in a slightly
Evaluation of the Protective Effect of the Complexes against  distorted square planar environment. The copper(ll) is linked

Free Radicals Produced by RespirationSolutions of the com- to the benzothiazole N2 and N2#1 atoms from two sulfon-

plexesl—5 (30, 50, 70, or 9qM) in dmso:EtOH (1:4) were added  gmidate anions and to the N4 and N4#1 atoms from two

to 15 mL of melted YPgly medium (1% yeast ex.tract, 2% peptone, NH; molecules. The CtiNpenzomiazoidistances are 1.975(3)

2% glycerol, 1.5% agar, and 2% ethanol), which was kept at 45 A and the Ct-NammoniaONES are 2.003(3) A. The benzothia-

°C. Media wer red in Petri pl nd allow lidi room . . L
C. Media were poured in Petri plates and a ow'o so dfyat °0m Zole nitrogen atoms are in trans position. The bond angles
temperature. Cell cultures were grown aerobically overnight at 28 .

°C in stirred liquid YPD reach medium (1% yeast extract, 2% in the CuN, chromophore are nearly_ regular, ranging from

peptone, and 2% glucose). Drops ofE of the three strains at 89.52(127 to 90.48(12). Tetrahedrality, for any tetracoor-

decreasing dilutions (16, 103, 104, 10°5, and 10°) obtained dinate copper complexes, can be characterized by the angle

from an overnight culture were poured in the Petri dishes and were subtended by two planes, each encompassing the copper and

incubated at 28C for 4 days. Untreated cultures were incubated two adjacent donor aton¥s. For strictly square planar

in parallel. The increased growth of cells found in the presence of complexes withD4, symmetry, the tetrahedrality is’ OFor

the copper(ll) compounds compared with cell growth in the absence tetrahedral complexes wilb,q Symmetry, the tetrahedrality

of the complexes was taken as a qualitative estimate of the equals 90. The value of the dihedral angle for compliis

protective effect based on serial dilution drops assays. Experimentsoo’ indicating that the complex geometry is square planar.

were perfc_’rmed three t'me,s‘ ) Two uncoordinated methanol molecules stabilize the

- EvaFlauzt_lor} ofPthedProtde%tuve E.féec.t sz‘e Cc:(mplexes"agamst crystal structure through moderate intermolecular hydrogen
ree Radicals Produced by Oxidative AgentYeast cells were 0\, yas hetyeen the ammonia nitrogen and the methanol

grown in YPD reach medium (1% yeast extract, 2% peptone, and
2% glucose). Solid media contained 1.5% agar. Cell density from oxygen [N4--O5 3.0228 A, 142.79, and between the

overnight cultures was determined by cell counting in a “Nebauer” Méthanol oxygen and the sulfonamide oxygen {34
hematimeter. A total of 0cells were resuspended in 15 mL of 2.8273 A, 159.32. Also, there are some weak hydrogen
melted solid YPD media, which was kept at 46. Solutions of bonds between the ammonia nitrogen and the oxygen of the
the complexes in dmso:EtOH (1:4) at increasing concentrations (30, NO, group.

50, or 70uM) were added to the growth medium. Cell suspensions  The geometrical environment of the metal ion in [CH¢L

were poured in Petri dishes and allow to solidify at room (NHs);] (2) is distorted square planar. Cu(ll) is coordinated
temperature. Paper disks 6 mm in diameter (Ant|b|0t|ca test by four n|trogen atoms: two ammonla n|trogen atoms and
Blattchen) containing 1%L of a 40 mM menadione solution in
ethanol or Sul of H,0, (35%) for wild andAsod2strains were (36) Jamienson, D. J.; Rivers, S. L.; Stephen, WM&robiology 1994
placed over the media. Farsodlstrain the paper disks contained 140, 3277.

; i (37) Battaglia, L. P.; Bonamartini-Corradi, A.; Marcotrigiano, G.; Menabue,
5 uL of a 5 mM menadione solution in ethanol or/& of H,0, L: Pellacani, . Clnorg. Chem.1979 18, 148,

(17'5%)'_ Dif‘ferenC(_es in th_e_‘f"mounts O_f oxidants used depended (3g) jeffrey, G. AAn Introduction to Hydrogen Bondin@xford University
on the differences in sensibility of the different stratd€ultures Press: Oxford, 1997.

were incubated at 28C for 72 h. Diameters of the inhibition area
(zone without cell growing around the disks) were measured and
were taken as a quantitative estimate of the protective action (see
Scheme 2). The final data have been calculated as the media of
three independent measurements.

