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Introduction 

Aerobic oxidation of mixtures of Co(I1) salts and the 
antitumor antibiotic bleomycin (BLM, 1) affords several Co- 

NH, 

C H, 

BLM (1) 

(LII) chelates of the drug which are often referred to as orange, 
brown, and green CO(III)-BLM.'-~ Spectroscopic evidences 
indicate that BLM most possibly employs five N donor centers 
located in the primary and secondary amines, the pyrimidine 
and the imidazole ring, and the peptide moiety adjacent to the 
pyrimidine to bind the Co(1II) center in these chelates.ss6 The 
sixth coordination site is presumably occupied by a nitrogen 
donor, H20, and -02H (hydroperoxy) group in the orange, 
brown, and green Co(II1)-BLM respe~tively.~,~ Though these 
chelates bind to DNA quite strongly,' the kinetically inert low- 
spin d6 Co(III)-BLMs do not cause any oxidative DNA damage 
like the Fe-BLMs.8 However, recently it has been shown that 
the Co(II1) chelates induce DNA strand scission when il- 
luminated with UV or visible light, and the process of 
photoinduced DNA damage is insensitive to di~xygen.'.~-' 
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As part of our synthetic analogue approach to metallobleo- 
mycins, we have reported the structures and spectroscopic 
properties of three Co(II1) complexes of a designed ligand 
PMAH (2, H is the dissociable amide H) which resembles the 

PMAH(2) 

metal-chelating domain of BLM.12 These Co(I11) complexes 
of the composition [Com(PMA)(X)]"+ (X = N-methylimidazole 
(N-MeIm), HzO, or C1-) mimic the spectroscopic properties of 
the orange, brown, and green Co(II1)-BLMs respectively and 
also inflict DNA damage under UV light. Results of the spin 
trapping and gel electrophoretic studies under aerobic and 
anaerobic conditions have revealed that (i) these positively 
charged complexes bind to DNA, (ii) UV irradiation gives rise 
to C/N-based radical(s) on the ligand framework of these 
complexes, and, (iii) in aqueous solution, the C/N based radical- 
(s) rapidly produces *OH radicals in the vicinity of the DNA 
helix which in turn induce strand scission reactions. Control 
experiments with authentic samples of Co(II1)-BLMs also 
suggest that the same mechanism could explain the DNA 
cleavage activity of the Co(1II)-BLMs under UV illumination 
as well as the observed insensitivity of the photocleavage 
reaction to dissolved oxygen (the 'OH radical is produced from 
H20). Recently, we have also reported the synthesis, structure, 
and spectroscopic properties of [Co(PMA)(Int-A)]Cl, (Int-A = 
acridine-9-carboxamido-K-(3-propyl)imidazole) which inflicts 
photodamage to DNA at micromolar level much like the Co- 
(III)-BLMs.13 

Contrary to the thoroughly investigated [Co1I1(PMA)XInC 
complexes, the Co(I1) complex(es) of PMAH remains unex- 
plored so far. Since the chemistry of Co(I1)-BLMs is quite 
ex tens i~e ,~ . '~  a comparative study of the Co(I1) chelates of 
PMAH and the Co(I1)-BLMs is necessary to further substanti- 
ate the merits of the model compounds. We report in this 
account the synthesis and spectral characterization of [Co"- 
(PMA)]+. Also reported are (i) the reaction of [CoII(PMA)]+ 
with dioxygen and characterization of the oxygenated product 
[Com(PMA)(02-)]+ and (ii) identification of the decomposition 
products of [Com(PMA)(02-)]+ namely, the Co(II1) chelate 
[ColI1(PMA)( H20)I2+ and superoxide. 
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The superoxide adduct was also prepared via reduction of the Co(II1) 
complex [Com(PMA)(Hz0)l2+ with superhydride and reoxidation with 
0 2  in DMF, and its EPR spectrum was monitored at 110 K. Trapping 
of the superoxide ion was performed by thawing a sample of 
[Com(PMA)(02-)]+ in presence of an excess of DMPO. The sample 
was then transferred into a capillary tube and its EPR spectrum was 
recorded at 298 K. 

The enzymatic reactions were performed as follows: 100 pL  of a 
5.0 x M solution of [Con(PMA)]+ in DMF was introduced into 
100 pL of a 1.0 M solution of DMPO in 3.0 mM phosphate buffer, pH 
= 7 at room temperature. The sample was transferred into a capillary 
tube and the ESR spectrum was recorded at 298 K. The reaction 
described above was repeated, but the DMPO solution was treated with 
20 pL of 15 units per pL of superoxide dismutase (SOD) in 3.0 mM 
phosphate buffer, pH = 7. The reaction mixtures were transferred into 
capillary tubes and the ESR spectra were recorded at 298 K. 

