
Bioorganic & Medicinal Chemistry Letters 20 (2010) 2421–2424
Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry Letters

journal homepage: www.elsevier .com/ locate/bmcl
Synthesis and SOD activity of manganese complexes of substituted pyridino
pentaaza macrocycles that contain axial auxiliary

Hakyoung Lee, Wonchoul Park, Dongyeol Lim *

Department of Chemistry, Sejong University, Seoul 143-747, South Korea

a r t i c l e i n f o a b s t r a c t
Article history:
Received 1 October 2009
Revised 19 February 2010
Accepted 6 March 2010
Available online 11 March 2010

Keywords:
Manganese
SOD mimic
Pentaaza
Macrocycle
0960-894X/$ - see front matter � 2010 Elsevier Ltd. A
doi:10.1016/j.bmcl.2010.03.037

* Corresponding author. Tel.: +82 2 3408 3218; fax
E-mail address: dylim@sejong.ac.kr (D. Lim).
New manganese(II) complexes of substituted pyridino pentaaza macrocyclic ligands were prepared. The
amino-, carboxy-, or other functional groups were placed in the vicinity of the axial position of the metal
complex. Their SOD-like activity was determined by cytochrome c assay and compared with one another.
The activities of pyridine analogs (12a–b and 13) and m-substituted analogs (12c and 12j) were similar
and significantly better than that of the standard compound M-40403. The most potent compound was
an o-aminobenzoyl derivative 12i, while the o-carboxybenzoyl analog 12d was the lowest active
compound.

� 2010 Elsevier Ltd. All rights reserved.
Reactive oxygen species (ROS), such as the superoxide radical
anion (O2

��) and hydrogen peroxide (H2O2), can be generated from
cellular metabolism in aerobic organisms. The imbalance between
ROS production and elimination is implicated in many diseases and
aging, while the overproduced ROS have been shown to oxidize
various biomolecules, including DNA, proteins, and lipids, which
can cause various forms of damage to cells and tissues. Therefore,
antioxidant materials have been considered as therapeutic agents
for a variety of disorders, including ischemia-reperfusion injuries,1

arthritis,2 stroke,3 Parkinson’s disease,4 ALS (Lou Gehrig’s disease),5

and cancer,6 in which ROS play a significant role. So far, many
mimetics of antioxidant enzymes such as superoxide dismutases
(SODs) or catalases have been developed7 and tested in vivo.8 Such
catalytic mimetics of antioxidant enzymes include manganese(III)
and iron(III) porphyrin complexes,9 manganese(II) complexes of
penta-azamacrocycles,10 manganese(II) complexes that centered
on tripodal ligands,11 manganese(III) salen complexes,12,8c and
the tetra-aza[14]annulene-Fe(III) complex.13

For the Mn(II) complexes of pentaaza macrocycles, Riley et al.
prepared a series of C-substituted 1,4,7,10,13-pentaazacyclopenta-
decane ([15]aneN5) and their corresponding Mn(II) complexes as
their dichlorocomplexes, [Mn([15]aneN5)Cl2].14 Methyl and fuged
cycloalkyl substituents on carbon or pyridino derivatives of the
core structure, [15]aneN5, possess high SOD catalytic activity. In
particular, one of the optimized complexes, M-40403 as shown
in Figure 1, showed in vivo antitumor,15 antiarthritis,10a and
pain-relieving16 activities. Recently, M-40403 has been granted or-
ll rights reserved.

: +82 2 462 9954.
phan drug designation for the prevention of radiation or chemo-
therapyÙinduced oral mucositis in cancer patients.

In this Letter, an efficient synthesis and manganese complexes
of new pyridino pentaaza macrocycles that have aminophenyl sub-
stitutent on the pyridine ring (Fig. 1) are described. Their SOD-like
activity was determined via cytochrome c assay and compared
with that of the standard compound, M-40403.

From the conformational analysis of the new ligand, it was ex-
pected that the functional group on the ortho position of the phe-
nyl auxiliary could be positioned over the plane of the Mn complex
via the rotation of biaryl linkage. It was also expected that the cat-
alytic cycle of the superoxide dismutation would be influenced by
the functional group, that is, attached to the R.

The synthesis of the macrocyclic ligands started with the
di(p-methoxybenzyl (PMB)) protected trans-cyclohexyldiamine
1.17 Two N-tosylaziridines were added to the diamine 1 via a ring-
opening reaction in order to produce the bistosyl derivative 2 in
Figure 1. Structures of M-40403 and new manganese complexes of pentaaza
macrocyclic derivatives.
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Scheme 1. Synthesis of protected pentaaza macrocyclic derivative 9.

