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ABSTRACT. Iron complexes of nitrocatechols with different substituent groups [l: -CH=CRz; 2: 
-CH,-CHR,; 3: -CH=CR’(R”)] were synthesized and their effects on iron-induced free radical reactions of 
biological importance investigated. Catechol and nitrocatechol derivatives effectively inhibited iron-induced 

lipid peroxide-dependent lipid peroxidation. In the Fenton-like reaction, iron-catechol generated hydroxyl 
radicals more strongly than did iron citrate, and iron-nitrocatechol derivative 2 generated a small amount of 
hydroxyl radicals. The iron complexes of derivatives 1 and 3 did not generate hydroxyl radicals. Iron-catechol 
had the highest ratio of reduction to oxidation rate constants and the second was iron-nitrocatechol 2, sug- 

gesting that iron chelated by nitrocatechols 1 and 3 may be most difficult to reduce. To elucidate the structure 
and physical properties of the iron complexes, UV/vis absorption spectroscopic, ESR and ‘H NMR studies were 
performed in aqueous and DMSO solutions. In aqueous solution at pH 7.4, iron complexes of the nitrocatechol 

derivatives were high-spin tris(nitrocatecholato)ferrate(III) with a characteristic ligand-to-metal charge transfer 

absorbance (7~ -+ d,). The A,,, of iron-nitrocatechol derivative 2 was shorter than those of iron-nitrocatechol 

derivatives 1 and 3, suggesting that the reduction potential of iron-nitrocatechol 2 is higher than that of 
iron-nitrocatechols 1 and 3. Nitrocatechol derivatives with a conjugation structure can sequester the chelated 
iron more effectively than catechol and the derivative without the conjugation against free radical generation 

by keeping the iron in the ferric state, probably because of the reduction potentials. BIOCHEM PHARMA- 

COL 51;11:1569-1577, 1996. 
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It is well established that free radicals and active oxygen 
species are associated with many pathological conditions 
such as radiotherapy, ischemia-reperfusion, inflammation, 
and aging, where iron plays an important role by way of the 
generation of active oxygen species and free radicals [l-4]. 
Hydroxyl and alkoxyl radicals are believed to be major 

causative species for iron-induced free radical injuries in 
biological systems [5]: 

H(L)OOH + Fe” + H(L)0 + OH- + Fe3+ 

Although other reactive intermediates such as oxoferryl 
complex and binuclear peroxo complex are also proposed in 
the process of iron-catalyzed activation of oxygen [64], 
ferrous ion may be potentially much more dangerous than 

ferric ion. Since iron exists as a chelated complex in bio- 
logical conditions [9, lo], if iron can be kept ferric by a 
chelator under physiological conditions, the catalytic ac- 
tivity of iron for free radical reactions will be decreased, 
suggesting the significance of a low reduction potential of 
an iron chelator complex. Transferrin and desferal (meth- 
anesulfonate salt of desferrioxamine B, a siderophore of the 
hydroxamate type) are widely used for protection against 
iron-induced free radical injuries. They are strong chelators 
for iron (pKf = 30),* and their iron complexes have much 
lower reduction potential (E” = -0.3 V) than other iron 
chelators such as EDTA, citrate, and ADP [ll]. 

From a clinical viewpoint, the kind of chelator necessary 
to sequester catalytic iron in biological systems is an im- 
portant question for disease protection and therapy. First of 
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FIG. 1. Catechol derivative antioxidants. The catechol derivatives have nitropyrocatechol chromophores in common, and the 
tail portions were different between the derivatives. Key: (1) 3-(3,4-dihydrox~5-nitrobenzylidene).2,4.pentanedione, (2) 
3-(3,4-dihydroxy.5-nitrobenzyl).2,4.pentanedione, and (3) 2-cyano-3-(3,4-dihydroxy.S.nitrophenyl)-N,N-diethyl-2- 

20.0 I 

o.o- , I , I , I 1 I , I , 

0.0 0.2 0.4 0.6 0.8 1.0 

Time (h) 