Results and Discussion 
Under strictly anaerobic conditions, reactions of Co(II) salts 

with PMAH in presence of 1 equiv of a base afford the Co(I1) 
complex [Con(PMA)]+ in which the deprotonated PMA- ligand 
is coordinated to the Co(II) center in a pentadentate fashion. 
Ligation of the deprotonated peptido N center to Co(I1) in [Con- 
(PMA)]+ is evident from the YCO frequency (1600 cm-') which 
is identical to that noted for [Cun(PMA)]+ previously reported 
by us.19322 One equivalent of a base is required in the reaction 
mixture for successful ligation of the PMA- framework to the 
Co(I1) center. The cherry-red color (A,,,= ( E ,  M-', cm-') in 
DMF: 530 nm (430)) of [Con(PMA)]+ is developed only when 
the base is added. Also, the EPR signal of [Con(PMA)]+ is 
not fully generated until at least 1 equiv of base is added. The 
structure of [CoII(PMA)]+ 

Experimental Section 

Preparation of Compounds. PMAH was synthesized by following 
the published pr~cedure. '~ 5,5-Dimethyl-l-pyrroline N-oxide (DMPO) 
was purchased from Fluka and was purified according to the literature 
procedure?0 (CH3)YOH*5H20 and Superhydride (lithium triethyl- 
borohydride, 1.0 M solution in tetrahydrofuran) were purchased from 
Aldrich Chemical Co. [ C O ( H ~ O ) ~ ] ( C ~ O ~ ) ~  was procured from Alfa. The 
strongly acidic cation exchanger SP-C50-120 and Superoxide dismutase 
(SOD) were both purchased from Sigma Chemical Co. DMF (Burdick 
and Jackson) was purified2' before use. Though most of the reactions 
discussed below occur in solvents like methanol, DMSO, and DMF, 
all physical measurements were performed with DMF solutions, unless 
specified, in order to keep the reaction conditions uniform throughout 
this study. 

[Con(pMA)](C104). This complex was synthesized under a dry Nz 
atmosphere ( 0 2  content < 10 ppm) and with the use of thoroughly 
degassed solvents. A solution of 0.1 g (0.28 "01) of [Co(H20)6]- 
(C104)2 in 5 mL of DMF was mixed with a solution of 0.11 g (0.30 
"01) of PMAH in 5 mL of DMF and to this mixture was added 10 
pL of 0.9 M solution of (Me)YOWSH20 in ethanol. The clear cherry- 
red solution thus obtained was stirred for 30 min and then the solvent 
was removed in vacuo. Recrystallization of the residue from DMF/ 
methanol mixture afforded 100 mg of brown microcrystals. Selected 
IR bands (KBr pellet, cm-I): 3315 (s, br), 3000 (s), 2905 (s), 1600 
(YCO, vs), 1484( (s), 1337 (m), 1220 (m), 1105 (c104, vs), 950 (s), 662 

[Com(PMA)(H20)](N03)2 from Oxygenation of [Con(PMA)]+. 
Under a dry N2 atmosphere, a solution of 0.16 g (0.63 m o l )  of 
[Co(CH$X0)2)4HzO in 10 mL of methanol was added to a solution 
of 0.26 g (0.70 "01) of PMAH in 5 mL of methanol when a cherry- 
red solution was obtained. After 30 min of stirring, 50 mg of activated 
charcoal was added to it and 0 2  was bubbled through the mixture for 
1.5 h. The dark mixture was stirred for another 12 h. Next, it was 
acidified with two drops of concentrated hydrochloric acid and filtered. 
The deep brown filtrate was evaporated to dryness. The residue was 
then dissolved in H20 and the brown solution was loaded onto a 
Sephadex SP C-50-120 column (18 cm long) and eluted with 0.2 M 
KCl solution. The first fraction was collected and evaporated to 
dryness. The residue was desalted with ethanol. The salt (KC1) was 
filtered off and the filtrate was evaporated to dryness. The deep green 
residue thus obtained was washed with acetonitrile. IR and NMR 
measurements indicated that the green solid was indeed [Com(PMA)- 
C1]C1.12 The chloro complex was then converted to the aquo complex 
[Com(PMA)(HzO)lZ+ by following the reported AgN03 procedure.12 
A batch of 60 mg of [CO~~(PMA)(HZO)](NO,)Z was obtained as brown 
microcrystalline solid. 

