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SUBSTITUTED PYRIDINO PENTAAZAMACROCYLE
COMPLEXES HAVING SUPEROXIDE DISMUTASE ACTIVITY

CROSS-REFERENCE TO RELATED APPLICATIONS

This application is a continuation in part of U.S. Application No.09/398,120, filed
on September 16, 1999, allowed, which is a continuation in part of U.S. Application No.
09/057,831, filed April 9, 1998, allowed, which claims the benefit of Provisional
Application No. 60/050,402, filed June 20, 1997, now abandoned.

BACKGROUND OF THE INVENTION
Field of the Invention

The present invention relates to compounds which are effective as catalysts for
dismutating superoxide and, more particularly, the manganese or iron complexes of
substituted, unsaturated heterocyclic pentaazacyclopentadecane ligands which catalytically

dismutate superoxide.

Related Art
The enzyme superoxide dismutase catalyzes the conversion of superoxide into
oxygen and hydrogen peroxide according to equation (1) (hereinafter referred to as

dismutation).

20, +2 H" = 0, + H,0,(1)
Reactive oxygen metabolites derived from superoxide have been demonstrated to
contribute to the tissue pathology in a number of inflammatory diseases and disorders,
such as reperfusion injury to the ischemic myocardium, inflammatory bowel disease,
rheumatoid arthritis, osteoarthritis, atherosclerosis, hypertension, metastasis, psoriasis,
organ transplant rejections, radiation-induced injury, asthma, influenza, stroke, burns and
trauma. See, for example, Simic, M. G, et al, Oxygen Radicals in Biology and Medicine,
Basic Life Sciences, Vol. 49, Plenum Press, New York and London, 1988; Weiss, J. Cell.
Biochem., 1991 Suppl. 15C, 216 Abstract C110 (1991); Petkau, A., Cancer Treat. Rev. 13,
17 (1986); McCord, J. Free Radicals Biol. Med., 2, 307 (1986); and Bannister, J.V. et al,
Crit. Rev. Biochem., 22, 111 (1987).
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It is also known that superoxide is involved in the breakdown of endothelium-
derived vascular relaxing factor (EDRF), which has been identified as nitric oxide (NO),
and that EDREF is protected from breakdown by superoxide dismutase. This suggests a
central role for activated oxygen species derived from superoxide in the pathogenesis of
hypertension, vasospasm, thrombosis and atherosclerosis. See, for‘ example, Gryglewski,
R.J. et al., "Superoxide Anion is Involved in the Breakdown of Endothelium-derived
Vascular Relaxing Factor", Nature, Vol. 320, pp. 454-56 (1986) and Palmer, R.M.J. et al.,
"Nitric Oxide Release Accounts for the Biological Activity of Endothelium Derived
Relaxing Factor", Nature, Vol. 327, pp. 523-26 (1987).

Clinical trials and animal studies with natural, recombinant and modified
superoxide dismutase enzymes have been completed or are ongoing to demonstrate the
therapeutic efficacy of reducing superoxide levels in the disease states noted above.
However, numerous problems have arisen with the use of the enzymes as potential
therapeutic agents, including lack of oral activity, short half-lives in vivo, immunogenicity
of nonhuman derived enzymes, and poor tissue distribution.

In an effort to overcome the problems associated with superoxide dismutase
enzymes, several investigations have been made into the design of non-proteinaceous
catalysts for the dismutation of superoxide, and their use in various superoxide-related
ailments. One group of catalysts which has been shown to be nearly as effective catalysts
as the native superoxide dismutase enzymes are the manganese and iron complexes of
pentaazacyclopentadecane ligands, described in U.S. Pats. No. 5,610,293, 5,637,578, and
5,874,421. These ligands are described as a pentaazacyclopentadecane macrocycle with
various substituents on the carbons of the macrocycle, or with cyclic or heterocyclic
structures attached to the carbons of the macrocycle. These compounds have been shown
to possess catalytic superoxide dismutating activity as well as anti-inflammatory activity
and to prevent oxidative damage. In addition, these compounds have been shown to
possess analgesic activity in the rat-paw carrageenan hyperalgesia model, U.S. App. Ser.
No. 09/057,831. Two such described analgesic SOD mimic compounds are Compound A
and Compound B:
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SUMMARY OF THE INVENTION

Applicants have found that, surprisingly, the addition of substituents to an
unsaturated nitrogen-containing heterocyclic moiety on the pentaazacyclopentadecane
macrocycle of the above complexes can drastically alter both the superoxide dismutase
catalytic activity and increase the efficacy of these complexes as pharmaceutical agents.
Applicants have found that compounds of the present invention comprising substituted,
unsaturated, nitrogen-containing heterocyclic moieties unexpectedly exhibit a marked
increase in potency for the prevention or reversal of opioid tolerance as compared to the
previously disclosed complexes with unsubstituted nitrogen-containing heterocyclic
moieties. In addition, these substituted, unsaturated, nitrogen-containing heterocyclic
compounds are up to ten times more potent as pharmaceutical agents for anti-
inflammatory and analgesic compositions and are as good as, or often better than, the
parent unsubstituted compounds in applications such as the treatment of endotoxin-
induced refractory hypotension. Thus, the compounds of the present invention demonstrate
unanticipated improvements in characteristics important for pharmaceuticals over the
previously described pentaazacyclopentadecane complexes with unsubstituted nitrogen-
containing heterocyclic moieties.

