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Abstract—Thirteen new manganese porphyrins and two porphodimethenes bearing one to three different substituents at the meso
positions in a variety of architectures have been synthesized. The substituents employed generally are (i) electron-withdrawing to
tune the reduction potential to the desirable range (near +0.3 V vs NHE), and/or (ii) lipophilic to target the interior of lipid bilayer
membranes and/or the blood–brain barrier. The influence of the substituents on the MnIII/MnII reduction potentials has been char-
acterized, and the superoxide dismutase activity of the compounds has been examined.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Superoxide ðO��2 Þ is generated during the course of nor-
mal cellular metabolism but has highly adverse effects if
not deactivated. The major sources of superoxide in vivo
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under physiological and pathological conditions stem
from mitochondrial respiration and a variety of oxi-
dases/oxygenases, particularly NADPH oxidase, xan-
thine oxidase, and the cytochrome P450 family.1–4

Superoxide dismutase (SOD) deficiencies are associated
with numerous human pathologies including pulmon-
ary, cardiovascular, and degenerative diseases (stroke,
Parkinson’s, Huntington’s, ALS, etc.).4,5 Superoxide re-
acts with nitric oxide at diffusion-controlled rates, form-
ing peroxynitrite (ONOO�, ONOOH), a highly
oxidizing species, which further decomposes to yield
the hydroxyl radical (�OH) and the nitrogen dioxide rad-
ical (�NO2). Peroxynitrite can also form an adduct with
CO2, giving rise to the carbonate radical anion ðCO��3 Þ.6
Thus, a therapeutic agent that could eliminate not only
O��2 , but also other oxidants (ONOO�, �NO2, and CO��3 )
would be advantageous.

The overall reaction of SOD enzymes ðO��2 þO��2 þ
2Hþ ! O2 þH2O2Þ involves two half-reactions (Scheme
1).2 The potential for the oxidation of O��2 is �0.160 V,
while that for the reduction of O��2 is +0.890 V versus
NHE in an aqueous medium.7 The one-electron reduc-
tion potential of all SOD enzymes is approximately
+0.3 V versus NHE, the midpoint of the two half-reac-
tions.8 Both half-reactions occur thus with the same rate
constants, kox = kred = � 109 M�1 s�1.9–11
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The growing appreciation of the role of SOD deficien-
cies in diverse pathologies has prompted studies of po-
tential therapeutic agents for removing superoxide,
preferentially in a catalytic manner. An ideal synthetic
SOD mimic should exhibit a redox potential, E1/2 of
� +0.3 V versus NHE. In addition, for optimal perfor-
mance, the mimic should afford electrostatic facilitation
for the dismutation in the same manner as the enzyme
itself does.12 A further requirement concerns bioavail-
ability. In the treatment of central nervous system inju-
ries, such as stroke, for example, the SOD mimic should
be able to cross the blood–brain barrier. While some
large molecules can cross the blood–brain barrier, in
general those molecules that passively cross the blood–
brain barrier are amphipathic with molecular weights
< 800 Da.13 In this regard, the use of naturally occurring
SOD enzymes as therapeutic agents is unattractive ow-
ing to their large size, antigenicity, short circulating
half-lives, and cost.

Efforts to construct catalytic SOD mimics for potential
therapeutic applications have focused on copper-, iron-
or manganese-containing compounds. Manganese is a
preferable metal given that manganese, as opposed to
iron and copper, does not undergo Fenton chemistry,
which results in the formation of the deleterious �OH
radical.1,14 Several different compounds have been stud-
ied as potential catalytic SOD mimics, including
Mn(III)12,15–28 and Fe(III)porphyrins,29–31 organic cyc-
lic nitroxides,32 Mn(II) complexes with pentaazacyc-
lodecane ligands (manganese cyclic polyamines),33,34

and Mn(III) salen complexes.35,36 Recently, given the
key importance of the mitochondria in a number of dis-
eases, compounds targeting mitochondria have been
increasingly sought. Examples include a lipophilic tri-
phenylphosphonium cation attached to coenzyme Q
via an alkyl linker,37 carboxypropyl nitroxide linked to
triphenylphosphonium ion,38 and the manganese chelate

of a tetra-pyridinium porphyrin (MnIIITM-4-PyP5+)
that contains a mitochondrial targeting peptide.39 Most
of the SOD mimics are also able to decrease the level of
reactive species other than O��2 .17–19,23,26,29–32,40 How-
ever, exceptions include Mn(II) cyclic polyamines,33,34

which are reportedly O��2 specific, due to the inability
of the pentacoordinated divalent manganese to further
coordinate ONOO�. Synthetic catalytic SOD mimics
in principle can be tuned in a variety of ways for tissue
targeting, activity, and stability. Of the various molecu-
lar architectures that have been investigated to date,
manganese porphyrins appear the most suitable due to
the high metal-ligand stability and broad range of possi-
bilities for modifying the core porphyrin ligand so as to
alter the metal-centered redox potential, charge, and
lipophilicity.