Scheme 2. Synthesis of tritosylated pyridine derivative.
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excellent yield. The cyclization of the bistosyl amide 2 with the tri-
tosylated pyridine derivative 3 was carried out under cesium car-
bonate in dimethylformamide with an 81% yield. This type of
successful macrocyclization that can provide pentaaza macrocyclic
ligands was previously reported.18

The tritosylated pyridine derivative 3 was prepared, as shown in
Scheme 2. The diester of the commercially available chelidamic acid19

was first tosylated with a 98% yield, and then the product was reduced
with sodium borohydride and ditosylated without purification in or-
der to produce the tritosylated pyridine derivative 3.

Following the macrocyclization of 2 as shown in Scheme 1, both
the PMB and tosyl protecting groups of the macrocycle 3 were re-
moved under sulfuric acid to provide the desired macrocycle (85%).
Four Boc groups were introduced on the aliphatic nitrogen atoms
via whole protection of the four secondary amines and a pyridinol
followed by selective removal of the Boc group on the pyridinolic
oxygen, providing the macrocycle 6 with a 92% yield. Replacing
the PMB and tosyl protecting groups with the Boc is necessary
for mild and convenient procedure at the later deprotection step.
The pyridinol derivative 6 was triflated with trifluoromethanesul-
fonic anhydride and the triflate 7 was cross coupled to 2-nitro-
phenylboronic acid via Suzuki reaction20 to provide the biaryl
analog 8. The nitro group in 8 was then converted to amino group
under the Pd/C hydrogenation condition. The direct transformation
of the triflate 7 to the amine 9 by a Suzuki reaction, which was cou-
pled with a 2-aminophenylboronic acid pinacol ester, was prob-
lematic in the purification step.

Derivatization of the amine 9 was performed to incorporate var-
ious pyridine, carboxylic acid, and amine moieties in the pentaaza-
macrocyclic ligand (Scheme 3 and Table 1). For the preparation of
the m,m0-dicarboxybenzanilide 10e, a low yield (36%) was obtained
due to the sluggish hydrolysis of the diacid chloride, which is an
intermediate from the reaction with a benzene triacid chloride.
The nitrobenzanilide derivatives 10f–g were further reduced to
the corresponding aminobenzoyl derivatives 10h–i by using a mix-
ture of Raney Ni and Pd/C as a catalyst. Other conditions, like Raney



Scheme 3. Derivatization of the protected pentaaza macrocyclic ligand 9.

Table 1
Isolated yields for the derivatization of 9

Product 10a 10b 10ca 10db 10ec 10f 10g 10h 10i

R

N N OH
O O OH

OH

O

OHO

NO2 NO2 NH2 NH2

Yield (%) 77 96 72 77 36 95 87 94 88

a Isophthaloyl dichloride was used in the reaction and the remaining acid chloride was treated with 0.5 N NaOH solution.
b Instead of acid chloride, phthalic anhydride was used in the coupling reaction.
c Benzene 1,3,5-triacid chloride was used and the remaining diacid chloride was hydrolyzed with 0.5 N NaOH solution.
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Scheme 5. Syntheses of the aminophenyl and N-methyl pyridinium complexes.
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Ni, Pd/C or Raney Ni–NaBH4,21 were not efficient for these sub-
strates because they provided a mixture of both the desired prod-
uct and partially reduced hydroxyamino intermediate.

The four Boc protecting groups of the pentaaza macrocycles
10a–e and 10h–i were removed under the HCl/acetone condition
to give new ligands, 11a–e and 11h–i, with 31–99% yields (Scheme
4). The products were then complexed with MnCl2 in MeOH, which
afford new SOD enzyme mimetics, 12a–e and 12h–i, that con-
tained various auxiliary positioned over the plane of the Mn
complex.



Table 2
SOD-like activities of new compounds

Compound SOD activitya IC50, lM

M-40403 2.7 (0.6)
12a 0.58 (0.14)
12b 0.63 (0.09)
12c 0.58 (0.02)
12d 4.7 (1.3)
12e 0.94 (0.26)
12h 0.38 (0.01)
12i 0.59 (0.07)
13 0.63 (0.07)
14 2.2 (0.5)

a Values are averages of duplicate determinations with pH 7.8, standard devia-
tion is given in parentheses.
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The new SOD mimic that contains N-methyl pyridinium auxil-
iary 13 was also prepared from the nicotinoyl derivative 10b via
N-methylation (Scheme 5). For the picolinyl derivative 10a, the
corresponding N-methyl analog was not obtained successfully.
Since some of the N-alkylpyridinium analogs of manganese(III)
porphyrins that bore positive charges in close proximity to the me-
tal site have been known to possess potent catalytic SOD-like activ-
ity,22 the effects of the charged N-methyl pyridinium group on its
SOD-like activity were explored. The aminophenyl analog 14 was
also prepared from the intermediate 9 by a similar procedure as
shown in Scheme 4, in order to verify the effect of aminophenyl
substitution on its activity.