Physical Measurements. Infrared spectra were obtained with a 
Perkin-Elmer 1600 FTIR spectrophotometer. Absorption spectra were 
measured on a Perkin-Elmer Lambda 9 spectrophotometer. 'H and 
13C NMR spectra were recorded on a General Electric GN-300 (300- 
MHz) instrument. Samples were dissolved in (CD3)zSO (99.9 atom 
% D). EPR spectra were monitored at X-band frequencies by using a 
Bruker ESP-300 spectrometer. Spin trapping experiments (293 K) were 
performed with 5.5-dimethyl-1-pyrroline N-oxide (DMPO) as the spin 
trap. 

Sample Preparations for the EPR Measurements and the Spin- 
Trapping Experiment. Under a dry NZ atmosphere, a solution of [Con- 
(PMA)]+ in DMF was prepared (from [CO(H20)6](C104)2, PMAH and 
(Me)4NOH*5H20) and transferred into an EPR tube. The tube was 
properly stoppered and taken out of the glovebox, and the spectrum of 
the Co(I1) complex was recorded at 110 K. The sample was then 
thawed and exposed to the atmosphere for a very brief period (5 s) 
and was frozen back immediately. The EPR spectrum of the superoxide 
adduct ([Com(PMA)(O2-)]+) thus produced was recorded at 110 K. 
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has been assigned on the basis its EPR spectrum (Figure la) 
[Con(PMA)]+ displays nearly axial EPR spectrum with eight- 
line hyperfine splitting in the gll region due to 59C0 ( I  = 7/2) 
nucleus (Figure 1). This EPR feature is characteristic of low- 
spin d7 (S = 112) Co(II) in 5-coordinated square-pyramidal 
geometry with the unpaired electron in the dZ2 orbital.23 The 
presence of one axial N ( I  = 1) donor gives rise to the three- 
line superhyperfine splitting in the parallel region. The EPR 
parameters of [Con(PMA)l+ (gi = 2.268, gll = 2.024, AllCa = 
87.09 G, and AI? = 13.01 G )  are very similar to those reported 
for Co(I1)-BLM (gl = 2.272, gll = 2.025, AllCo = 92.5 G,  and 
AI? = 13)5 and other 5-coordinated square-pyramidal com- 
p lexe~.~~."  Reduction of the structurally characterized [Corn- 
(PMA)(H20)l2+ with lithium triethylborohydride also affords 
[Con(PMA)]+ (confiied by EPR spectroscopy, Scheme 1) 
which provides further evidence for the proposed structure of 
[Con(PMA)]+. 

The EPR spectrum of [Con(PMA)]+ transforms dramatically 
upon exposure to dioxygen (Figure lb) .  The axial (gl  > gll) 
EPR signal of [Con(PMA)]+ changes to a more symmetrical 
(gll > gl) signal at g - 2 and the Anca value drops to 17.3 G. 
This latter fact suggests that the unpaired electron density resides 
mostly on the diooxygen moiety in the oxygenated species. The 

(22) The YCO of PMAH (1670 cm-') is shifted to lower energy upon binding 
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to M(II) centers.lg 

139. 
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Notes 
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Figure 1. X-band EPR spectra of (a) [CoI'(PMA)]+ and (b) 
[Com(PMA)(02-)]+ in DMF glass (110 K). Selected spectral param- 
eters are shown. Spectrometer settings: microwave frequency, 9.42 
GHz; microwave power, 10 mW; modulation frequency, 100 kHz; 
modulation amplitude, 2 G. 

Scheme 1 
Co" salts + PMAH t 1 equivalent base 

[Co"'(PMA)(O,')I' No ESR Signal 
I 
spin trapping 
with DMPO I 

DMPO 
K(crown)02 - DMPO-superoxide spin adduct 

EPR spectrum of the oxygenated species (Figure lb) is typical 
of monomeric Co(1II)-superoxide c ~ m p l e x e s ~ ~ * ~ ~  and identifies 
it as [Com(PMA)(Oz-)]+. This assignment is further conf i ied  
by the fact that the same EPR spectrum is obtained when [Corn- 
(PMA)(H20)l2+ is allowed to react with KO2 (with added 18- 
crown-6) in DMF solution (Scheme 1). The EPR parameters 
of [Co"'(PMA)(02-)]+ (gl  2.009, gll = 2.084, A l p  = 17.3, 
and Alca = 10.3) are again very similar to those of Co(II1)- 
BLM-(Oz-) (2.007, 2.098, 20.2, and 12.4 re~pectively).~ 