Toxicity Assays. Before examination of the protective action
of the compounds against free radicals, their putative toxicity over
the wild, Asod1,andAsod2strains ofS cereisiaewas determined
following the procedure previously describEd.
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Table 2. Selected Bond Lengths (A) and Angled for [Cu(LY),(NH3)z]-2MeOH (1), [Cu(L?)2(NH3),] (2), and [Cu(13)2(NHz)7] (3)2

[Cu(LY)2(NH3)z]-2MeOH [Cu(12)2(NH3)2] [Cu(L3)2(NHa3)2]
Cul-N2 1.975(3) CutN1 2.014(7) CutN5 2.000(9)
Cul-N2#1 1.975(7) CutN21 2.029(7) CutN4 2.000(10)
Cul-N4#1 2.003(3) CutN32 2.082(8) CutN2 2.023(9)
Cul-N4 Cul-N31 2.217(8) CuN6 2.024(8)

Cul-01 2.269(7)
N2—Cul—N2#1 180.0 N+Cul-N21 171.8(3) N5-Cul—-N4 90.0(4)
N2—Cul—N4#1 89.52(12) N+ Cul—N32 89.7(3) N5-Cul—N2 89.2(4)
N2#1—Cul—N4#1 90.48(12) N2 Cul-N32 93.0(3) N4Cul-N2 172.5(4)
N2—Cul—N4 90.48(12) Ni-Cul-N31 90.8(3) N5-Cul-N6 170.1(4)
N2#1—Cul—N4 89.52(12) N2%Cul-N31 85.4(3) N4-Cu1-N6 88.8(4)
N4#1—-Cul—N4 180.0 N32-Cul—-N31 171.2(3) N2-Cul—-N6 90.7(4)
N5—Cul-01 86.9(3)
N4—Cul-01 101.7(3)
N2—Cul-O1 85.7(3)
N6—Cul-O1 103.0(3)

aSymmetry transformations #x, —y, —z.

Figure 1. ORTEP drawing of the [Cu@)2(NHz3)2]-2MeOH (1).

two benzothiazole nitrogen atoms from the two sulfonamidate Figure 2. ORTEP drawing of the [Cu@2(NHs)2] (2).
ligands. The Cu(l)-NammoniaCoordinative bonds are signifi-
cantly different [2.217(8) and 2.082(8) A]. The €u
Npenzothiazolelengths [2.014(7) and 2.029(7) A] are slightly
longer than those obtained for the compound described
before. Distortion of the ideal square-planar geometry can
be inferred from the bond angles that deviate frorh [88.4-

(3)— 93.9(3)]. The tetrahedrality value of 1158uggests a
slight distortion from the square-planar geometry. In the
crystal packing, moderate hydrogen bonds between the
ammonia nitrogen and the sulfonamide nitrogen -fNS2,
3.3186 A, 140.39 and between the ammonia nitrogen and
the sulfonamide oxygen [N32022, 3.0127 A, 169.6]
stabilize the structure. The crystal structure of [C)4L
(NHs);] (3) contains a CubD entity in slightly distorted
square-pyramidal geometry. In the basal plane the copper-
(I1) ion is coordinated by two benzothiazole nitrogen atoms
from two different sulfonamidate ligands at 2.000(9) and
2.000(10) A and by two ammonia nitrogen atoms at 2.023-
(9) and 2.024(8) A. The axial site is occupied by a
sulfonamide oxygen atom of one of the sulfonamidate ions
at much longer distance, 2.269(7) A. The -Nenzothiazole
lengths are similar and comparable to those found, i,

and other related compoun#s'? The cis N-Cu—N angles

in the equatorial plane that range from 88.8(#%) 90.7(4Y

do not deviate significantly from the ideal ones. Thealue

Figure 3. ORTEP drawing of the [Cu@2(NH3)7] (3).

of 0.04 [r = (o — 4/60)]*° indicates a small distortion from
a regular square-pyramidal geometry. Tie parameter
(T = mean in-plane CuL bond distance/mean out-of-plane
Cu—L bond distancéy has a value of 0.88.