The present invention is directed to low molecular weight catalysts for the
dismutation of superoxide radicals (SOD mimics) useful as therapeutic agents for
inflammatory disease states and disorders in which superoxide anions are implicated. The

SOD mimics of the present invention are manganese or iron complexes of nitrogen-
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containing fifteen-membered macrocyclic ligands which comprise a substituted,
unsaturated, nitrogen-containing heterocyclic moiety, most preferably those with
cyclohexyl, hydroxyl alkyl thio, alkyl (2-thioacetic acid) ester, benzyloxy,
methoxyarylthio, alkoxycarbonylarylthio, and aryl (2-thioacetic acid) ester substituents.
Preferably, the nitrogen-containing heterocyclic moiety is aromatic, more preferably a
pyridino moiety.

The present invention is also directed to the pentaazacyclopentadecane
macrocycles which comprise a substituted, unsaturated, nitrogen-containing heterocyclic
moiety which are precursor ligands of these complexes.

The present invention is also directed to methods of making the above SOD
mimics, specifically, novel methods of modifying the substituents on the heterocyclic
moiety after chelation with the transition metal ion.

The present invention is also directed towards pharmaceutical compositions
comprising the SOD mimics of the present invention in amounts sufficient for the
treatment or prevention of disease states or disorders.

In addition, the present invention is directed to methods of using these catalysts to
treat various disease states and disorders in which superoxide anions are implicated.

Other objects and features will be in part apparent and in part pointed out

hereinafter.

BRIEF DESCRIPTION OF DRAWINGS AND DEFINITIONS
Drawings

FIGURE 1: A chart of mean arterial pressure data from endotoxemic rats, Example
16. @ Group received saline (control); 3 Group received LPS only; A Group received
LPS and an infusion of 0.25 mg/kg/hr of Compound A at 1 hour; A Group received LPS
and an infusion of 0.25 mg/kg/hr of Compound A at 5 hours.

FIGURE 2: A chart of mean arterial pressure data from endotoxemic rats, Example
16. @ Group received saline (control); 3 Group received LPS only; A Group received
LPS and an infusion of 0.075 mg/kg/hr of Compound 25 at 3 hours.

FIGURE 3: A chart of mean arterial pressure data from endotoxemic rats, Example
16. @ Group received saline (control); 3 Group received LPS only; A Group received
LPS and an infusion of 0.075 mg/kg/hr of Compound 31 at 3 hours.
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FIGURE 4: A chart of paw volume change in the rat paw carrageenan fnodel,
Example 14. B Group received carrageenan injection only; @ Group received an infusion
of 6 mg/kg/hr of Compound A 15 minutes before carrageenan injection.

FIGURE 5: A chart of paw volume change in the rat paw carrageenan model,
Example 14. B Group received carrageenan injection only; ® Group received an infusion
of 10 mg/kg/hr of Compound 13 15 minutes before carrageenan injection.

FIGURE 6: A chart of paw volume change in the rat paw carrageenan model,
Example 14. M Group received carrageenan injection only; @ Group received an infusion
of 1 mg/kg/hr of Compound 14 15 minutes before carrageenan injection, A Group
received an infusion of 10 mg/kg/hr of Compound 14 15 minutes before carrageenan
injection.

FIGURE 7: A chart of paw volume change in the rat paw carrageenan model,
Example 14. B Group received carrageenan injection only; @ Group received an infusion
of 10 mg/kg/hr of Compound 25 15 minutes before carrageenan injection.

FIGURE 8: A chart of paw volume change in the rat paw carrageenan model,
Example 14. B Group received carrageenan injection only; @ Group received an infusion
of 10 mg/kg/hr of Compound 31 15 minutes before carrageenan injection.

FIGURE 9: A chart depicting the protective effects of Compound A in a rat model
of live E.coli induced shock. Figure 9a depicts the protective effect of Compound A in
preventing a fall in MAP. Figure 9b depicts the protective effect of Compound A in
preventing a fall in heart rate.

FIGURE 10: Depicts the molecular structure of Compound 25 of the present

invention.

Definitions

As utilized herein, the term “SOD mimic” means a low-molecular-weight catalyst
for the conversion of superoxide anions into hydrogen peroxide and molecular oxygen.
These catalysts consist of an organic ligand having a pentaazacyclopentadecane portion
and a chelated transition metal ion, preferably manganese or iron. The term may include
catalysts containing short-chain polypeptides (under 15 amino acids), or macrocyclic
structures derived from amino acids, as the organic ligand. The term explicitly excludes a

superoxide dismutase enzyme obtained from any natural sources.
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The term “precursor ligand” means the organic ligand of a SOD mimic without the
chelated transition metal cation and charge neutralizing anions.

