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Superoxide radical anion, 02'- (SO), a product of cellular 
respiration, activated polymorphonuclear leukocytes, and en- 
dothelial cells, has been demonstrated to be a mediator of ischemia 
reperfusion injury, inflammatory diseases, and vascular diseases.' 
The main line of defense in mammalian organisms for controlling 
extracellular and intracellular SO are the Cu/Zn- and Mn- 
containing superoxide dismutase (SOD) enzymes, respectively.2 
Their role is to efficiently dismute superoxide to the nonradical 
products oxygen and hydrogen peroxide (eq 1). The Cu/Zn- 

0,'- + HO,' + H+ - 0, + H,O, (1) 

containing enzymes3 catalyze this reaction with pH independent 
rate constants measured to be in the range 2 X lo9 M-' s-l while 
Mn enzymes are - 10-fold less a ~ t i v e . ~  In many of the disease 
states noted above, SOD enzymes have been observed to provide 
beneficial effects. Since there are problems (cost, bioavailability, 
stability, immunogenicity) associated with using an enzyme as 
a pharmaceutical, we have initiated a program to test in specific 
diseasestate models synthetic low molecular weight SOD mimics 
as potential pharmaceutical agents. 

Herein, we report the discovery of a class of Mn(I1) complexes5 
which demonstrate high SOD activity, chemical stability at 
physiological pH, and in vivo efficacy. We have focused our 
efforts toward the synthesis of macrocyclic ligand complexes of 
Mn(I1) employing the macrocyclic ligand effect for creating 
molecules of exceptional kinetic and thermodynamic stability.6 
In Chart 1 are shown the ligands used to make Mn(I1) dichloro 
comple~es.~ The complexes were screened in a stopped-flow assay 
developed for detecting and quantitating SOD a ~ t i v i t y . ~ , ~  Only 
the Mn(I1) complexesof 1,4,7,10,13-pentaazacyclopentadecane, 
[Mn([lS]aneNS)Cl2], 1, and 1,4,7,10,13-pentaazacyclohexade- 
cane, [Mn(16]aneN5)C12], 2, exhibit catalyticSOD activity. The 
k,,valuesfor thecomplexes at pH = 8.1 are 2.20 (f0.08) X 107 
M-1 s-l for 1 and - 1.0 X 106 M-I s-l for 2.1° At physiological 
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Chart 1. Structures of the Ligands Used To Make 
[Mnll(L)Clz] Complexes That Were Evaluated as SOD 
Catalysts by Stopped Flow Analysis 

H n N H  Y - 6  Pf 6; 1 L: ,"J E! !I v U" 
ym/MB 

Me6[14]aneN4 Me6[14ldieneN4 [ 14]aneN4 

M k U  l e  
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[ 15]aneN4 (N-Me),[l5laneN, [ 15]aneNS 

N-Me[i61aneNS [ 161aneN4 

LN 3' 
[ZlIaneN, 

"L" 
[ 18]aneN6 

pH (-7.4), complex 2 shows no detectable SOD activity, while 
1 increases in activity: k,, = 4.13 (fO.lO) X lo7 M-1 s-1, The 
loss of SOD activity for 2 as the pH decreases is consistent with 
the lower acid stability of this complex.11J2 The presence of 
added chloride ion (10 mM) or the presence of other anions, e.g., 
phosphate, acetate, bromide, perchlorate, and nitrate, has no effect 
on the catalytic rate of SO dismutation. 

Complex 1 was synthesized by reaction of the free base, [ 151- 
aneN5, with anhydrous MnC12 in MeOH under dry N2. The 
resultant white complex was recrystallized from EtOH and shown 
by single-crystal X-ray diffraction to have the seven-coordinate 
structuredepictedinFigure 1." Thecomplex 1,isa 1:l electrolyte 
in MeOH12 and exhibits a reversible oxidation at Ell2 = 0.77 V. 
Complex 1 rapidly dismutes SO (Figure 2) in a process which 
is first-order in [SO]. The catalytic rate of loss of SO exhibits 
a linear dependence on the [H+] from pH = 7.4 to 8.6. A [H+] 

(11) The M n ( H ~ 0 ) 6 ~ +  species is not a SOD ca ta ly~t .~  
(12) A Mn(I1) complex containing the [15]aneNs ligand was isolated 

previously as the [Mn(L)Cl]PF6 salt, containing a high-spin ds Mn(I1) ion 
which behaves as a 2:l electrolyte in water and a 1:l electrolyte in CHsCN 
and is stable at pH = 7.4 (log KML = 10.7: Newton, J. E.; Jackels, S. C. J. 
Coord. Chem. 1988, 19, 265); the 16-membered-ring complex, 2, is -80% 
dissociated as monitored by electrospray MS at this pH. 