(39) Addison, A. W.; Rao, T. N.; Reedijk, J.; van Rijn, J.; Verschoor, C.
G. J. Chem. Soc., Dalton Tran$984 1349.
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In complexesl and? the sulfonamidate anions behave as  The electrospray data of these solutions show the molec-
monodentate ligands through the benzothiazole nitrogenular peak and another peak with a molecular mass corre-
atom. By contrast, the sulfonamidate anions in com@ex sponding to a species with one ligand and solvent molecule
present two different coordination behaviors. One sulfon- such as [CuL(NH),(solvent)]*. Moreover, the ESI-MS
amidate ion acts as a monodentate ligand through thespectra of the dinuclear compoundignd5 in dmso:EtOH
benzothiazole nitrogen and the other as a bidentate ligand(1:4) were obtained. The spectra display peaks/at= 830
via the benzothiazole nitrogen and the sulfonamide oxygen.and 952, respectively, corresponding to the molecular ones
According to the coordination, the distance-821 (1.472- showing that the complex entities remain in solution.

(8) A) is markedly longer than the S1D2 one (1.421(8) 3.3. Magnetic Properties and EPR SpectraThe room-

A). The same behavior of the sulfonamide as monodentatetemperature magnetic moments of complekéger = 1.75

and bidentate ligands has been found in the related complexesgg), 2 (uer = 1.73us), and3 (ue = 1.78ug) are consistent
[Cu(L?)(dmso)] and [Cu(L®),(dmso}].*2 with the presence of a single unpaired electron.

3.2. Spectroscopic PropertiesThe IR spectra ofl, 2, The polycrystalline X-band EPR spectrum at room tem-
and3 present a similar pattern. With respect to the IR spectra perature of complet is axial. The EPR parameters obtained
of the ligands the following modifications are found: (i) the py simulatiod? areg, = 2.27,g- = 2.05, andA, = 172 x
band corresponding to the stretching vibration of the thiazole 10-4 cm~1, The quotiengy/A, is a measure for the degree of
ring is markedly shifted from 1550 crhin the free ligands  tetrahedral distortion. This quotient ranges from ca. 105 to
to 1455 cmt in the complexes, (ii) the(SOy)asand(SQ2)s 135 cm for square planar structufédhegy/A, value of 132
bands in the complexes are shifted to lower frequencies, andcy of compound. agrees well with the almost regular square
(iii) the characteristic band corresponding to t(&—N) planar geometry found in the crystal structure.
appears near 975 cth) changed ca. 1520 cm ™ to higher For complex 2 the EPR spectrum is rhombic. The
frequencies. In general, the IR spectra are similar to thoseparameters calculated by simulatian,= 2.20,g, = 2.06,
of other coppeN—su_Ifon_am|de Compoundéh'%z'ze Indepen- andg; = 2.03, correlate well with the geometrical distortion
dently of the coordlqat_lon behavior of the ligands, changes found in the crystal structure. THevalug [R = (g, — g/
of the IR charac.tgnsyc bands are found to be the Samegg — go)] of 0.2 indicates that the unpaired electron is in the
because the modifications are mainly due to the sulfonamldedxz_ 2 orbital.

deprotonation. The axial spectrum of compleXpresents values of g

The diffuse reflectance spectrum of complexshows a - : -
broad and intense band at about 400 nm and a shoulder a?'zz and g = 2.05, which are _characterlstlc of the geometry
deduced from crystallographic data.

about 600 nm, that correspond to a ligand-to-metal charge- : . : ) )
transfer (LMCT) and e-d transitions, respectively. The _ S-4- SOD-like Activity. In Vitro Superoxide Dismutase-
like Activity. The superoxide dismutase activity of the

spectrum agrees well with the coordination polyhedron ) | dthe dimeri |
shown in the crystal structure. The reflectance spectra of Monomeric complexes—3and the dimeric complexes [Gu

complexe and3 show a shoulder at 407 (compl&xand (L9)2(OCHy)2(NHz)2] (4) and [Cu(L%)o(OCHs)-(dmso}] (5)

at 415 (complexd) nm and a broad band at 556 (complex [HLA, - N-2-(4-methy|benzothiazole)benzengsuIfopamide]
2) and at 568 (comple8) nm that can be attributed to a previously reportetf was assayed by their ability to inhibit