The term “substituted” means that the described moiety has one or more
substituents comprising at least 1 carbon or heteroatom, and further comprising 0 to 22
carbon atoms, more preferably from 1 to 15 carbon atoms, and comprising 0 to 22, more
preferably from 0 to 15, heteroatoms selected from the group consisting of : O, S, N, P, Si,
B, F, Cl, Br, or I. These atoms may be arranged in a number of configurations, creating
substituent groups which are unsaturated, saturated, or aromatic. Examples of such
substituents include branched or unbranched alkyl, alkenyl, or alkynyl, cyclic,
heterocyclic, aryl, heteroaryl, allyl, polycycloalkyl, polycycloaryl, polycycloheteroaryl,
imines, aminoalkyl, hydroxyalkyl, hydroxyl, phenol, amine oxides, thioalkyl,
carboalkoxyalkyl, carboxylic acids and their derivatives, keto, ether, aldehyde, amine,
amide, nitrile, halo, thiol, sulfoxide, sulfone, sulfonic acid, sulfide, disulfide, phosphonic
acid, phosphinic acid, acrylic acid, sulphonamides, amino acids, peptides, proteins,
carbohydrates, nucleic acids, fatty acids, lipids, nitro, hydroxylamines, hydroxamic acids,
thiocarbonyls, thiocarbonyls, borates, boranes, boraza, silyl, silaza, siloxy, and
combinations thereof.

The term "alkyl", alone or in combination, means a straight-chain or
branched-chain alkyl radical containing from 1 to about 22 carbon atoms, preferably from
about 1 to about 18 carbon atoms, and most preferably from about 1 to about 12 carbon
atoms. Examples of such radicals include, but are not limited to, methyl, ethyl, n-propyl,
isopropyl, n-butyl, isobutyl, sec-butyl, tert-butyl, pentyl, iso-amyl, hexyl, octyl, nonyl,
decyl, dodecyl, tetradecyl, hexadecyl, octadecyl and eicosyl.

The term "alkenyl", alone or in combination, means an alkyl radical having one or
more double bonds. Examples of such alkenyl radicals include, but are not limited to,
ethenyl, propenyl, 1-butenyl, cis-2-butenyl, trans-2-butenyl, iso-butylenyl, cis-2-pentenyl,
trans-2-pentenyl, 3-methyl-1-butenyl, 2,3-dimethyl-2-butenyl, 1-pentenyl, 1-hexenyl,
1-octenyl, decenyl, dodecenyl, tetradecenyl, hexadecenyl, cis- and trans-9-octadecenyl,
1,3-pentadienyl, 2,4-pentadienyl, 2,3-pentadienyl, 1,3-hexadienyl, 2,4-hexadienyl,
5,8,11,14-eicosatetraenyl, and 9,12,15-octadecatrienyl.

The term "alkynyl", alone or in combination, means an alkyl radical having one or

more triple bonds. Examples of such alkynyl groups include, but are not limited to,
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ethynyl, propynyl (propargyl), 1-butynyl, 1-octynyl, 9-octadecynyl, 1,3-pentadiynyl,
2,4-pentadiynyl, 1,3-hexadiynyl, and 2,4-hexadiynyl.

The term "cycloalkyl", alone or in combination means a cycloalkyl radical
containing from 3 to about 10, preferably from 3 to about 8, and most preferably from 3 to
about 6, carbon atoms. Examples of such cycloalkyl radicals include, but are not limited
to, cyclopropyl, cyclobutyl, cyclopentyl, cyclohexyl, cycloheptyl, cyclooctyl, and
perhydronaphthyl.

The term "cycloalkylalkyl" means an alkyl radical as defined above which is
substituted by a cycloalkyl radical as defined above. Examples of cycloalkylalkyl radicals
include, but are not limited to, cyclohexylmethyl, cyclopentylmethyl,
(4-isopropylcyclohexyl)methyl, (4-t-butyl-cyclohexyl)methyl, 3-cyclohexylpropyl,
2-cyclohexylmethylpentyl, 3-cyclopentylmethylhexyl,
1-(4-neopentylcyclohexyl)methylhexyl, and 1-(4-isopropylcyclohexyl)methylheptyl.

The term "cycloalkylcycloalkyl" means a cycloalkyl radical as defined above
which is substituted by another cycloalkyl radical as defined above. Examples of
cycloalkylcycloalkyl radicals include, but are not limited to, cyclohexylcyclopentyl and
cyclohexylcyclohexyl.

The term "cycloalkenyl", alone or in combination, means a cycloalkyl radical
having one or more double bonds. Examples of cycloalkenyl radicals include, but are not
limited to, cyclopentenyl, cyclohexenyl, cyclooctenyl, cyclopentadienyl, cyclohexadienyl
and cyclooctadienyl.

The term "cycloalkenylalkyl" means an alkyl radical as defined above which is
substituted by a cycloalkenyl radical as defined above. Examples of cycloalkenylalkyl
radicals include, but are not limited to, 2-cyclohexen-1-ylmethyl,
1-cyclopenten-1-ylmethyl, 2-(1-cyclohexen-1-yl)ethyl, 3-(1-cyclopenten-1-yl)propyl,
1-(1-cyclohexen-1-ylmethyl)pentyl, 1-(1-cyclopenten-1-yl)hexyl,
6-(1-cyclohexen-1-yl)hexyl, 1-(1-cyclopenten-1-yl)nonyl and 1-(1-cyclohexen-1-yl)nonyl.