FIG. 2. Iron-induced lipid peroxide.dependent lipid peroxi. 
dation. Microsomes ( 1.0 mg protein/ml) were incubated 
with iron complexes of the nitrocatechol derivatives (0.1 
mM iron and 0.3 mM chelators) and ascorbate (0.5 mM) in 
HEPES-saline (pH 7.4) at 37”, and lipid peroxidation was 
measured by the thiobarbituric acid method. Values are pre# 
sented as malondialdehyde by using malonaldehyde bis( di- 
methyl acetal) as a standard. Key: (O-O) control; (O-O) 
citrate; (M-W) derivative 1; (O-O) derivative 2; (X-X) de- 
rivative 3; and (A-A) catechol. Values present averages in 
duplicate. 

all, the chelator must form a stable iron complex to remove 
deleterious iron from biomolecules. However, in addition to 
thermodynamic stability, the reduction potential of the 
iron chelator is important for protection against iron- 
induced free radical injuries. Catechol-type chelators have 
large stability constants for iron and low reduction poten- 
tials [12, 131. Catechol forms a thermodynamically stable 
complex with iron (log Kr = 40) as a bidentate ligand [14] 
and has been crystallized as an octahedral complex [tris( cat- 
echolato)ferrate(III)] [15]. Catechol-type chelators are used 
as siderophores by microorganisms like hydroxamate-type 
chelators, such as desferrioxamine B [16], and may not be so 
toxic to cells. Recently, a nitrocatechol derivative [3-(3,4- 
dihydroxy-5-nitrobenzylidene)-2,4-pentanedione] was re- 
ported to be a potent antioxidant [17, 181. The nitrocat- 
echo1 derivative antioxidant was applied to ischemia- 
reperfusion injuries of rat heart [19], in which we showed 
effective protection against the injuries and suggested some 
chelating effects of the derivative for protection in addition 
to the radical scavenging effects. 

In the present study, iron-induced lipid peroxidation and 
hydroxyl radical generation were tested in the presence of 
nitrocatechol derivatives, and the oxidation and reduction 
rates of the iron chelated by the derivatives were also stud- 
ied in aqueous solution. To elucidate the molecular envi- 
ronment around the iron, the physical properties of iron- 
nitrocatechol derivative complexes were studied by UV/vis 
absorption, ESR and NMR spectroscopy. It was clarified 
that nitrocatechol derivatives formed catechol-type com- 
plexes with iron and were effective for the protection 
against iron-induced free radical reaction. 
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FIG. 3. ESR spin-trapping of hydroxyl radicals generated by 
iron complexes of nitrocatechol derivatives 1, 2, and 3 
(shown in Fig. 1) and H,O,. The reaction was done at room 
temperature in the presence of iron complexes (0.33 mM 
iron and 1 mM chelator), hydrogen peroxide (500 mM), and 
DMPO ( 100 mM). ESR spectra were taken 10 min after the 
addition of hydrogen peroxide. Gain: 5.0 x lo5 except for 
catechol (gain: 1.0 x 105). 

MATERIALS AND METHODS 

Reagents 

Nitrocatechol derivatives were gifts from Orion-Farmos 

Pharmaceuticals (Espoo, Finland) (Fig. 1): (1) 3-(3,4-dihy- 
droxy-5-nitrobenzylidene)-2,4_pentanedione, ‘H NMR 
(DMSO-d,) 6 2.38 (s, 3H), 2.26 (s, 3H), 7.09 (d, lH), 7.57 
(s, lH), 7.60 (d, lH), 10.7 (br, 1H); (2) 3-(3,4_dihydroxy- 
5-nitrobenzyl)-2,4-pentanedione, keto(eno1) type, ‘H 
NMR (DMSO-de) 6 2.07 (s, IH), 2.14 (s, lH), 2.92 (d, 
1H) (3.58 (d, lH)), 4.25 (t, lH), 6.93 (d, 1H) (6.89 (d, 
lH)), 7.21 (d, 1H) (7.10 (d, lH)), 10.08 (br, 1H) (16.86 
(br, 1H)); and (3) 2-cyano-3-(3,4-dihydroxy-5- 
nitrophenyl)-N,N-diethyl_2_propenamide, ‘H NMR 
(DMSO-d,) 6 1.16 (s, 6H), 3.41 (s, 4H), 7.65 (s, lH), 7.76 