LMCT and to a d-d transition, respectively. It is noteworthy the reductio_n_of hitro blue tetrazolium. By way of compari-
that both complexes present similar spectra despite their>O™: Fhe activity of CUQFZHZO was ass_ayed undgr the same
coordination geometry that is distorted square planar in conditions. The superoxide scavenging data indicate that

complex2 and distorted square-pyramidal in comp&xhis complexesl—3 exhibit high activity, similar to those of
is probably because of the large €Qsonamicae bONd complexes with related benzothiazole sulfonamide ligands

distance. So, the fifth coordination atoms(@namica) has a and highelr0 E??n thg activity of copper sulfathiazole complexes
slight influence. The difference between the spectra of (12ble 3):77 Their ICs values are 0.244(0.041), 0.181-
complexesl and 2 must be due to the high square planar (+0.002), and 0.1820.010)uM, respectively. Complexes
distortion of the latter as is shown in the crystal structures. 4 and® clearly show higher superoxide dismutase activity
The UV-—vis spectra of the three complexes in dmso:EtoH [/Cs0= 0.103¢-0.007) and 0.05%0.001]uM, respectively)
(1:4) solutions used in the biological assays show a very compared with the_o_ther th_re_e complexes. It is mter_estlng
weak d-d band at about 600 nm similar to that found in © Note that the activity exhibited by complexésnd5 is
diffuse reflectance spectra. only 17 and 10 times, respectively, less than that of the native
The conductivity measurements of the three complexes enzyme. These results seem to indicate that the dimer nature

in dmso:EtOH (1:4) solution suggest that the three complexes'ncrease,z thedgb|:|ty Off the hcompounds. to d|smutat((aj the
are partially dissociated, showing conductivity values be- SuPeroxide radical. In fact, the most active compounds in
tween nonelectrolyte and 1:1 electrolyte typEBhese values vitro found in the literature are dinuclear complexesn

are indicative of a mixture of the complex and a species in

(42) WINEPR-Simfonia. 1.25Bruker Analytik GmgH: Karlsruhe, FRG,

which one of the ligands was dissociated. 19941996,
(43) Sakaguchi, U.; Addison, W. Al. Chem. Soc., Dalton Tran$978
(40) Matovig Z. D.; Pelosi, G.; lanelli, S.; Ponticelli, G.; Radanqgvig. 600.
D.; RadanovigD. J.Inorg. Chim. Actal998 268 221. (44) Hathaway, B. J.; Duggan, M.; Murphy, A.; Mullane, J.; Power, C.;
(41) Geary,Coord. Chem. Re 1971, 7, 81. Walsh, A.; Walsh, BCoord. Chem. Re 1981, 36, 267.
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Table 3. ICso (M) Values of Copper Complexés determined by a previously reported methédhe results
complex 1Go ref. show that complexes do not present significant toxicity at
[CU(LY)2(NH3)s]-MeOH (1) 0,244 this work the assayed concentrations (30, 50, 70, and/9) (data
[Cu(L?)»(NH3)] (2) 0.181 this work not shown).
[EU(LEZZ(NC;-'S)Z] (3?\”_' . 8-183 :E?S Wort To quantify the in vivo SOD-like activity of the Cu(ll)
{cﬂi&%ieo@igdméﬂf(%) 0.059 e work complexes we have employed a method recently developed
[Cu(L?)x(dmso}] 0.188 12 by our research group, based on the protection provided by
[Cu(enpl(L). 0.344 10 the compounds against free radicals dsecereisiaestrains
[Cu(L)2(py)] 0.146 11 X
[Cu(L9(py)2] 0.172 1 (the copper defective\sod1 mutant and the manganese
[Cu(stz)(pyXCl] 1.310 13 defective Asod2 mutant)!* The protective effect of the
[Cu(Hstz)(MeOH)CH] 2.510 13 complexes against both free radicals produced in the respira-
[Cu(stzp(Him)2]MeOH 0.664 14 . ; . . .
[Cu(stzy(4,4-dmHim)] 0.742 15 tion and against free radicals generated by oxidative agents
[Cu(stz)(L,2-dmHim}] 1.03 15 (hydrogen peroxide or menadione) has been tested.
E(::u‘:ésrfzég‘bm""m)ﬂ %%%% 1151 Complex Protection against Endogenous Free Radicals.
2 .