The terms "alkylcycloalkyl" and "alkenylcycloalkyl" mean a cycloalkyl radical as
defined above which is substituted by an alkyl or alkenyl radical as defined above.
Examples of alkylcycloalkyl and alkenylcycloalkyl radicals include, but are not limited to,
2-ethylcyclobutyl, 1-methylcyclopentyl, 1-hexylcyclopentyl, 1-methylcyclohexyl,
1-(9-octadecenyl)cyclopentyl and 1-(9-octadecenyl)cyclohexyl.
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The terms "alkylcycloalkenyl" and "alkenylcycloalkenyl" means a cycloalkenyl
radical as defined above which is substituted by an alkyl or alkenyl radical as defined
above. Examples of alkylcycloalkenyl and alkenylcycloalkenyl radicals include, but are
not limited to, 1-methyl-2-cyclopentyl, 1-hexyl-2-cyclopentenyl, 1-ethyl-2-cyclohexenyl,
1-butyl-2-cyclohexenyl, 1-(9-octadecenyl)-2-cyclohexenyl and
1-(2-pentenyl)-2-cyclohexenyl.

The term "aryl", alone or in combination, means a phenyl or naphthyl radical
which optionally carries one or more substituents selected from alkyl, cycloalkyl,
cycloalkenyl, aryl, heterocycle, alkoxyaryl, alkaryl, alkoxy, halogen, hydroxy, amine,
cyano, nitro, alkylthio, phenoxy, ether, trifluoromethyl and the like, such as phenyl,
p-tolyl, 4-methoxyphenyl, 4-(tert-butoxy)phenyl, 4-fluorophenyl, 4-chlorophenyl,
4-hydroxyphenyl, 1-naphthyl, 2-naphthyl, and the like.

The term "aralkyl", alone or in combination, means an alkyl or cycloalkyl radical
as defined above in which one hydrogen atom is replaced by an aryl radical as defined
above, such as benzyl, 2-phenylethyl, and the like.

The term "heterocyclic”" means ring structures containing at least one other kind of
atom, in addition to carbon, in the ring. The most common of the other kinds of atoms
include nitrogen, oxygen and sulfur. Examples of heterocyclics include, but are not limited
to, pyrrolidinyl, piperidyl, imidazolidinyl, tetrahydrofuryl, tetrahydrothienyl, furyl, thienyl,
pyridyl, quinolyl, isoquinolyl, pyridazinyl, pyrazinyl, indolyl, imidazolyl, oxazolyl,
thiazolyl, pyrazolyl, pyridinyl, benzoxadiazolyl, benzothiadiazolyl, triazolyl and tetrazolyl
groups.

The term "saturated, partially saturated or unsaturated cyclic" means fused ring
structures in which 2 carbons of the ring are also part of the fifteen-membered macrocyclic
ligand. The ring structure can contain 3 to 20 carbon atoms, preferably 5 to 10 carbon
atoms, and can also contain one or more other kinds of atoms in addition to carbon. The
most common of the other kinds of atoms include nitrogen, oxygen and sulfur. The ring
structure can also contain more than one ring.

The term "saturated, partially saturated or unsaturated ring structure" means a ring
structure in which one carbon of the ring is also part of the fifteen-membered macrocyclic
ligand. The ring structure can contain 3 to 20, preferably 5 to 10, carbon atoms and can

also contain nitrogen, oxygen and/or sulfur atoms.
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The term "nitrogen containing heterocycle" means ring structures in which 2

carbons and a nitrogen of the ring are also part of the fifteen-membered macrocyclic
ligand. The ring structure can contain 2 to 20, preferably 4 to 10, carbon atoms, can be
substituted or unsubstituted, partially or fully unsaturated or saturated, and can also
contain nitrogen, oxygen and/or sulfur atoms in the portion of the ring which is not also
part of the fifteen-membered macrocyclic ligand.

The term “disease states and disorders in which superoxide anions are implicated”
means any disease state or disorder in which superoxide anions, or the products of
reactions involving superoxide anions (such as peroxynitrate), are known or suspected to
be a factor in the progression of the disease state or disorder. Examples of such disease
states and disorders are inflammation and ischemic reperfusion injury.

The term "organic acid anion" refers to carboxylic acid anions having from about 1
to about 18 carbon atoms.

The term "halide" means chloride, floride, iodide, or bromide.

As used herein, "R" groups means all of the R groups attached to the carbon atoms
of the macrocycle, i.e., R, R’, R1,R’1, R2, R’2, R3, R’3, R4, R’4, R5, R’5, R6, R’6, R7,
R’7,R8,R’8, RI.

All references cited herein are explicitly incorporated by reference.

Corresponding reference characters indicate corresponding parts throughout the

drawings.