(13) Crystal data of [Mn([l5]aneNs)CI~]: monoclinic at 21 OC, s ce 
group Pc-C,z (No. 7); a = 6.968(2) A, b = 7.894(2) A, c = 15.131(4) j3 
= 102.80(2)O, V=811.5(4) A3,andZ=2(p,l0= 1.396gcm3;p,(MoKa) 
= 1.11 mm-1). See supplementary material. 
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Figure 1. Structure of complex 1, [Mn([lS]aneNs)C12], determined by 
single-crystal X-ray diffraction. 

independent pathway is observed (kind = 1.82 X lo7 s-l). The 
observed rate law for dismutation of SO is shown in eq 2. The 

V =  -d[O,'-]/dt a [Mn]',, [O,'-]'(k,+[H+]' + kind] (2) 

measured value of kH+ at 21 "C is 0.58 X 1015 M-1 s-l. Complex 
1 does not react with Hz02; and under catalytic conditions (Le., 
[02*-] > [l]). there is no detectable oxidized Mn species present; 
Le., [MnItot = [MnlI(L)].14 The data are consistent with the 
mechanistic scheme summarized in eqs 3-7. Assuming [Mn],, 

Mn"(L) + HO,' - Mn"'(L) + HOO- (outer sphere) (3) 
ki 

Mn"(L) + 0,'- - Mn"'(L)(OOZ-) (inner sphere) (4) 
kz 

Mn"'(L)(OO") + H+ - Mn"'(L)(O,H) (5) 
fast 

H+ 
Mn"'(L)OOH + 0;- - Mn"(L) + 0, + H,O, 

k3 
(6) 

= [MnII(L)], theintegrated rateexpression derivedfor thisscheme 
(eq 8) is consistent with the observed kinetics, where Ka is the 
acidity constant for HOz'.15 

v =  ~ [ M ~ I , , , [ o , ' - I I ~ ~  + ~ , [ H + I / K )  (8) 

A pH dependent process (eq 3) is consistent with the oxidation 
of 1 with HOz* via an outer-sphere path to afford an intermediate 
MnIII complex (at pH = 7.4, kl[H+]/Ka = 1.16 X 107 M-l s-l). 
The formation of MnIII(L)(002-), 3, depicted in eq 4 as the pH 
independent path, is analogous to the reaction of the complex 
(tetraphenylporphyrinato)manganese(II) with SO in which a 

(14) Complex 1 was oxidized to its Mn111 complex in water using cerium- 
(IV). The complex shows an absorption maximum at A,, = 448 nm (t = 
1430). This Mn(III) complex is stable in anhydrous MtzSO, but is reduced 
back to 1 by a variety of reducing agents including alcohols. 

(15) p&(HOz') = 4.69. Sawyer, D. T.; Valentine, J. S. Acc. Chem. Res. 
1981, 14, 393. 

Figure 2. Stopped-flow decays of superoxide measured at 245 nm at 21 
"C, where [Soli - 100 pM, in the presence and absence of complex 1. 
All reactions were carried out using 80 mmol of HEPES buffer at pH 
= 7.75. A: 8.80 X 1 P  M [Mn([lS]aneNs)CI]Cl. B: 2.20 X 1od M 
[Mn([l5]aneNs)CI]Cl. C: uncatalyzed. 

MnIII side-on bonded peroxo species is formed.16 Reaction of 1 
with KO2 in anhydrous MezSO generates a species whose 
electronic spectrum is similar to the spectrum of Mn111(L),14 but 
the presence of protic material results in its rapid (<millisecond) 
decay (eq 5). This reaction (eq 4) is limited to a maximum rate 
governed by the rate of ligand exchange on the axial sites of the 
Mn complex. Accordingly, the dissociative exchange of water 
on the (hexaaquo)manganese(II) ion has been measured at  pH 
= 7 to be -0.8 X lo7 s-l at  25 OC;17 and the measured value of 
kz (0.91 X 107 s-1) is in good agreement with this value. 

The complex 1, [Mn([ lS]aneN~)Cl~] ,  represents the first 
example of a well-defined Mn" complex that is an excellent SOD 
mimic and also is stable to dissociation and hydrolysis at  
physiologically relevant pH. Complexesderived from 1 containing 
C-bonded substituents on the macrocyclic ring are currently being 
investigated and are observed in some instances to enhance the 
SOD activity of the Mn center.18 Finally, 1 has been studied 
extensively in an in vivo model for myocardial infarct and has 
been found to be an effective agent for reducing the superoxide- 
mediated injury resulting from reperfusion following ischemia.19 
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