Thus far we have extensively studied hydrophilic man-
ganese porphyrins.12,17,19–28 Examples are shown in
Chart 1 along with their catalytic rate constants for
O��2 dismutation. A number of key findings emerged.
With electron-withdrawing, cationic, quaternized ortho
heterocyclic (e.g., pyridyl) groups at the meso positions,
both favorable E1/2 and electrostatics are achieved,
resulting in compounds that are only a few-fold less po-
tent in vitro than the SOD enzyme itself.22,25 Moreover,
the ortho isomers are bulkier than their para-substituted
analogues15,16,18 and thus do not interact significantly
with nucleic acids which make them less toxic.17 The
ability to scavenge O��2 paralleled the ability to reduce
peroxynitrite.19,23,26 Upon decreasing the levels of reac-
tive species, the manganese porphyrins can finely modu-
late signaling pathways by inactivating transcription
factors HIF-1a, NF-jB, and AP-1.41–43 Several porphy-
rins of that series were effective in ameliorating oxidative
stress injuries in vivo as well. It was also found that the
lack of charges close to the metal site, despite a favor-
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able E1/2, greatly diminished the O��2 scavenging ability:
while having the same E1/2 values, MnTE-2-PyP5+

is � 130-fold more potent in dismuting O��2 than the sin-
gly charged analogue MnBr8T-2-PyP+.12 The porphyrin
MnTE-2-PyP5+ entered the mouse mitochondria despite
excessive hydrophilicity.28 Such data complement a
study with submitochondrial particles indicating that
at P 3 lM, MnTE-2-PyP5+ would protect mitochondria
from ONOO�-mediated damage.18 Preliminary phar-
macokinetic data show that MnTE-2-PyP5+ enters the
brain as well, though at significantly lower levels than
other organs such as the liver and kidneys.44

Therefore, efforts were recently made to design more
bioavailable compounds, that is, compounds with high-
er lipophilicity that can cross the blood–brain barrier at
significant levels and have longer blood-circulating half-
lives.25 The 2-alkylpyridyl compound bearing hexyl
chains, MnTnHex-2-PyP5+, is several fold more lipo-
philic than MnTE-2-PyP5+, and is > 10-fold more effec-
tive in protecting SOD-deficient Escherichia coli when
grown aerobically, despite identical antioxidant po-
tency.45 Furthermore, in a renal model of ischemia/
reperfusion, a single dose of 50 lg/kg offered protection
against renal dysfunction, ATP depletion, MnSOD inac-
tivation and nitrotyrosine formation.27 Such data indi-
cate that compounds that display higher lipophilicity
may be more suitable for in vivo use, particularly when
targeting lipophilic environments/organs such as mem-
branes and the central nervous system.

Herein, we describe the synthesis of a collection of stable
manganese porphyrins that bear diverse substituents in
order to tune the redox properties of the metal site
and to preferentially target lipophilic cellular compo-
nents such as membranes. Some of the compounds have
sufficiently high E1/2 to allow O��2 dismutation on the ba-
sis of thermodynamic considerations. Compounds tar-
geting lipids may not provide electrostatic facilitation
for the reaction with negatively charged reactive species.
However, the potential for the reduction of oxygen is
shifted in an aprotic environment (e.g., in DMF the
E1/2 of O2=O��2 ¼ �600 mV vs NHE). Thus, in a lipid
environment, a MnIIIP without electrostatic facilitation
may still be able to effectively oxidize O��2 to yield O2

and the corresponding MnIIP (where ‘P’ denotes a por-
phyrin). Such compounds should enable studies of the
scavenging of reactive oxygen species within cellular
lipid compartments to suppress the deleterious conse-
quences of lipid peroxidation.
2. Results and discussion

2.1. Molecular design

Our design of meso-substituted manganese porphyrin-
based SOD mimics includes one or both of the following
features: (i) electron-withdrawing substituents, (ii) lipo-
philic substituents to facilitate crossing of lipid bilayer
membranes and ultimately the blood–brain barrier. The
prototypical target molecules are shown in Chart 2. The
substituents are arranged in patterns ranging from
the traditional A4-porphyrins (which have been predom-
inantly used in prior SOD designs) to architectures of low-
er symmetry including A3B-, trans-A2B2-, trans-AB2C-,
trans-A2-, trans-A2B-, and cis/trans-A2B-porphyrins.
None of the target compounds possess b-substituents.
The presence of substituents at both meso- and b-posi-
tions may cause ruffling of the ring and thereby increase
demetalation.

The electron-withdrawing substituents attached to the
porphyrin core are employed to shift the potential to
the desirable range (+0.3 V vs NHE). Examination of
the one-electron reduction potential of each member
of a set of free base porphyrins bearing diverse meso-
substituents has led to the determination of ‘partial
potential values,’ which assess the shifts in potential
characteristic of a substituent.46–48 While knowledge of
such shifts is useful in guiding the design of the porphy-
rin molecules, a complete set of potentials for the sub-
stituents of interest here was not available. Established
partial potential values of relevant groups for this study
are as follows: methyl (�15 mV), phenyl (+26 mV), and
pentafluorophenyl (+114 mV).48 In addition, the mono-
meso nitration of etioporphine and octaethylporphyrin
resulted in a +500 and +340 mV shift, respectively, of
the reduction potential of the porphyrin macrocycle.49,50

For the octaethylporphyrin, the potential shifted line-
arly up to the introduction of the third meso-nitro
group.49 The effect of a substituent in a meso position
is usually more pronounced than that of the same substi-
tuent in a b position.51 It should also be noted that
although the presence of a redox-active metal center
might limit the predictive utility of partial potential val-
ues by shifting the redox site from a ligand-based to me-
tal-based process,46 a qualitatively similar trend on the
overall substituent effect is still generally expected.