DETAILED DESCRIPTION OF THE INVENTION
The present invention is directed to nitrogen-containing fifieen-membered
macrocyclic ligands, and their complexes with transition metals, which are described by

the formula:
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wherein a nitrogen of the macrocycle and the two adjacent carbon atoms to which it is
attached independently form a substituted, unsaturated, nitrogen containing heterocycle W
having 2 to 20 carbon atoms, more preferably 4 to 10 carbon atoms, which may be an
aromatic heterocycle wherein the hydrogen attached to the nitrogen which is both part of
the heterocycle and the macrocycle and the R groups attached to the carbon atoms which
are both part of the heterocycle and the macrocycle are absent;

and wherein R, R,, R,, R’,, R;, R’;, R, R’, R, R’5, R, R’, R;, R, Rg, R7g, Ry, and R
independently represent hydrogen, or substituted or unsubstituted alkyl, alkenyl, alkynyl,
cycloalkyl, cycloalkenyl, cycloalkylalkyl, cycloalkylcycloalkyl, cycloalkenylalkyl,
alkylcycloalkyl, alkylcycloalkenyl, alkenylcycloalkyl, alkenylcycloalkenyl, heterocyclic,
aryl and aralkyl radicals;

and, optionally, one or more of R, or R’, and R, or R’;, R, or R’, and R; or R’;, R, or R’
and R, or R’,, or R; or R’; and R, or R’, together with the carbon atoms to which they are
attached independently form a substituted or unsubstituted nitrogen containing heterocycle
having 2 to 20 carbon atoms, which may be an aromatic heterocycle wherein the hydrogen
attached to the nitrogen which is both part of the heterocycle and the macrocycle and the R
groups attached to the carbon atoms which are both part of the heterocycle and the
macrocycle are absent;

and, optionally, one or more of R, and R’,, R, and R’;, R, and R’,, R, and R’, R and R’,
R, and R’,, R; and R’;, and R, and R’y, together with the carbon atom to which they are
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attached independently form a saturated, partially saturated, or unsaturated cyclic or

heterocyclic ring having 3 to 20 carbon atoms;
and, optionally, one of R, R, R;, R’,, R;, R’;, R,, R’ , R;, R’5, R, R’ R,, R’ R, R7g, Ry,
and R’ together with a different one of R, R,,, R,, R’,, R;, R’;, R, R’ , R, R’, R, R’ R,
R’;, Rg, R, Ry, and R’ which is attached to a different carbon atom in the macrocyclic
ligand may be bound to form a strap represented by the formula
-(CH,),-M-(CH,),-L-(CH,),-J-(CH,),-
wherein w, x, y and z independently are integers from 0 to 10 and M, L and J are
independently selected from the group consisting of alkyl, alkenyl, alkynyl, aryl,
cycloalkyl, heteroaryl, alkaryl, alkheteroaryl, aza, amide, ammonium, oxa, thia, sulfonyl,
sulfinyl, sulfonamide, phosphoryl, phosphinyl, phosphino, phosphonium, keto, ester,
alcohol, carbamate, urea, thiocarbonyl, borates, boranes, boraza, silyl, siloxy, silaza and
combinations thereof; and combinations of any of the above;

wherein M is a cation of a transition metal, preferably manganese or iron;

and wherein X, Y, and Z represent suitable ligands or charge-neutralizing anions
which are derived from any monodentate or polydentate coordinating ligand or ligand
system or the corresponding anion thereof (for example benzoic acid or benzoate anion,
phenol or phenoxide anion, alcohol or alkoxide anion). X, Y, and Z may be independently
selected from the group consisting of halide, oxo, aquo, hydroxo, alcohol, phenol,
dioxygen, peroxo, hydroperoxo, alkylperoxo, arylperoxo, ammonia, alkylamino,
arylamino, heterocycloalkyl amino, heterocycloaryl amino, amine oxides, hydrazine, alkyl
hydrazine, aryl hydrazine, nitric oxide, cyanide, cyanate, thiocyanate, isocyanate,
isothiocyanate, alkyl nitrile, aryl nitrile, alkyl isonitrile, aryl isonitrile, nitrate, nitrite,
azido, alkyl sulfonic acid, aryl sulfonic acid, alkyl sulfoxide, aryl sulfoxide, alkyl aryl
sulfoxide, alkyl sulfenic acid, aryl sulfenic acid, alkyl sulfinic acid, aryl sulfinic acid, alkyl
thiol carboxylic acid, aryl thiol carboxylic acid, alkyl thiol thiocarboxylic acid, aryl thiol
thiocarboxylic acid, alkyl carboxylic acid (such as acetic acid, trifluoroacetic acid, oxalic
acid), aryl carboxylic acid (such as benzoic acid, phthalic acid), urea, alkyl urea, aryl urea,
alkyl aryl urea, thiourea, alkyl thiourea, aryl thiourea, alkyl aryl thiourea, sulfate, sulfite,
bisulfate, bisulfite, thiosulfate, thiosulfite, hydrosulfite, alkyl phosphine, aryl phosphine,
alkyl phosphine oxide, aryl phosphine oxide, alkyl aryl phosphine oxide, alkyl phosphine
sulfide, aryl phosphine sulfide, alkyl aryl phosphine sulfide, alkyl phosphonic acid, aryl
phosphonic acid, alkyl phosphinic acid, aryl phosphinic acid, alkyl phosphinous acid, aryl
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phosphinous acid, phosphate, thiophosphate, phosphite, pyrophosphite, triphosphate,