Decomposition of [Com(PMA)(02-)]+ in DMF solution at 
298 K in the presence of the spin trap DMPO affords the six- 
line ESR spectrum of the DMPO-superoxide spin adduct 
(Figure 2). The ESR parameters of the DMPO-superoxide in 
DMF at 298 K are as follows: UH = 17.6, aN = 14.4, and g = 
2.009. The identity of the spin adduct was conf i i ed  in the 
following way. First, the EPR spectrum of the superoxide 
radical was recorded at 110 K in DMF solution under N2 
atmosphere by using a 1:l mixture of KO2 and 18-crown-6 (at 
110 K, gll = 2.09; g l  = 2.008).25 Subsequently, DMPO was 
added and the mixture was allowed to thaw to 298 K. The 
DMPO-superoxide adduct thus obtained exhibited the same 

H+ 

Figure 2. ESR spectrum of the DMPO-superoxide spin adduct in 
DMF (298 K). The spin adduct was generated by thawing a sample 
of [Con'(PMA)(Oz-)]+ in presence of excess DMPO. 

six-line EPR spectrum derived from the decomposition 
[Com(PMA)(02-)]+ in the DMF solution. Second, decomposi- 
tion of [Com(PMA)(02-)]+ in DMF/aqueous buffer (3 mM 
phosphate buffer, pH = 7) in the presence of the spin trap 
DMPO also affords the six line ESR spectrum of DMPO- 
superoxide adduct. The ESR parameters of the DMPO- 
superoxide in DMF/aqueous buffer are as follows: aH = 18.6, 
a~ = 15.2, and g = 2.009. The six-line spectrum is not obtained 
when the decomposition of [Com(PMA)(02-)+ is performed in 
DMF/aqueous buffer in the presence of DMPO and superoxide 
dismutase (a superoxide scavenger). It is thus evident that 
oxygenation of [Corr(PMA)]+ gives rise to [Com(PMA)(02-)]+ 
from which superoxide diffuses out from the metal coordination 
sphere and enters the bulk solution. The vacant coordination 
site on the Co(II1) center is eventually filled by a solvent 
molecule. In aqueous solution, these steps lead to [Com(PMA)- 
(H20)l2+ as the final product (vide Experimental Section). We 
suspect that damage of PMAH by the superoxide (and radicals 
derived from it in aqueous solution) is responsible for the low 
yield of [Co("'(PMA)(H20)I2+ in the oxygenation procedure. 
[Co"'(PMA)(H20)I2+ is better synthesized from the Co(II1) 
starting material N ~ ~ [ C O ( C O ~ ) ~ I . ~ ~  

Summary and Conclusions 
The following are the principal results and conclusions of 

this investigation. 
(i) In [Con(PMA)]+, the Co(I1) complex of the tailored ligand 

PMAH, the deprotonated PMA- framework employs five N 
donor centers located in the primary and secondary amines, 
pyrimidine and imidazole rings, and the deprotonated amido 
moiety to bind the Co(II) center. The complex exhibits a nearly 
axial EPR spectrum which is typical of low-spin Co(I1) in 
5-coordinated square-pyramidal geometry. The EPR parameters 
are very similar to those for Co(II)-BLM. In this respect, [Con- 
(PMA)]+ is a good model for Co(I1)-BLM and provides further 
support to the proposed coordination structure of CO(II)-BLM.~ 
Furthermore, [Corl(PMA)]+ can be generated by borohydride 
reduction from the structurally characterized [Conl(PMA)- 
(H20)I2+ which affords [Con(PMA)]+ in quantitative yield. 

(ii) Exposure of [CoII(PMA)]+ to dioxygen results in the 
formation of the superoxide adduct, [CoIn(PMA)(02-)]+. This 
conclusion is supported by the fact that the structure character- 
ized complex [CO~I(PMA)(H~O)]~+ reacts with KO2 to produce 
the superoxide adduct that exhibits EPR features identical to 
those of [CO~~~(PMA)(O~-)]+ generated from the oxygenation 
reaction. Furthermore, [Co111(PMA)(02-)]+ is generated when 
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Notes 

[CO~(PMA)(HZO)]~+ is f i s t  reduced with borohydride and then 
reacted with 0 2 .  The EPR parameters of [Com(PMA)(@-)]+ 
match well with those of the Co(II)-BLM-02 complex. 

(iii) The coordinated superoxide ion eventually escapes from 
[Com(PMA)(02-)1+ into solution and [Com(PMA)(H20)l2+ is 
produced. The superoxide has been trapped as the DMPO spin- 
adduct. The presence of 0 2 -  in [Com(PMA)(02-)]+ has further 
been confirmed by the bleaching of the ESR signal of the 
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DMPO-superoxide spin adduct when [Com(PMA)(02-)]+ is 
allowed to decompose in a reaction mixture that also contain 
SOD, a superoxide scavenger. 
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