We sought to use meso-benzoyl or meso-trifluoromethyl
groups because of their strong electron-withdrawing
properties (Chart 2, Mn-1 to Mn-4). The manganese iso-
porphodimethene (Mn-5) was attractive to probe the
role of macrocycle aromaticity. The effects of meso-
oxo or meso-pentafluorophenyl substituents on the
redox potential were also investigated (Mn-6, Mn-7,
and Mn-8). The manganese porphyrins Mn-9, Mn-13,
and Mn-14 were designed to locate at the interior of bi-
layer lipid membranes. We also designed molecules to
study the effect of the nitro group on the reduction
potential (Mn-10, Mn-11, Mn-12, and Mn-14). Finally,
the manganese porphyrin Mn-15 is amphipathic and
may potentially cross the blood–brain barrier.

A number of the compounds contain trifluoromethyl
groups. The trifluoromethyl group is an attractive sub-
stituent for several reasons: (1) lipophilicity, (2) elec-
tron-withdrawing effect, and (3) small size, thus
keeping the interfacial cross-sectional area low. The
installation of a trifluoromethyl group has yielded
beneficial results on a range of medicinal agents. For
example, a trifluoromethyl-epothilone derivative has
resulted in a decrease in toxicity and a broader thera-
peutic index.52,53 Some taxoids bearing a trifluoro-
methyl or difluoromethyl groups showed higher
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potency than their non-fluorinated counterparts
against certain cancer lines and acted as versatile
probes for biomedical problems.54 The photosensitiz-
ing efficacy of purpurinimides and bacteriopurpurini-
mides also was enhanced by the introduction of
trifluoromethyl substituents.55
2.2. Synthesis

The free base porphyrins were prepared using two ra-
tional methodologies: (1) reaction between a dipyrrom-
ethane and an aldehyde to give the corresponding
trans-A2- or trans-A2B2-porphyrin;56 and (2) acylation
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or alkylation of a dipyrromethane at the 1,9-positions
followed by condensation of the dipyrromethane deriv-
ative with a dipyrromethane to give the corresponding
A- or trans-AB2C-porphyrin.57 Three dipyrromethanes
were used herein (16,58,59 17,59 and 1860), all of which
are known compounds.

Two literature methods were employed for manganese
insertion, which differed only in the reaction condi-
tions. The first method (method A) entailed treatment
of the free base porphyrin with MnCl2 and 2,6-luti-
dine in chloroform/methanol with mild heating (Eq.
1).61 The second method (method B) entailed treat-
ment of the free base porphyrin with MnCl2 in reflux-
ing DMF (Eq. 1).62

ClMnIIIporphyrinfree base porphyrin
MnCl2

Method A: 2,6-lutidine, CHCl3/MeOH, 50 ˚C

Method B: DMF, reflux

ð1Þ
Scheme 2.
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2.2.1. Porphyrins bearing benzoyl and/or trifluoromethyl
groups. The meso-benzoyl and meso-trifluoromethyl
groups were anticipated to provide strong electron-
withdrawing effects. The tetrabenzoylporphyrin 1,63

mono-benzoylporphyrin 2,63 dibenzoyl-bis(trifluoro-
methyl)porphyrin 3,60 and bis(trifluoromethyl)porphyrin
460 were prepared by known procedures. Manganese
metalation (via method A) of each free base porphyrin
1–4 afforded the corresponding manganese chelates
Mn-1, Mn-2, Mn-3, and Mn-4 in good yields.

2.2.2. Porphodimethenes and oxoporphodimethenes. Por-
phodimethenes64–67 lie at the interface between
calix[4]pyrroles and porphyrin chemistry. The non-aro-
matic macrocycle provided by the porphodimethene
was of interest for fundamental studies of SOD activity.

Three syntheses of porphodimethene 5 have been re-
ported and proceed as follows: (1) condensation of
5-phenyldipyrromethane, pyrrole, and acetone in the
presence of TFA followed by oxidation with DDQ
(5% yield);66 (2) condensation of 5,5-dimethyldipyrro-
methane (16), 5-phenyldipyrromethane and benzaldehyde
in the presence of BF3ÆOEt2 followed by oxidation with
DDQ (9% yield);68 and (3) 1-acylation of 5,5-di-
methyldipyrromethane followed by reduction and self-
condensation.69

We carried out the synthesis of porphodimethene 5 by
the ‘2 + 2’ condensation of 5,5-dimethyldipyrromethane
(16) and benzaldehyde. Thus, treatment of dipyrrome-
thane 16 with benzaldehyde in the presence of TFA fol-
lowed by oxidation with DDQ afforded 5 in 10% yield
(Scheme 2). Metalation of 5 with MnCl2 in DMF (via
method B) gave Mn-5 in 83% yield (crystallographic
data are given in the Supporting Information). The
manganese insertion of 5 was carried out using a large
excess (up to 53 equiv) of the metal ion and was slower
than the metal insertion of dioxoporphodimethenes or
porphyrins. The sluggish metal insertion may be due
to steric hindrance from the axial methyl groups at the
meso-positions and the basicity of the nitrogens, result-
ing from the non-aromatic character of 5.