(d, lH), 7.93 (d, IH), 10.92 (br, 1H). Catechol, citrate 
(trisodium salt), deferoxamine methylate (Desferal), 

HEPES, bovine serum albumin (fraction V, essentially fatty 
acid free) and DMSO were purchased from the Sigma 
Chemical Co. (St. Louis, MO). Malonaldehyde bis(di- 
methyl acetal), DMPO and gallium(II1) nitrate hydrate 
were purchased from the Aldrich Chemical Co. (Milwau- 
kee, WI). DMPO was used after purification with charcoal 
[20]. D,O and DMSO-d, were from Wilmad (Buena, NJ) 
and Fe(NO,), - 5H,O was from J. T. Baker Chemical (Phil- 
lipsburg, NJ). L-Ascorbic acid was obtained from Fisher 
Scientific (Pittsburgh, PA). All other reagents were ana- 
lytical grade. 

Male Sprague-Dawley rats (200-250 g) were obtained 
from Bantin & Kingman (Fremont, CA) and acclimatized 
for at least 3 days with ad lib. access to standard laboratory 
food and water. 

Lipid Peroxidation of Rat Liver Microsomes 

Rat liver was homogenized in a medium (220 mM manni- 
tol, 70 mM sucrose, 2 mM HEPES, and 0.5 g/L bovine 
serum albumin) on ice, and then microsomes were prepared 
by centrifugation [2 11. The protein concentration was mea- 
sured as described by Lowry et al. [22], and microsomes 
(10.0 mg protein/ml) were resuspended in HEPES-saline 
(20 mM HEPES and 150 mM NaCl, pH 7.4). Ten micro- 
liters of Fe(NO,), (10 mM in 0.1 N HCl) and 300 FL of 
nitrocatechol derivative or citrate (1 mM in HEPES-saline) 
were added to 490 p,L of HEPES-saline, and then 100 p.L of 
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FIG. 4. Hydroxyl radical generation by iron complexes of 
nitrocatechol derivatives and H,O,. The intensity of the 
second line of DMPO-OH produced under the same condi- 
tions described in the legend of Fig. 3 was followed at room 
temperature. Key: (O-O) citrate; (O-O) derivative 1; (x-x) 
derivative 2; and (B-W) derivative 3. Values present aver- 
ages in duplicate. 
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TABLE 1. Oxidation and reduction rate constants of iron in nitrocatechol derivative complexes 

16, (x 10m3 M-’ - set-‘) k, (M-l - set-‘) b&o, ( x 1 O3 ) 

Citrate 0.56 AZ 0.07 0.84 k 0.03 1.5 
1 3.15 f 0.06 0.20 r 0.00 0.063 
2 2.89 k 0.01 0.20 * 0.01 0.070 
3 2.91 k 0.07 0.18 k 0.02 0.062 
Catechol 2.34 + 0.04 1.70 r 0.16 0.73 

The rate COIIFX~II~S of oxidation (&) and reduction (kRd) were measured in HEPES-saline (pH 7.4) at 25”, assummg a saturated oxygen concentration of 253 p,M, and the tate 
constants were calculated as a second-order reaction. Each value is the mean k SD of four experiments. 

microsomes was added and mixed. The reaction was started 
by the addition of 100 PL of ascorbate (5 mM in distilled 
water), and the reaction mixture was incubated at 37”. The 
reaction was stopped by the addition of 1.0 mL of Desferal 
(1 mM in distilled water), and TBARS was measured by the 
method of Ohkawa et al. [23]. Malonaldehyde bis(dimethy1 
acetal) was used as a standard for TBARS. 