A low level of superoxide radicals is constantly generated
® Abbreviations: HE = N-2-(4-methylphenylsulfamoyl)-6-nitro-ben-  hy gerobic respiration. The electron-transport chain of
zothiazole; HE = N-2-(phenylsulfamoyl)-6-chloro-benzothiazole; H& . . . .
N-2-(4-methylphenylsulfamoyl)-6-chloro-benzothiazole: 44 N-2-(phen- mitochondria, which is meant to escort four electrons to
ylsulfamoyl)-4-methyl-benzothiazole; Hi= N-2-(naphthalenesulfamoyl)- ~ molecular oxygen to form water, occasionally leaks a single
6-nitro-benzothiazole; Hstz= sulfathiazole (4-amino-N-2-thiazolylben- electron and it is a constant source of radicals. Free radical
zenesulfonamide); HinF imidazole; 4,4-dmHim= 4,4-dimethylimidazoline; . . . -
1,2-dmHim = 1.2 dimethylimidazole; 4-mHim= 4-methylimidazole reactions produced death in cells due to their ability to
py = pyridine. damage a large number of cellular constituents, especially
the defective SOD cells which are more sensitive.
this sense, nuclearity could play an important role in the  To evaluate the protective effect of completess against
SOD-like activity exhibited by our complexes in vitro. The free radicals generated in respiration, three strain$.of
ICso values of the five complexes are lower than that of cerevisiag wild, Asodl andAsod2were grown in a medium
Cu(ll) [ICso = 0.450¢-0.015) uM], indicating that their  with glycerol, which is a nonfermentable carbon source for
activity is not due to a dissociation of the complexes. S. cereisiae. Figure 4 shows the growth of dilutions 19)

It has been found that a more distorted geometry leads to10°3, 104, 10°° and 10°® (obtained from an overnight
higher SOD activity*$ In good agreement with this, complex culture) of the three strains treated with increasing concentra-
1 (that has the less distorted copper environment) presentgions of complexed—5.
the lower activity. As expected, the growth of the wild strain is not

Also, it is remarkable that, despite the different coordina- significantly modified by the complexes because this strain
tion polyhedra of compoundaands3, their Gy values are keeps both mitochondrial MNnSOD and cytoplasmatic-Cu
almost coincident. The similar SOD activity of the complexes Zn,SOD enzymes (Figure 4). Similar behavior is observed
can be explained considering that both complexes presentn the Asod2strain because this strain contains the cyto-
limited steric hindrance and vacant coordination sites that plasmatic CeZn,SOD enzyme.
permit the access and the successful binding of tire O All the complexes are able to protect thesod1 strain.
radical. Moreover, a favorable responsesotlectrons of The protective effect of the complexes on theod1strain
the aromatic side chain could stabilize the-€@Dy*~ interac- is found to be significant and much higher than the copper
tions. Furthermore, the binding of the sulfonamide to copper- salt protective effect. In particular, 70 and 881 concentra-

(I1) is important to obtain complexes with high SOD activity tions of complexL produce an almost complete recuperation

because previous related complé®es which the sulfon- of Asodlstrain and its growth is indistinguishable from that
amide acts as a contra-ion presented lower activity than theof the wild strain. The activity of complexez—5 (similar
complexes presented in this work (Table 3). to that of the previously reported complexés§ is lower

In Vivo SOD-like Activity. As has been shown the than that of comples but higher than the Cughctivity. It
synthesized complexes exhibit high SOD activity measured is remarkable that the protective effect of the dimeric
in vitro. However, the ability to dismutate the superoxide complexestand5 is not higher than that of the monomeric
anions in vitro is not enough to be a SOD mimic in vivo. ones, although their activities, determined by the indirect
Assays with mutants of the yed&St cereisiae were carried method, were more elevated.
out to determine the SOD activity in a biological system.  From these results we can conclude that the five complexes

Previously, the presence of the complexes in solution wasare able to penetrate into the cells and protect them against
confirmed by ESI-MS as described in section 3.2. the free radicals produced in respiration processes by

Before evaluation of the in vivo superoxide dismutase compensation for the GEn,SOD. In particular, compleg,
mimetic activity of the complexes, their putative toxicity was Wwhich is the most effective, can be considered a promising
protective agent against toxicity of oxidative stress.