The new manganese complexes prepared in this study were
tested for their SOD-like activity and the results are given in Table 2.

The SOD-like activity of the new complexes was measured by an
indirect method, as described by McCord and Freidovich,23 which
used cytochrome c as an electron acceptor. Superoxide anions were
generated by a xanthine–xanthine oxidase system. The possible
interference with the manganese complexes was examined by fol-
lowing the rate of urate formation at 290 nm in the absence of cyt
c. The complexes did not interfere with the reaction of xanthine with
xanthine oxidase. Among the compounds tested in this study, the
o-aminobenzoyl analog 12h exhibited the best SOD-like activity,
which possessed about sevenfold lower IC50 than the standard com-
pound M-40403. Other compounds such as two pyridine analogs
12a–b, m-carboxybenzoyl analog 12c, m-aminobenzoyl analog 12i,
and N-methyl pyridinium analog 13 also showed significantly better
activities than M-40403. The lowest SOD-like activity was observed
for the o-carboxybenzoyl analog 12d, which was in sharp contrast to
the best activity of the o-aminobenzoyl derivative 12h. For the sim-
ple aminophenyl analog 14, a slightly better activity was obtained in
comparison to that of M-40403.

In summary, new manganese complexes of pentaaza macrocyclic
ligands were prepared that bore several functional groups in the
vicinity of the metal site. Their activities were compared with one an-
other. The SOD-like activities of pyridine analogs, 12a–b and 13, and
m-substituted analogs, 12c and 12i, were similar and better than that
of the standard compound M-40403. The most potent compound was
an o-aminobenzoyl derivative 12h, while the o-carboxybenzoyl ana-
log 12d was the compound that had the lowest activity. Further inves-
tigation is needed to understand the effects of the aminobenzoyl
group on the catalytic cycle of superoxide dismutation.
Acknowledgments

This work was supported by a grant from Marine Biotechnology
Program funded by Ministry of Land, Transport and Maritime Af-
fairs, Republic of Korea. HRMS (FAB) data were obtained from the
facilities of the Korea Basic Science Institute.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2010.03.037.

References and notes

1. Cuzzocrea, S.; Riley, D. P.; Caputi, A. P.; Salvemini, D. Pharmacol. Rev. 2001, 53,
135–159.

2. Afonso, V.; Champy, R.; Mitrovic, D.; Collin, P.; Lomri, A. Joint Bone Spine 2007,
74, 324–329.

3. (a) Slemmer, J. E.; Shacka, J. J.; Sweeney, M. I.; Weber, J. T. Curr. Med. Chem.
2008, 15, 404–414; (b) Ginsberg, M. D. Neuropharmacology 2008, 55, 363–389.

4. Liang, L.-P.; Huang, J.; Fulton, R.; Day, B. J.; Patel, M. J. Neurosci. 2007, 27, 4326–
4333.

5. Jung, C.; Rong, Y.; Doctrow, S.; Baudry, M.; Malfroy, B.; Xu, Z. Neurosci. Lett.
2001, 304, 157–160.

6. Lau, A. T.; Wang, Y.; Chiu, J. F. J. Cell. Biochem. 2008, 104, 657–667.
7. Wu, A. J.; Penner-Hahn, J. E.; Pecoraro, V. L. Chem. Rev. 2004, 104, 903–938.
8. (a) Riley, D. P. Chem. Rev. 1999, 99, 2573–2588; (b) Day, B. J. Drug Discovery

Today 2004, 9, 557–566; (c) Munroe, W.; Kingsley, C.; Durazo, A.; Gralla, E. B.;
Imlay, J. A.; Srinivasan, C.; Valentine, J. S. J. Inorg. Biochem. 2007, 101, 1875–
1882.

9. (a) Lahaye, D.; Muthukumaran, K.; Hung, C.-H.; Gryko, D.; Reboucas, J. S.;
Spasojevic, I.; Batinic-Haberle, I.; Lindsey, J. S. Bioorg. Med. Chem. 2007, 15,
7066–7086; (b) Patel, M.; Day, B. J. Trends Pharmacol. Sci. 1999, 20, 359–364.