ESR Spin-Trapping 

DMPO (100 mM) was used as a spin trap to detect hydroxyl 
radicals [6]. The reaction was initiated by the addition of 
hydrogen peroxide (500 mM) to ferric complexes (1 mM 
derivative and 0.33 mM iron). ESR spectra were recorded 
by a Varian E 109E spectrometer using 5O-p,L capillary 
tubes at room temperature under the following conditions: 
microwave power, 20 mW; gain, 5.0 x 10’; modulation, 
0.125 mT; scanning field, 348 f 5 mT; sweep time, 50 set; 
time constant, 100 msec. 

Oxidation and Reduction Rates of the b-on 

A Clarke-type oxygen electrode was used at 25”, assuming 
a saturated oxygen concentration of 253 FM. For the oxi- 
dation rate, 10 p,L of FeSO, (50 mM) in 0.001 N HCl was 
added to 1.5 mL of nitrocatechol derivative (1 mM) in 
HEPES-saline (pH 7.4), and oxygen consumption was mea- 
sured. The oxidation rate was calculated from the stoichi- 
ometry: 

Fe” + l/40, + H’ + Fe3+ + 1/2H,O 

The oxidation rate constant (k,,) was calculated by divid- 

ing the oxidation rate of ferrous ion by iron and oxygen 
concentrations. 

For the reduction rate, 10 FL of Fe(NO,), (50 mM) in 
0.001 N HCl was mixed with 1.5 mL of nitrocatechol de- 
rivative (1 mM) in HEPES-saline (pH 7.4), and then 10 p,L 
of dihydrolipoic acid (1.5 M in ethanol) was added to the 
reaction mixture. The oxygen consumption was measured, 
and the reduction rate was calculated from the stoichiom- 

etry 1241: 

Fe3+ + 1/2DHLA + Fe*’ + 1/2LA + H’ 
Fe’+ + l/40, + H’ + Fe3+ + 1/2H20 

Since the latter rate was much more rapid than the former, 
the reduction rate of iron is approximately equal to the 
oxygen consumption. The rate constant (kRd) was calcu- 
lated by dividing the rate by iron and DHLA concentra- 
tions. 

Wlvis Absor@on Spectrophotumetry 

UV/vis spectra of ferric complexes of nitrocatechol deriva- 
tives were recorded by a Perkin-Elmer spectrophotometer 
(Norwalk, CT) at room temperature. To determine the 
molar ratio of iron to nitrocatechol derivative, Job’s plot- 
ting was used in HEPES-saline (pH 7.4) and DMSO. Spec- 
tra were recorded, changing the molar ratio of ferric ion and 
the nitrocatechol derivatives, but keeping the total amount 
of iron and derivatives constant (0.1 mM in HEPES-saline; 
10 mM in DMSO). 

ESR Spectrosco& 

ESR spectra were recorded using a Bruker IBM ER200 D- 
SRC electron spin resonance spectrometer at 200°K. Ali- 

TABLE 2. Properties of electronic absorption spectra of iron complexes of nitrocatechol derivatives in HEPES-saline (pH 7.4) 
and DMSO 

HEPES-saline (pH 7.4) 
A (nm) (K (cm-‘)) E (x lo3 M-’ * cm-‘) 

DMSO 
A (nm) (K (cm-‘)) E (x10’ M-’ * cm-‘) 

1 525 (19050) 1.65 665 (15040) 2.42 
2 540 (18520) 1.44 700 (14290) 1.80 
3 520 (19230) 1.63 660 (15150) 2.46 

The wave length (A) and wave number (K) of ligand-to-metal charge transfer of iron nitrocatechol complexes were measured at room temperature in the buffer and DMSO. The 

molar extinction coefficient (c) is presented as iron concentration. 
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FIG. 5. Electronic absorption spectra of iron complexes of 
nitrocatechol derivatives in aqueous solution of different 
pH. Derivatives 1,2, and 3 were 1 .O mM, and iron was 0.33 
mM. Left: difference spectra in HEPES-saline (pH 7.4); 
right: spectra in 0.05 M acetate buffer (pH 4.5) of iron- 
nitrocatechols. 