The condensation of dipyrromethane (17) and benzalde-
hyde following a literature method70 afforded 5,15-di-
phenylporphyrin (19). Oxygenation of 19 with thallium
trifluoroacetate (TTFA) afforded the thallium complex
of 5,15-dioxo-10,20-diphenylporphodimethene (Scheme
3).71 An excess of TTFA (18 equiv) was employed be-
cause larger amounts of byproducts were formed upon
extended reaction with a stoichiometric amount of
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TTFA. In an early report by Smith et al. for the prepa-
ration of octaethyldioxoporphodimethene,71 SO2 gas
was bubbled into the reaction mixture to reduce Tl(III)
to Tl(I) for demetalation. Treatment of 19 with the same
procedure afforded a black precipitate, which upon LD–
MS analysis showed the desired compound 6, the thal-
lium salt of 6 and higher molecular weight materials cor-
responding to dimeric and other polymeric products of
6. The dimerization of radical ion intermediates has
been reported for other dioxoporphodimethenes.72 To
minimize possible side reactions, the crude thallium salt
was demetalated with TFA, and the dioxoporphodi-
methene 6 was isolated in 43% yield after column chro-
matography. Metalation of 6 with MnCl2 in DMF (via
method B) afforded Mn-6 in 77% yield. Metalation of
6 with Zn(OAc)2Æ2H2O afforded Zn-6 in 93% yield.
The synthesis of a cationic oxoporphodimethene (Mn-
8) is discussed in the next section.

2.2.3. Tetrafluorotrimethylanilinium-substituted porphy-
rins. Tetrafluorotrimethylanilinium substituents were
introduced for their electron-withdrawing properties
and as a potential means of accelerating reaction with
superoxide by electrostatic interaction. Only two cationic
substituents were attached to the porphyrin core to limit
the molecular size and aqueous solubility of the complex.

The condensation of dipyrromethane 17 and pentaflu-
orobenzaldehyde in the presence of BF3ÆO(Et)2 in
CHC13 (BF3-ethanol cocatalysis)73 gave porphyrin 20.
Kadish et al. have reported that heating tetrakis(penta-
fluorophenyl)porphyrin in DMF affords the dimethyl-
amino-substituted porphyrin.74 Later studies by
Richards and Miskelly have shown that the presence
of HN(CH3)2ÆHCl is beneficial for this substitution reac-
tion.75 The substitution of the para-fluoro groups of 20
with dimethylamino groups was carried out in the pres-
ence of excess HN(CH3)2ÆHCl in DMF at 120 �C for
24 h to yield 5,15-bis(2,3,5,6-tetrafluoro-4-dimethylam-
inophenyl)porphyrin (21) in 78% yield (Scheme 4).
Metalation of 21 with MnCl2 in DMF (via method B)
gave Mn-21. Methylation75 of Mn-21 upon treatment
with methyl triflate in (CH3O)3PO afforded the tricat-
ionic manganese complex Mn-7 in 52% yield (on the
assumption that the counterion is triflate). On the basis
of the elemental analysis data, which were consistent
with the presence of the porphyrin complex, one mole-
cule of trimethyl phosphate, and one molecule of water,
the corrected yield of the porphyrin complex itself
would be 45%.

The oxygenation of porphyrin 20 using TTFA in TFA
at room temperature followed by demetalation with
TFA gave dioxoporphyrin 22.71 The reaction was
worked up after 40 min, because extended reaction times
gave byproducts and decreased the yield of 22.
Oxoporphodimethene 23 was synthesized in 57% yield
from 22 following a strategy similar to that used for
the synthesis of 21 (Scheme 5) (crystallographic data
for 23 are given in the Supporting Information). Meta-
lation of 23 (via method B) followed by methylation
using methyl triflate75 afforded manganese porphyrin
Mn-8 in 67% yield (on the assumption that the counter-
ion is triflate). On the basis of the elemental analysis
data, which were consistent with the presence of the por-
phyrin complex and two molecules of trimethyl phos-
phate, the corrected yield of the porphyrin complex
itself would be 55%.

Compound Mn-8 was found to display three electro-
chemical waves (vide infra), which were attributed to
both the quinone moiety and the manganese ion. The
zinc chelate analogue of Mn-8 (Zn-8) was synthesized
as a model compound for cyclic voltammetry experi-
ments. Given that zinc porphyrins do not undergo me-
tal-centered redox chemistry, the zinc chelate analogue
would enable assignment of the electrochemical waves
corresponding to the quinone moiety, and thus, by elim-
ination, the waves corresponding to the manganese cen-
ter in Mn-8. Reaction of the free base 23 with Zn(OAc)2

generated the zinc complex Zn-23 in 85% yield. Quat-
ernization of Zn-23, employing a strategy similar to
the one used for the synthesis of Mn-8, afforded com-
pound Zn-8 in 73% yield (Scheme 5).

2.2.4. Pentyl-substituted porphyrins and nitroporphyrins.
Two alkyl chains were introduced on the porphyrin core
to increase the lipophilicity of the complex as required to
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improve the permeation of cell membranes. Pentyl
chains were employed to impart enough lipophilicity
while limiting the toxicity previously observed with
longer alkyl chains.45

The synthesis of alkyl-substituted trans-A2-porphyrins
has been reported. For example, the condensation of
heptanal with dipyrromethane in dichloromethane un-
der acidic conditions followed by oxidation with DDQ
generated the corresponding trans-A2-porphyrin in
27% yield.76 Here, the condensation of hexanal and
dipyrromethane (17)59 in the presence of clay (Montmo-
rillonite K-10) gave porphyrin 9 in 56% yield (Scheme 6)
after only a single column chromatography purification
and without any scrambling. Metalation of 9 using
method A gave Mn-9 in 95% yield.