hydrogen phosphate, dihydrogen phosphate, alkyl guanidino, aryl guanidino, alkyl aryl
guanidino, alkyl carbamate, aryl carbamate, alkyl aryl carbamate, alkyl thiocarbamate aryl
thiocarbamate, alkyl aryl thiocarbamate, alkyl dithiocarbamate, aryl dithiocarbamate, alkyl
5 aryl dithiocarbamate, bicarbonate, carbonate, perchlorate, chlorate, chlorite, hypochlorite,

perbromate, bromate, bromite, hypobromite, tetrahalomanganate, tetrafluoroborate,
hexafluorophosphate, hexafluoroantimonate, hypophosphite, iodate, periodate, metaborate,
tetraaryl borate, tetra alkyl borate, tartrate, salicylate, succinate, citrate, lactate, gluconate,
ascorbate, saccharinate, amino acid, hydroxamic acid, thiotosylate, and anions of ion

10  exchange resins. The preferred ligands from which X, Y and Z are selected include halide,
organic acid, nitrate and bicarbonate anions.

Thus, the SOD mimics of the present invention can have any combinations of
substituted or unsubstituted R groups, saturated, partially saturated or unsaturated cyclics,
ring structures, nitrogen containing heterocycles, or straps as defined above.

15 Also within the present invention are the unchelated precursor ligands of the

complexes described above, which are described by the following formula:

w
R'g H Rz
R'
R N 2
Re H R R4 H
~N -~ R
N N 3
Ra R'3
R'; R,
7\N N R'y
Rz H/ \
R' Rs H

Re

Wherein the “R” groups and W are as defined above.
The "R" groups attached to the carbon atoms of the macrocycle can be in the axial
or equatorial position relative to the macrocycle. When the "R" group is other than

20  hydrogen or when two adjacent "R" groups, i.e., on adjacent carbon atoms, together with
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13
the carbon atoms to which they are attached form a saturated, partially saturated or

unsaturated cyclic or a nitrogen containing heterocycle, or when two R groups on the same
carbon atom together with the carbon atom to which they are attached form a saturated,
partially saturated or unsaturated ring structure, it is preferred that at least some of the "R"
groups are in the equatorial position for reasons of improved activity and stability. This is

particularly true when the complex contains more than one "R" group which is not

hydrogen.
Preferred compounds of the present invention are those described by the following
formula:
W
R'g T R2 (Z)n
R'>
R
i )
Rg H R ! R4 H r
K. ) g/x NS /0
U .- I\lll Vv
NTY N
R7 H/ \ R4
R‘s R5 H
Rs R's

wherein the R groups, W, M, X, Y, and Z are as defined above, and wherein U and V are
saturated cyclic structures, containing between 3 and 20, preferably between 4 and 10
carbon atoms and forming a cycloalkyl ring with the carbon atoms to which they are
attached. In more preferred embodiments of the invention, U and V are two trans-
cyclohexano fused rings. In more preferred embodiments of the invention, W is a
substituted pyridine, and R, R,, and the H on the nitrogen of the macrocycle within W are
absent. In particularly preferred embodiments of the present invention, W is a substituted
pyridine, and U and V are trans-cyclohexano fused rings. Preferred substituents on W are
those which increase the potency of the catalyst for pharmaceutical applications. For
instance, lipophilic substituents are preferred when the target of the catalyst is a

hydrophobic tissue of the patient. In addition to altering the catalytic activity or log P and
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the concomitant targeting/pharmokinetic effects, applicants have discovered that certain

substituents generally increase the potency of the catalyst for use in pharmaceutical

compositions. These preferred substituents include cyclohexyl, hydroxyl alkyl thio, alkyl

(2-thioacetic acid) esters, benzyloxy, methoxyarylthio, alkoxycarbonylarylthio, and aryl

(2-thioacetic acid) esters. Examples of complexes of the invention include, but are not

limited to, compounds having the following formulas:

H
NV

“u, n\

’
/

TABLE OF COMPOUNDS
COMPOUND MOL. k., pH 7.4 Log P
WT. x 107'Ms?
~\H 1 517.83 1.18 0.46
O‘_H N O N.“u\l\\\
AR NY
H Th\
2 512.00 1.90 -0.02
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COMPOUND MOL. k., pH 7.4 Log P
WT. x 10'Ms?
3 457.37 3.75 227
H 4 563.50 0.74 1.56
Oj é—C—I\N..um\\\
L N/
HN— 1 K
5 639.61 0.29 1.94