10. (a) Salvemini, D.; Riley, D. P.; Cuzzocrea, S. Nat. Rev. Drug Disc. 2002, 1, 367–
374; (b) Cuzzocrea, S.; Mazzon, E.; Paola, R. D.; Genovese, T.; Muià, C.; Caputi,
A. P.; Salvemini, D. Arthritis Rheum. 2005, 52, 1929–1940.

11. (a) Durot, S.; Lambert, F.; Renault, J.-P.; Policar, C. Eur. J. Inorg. Chem. 2005,
2789–2793; (b) Lewis, E. A.; Khodr, H. H.; Hider, R. C.; Lindsay-Smith, J. R.;
Walton, P. H. J. Chem. Soc., Dalton Trans. 2004, 187–188; (c) Lewis, E. A.;
Lindsay-Smith, J. R.; Walton, P. H.; Archibald, S. J.; Foxon, S. P.; Giblin, G. M. P. J.
Chem. Soc., Dalton Trans. 2001, 1159–1161.

12. Doctrow, S. R.; Huffman, K.; Marcus, C. B.; Tocco, G.; Malfroy, E.; Adinolfi, C. A.;
Kruk, H.; Baker, K.; Lazarowych, N.; Mascarenhas, J.; Malfroy, B. J. Med. Chem.
2002, 45, 4549–4558.

13. Paschke, J.; Kirsch, M.; Korth, H.-G.; de Groot, H.; Sustmann, R. J. Am. Chem. Soc.
2001, 123, 11099–11100.

14. (a) Weiss, R. H.; Fretland, D. J.; Baron, D. A.; Ryan, U. S.; Riley, D. P. J. Biol. Chem.
1996, 271, 26149–26156; (b) Salvemini, D.; Wang, Z. Q.; Zweier, J. L.;
Samouilov, A.; Macarthur, H.; Misko, T. P.; Currie, M. G.; Cuzzocrea, S.;
Sikorski, J. A.; Riley, D. P. Science 1999, 286, 304–306.

15. Samlowski, W. E.; Petersen, R.; Cuzzocrea, S.; Macarthur, H.; Burton, D.;
McGregor, J. R.; Salvemini, D. Nat. Med. 2003, 9, 750–755.

16. de Bono, S. Trends Biochem. Sci. 2001, 26, 283.
17. Jones, V. A.; Sriprang, S.; Thornton-Pett, M.; Kee, T. P. J. Organomet. Chem. 1998,

567, 199–218.
18. Park, W.; Shin, M. H.; Chung, J. H.; Park, J.; Lah, M. S.; Lim, D. Tetrahedron Lett.

2006, 47, 8841–8845.
19. Gorton, B. S.; Shive, W. J. Am. Chem. Soc. 1957, 79, 670–672.
20. (a) Oh-e, T.; Miyaura, N.; Suzuki, A. Synlett 1990, 1990, 221–223; (b) Oh-e, T.;

Miyaura, N.; Suzuki, A. J. Org. Chem. 1993, 58, 2201–2208.
21. Pogorelic, I.; Filipan-Litvic, M.; Merkas, S.; Ljubic, G.; Cepanec, I.; Litvic, M. J.

Mol. Catal.: A-Chem. 2007, 274, 202–207.
22. (a) DeFreitas-Silva, G.; Reboucas, J. S.; Spasojevic, I.; Benov, L.; Idemori, Y. M.;

Batinic-Haberle, I. Arch. Biochem. Biophys. 2008, 477, 105–112; (b) Batinic-
Haberle, I.; Spasojevic, I.; Hambright, P.; Benov, L.; Crumbliss, A. L.; Fridovich, I.
Inorg. Chem. 1999, 38, 4011–4022; (c) Batinic-Haberle, I.; Liochev, S. I.;
Spasojevic, I.; Fridovich, I. Arch. Biochem. Biophys. 1997, 343, 225–233; (d)
Batinic-Haberle, I.; Benov, L.; Spasojevic, I.; Fridovich, I. J. Biol. Chem. 1998, 273,
24521–24528; (e) Kachadourian, R.; Batinic-Haberle, I.; Fridovich, I. Inorg.
Chem. 1998, 38, 391–396.

23. McCord, J. M.; Fridovich, I. J. Biol. Chem. 1969, 244, 6049.

http://dx.doi.org/10.1016/j.bmcl.2010.03.037

	Synthesis and SOD activity of manganese complexes of substituted pyridino  pentaaza macrocycles that contain axial auxiliary
	Acknowledgments
	Supplementary data
	References and notes