Nitro groups were then introduced because of their abil-
ity to shift the redox potentials to more positive values.
Nitration of porphyrin 9 was achieved with fuming ni-
tric acid in glacial acetic acid77 at 0 �C for 20 min to af-
ford an inseparable mixture of mononitroporphyrin 10
and dinitroporphyrin 11 in a 6:1 ratio. Zinc metalation
enabled separation of the mono- and dinitro-porphyrins
(Zn-10 and Zn-11, respectively) by silica chromatogra-
phy (Scheme 6). The facile separation of the zinc deriv-
atives prompted us to use zinc nitrate78 as the nitrating
agent. Nitration under these conditions led exclusively
to zinc(II)-5,15-di-n-pentyl-10,20-dinitroporphyrin (Zn-
11) in 49% yield. Demetalation of Zn-10 or Zn-11 in
TFA gave 10 or 11. Manganese insertion of 10 or 11
with MnCl2 and 2,6-lutidine afforded manganese por-
phyrin Mn-10 or Mn-11 in 100% or 57% yield,
respectively.

2.2.5. Porphyrins bearing nitro and trifluoromethyl
groups. 1,9-Diformyldipyrromethane 24 was synthesized
according to a literature method.79 Reduction of 24 with
NaBH4 gave dipyrromethane-1,9-dicarbinol 24-diol.
The acid-catalyzed condensation of 24-diol and dipyrro-
methane 17 gave porphyrin 25 in 8% yield (Scheme 7).
Porphyrin 25 was treated with Zn(NO3)2Æ6H2O in acetic
anhydride to afford the Zn-dinitroporphyrin
Zn-12.
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An alternative route to compound Zn-12 is possible
via the method developed by Fan et al.80 Treatment
of 5-(trifluoromethyl)dipyrromethane (18) with Esc-
henmoser’s salt furnished the 1,9-bis(N,N-dimethylam-
inomethyl)dipyrromethane 26 in 74% yield and > 95%
purity (as determined by 1H NMR analysis) after sim-
ple aqueous-organic work up. Treatment of 26 with
dipyrromethane (17) in refluxing ethanol in the pres-
ence of Zn(OAc)2 followed by oxidation with DDQ
afforded porphyrin Zn-25 in 11% yield after column
chromatography. The reaction of Zn-25 with
Zn(NO3)2Æ6H2O and acetic anhydride under the same
conditions as for the free base porphyrin 25 yielded
the dinitro derivative Zn-12.

The latter route for the synthesis of Zn-12 is superior to
the one utilizing the 1,9-diformyldipyrromethane 24,79

as 26 displays improved reactivity versus 24-diol in the
porphyrin-forming reaction. Furthermore, although 24
and 26 are obtained in similar yields (a 79% yield is re-
ported for 24), the synthesis of 26 requires neither chro-
matographic purification nor recrystallization as for 24,
therefore simplifying the procedure. Although this pro-
cedure affords the Zn-chelate of 25, the central metal
did not cause any problems in the subsequent step.

The nitration of Zn-25 proceeded without much regi-
oselectivity, yielding a 2:1 mixture of cis and trans iso-
mers as determined by 1H NMR analysis. The
separation of these two isomers was not possible by
column chromatography; therefore, the mixture was
carried forward to the next step. Porphyrin Zn-12
was demetalated with TFA to give free base porphyrin
12, which upon metalation (via method A) afforded
Mn-12 in 79% yield.

2.2.6. Porphyrins bearing isopropyl and trifluoromethyl
groups. With a view to synthesize lipophilic or amphi-
pathic manganese porphyrins with tuned reduction
potentials, we focused on introducing isopropyl groups
(to provide lipid solubility) and trifluoromethyl groups
(to shift the reduction potential). The 1,9-diacylation
of 18 with EtMgBr and isobutyroyl chloride afforded
1,9-diacyldipyrromethane 27. Reduction of 27 using
NaBH4 gave the dipyrromethane-1,9-dicarbinol 27-diol.
The standard acid-catalyzed condensation57 of 27-diol
with dipyrromethane 17 gave 13 in 16% yield (Scheme
8). Metalation of 13 (via method A) afforded manganese
porphyrin Mn-13 in 76% yield.

Treatment of porphyrin 13 with 1 equivalent of
Zn(NO3)2Æ6H2O in CHCl3/acetic anhydride (2:1) affor-
ded Zn-14 in 32% yield (Scheme 8). Demetalation of
Zn-14 using TFA afforded free base porphyrin 14, which
upon metalation (via method A) afforded manganese
porphyrin Mn-14 in 82% yield.

Compound Mn-15 was designed to target the blood–
brain barrier. The key structural determinants for pas-
sive diffusion across the blood–brain barrier are more
restrictive than those for other cellular membranes.
The constraints are generally found to be as follows:81

(1) a cross-sectional area at the hydrophilic/hydrophobic
interface of < 50 Å2, (2) pKa for acids > 4, and (3)
pKa < 10 for bases. Very hydrophobic drugs with
cross-sectional areas P 80 Å2 generally do not cross
the blood–brain barrier. Thus amphiphilic molecules
with modest interfacial cross-sectional areas and bearing
neither strong acids nor bases have the highest propen-
sity to cross the blood–brain barrier.81 Thus, the fea-
tures of Mn-15 include (1) the use of polar and
hydrophobic groups, (2) an electron-withdrawing substi-
tuent to tune the potential, (3) overall low molecular
weight, (4) no meso-aryl groups, which increase the
cross-sectional area thereby impeding membrane perme-
ability, and (5) no strongly acidic or basic substituents.
The morpholine substituent was chosen as it is present
in a pyrrole-pyrimidine antioxidant (not an SOD mimic)
that crosses the blood–brain barrier,82 and is also found
in a variety of tricyclic antidepressants and other neuro-
active therapeutic agents including reboxetine.83
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Exploratory studies showed that it would be difficult to
synthesize an aminomethyl-substituted porphyrin by
condensation of a dipyrromethane-dicarbinol derived
from 27 with a 5-amino-substituted dipyrromethane.
Therefore, we decided to introduce a formyl group first
and then transform the formyl group into the morpholi-
nomethyl group by reductive amination.