—H
Oj N CI N ..... an
) N

Ya,
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COMPOUND MOL. | k. pH 7.4 Log P
WT. x 10"Ms™
() oML 6 571.55 0.80 1.48
N
H
7 627.00 0.53 1.05
H p 8 584.00 2.85
679.76 1.02 2.53
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COMPOUND MOL. k., pH 7.4 Log P
WT. x 10"M's!
629.59 2.12 1.59
568.50 6.24 0.00
”ﬁ\ﬁm 12 614.52 0.14
O
|
13 589.51 1.08 1.27
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COMPOUND MOL. k. pH 7.4 Log P
WT. x 10'Ms!
14 597.60 2.41 2.55
N | /
681.61 1.39 1.88
587.51 2.99 0.11
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COMPOUND MOL. | k_pH74 | LogP
WT. x 10"Ms!
566.52 7.32
963.95 0.93 1.94
586.53 0.80 -0.50
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COMPOUND MOL. k., pH 7.4 Log P
WT. x 10"Ms!
j 651.54 1.82 1.57
K
0
”OW"
20
541.43 1.93 -0.43
603.49 0.95 0.87
562.28 1.68 0.63
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COMPOUND MOL. k. pH 7.4 Log P
WT. x 10'M7s?
H 24 641.50 1.31 0.31
\Tr{\
25 573.53 3.97 0.19
26 537.02 3.01 -0.04
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COMPOUND MOL. | k., pH 7.4 Log P
WT. x 10"M s
28 579.56 2.68 2.29
O‘HN Cl N
l NI/

H /Tn\ H
29 557.55 1.86 1.44
30 571.56 1.85
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COMPOUND MOL. | k. pH7.4 Log P
WT. x 10'M's!
31 601.53 3.32 0.57
33 620.00
H H
K
L N/
H
634.00 2.16 2.05
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COMPOUND MOL. k., pH 7.4 Log P
WT. x 10'Ms!
620.00 2.32
620.00 2.12 1.56

634.00
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COMPOUND MOL. k., pH 7.4 Log P
WT. x 10'M's?
41 624.51 0.70 241
— H
O‘,-I N CI N,.,.m\\\\
RN
Uy ‘ n\
42 705.61 0.80 2.77
H
Y
H ;
639.60 1.89 1.42
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COMPOUND MOL. k. pH 7.4 Log P
WT. x 10'M7s?!
645.61 1.45 2.17
683.58 2.40 0.28

Activity of these catalysts for the dismutation of superoxide can be demonstrated

using the stopped-flow kinetic analysis technique as described in Example 3, and in Riley,

D. P., Rivers, W. J. and Weiss, R. H., "Stopped-Flow Kinetic Analysis for Monitoring
Superoxide Decay in Aqueous Systems," Anal. Biochem., 196, 344-349 (1991), which is

incorporated by reference herein. Stopped-flow kinetic analysis is an accurate and direct

method for quantitatively monitoring the decay rates of superoxide in water. The catalytic

constants given for the exemplary compounds in the table above were determined using

this method.

As can be observed from the table, a wide variety of substituted, unsaturated

heterocyclic complexes with superoxide dismutating activity may be readily synthesized.
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The commonly accepted mechanism of action of the manganese-based SOD enzymes

involves the cycling of the manganese center between the two oxidation stétes (11, OI).
See J. V. Bannister, W. H. Bannister, and G. Rotilio, Crit. Rev. Biochem., 22, 111-180
(1987).

1) Mn(Il) + HO, ----> Mn(Ill) + HO,
2) Mn(I) + O, -—-> Mn(Il) + O,

The formal redox potentials for the O,/0, and HO,/JHO, couples at pH = 7 are -0.33 v and
0.87 v, respectively. See A. E. G. Cass, in Metalloproteins: Part 1, Metal Proteins with
Redox Roles, ed. P. Harrison, P. 121. Verlag Chemie (Weinheim, GDR) (1985). For the
above disclosed mechanism, these potentials require that a putative SOD catalyst be able
to rapidly undergo oxidation state changes in the range of -0.33 v to 0.87 v. Thus, as long
as the redox potential of the ion is in a range in which superoxide anion can reduce the
oxidized metal and protonated superoxide can oxidize the reduced metal, and steric
hindrance of the approach of the superoxide anion is minimal, the catalyst will function
with a k_, of about 10° to 107,

The complexes derived from Mn(II) and the general class of C-substituted
[15]aneN; ligands described herein have been characterized using cyclic voltammetry to
measure their redox potential. The C-substituted complexes described herein have
reversible oxidations of about +0.7 v (SHE). Coulometry shows that this oxidation is a
one-electron process; namely it is the oxidation of the Mn(II) complex to the Mn(I1I)
complex. Thus, for these complexes to function as SOD catalysts, the Mn(III) oxidation
state is involved in the catalytic cycle. This means that the Mn(III) complexes of all these
ligands are equally competent as SOD catalysts, since it does not matter which form
(Mn(II) or Mn(I1I)) is present when superoxide is present because superoxide will simply
reduce Mn(III) to Mn(II), liberating oxygen.

Without limiting themselves to any particular theory, applicants propose that the
mechanism described in Riley, et al., 1999, is a reasonable approximation of how these
catalysts dismutate superoxide. In order for the complex to exhibit superoxide dismutase
activity, the ligand should be able to fold into a conformation that allows the stabilization
of an octahedral complex between an axial ligand and the five nitrogens of the ligand ring.