(45) Tabbi, G.; Driessen, W. L.; Reedijk, J.; Bonomo, R. P.; Veldman, N.;  Complex Protection against Exogenous Free Radicals.
Spek, A. L Inorg. Chem 1997 36, 1168. To evaluate the protective effect of complexies5 against

(46) Bonomo, R. P.; Conte, E.; Impellizzeri, G.; Pappalardo, G.; Purrello, . ) .
R.; Rizzarelli, E.J. Chem. Soc., Dalton Tran$996 3093. exogenous free radicals, thesodlstrain was grown in a
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Figure 4. Effect of complexed—5, and CuCj on the growth of th&Saccharomyces cerisiae against free radicals produced by respiration. In each panel
the first column represents a wild strain; the second column representsstitd mutant; the third column represents theod2mutant. In each column;
strains are shown at decreasing dilutions=2.a073, 1074, 1075, and 10°¢.

culture containing glucose. In this medium the initial This result clearly suggests that the complexes provide
metabolic pathway is fermentation. The source of free protection against the oxidative stress generated by both
radicals is the oxidative stress inducers, menadione®.H  menadione and ¥D.. This protective effect does not depend
Menadione (paper disks at the top of each Petri dish) (seesignificantly on complex concentration. The protective action
Scheme 2) generates,’O and HO; (paper disks at the against @~ produced by menadione is higher than the
bottom) producesOH. The results are given in Figure 5 protection againstOH generated by pD,. Of special
which shows the growth inhibition area (black region around relevance is that complexésand5 do not have a higher
the disk) of theAsod1strain produced by the oxidative agents activity than the other complexes assayed, in contrast to the
with different concentrations of compléx-5. By compari- expectation from their I§; values obtained in vitro.
son, both the wild and thasod2mutant strains, which share These assays have been performed with gu@der the
the copper-dependent SOD, were also studied (data notsame conditions. In the presence of CuiCis possible to
shown). observe a reduction of the diameter of the inhibition area
In the presence of the five complexes, a growth increase for the Asod1strain but this reduction is lower than that in
is observed for theAsod1strain (smaller diameter of the the presence of the complexes. These results are summarized
inhibition area) at 30, 50, and ZOM complex concentrations.  in Figure 6 that represent the percent of reduction of the
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Figure 5. Effect of complexed—5 on the growth of theAsod1mutant against free radicals produced by menadione (paper disk at the top of each Petri
dish) and HO, (paper disk at the bottom of each Petri dish). For each photograph, 1 is the control; 2 isithec8dnplex; 3 is the 5«tM complex; 4 is
the 70uM complex.

diameter of the growth inhibition area produced by the five strains (data not shown), since both strains have the copper-
complexes at 52M and by CuC]} at the same concentration dependent SOD.
when the oxidative stress is produced by menadione. It is The results obtained from these assays clearly demonstrate
possible to deduce that the protective effect of the complexesthat, at least in the range of the concentrations tested, the
is higher than the protection produced by the copper salt. complexesl—5 show SOD-like activity in vivo higher than
Also, it is noteworthy that the reduction of the inhibition that of Cu(ll). The protective action df—5 is similar to
diameter produced by compleX or 3 is double that of  that shown by previously reported complexes with related
copper(ll). sulfonamide ligand&t*?

As expected, no protection effect of the five complexes In conclusion, the dimer complexes are more effective than
or CuClk was observed in either the wild type or theod?2 the monomer ones in vitro. However, the in vivo activity of
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Figure 6. Percentage reduction of the diameter of the growth inhibition
area of 5quM complexesl—5 (dark color), and CuGl(light color) when
oxidative stress was produced by menadione.

cellular structures, enzymatic activity, detoxifying mecha-
nisms, etc.) must be involved in the activity of our
complexes. In particular, we consider that the lower activity
of the dinuclear compounds in respect to the mononuclear
ones is due to their bulky size that hinders them, to some
extent, from crossing the cellular membrane.
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the dimer complexes is lower than that of the monomer ones. nternet at http://pubs.acs.org.

Therefore, it could be deduced that in vivo some physiologi-
cal factors (lipophility, ability of the complexes to cross the
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