We synthesized the required formylporphyrin 28
following standard literature methods for copper inser-
tion, formylation, and subsequent demetalation (Scheme
9). Porphyrin 13 was metalated with copper using
Cu(OAc)2ÆH2O in CHCl3-methanol to afford Cu-13.84

Vilsmeier formylation84 of Cu-13 gave the formylporph-
yrin Cu-28, which upon demetalation84 in TFA contain-
ing concentrated H2SO4 furnished the formylporphyrin
28. The reductive amination of 28 with morpholine and
sodium cyanoborohydride in dichloromethane/metha-
nol85 afforded the target porphyrin 15 along with the



Table 1. Metal-centered redox potentials, E1/2 for MnIIIP/MnIIP redox

couple of manganese porphyrins

Compound E1/2 versus

Ag/AgCla (V)

E1/2 versus

NHEb (V)

Mn-1c +0.060 +0.088

Mn-2 �0.327 �0.231

Mn-3 �0.052 +0.044

Mn-4 �0.190 �0.094

Mn-5 �0.265 �0.169

Mn-6 �0.013 +0.082

Mn-7 �0.216 �0.120

Mn-8 +0.353 +0.449

Mn-9 �0.450 �0.354

Mn-10 �0.249 �0.153

Mn-11 �0.039 +0.057

Mn-12 +0.112 +0.208

Mn-13 �0.393 �0.297

Mn-14 �0.195 �0.099

Mn-15 �0.442 �0.346

Zn-8d +0.100 +0.196

�0.213 �0.117

Mn-TE-2-PyP5+ +0.132 +0.228

Mn-TE-2-PyP5+c +0.200 +0.228

Mn-TM-2-PyP5+ +0.126 (�0.041)e +0.220

Ferrocenemethanol +0.385 (+0.218)e

Ferrocene +0.379

a E1/2 was measured in MeOH/H2O (9:1) containing 0.05 M tris buffer

and 0.1 M NaCl at pH 7.8.
b Corresponding corrected values for an aqueous system versus NHE.
c E1/2 was measured in DMF/H2O (9:1) containing 0.05 M tris buffer

and 0.1 M NaCl at pH 7.8.
d Non-metal centered redox couples.
e MnTM-2-PyP5+ and ferrocenemethanol were measured in the fol-

lowing media: MeOH/H2O (9:1), 0.1 M NaCl, 0.05 M tris buffer, pH

7.8; and H2O, 0.1 M NaCl, 0.05 M tris buffer, pH 7.8 (value in

parentheses). An identical shift in potential (167 mV) upon changing

from MeOH/H2O to the aqueous system was observed with both

ferrocenemethanol and MnTM-2-PyP5+.
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byproduct hydroxymethyl-porphyrin 29. The two
porphyrins 15 (58%) and 29 (25%) were separated by
chromatography on alumina. Metalation of free base
porphyrin 15 (via method A) afforded manganese
porphyrin Mn-15 in 76% yield.

Attempts to shift the reduction potential of metal che-
lates (Zn, Cu) of 15 by treatment with N-chlorosuccini-
mide in refluxing methanol86 or CoF3 in
dichloromethane87 did not provide the required product.
Similar attempts to chlorinate, acylate,84 or nitrate Cu-
28 or Zn-28 also were unsuccessful. We attribute the
failures to functionalize the porphyrins Cu-28 and Zn-
28 to the presence of the labile formyl group.

2.2.7. Chemical characterization. Each free base porphy-
rin was characterized by absorption spectroscopy, 1H
NMR spectroscopy, laser desorption mass spectrometry
(LD–MS), and high-resolution FAB-MS, except free
base porphyrin 12 due to poor solubility. The manga-
nese porphyrins were characterized by absorption spec-
troscopy, fluorescence spectroscopy, LD–MS (or ESI-
MS), and high-resolution FAB-MS. 1H NMR spectros-
copy was not performed on the manganese porphyrins
owing to the paramagnetic character of the manganese
ion. The structures of both the manganese porphodi-
methene complex Mn-5 and the free base dioxoporph-
odimethene 23 were investigated by X-ray
crystallography. The ORTEP diagrams of Mn-5 and
23, along with selected bond distances and bond angles
for both structures, are given in the Supporting
Information.

2.2.8. Solubility. All manganese porphyrins examined
herein are soluble in methanol, other than Mn-1, which
is soluble in DMF. Compound Mn-1 was examined for
lipophilicity by the well-established method of partition-
ing between n-octanol and water (where Mn-1 was first
dissolved in n-octanol and then water was added). Mn-
1 was soluble in n-octanol and did not distribute into
the aqueous layer. Comparable behavior is expected
for all the other neutral manganese porphyrins described
herein. On the other hand, Mn-7 and Mn-8 bear charged
substituents and are water-soluble. Accordingly, Mn-7
and Mn-8 were first dissolved in water and then n-octa-
nol was added. Both compounds were distributed essen-
tially entirely in the aqueous layer with none in the
n-octanol phase.