quots (500 p,L) of iron complexes were frozen in liquid 
nitrogen and measured under the following conditions: 
power, 9.8 mW; modulation, 0.64 T; scanning field, 250 f 
200 mT; amplitude, 5.0 x 105; time constant, 500 msec; 
sweep time, 1000 sec. ESR spectra were analyzed by S = 5/2 
spin Hamiltonian: 

H = g, B H, S + E (S, - S,) + D (S,’ - 35/12) 

where g, is 2.00,B is the Bohr magneton, He is the external 
magnetic field, S (S,, S,, S,) is the spin operator, and E and 
D are the zero-field splitting parameters [25]. 

NMR Spectroscopy 

NMR data were obtained at room temperature in 5-mm 
sample tubes by a Bruker AM300-WB spectrometer. 
Chemical shifts were measured relative to TMS in DMSO 
and TSP in D,O. Single pulse sequence was used for fre- 
quency region; sweep width, 8000 Hz (DMSO) and 3600 
Hz (D,O). The other parameters were: acquisition, memory 
size, 16 kbyte; number of scans, 64; duration of pulse, 8 
psec; relaxation delay, 3 sec. To study the structure of 
iron-nitrocatechols, Ga3+ was used as a substitute for Fe3+. 
The pD was calculated by pD = pH + 0.4. 

2 _JJ- 
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FIG. 6. ESR spectra of iron complexes of nitrocatechol de- 
rivatives. The ESR spectra of iron complexes of nitrocat- 
echo1 derivatives 1, 2, and 3 (iron:derivative = 1:l) were 
recorded at 200°K in DMSO. The g values were measured 
by DPPH as a reference. 

TBARS. Control microsomes also produced some TBARS, 
likely as a result of iron impurities in the microsomes. How- 
ever, in the presence of nitrocatechol derivatives, iron did 
not promote lipid peroxidation in microsomes, and the 
lipid peroxidation was inhibited as compared with the con- 
trol. Catechol also inhibited lipid peroxidation in the same 
manner as the derivatives. Using ESR spin-trapping, iron- 
catechol generated hydroxyl radicals much more strongly 
than did iron citrate, and iron-nitrocatechol derivative 2 
generated a small amount of hydroxyl radicals (Figs. 3 and 
4). However, iron complexes of derivatives 1 and 3 did not 
generate hydroxyl radicals. 

The rates of oxidation and reduction were measured in 

TABLE 3. Proton chemical shifts of Ga3+-complexes of nie 
trocatechol derivatives in DMSO 

‘H position on 
Chemical shift (ppm) 

1 2* 3 

Cl, cqczt) 2.37, 2.28 2.10 1.15, 3.40 
c3 4.19 
C6 7.48 2.81 7.49 
CZ’, C6’ 6.66, 7.44 6.53, 6.83 7.46, 7.67 

RESULTS 

Iron-induced lipid peroxidation was studied using rat liver 
microsomes (Fig. 2). Microsomes incubated with iron and 
citrate produced lipid peroxidation, as measured by 

The proton chemical shifts of Ga3+-complexes of nitrocatechol derwatives in DMSO 

are presented relative to TMS. The proton powions are presented in Fig. 1 by 

numbering carbons to which the protons are bound. 

* These chemical shifts are keto-type ones of iron-nitrocatechol complex. 

t The chemical shift of the proton on C2 is presented in derivative 3 instead of the 

proton shift on C5. 
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TABLE 4. Proton chemical shifts of Ga3+ecomplexes of nitrocatechol derivatives in D,O (pD 7.5) 

‘H position 
On 1 A 

Chemical shift (ppm) 

2 A 3 A 

Cl, c5 2.46, 2.43 -0.03, 0.00 2.22 -0.01 1.22 -0.02 
C6 7.65 0.04 2.95 -0.03 7.48 0.01 
C2’, C6’ 6.72, 7.51 -0.12, -0.25 6.62, 7.02 -0.27, -0.22 7.44, 7.84 -0.17, -0.16 

The proton chemical shifts of G& -complexes of nitrocatechol denvatlves in water are presented relative to TMS. The proton positions are presented in Fig. 1 by numbering 

carbons to which the protons are bound. A is the difference of proton chemical shifts of GE?’ -nitrocatechols from the nitrocatechols. 