If a compound contains several conjugated double bonds within the main 15-membered
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ring of the ligand, which hold the ring in a rigid conformation, the compound would not be

expected to exhibit catalytic activity. R groups attached to the macrocyclic ligand which
lock it in a planar conformation would be expected to be poor catalysts. One of ordinary
skill in the art would not be surprised that these types of derivatives would lack superoxide
dismutase activity Specifically, one of skill in the art would avoid materially changing the
flexibility of the macrocycle by adding many large groups which would cause steric
hindrance, or placing too many double bonds into the main ring. This effect would also be
present in certain geometric arrangements of smaller R groups which constrain the
complex to a rigid, planar geometry. Given these examples and guidelines, one of
ordinary skill would be able to recognize which of the described
pentaazacyclopentadecane complexes of the present invention would retain superoxide
dismutating activity.

The catalysts of the present invention may be produced by the methods disclosed
in U.S. Pat. No. 5,610,293. However, it is preferred that the catalysts of the present
invention be synthesized by the template method, diagrammed below. This synthesis
method is advantageous over previously disclosed methods in that cyclization yields
utilizing the template method are usually about 90%, as compared to about 20% with
previous methods. Several diamines are commercially available as starting materials, or a
diamine may be synthesized. The diamines are reacted with titryl chloride in anhydrous
methylene chloride at 0°C and allowed to warm to room temperature overnight, with
stirring. The product is then combined with glyoxal in methanol and stirred for 16 hours.
The glyoxal bisimine product is then reduced with a borohydride in THF. If a symmetrical
product is desired, one diamine may be used as the starting material. In addition, a
substituted glyoxal may be used if groups pendant from the macrocycle opposite the
pyridine are desired (R, and R() Commercially available tetraamines may also be used in
place of the reduced glyoxal bisimine. After reduction of the glyoxal bisimine, the product
is combined with a 2,6 dicarbonyl substituted pyridine, such as 2,6-dicarboxaldehyde
pyridine or 2,6 diacetylpyridine, and a salt of manganese or iron under basic conditions.
The transition metal ion serves as a template to promote cyclization of the substituted
pyridine and the tetraamine. Several 2,6 dicarbonyl substituted pyridines are available
commercially, allowing for the facile production of a variety of ligands with groups
pendant from the macrocycle proximal to the pyridine (R, and R,). Pyridines with one or

more substituents (R,, Ry and R..) are used when synthesizing the catalysts of the present
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invention in order to obtain the substituted, unsaturated heterocyclic moiety. After

cyclization, the product is reduced with ammonium formate and a palladium catalyst over

a period of 3-4 hours. Alternatively, in a less preferred embodiment of this method of

making the compounds of the present invention, the bisimine may be reduced with a

hydride reductant such as NaBH,, or with hydrogen gas and a metal catalyst. In addition to

the “R” substitutions, “R™ groups may also be substituted at the same carbons. “R” and

“R"™ groups may be any of those indicated above. The process may be varied according

R H R7
Rg” “NHp, 1 TnCLTHF )—N/ \N o
—_ R %,
+ 2. Glyoxal,  UNHTH HTn

R4~ -NH? MeOH, 95%

R3 NH

1.MnCl,, EtOH, KOH

Rg

2. 5% Pd(C), NH,HCO, 95%

Rs Re

R4 H\ /H " R7

THF, CH;0H /)—-N N

R3 ., RB

NHTrt HTrt
Conc. HC1

100%

TrnCl

R 5 Re
H H R
j'\ N Nl“"”""‘s
R 3 Y, R 8

NH2 H2N
Mn+2
(I? Il
R,~C _N C~Rg
|
RK Re to
Re
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to principles well known to one of ordinary skill in the art in order to accommodate
various starting materials.

Although the bisimine produced in the template cyclization reaction step above
may be reduced by more conventional means using hydrogen gas, it is preferred that the
bisimine be reduced with ammonium formate in the presence of a catalyst, as illustrated in
Example 2. The preferred catalyst for use in this process comprises palladium, although a
catalyst comprising other catalytic metals such as nickel, rhodium, platinum, platinum
oxide, and ruthenium would also be potentially suitable. This process offers the
advantages of increased safety and high reduction efficiency of the imine bonds, while
preserving the double bonds of the pyridine groups in the heterocyclic moiety of the
preferred compounds. In addition, this method can be accomplished in a more
concentrated medium as compared to hydrogen or borohydride reduction, allowing for
faster reaction times.

Another synthesis method which is useful in making several catalysts of the
present invention is the post-chelation nucleophilic substitution scheme outlined in
Example 7. Several advantages are realized by using this process of the present invention.
First, one is able to use commercially available or relatively easily synthesized reactants in
the above template cyclization synthesis, such as 4-chloro-2,6 dicarboxaldyhyde pyridine,
and then modify the resultant chelated macrocyclic ligand without side reactions with the
substituted group. Second, because this method allows modification of the chelated
ligand, no post-modification reaction with manganese chloride is necessary, simplifying
the synthesis process. A leaving-group-substimted pyridine pentaazacyclopentadecane
chelated ligand is used as the starting material in the modification reaction. Preferred
nucleophilic 4- pyridino substituents which are good leaving groups are the halides. ClI,
Br, and I are more preferred substituents. To the SOD mimic catalyst in DMF (or another
appropriate solvent) at red<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>