2.3. Electrochemistry

The redox potentials of the manganese porphyrins
synthesized were determined to assess the effects of
substituents. The metal-centered reduction potentials,
E1/2, of all of the new manganese porphyrins were
measured versus Ag/AgCl in a mixture of methanol/
H2O (or in DMF/H2O in the case of Mn-1). The val-
ues determined under these conditions and the cor-
rected ones for an aqueous system versus NHE are
gathered in Table 1. The corrected values were ob-
tained by adding 96 mV or 28 mV to the potentials
determined versus Ag/AgCl in MeOH/H2O or DMF/
H2O, respectively.
The electrochemical waves could be easily assigned ex-
cept in the case of Mn-6 and Mn-8. Compound Mn-8
exhibited three redox couples: +0.449 V, +0.100 V and
�0.342 V versus NHE. The zinc analogue Zn-8 only
had two such couples, at +0.196 V and �0.117 V versus
NHE. Thus, the most positive E1/2 of Mn-8 was attrib-
uted to the metal site, as it was absent from the voltam-
mogram of Zn-8 (zinc porphyrins do not undergo metal-
centered electrochemistry). Compound Mn-6 has a
structure similar to that of Mn-8 and also exhibited
three redox couples at +0.082 V, �0.167 V and
�0.357 V versus NHE; however, all were irreversible.
By analogy of Mn-6 with Mn-8, the most positive poten-
tial was assigned as the metal-centered potential. The
other electrochemical waves observed probably result
from the reduction of the meso-oxo substituents to pro-
duce semiquinone and quinol species.

A potential of �0.231 V versus NHE was found for Mn-
2. This value is slightly more positive than the potentials
for MnTPP+ and MnT-2-PyP+, previously measured to
be �0.270 V and �0.280 V versus NHE, respectively.88

This effect results from the electron-withdrawing proper-
ties of the benzoyl substituent. This effect is further in-
creased when all four meso positions are substituted
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with benzoyl groups (Mn-1), the potential then shifting
to a positive value (+0.088 V vs NHE). The replacement
of two benzoyl groups of Mn-1 with two CF3 groups
(Mn-3) decreases the potential slightly. This phenome-
non may result from a weaker electron-withdrawing
ability of the trifluoromethyl substituent compared to
the benzoyl group. With two CF3 and two phenyl
groups in a trans-A2B2 configuration, a negative shift
of �138 mV is observed for the E1/2 of Mn-4 relative
to Mn-3. This indicates that the partial potential for a
benzoyl substituent is much larger than that for a phenyl
group. Yet, the presence of two meso-oxo substituents in
Mn-6, instead of two CF3 groups in Mn-4, causes a large
positive shift in the potential (+176 mV).

The nonaromatic porphodimethene Mn-5 has a redox
potential similar to the potential of manganese ligated
to a nonaromatic manganese salen (E1/2 = �130 mV vs
NHE).89 The lack of full conjugation in Mn-5 results
in a destabilization of the Mn+3 oxidation state as re-
flected by the comparable more positive reduction po-
tential of Mn-5 with respect to that of MnTPP+

(�0.270 V vs NHE).

As expected, Mn-7, with only two tetrafluorotrimethy-
lanilinium groups attached in the meso positions, dis-
plays a more negative potential (�0.120 V vs NHE)
compared to the fully substituted analogue (+0.060 V
vs NHE).88 Introduction of oxo substituents in the
remaining two meso positions resulted in a significant
shift of +569 mV of the potential (Mn-8). The effect
of oxo substituents is thus the largest upon combina-
tion with the electron-withdrawing tetrafluorotrimethy-
lanilinium moieties in the other two meso positions
(Mn-8).

The introduction of one electron-withdrawing nitro
substituent to the dipentylporphyrin Mn-9 resulted in
a shift of about +200 mV (Mn-10). A similar shift
(+210 mV) was observed when a second nitro group
was added to Mn-10 to yield Mn-11. The introduction
of a nitro group to Mn-13, which possesses two para-
alkyl substituents and an electron-withdrawing substi-
tuent (similarly to Mn-10) to give Mn-14, shifted the
potential in the same extent as previously observed
with Mn-10 and Mn-11. A comparable shift
(+170 mV) in the FeIIIP/FeIIP potential was observed
following the meso-nitro substitution of Fe(III) b-octa-
ethylporphyrin.90 Such a high shift in potential of por-
phyrin redox or metal-centered redox properties is
consistent with the strong electron-withdrawing power
of the nitro group.47,51,91,92 Although both Mn-11
and Mn-12 possess two nitro substituents, the differ-
ence in potentials observed (151 mV) is probably due
to the electron-donating effect of the pentyl chains
resulting in negative partial potentials as opposed to
the electron-withdrawing effect of the CF3 group. The
morpholinomethyl substituent present in Mn-15 results
in a negative shift of the potential compared to Mn-13,
due to its electron-donating effect.

From the data gathered, the following sequence can be
established for the MnIIIP/MnIIP redox couple in re-
sponse to the meso substituents: CH2NR < Ph <
CF3 � p-(Me3N)C6F4 � C(O)Ph < NO2 � oxo.

