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Reactive oxygen species (ROS) are generated from

cellular metabolism or from other environmental stresses in

living organisms, and they are well known to oxidize

cellular components including proteins, nucleic acids, and

lipids, causing various types of cell and tissue damage.

Therefore, antioxidant compounds have been considered as

therapeutic agents to treat a variety of ROS-related di-

sorders, including arthritis,1 stroke,2,3 Parkinson’s disease,4

ALS (Lou Gehrig’s disease),5 cancer,6 and aging.7-9 Inten-

sive efforts have been made to find natural or synthetic

chemicals that can remove ROS efficiently. One approach

involved the development of a catalytic system that mimics

natural antioxidant enzymes such as superoxide dismutases

(SODs) or catalases. Thus far, many small molecules possess-

ing catalytic antioxidant activity have been developed10 and

tested in vivo.11-13 Such catalytic antioxidants include metal

complexes of nitrogen- or phenol-based ligands such as

Mn(III) and Fe(III) porphyrin complexes,14,15 Mn(II) com-

plexes of pentaaza macrocycles,16,17 Mn(II) complexes cen-

tered on tripodal ligands,18-20 Mn(III) salen complexes,13,21

and the tetra-aza[14]annulene-Fe(III) complex.22 These

metal complexes closely mimic the active site of natural

antioxidant enzymes, and the redox property of the metal ion

in the complex is critical to their activity. Among these

systems, the Mn(II) complexes of pentaaza macrocyclic

ligands seem to be the most thoroughly investigated mole-

cules for an in vivo disease model.16 A variety of Mn(II)

complexes of C-substituted 1,4,7,10,13-pentaaza cyclo-

pentadecane ([15]aneN5) have been prepared,23,24 and, in

particular, a methyl and fuzed cycloalkyl substituent on

the carbon or pyridino derivative of the core structure,

[15]aneN5, exhibited high SOD-like activity. One of the

optimized complexes, M40403 (Figure 1), showed anti-

tumor,25 antiarthritis,16 and pain-relieving26 in vivo activities,

and it received the orphan drug designation in the US and

Europe for the prevention of radiation- or chemotherapy-

induced oral mucositis in cancer patients.

The molecular mechanism of Mn(II)-pentaaza macro-

cyclic complexes is still not entirely understood; however

different rate determining steps for superoxide dismutation

have been proposed based on stopped flow or pulsed

radiolysis experiments.27,28 Investigations of the catalytic

mechanism have indicated that the conformational and

coordinational changes in Mn-pentaaza macrocyclic com-

plexes and their reactivity with the second approaching O2
•−

could be an important factor for the good activity. As the

catalytic activity of SOD enzymes is still unmatched by the

existing SOD mimetics at a physiological pH, there is scope

for improvement to be made, possibly by changing the

charge distribution in the ligand and substituent groups to

increase its affinity for O2
•−. In this regard, a ligand modi-

fication strategy is still viable, and specifically, the incorpo-

ration of a positive charge near the manganese ion could

favor the access of O2
•−. 

Previously, we reported the synthesis and SOD-like

activities of the Mn(II) complexes of pentaaza macrocyclic

ligands, in which various functional groups can be placed in

the axial position of the manganese complex (Figure 1).29 In

this paper, we describe an efficient synthesis and manganese

complexes of new pentaaza macrocycles having an amino-

or guanidino-alkyloxyphenyl substituent on the pyridine

ring. Their SOD-like activity was determined via a cyto-

chrome c assay and compared with that of the standard

compound, M40403.

Figure 1. Structure of Mn(II) complexes of pentaaza macrocycles.
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Synthesis of the guanidino analogs of the manganese

complex, 6a and 6b, was carried out as in Scheme 1. The

triflate 1 was prepared in six steps from trans-cyclohexyl-

diamine29 and coupled to 2-benzyloxyphenylboronic acid

via the Suzuki reaction30,31 to provide the biaryl analog 2 in a

95% yield. The benzyl group was then removed to provide

the phenol analog 3 under the Pd/C hydrogenolysis condi-

tion. The aminoethyl and aminobutyl analogs of the phenol 3

were prepared by coupling with bromoalkyl phthalimides

and the subsequent removal of the amino protecting group.

The amino group in 4a and 4b was then converted to

guanidine with pyrazole-1-carboxamidine.32 The four Boc

protecting groups of the guanidinylated intermediate were

removed under a HCl/acetone condition to furnish two

ligands, 5a and 5b, with 85-97% yields. The products were

then complexed with MnCl2 in MeOH to afford new SOD

enzyme mimetics, 6a and 6b, containing a guanidinyl auxi-

liary that could be positioned over the plane of the Mn

complex.

A new SOD mimic with an aminoethyl auxiliary 7 was

also prepared from 4a via a similar procedure, as shown in

Scheme 2, in order to verify the effect of aminoethyl sub-

stitution on its activity. 

The new manganese complexes prepared in this study

were tested for their SOD-like activity, and the results are

listed in Table 1. 

The SOD-like activity of the new complexes was mea-

sured by an indirect method using cytochrome c as an

electron acceptor as described by McCord and Freidovich.33

Among the compounds tested in this study, the amino

analog 7 exhibited the best SOD-like activity, possessing

about a 7-fold lower IC50 than the standard compound, M-

40403. The guanidinyl analogs, 6a and 6b, also showed

activities that were significantly better than that of the

standard compound, but were lower than that of 7. From the

conformational analysis of the ligand, we expected that the

amino- or guanidinyl-group on the ortho position of the

phenyl auxiliary could be positioned over the plane of the

Mn complex via the rotation of the biaryl linkage, and that

the catalytic cycle of superoxide dismutation would be

influenced by the functional group.

In summary, we have prepared new manganese complexes

of pentaaza macrocyclic ligands bearing an amino- or guani-

dinyl-group in the vicinity of the metal site and compared

their activities. The SOD-like activities of these new com-

Scheme 1. Synthesis of manganese complexes of pentaaza macrocycle.

Scheme 2. Boc deprotection and metal complexation of 4a.

Table 1. SOD-like activities of new compounds

Compound
SOD activitya

IC50, µM

M-40403 2.7 (0.6)

6a 0.71 (0.28)

6b 0.52 (0.05)

7 0.39 (0.06)

aValues are averages of duplicate determinations at pH = 7.8; standard
deviation is given in parentheses.
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plexes were significantly more potent than that of the

standard compound, M40403. Further study is needed to

understand the effects of the amino- or guanidinyl- group on

the catalytic cycle of superoxide dismutation.
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