HEPES-saline (pH 7.4) at 25” (Table 1). To measure the 
reduction rate, dihydrolipoic acid was used as a reducing 
agent because the reduction by ascorbate or NADH at pH 
7.4 was too slow to measure by oxygen electrode. The ratios 

of ka&,x, in order of magnitude, were citrate > catechol + 
derivative 2 > 1, 3. 

Iron binding by nitrocatechol derivatives and the phys- 
icochemical properties of the ion were studied by UV/vis 
absorption spectroscopy, ESR, and ‘H NMR. When the 
derivatives were mixed with ferric ion in aqueous solution, 
the color changed, depending on pH. At a pH of less than 
1, the iron complexes were bluish light yellow, but as the 
pH increased, the color changed to brownish red. In UV/vis 
absorption spectroscopy of the aqueous solution, the absor- 
b ante maximum at -700 nm changed to -550 nm with 
increasing pH from 1.0 to 7.4. Typical absorption spectra at 
pH 4.5 and 7.4 are shown in Fig. 5. In DMSO, the ferric 
complexes showed an absorbance maximum at -700 nm, 
which was virtually the same as that of aqueous acidic so- 
lutions, but the intensity was much stronger than that in 
aqueous acidic solution. All ferric complexes of nitrocat- 
echo1 derivatives showed similar characteristics on UV/vis 
spectroscopy (Table 2). The absorbance maxima and molar 
extinction coefficients of ferric complexes of derivatives 1 

and 3 were very similar, but in aqueous solution, the ab- 
sorption band of iron-derivative 2 was in a lower energy 
region and the molar extinction coefficient was somewhat 
smaller than those of the others. Using the characteristic 
visible absorbance of ferric complexes, Job’s plotting was 
done in HEPES-saline (pH 7.4) and DMSO (data not 
shown). In the ferric complex of derivative 2, the molar 
ratio of iron to the derivative was 1:3 at pH 7.4; plotting for 
derivatives 1 and 3 was not done because the large absorp- 
tion band of the derivative itself disturbed the measure- 
ment. In DMSO, the ratio was 1:l for all nitrocatechol 
derivatives, IR spectra of iron complexes of nitrocatechol 
derivatives obtained as KBr disk also showed that the vOH 
(3250 and 3500 cm-‘) of the derivatives disappeared and 
the carbonyl groups remained (data not shown), which in- 
dicates that phenolic oxygens of the derivatives chelated 
iron and formed catechol-type iron complexes. Since the 
visible band of iron-catechol exhibits a blue shift depend- 
ing on the pH changing the molar ratio of iron to catechol 
[14, 261, we inferred that in aqueous solution iron- 

nitrocatechol complexes changed the molar ratios of iron to 
nitrocatechol derivative from 1: 1 to 1:3 with increasing pH: 

Fe 3+ + 3 nitrocat ‘- + [Fe(nitrocat)]’ + 2 nitrocat’- 
+jFe(nitrocat>J + nitrocat2- + [Fe(nitrocat)J3- 

and the visible absorption band is assigned to a nitrocat- 
echolate + Fe3+ charge transfer transition [27]. 

ESR spectra of iron complexes of the nitrocatechol de- 
rivatives were recorded in HEPES-saline (pH 7.4) and 
DMSO (Fig. 6) at 200°K. In both solutions, the complexes 
mainly showed an ESR signal near g = 4.3 as expected for 
a transition between the middle Kramers’ doublet of a 
rhombic high-spin iron(II1) complex. The ESR signal near 
g = 4.3 had broad signals on both sides, which suggests that 
the complexes are not completely rhombic (E/D <l/3) [28]. 
This is aIso suggested by the fact that a weak ESR signal at 
lower field from the ground Kramers’ doublet had a g value 
of less than 9.0. All iron complexes of nitrocatechol de- 
rivatives were in the ferric high-spin state with near- 
rhombicity. 

For ‘H NMR study of the iron complexes, Ga3+ was used 
as a substitute for Fe3+ because Ga3+ has chemical proper- 
ties similar to Fe3’ except for the diamagnetism [29,30]. In 
DMSO, ‘H NMR of Ga3+ complexes of nitrocatechol de- 
rivatives (molar ratio = 1:l) was measured to confirm the 
binding sites. In the presence of Ga3+, the proton signal 
(C3’ and C4’) of the phenolic hydroxyl group disappeared 
in derivatives 1 (Fig. 7) and 3, which indicates that phe- 
nolic hydroxyl oxygens of the derivatives chelated Ga3+ 
and formed 1: 1 gallium-nitrocatechol complexes. By inte- 
gration of the ‘H NMR signal, it was found that -70% of 
derivative 2 was the keto type and -30% was the enol type. 
Proton shifts of Ga3’-nitrocatechol complexes in DMSO 
are presented in Table 3. By Ga3+ binding, ring protons 
(C2’ and C6’) markedly shifted upfield, and protons of C6 
also shifted in the same direction. Protons (Cl and C5 for 
1 and 2; Cl and C2 for 3) at the end of the substituent 
shifted slightly. Similar results of proton chemical shifts 
were reported for enterobactin, a catechol-type siderophore 
[3 11. In D,O, ‘H NMR of Ga3+ complexes of nitrocatechol 
derivatives was measured at a 1:3 molar ratio of iron to the 
derivatives (Table 4). At pD 7.5, almost all ring protons 
(C2’ and C6’) of the derivatives shifted upfield the same as 
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FIG. 7. ‘H NMR spectra of nitrocatechol derivative 1. The NMR spectra of nitrocatechol 1 (20 mM) were recorded at room 
temperature in DMSO-d, without and with Ga3+ (20 mM). Chemical shifts were measured using TMS as a reference, with 
downfield shift taken as positive. 

in DMSO, suggesting that in aqueous solution at pD 7.5 all 
nitrocatechol derivatives form tris(nitrocatecholate) com- 
plexes. The methyl protons at the substituent end of nitro- 
catecholates shifted little because of the catechol-type com- 
plex. 

We concluded that all nitrocatechol derivatives formed 
tris(nitrocatecholato)ferrate(III) in aqueous solution at pH 
7.4 (Fig. 8); the iron was high-spin ferric. 

DISCUSSION 

We tested the effects of nitrocatechol derivatives on iron- 
induced free radical reactions. In iron-induced lipid perox- 
ide-dependent lipid peroxidation, catechol and the deriva- 
tives showed inhibition in the same manner (Fig. 2), 
whereas in Fenton-like reactions iron complexes of nitro- 
catechol derivatives 1 and 3 did not generate hydroxyl 
radicals, but the iron complex of derivative 2 did (Figs. 3 
and 4). Iron-catechol generated hydroxyl radicals more 
strongly than did citrate. Nitrocatechol derivatives 1 and 3 
were the best chelators to protect against iron-induced free 
radical reactions. It is unlikely that the rates at which the 

generated *OH reacts directly to the nitrocatechol deriva- 
tives are different between the derivatives because Mar- 
cocci et al. reported that derivatives 1 and 2 quenched 
oxygen free radicals in the same manner [18], and hydroxyl 
radical can react with almost all molecules with a diffusion- 
limited rate constant. Therefore, the different effects of 
catechol and nitrocatechol derivatives are attributed to the 
chelate structures and redox properties. 

To elucidate the coordination structures of iron com- 
plexes of nitrocatechol derivatives, we studied the iron 
complexes in aqueous solution and DMSO. The structures 
of iron-nitrocatechol derivative complexes were different 
from iron-catechol complex. Catechol is reported to form 
tris(catecholato)ferrate(III) with iron at alkaline pH, but 
around pH 7.4 catechol predominantly forms a 1:2 complex 
with iron [14, 26,321. The nitrocatechol derivatives formed 
1:3 complexes with iron at pH 7.4 (Fig. 8). The nitrocat- 
echo1 derivatives have lower pKa values of the phenolic 
hydroxyl groups than catechol because of an electrophilic 
nitro group in dihydroxylbenzene moiety [ 181 and can make 
1:3 complexes with iron at pH 7.4, which is more beneficial 
to sequester iron and prohibit the iron from the approach of 
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FIG. 8. Proposed structure of the iron complex of nitrocat- 
echo1 derivative 1 at pH 7.4. 

the reactants in biological systems. In a molecule of 1:2 
iron-catechol complex is a space through which a small 
reactant such as hydrogen peroxide can approach the che- 
lated iron, but lipid peroxides, which are larger, do not 
approach the catalytic iron by the steric effect [33]. 

The redox properties of the iron complexes are important 
in the free radical generation by transition metals. Consid- 
ering the equilibrium of ferric and ferrous complexes: 

k, 
Fe3+ + e- + Fe” 

k-1 

the ratio of k,/k_, is related to the reduction potential, AE 
= -AG/F = RT ln(kJk_,)/F, were F is the Faraday con- 
stant. Using the ratio kRd/kOx as a substitute for k,/k_,, the 

k&kOx may also be related to the reduction potential. We 
evaluated the redox properties of the iron complexes by the 
k,/k,, ratios (Table 1). I ron complexes of all nitrocatechol 
derivatives had much lower ratios than iron citrate, which 
is consistent with low reduction potentials of catechol-type 
iron complexes [ll-131. Iron-catechol showed a higher re- 
duction potential than iron-nitrocatechols because of the 
different coordination structure. Iron complexes of nitro- 
catechol derivatives 1 and 3 showed the same kRd/kOx ratio, 
while iron complex of nitrocatechol derivative 2 had a 
higher ratio, which suggested that iron-nitrocatechol2 has 
a higher reduction potential than the other iron-nitro- 
catechols (1 and 3). It is reported that iron phenolate with 
conjugated substituent has a lower reduction potential than 
the corresponding iron phenolate without the conjugation 
[34]. Nitrocatechol derivatives 1 and 3 have conjugation 
substitutes, but derivatives 2 does not. This fact is reason- 
ably explained by molecular orbital considerations, that is, 

a catechol with a conjugation substituent has higher energy 
of HOMO than the corresponding one without the conju- 
gation, and iron d oribtals in catechol-type iron complexes 
are sensitive to the HOMO [35, 361. As shown in the A,,, 
data (Table 2), the energy gap of ligand-to-metal charge 
transfer (IT -+ d,) of iron-nitrocatechol 2 was larger than 
those of iron-nitrocatechols 1 and 3. Therefore, we in- 
ferred that iron-nitrocatechol 2 has a higher reduction po- 
tential than iron-nitrocatechols 1 and 3, and generated 
hydroxyl radical in a Fenton-like reaction. The reaction 
rates of ligand exchange of iron-nitrocatechols may not be 
so important because iron chelated by the derivatives was 
high-spin ferric in iron-nitrocatechols (Fig. 6), and all the 
high-spin iron complexes may be ligand-exchange-labile 

[371. 
In this study we showed that nitrocatechol derivatives 

with a conjugation structure are promising candidates for 
therapy of so-called “free radical diseases.” In addition to 
the radical scavenging effects, they have strong thermody- 
namic stabilities for iron, and the chelated iron has no 
catalytic activity for free radical generation because the 
iron complexes prefer the ferric state to the ferrous one due 
to the low reduction potentials. 
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