2.4. SOD activity

All compounds (Mn-1–Mn-15) were examined for SOD
activity using the cytochrome c (cyt c) assay.20 Although
of appropriate potential (E1/2 = +0.208 V), Mn-12 had
no detectable SOD activity. The SOD activity of Mn-
8, which exhibits E1/2 = +0.449 V versus NHE, could
not be precisely determined due to its strong catalysis
of cyt c reoxidation by H2O2. Yet, with catalase present,
the log kcat could be estimated to be equal to or lower
than 4.60. None of the other compounds had any signif-
icant SOD-like activity (i.e. exhibiting log kcat P 4.60)
other than Mn-1, which exhibited a log kcat = 5.20.
The origin of the activity of Mn-1 is not known, but
may be associated with the polarity of the meso-car-
bonyl group. In this regard, a significant increase in
SOD activity was observed upon replacement of an al-
kyl chain by an oxygenated side-chain within the
MnTE-2-PyP5+-type series (Chart 1).24,25,45 The lack
of activity of the remaining manganese porphyrin com-
plexes, despite the presence of favorable E1/2 values for
some, may stem from the lack of positive charges close
to the metal site. On the other hand, in a more lipophilic
environment where the E1/2 of O2=O��2 is shifted nega-
tively (e.g., from �160 mV (aqueous) to �600 mV vs
NHE in DMF), some of the compounds may have elec-
trochemical potentials sufficient to compensate for the
lack of electrostatic attraction. Such may be the case
with compounds Mn-1, Mn-3, Mn-11, and particularly
Mn-12. Further study is required to address this issue.

Similar to the case with ubiquinone1 and with naturally
occurring polyphenols,93 the compounds bearing meso-
oxo substituents (Mn-6 and Mn-8) upon reduction to
the semiquinone radical could potentially produce
superoxide. The production of superoxide may entail
one-electron oxidation of the semiquinone radical by
oxygen. Several compounds have already been used in
in vivo studies whose anticancer ability has been ex-
plained through their ability to produce reactive species.
Such compounds include texaphyrin, motexafin gadolin-
ium, and parthenolide.94–96 Thus, rather than SOD
mimics, Mn-6 and Mn-8 may be considered for in vivo
study of their anticancer effects due to their likelihood
to produce superoxide and subsequently its progeny
peroxynitrite.
3. Conclusion

The manganese porphyrins described herein represent
new molecular designs that achieve redox control while
maintaining low molecular weight and tailored lipophil-
icity. The limited molecular weight is a challenge given
the intrinsic size of the porphyrin macrocycle. Control
over these features is essential to meet the criteria for
a catalytic antioxidant that crosses the blood–brain bar-
rier and remains active in membranous structures. The
new synthetic routes exploited herein illustrate the capa-
bilities for gaining access to diverse molecular designs.
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Although electrostatic facilitation for the reaction with
O��2 cannot be provided when a lipophilic environment
is targeted, compounds bearing benzoyl, nitro, and
CF3 functionalities (Mn-1, Mn-3, Mn-11, and in partic-
ular Mn-12) display metal-centered redox potentials po-
sitive enough that might allow them, along with tailored
lipophilicity, to scavenge reactive species within cellular
components (membranes) and organs (central nervous
system) that are otherwise difficult to access. That would
render them particularly promising for treating neuro-
logical disorders. Finally, compounds having meso-oxo
substituents, Mn-8 and Mn-6, may potentially be prom-
ising for killing cancer cells through production of reac-
tive species.
4. Experimental

4.1. General synthesis procedures

1H NMR (300 MHz) and 13C NMR (75 MHz) spectra
were recorded in CDCl3 unless noted otherwise.
Absorption spectra and fluorescence emission spectra
were collected in CH2Cl2 at room temperature unless
noted otherwise. Hydrophobic porphyrins were ana-
lyzed in neat form (without a matrix) by laser desorption
mass spectrometry (LD–MS). Water-soluble porphyrins
were analyzed by direct infusion of aqueous or methan-
olic solutions by atmospheric pressure electrospray mass
spectrometry (ESI-MS). Elution was performed in a sol-
vent mixture of water/acetonitrile (0.1% HCOOH) at a
flow rate of 0.3 mL/min. Both in LD–MS and ESI-MS
analyses, positive ions were detected unless noted other-
wise. In general, the manganese porphyrins gave a par-
ent molecule ion lacking the chloride counterion [i.e.,
(M–Cl)+]. Infrared absorption spectra were recorded
as KBr pellets. Melting points are uncorrected. Solvents
were dried according to standard procedures. The pro-
gress of porphyrin-forming reactions was monitored
by absorption spectroscopy. Porphyrin metalation reac-
tions were monitored by TLC and fluorescence emission
spectroscopy.

4.2. Chromatography

Preparative chromatography was performed using silica
(40 lm average particle size) or alumina (80–200 mesh).
Thin layer chromatography was performed on silica or
alumina. Samples were visualized by ultraviolet light
(254 and 365 nm). Analytical reversed-phase high
pressure liquid chromatography (RP-HPLC) was car-
ried out using an octadecylsilica column (5 lm,
125 · 4 mm) under the following elution conditions:
flow rate = 1.0 mL/min; A = water (35%), B = methanol
(0.1% TFA) (65%); detection at 254 and 450 nm.

4.3. Noncommercial compounds

The following compounds were prepared as described in
the literature: Free base porphyrins 1,63 2,63 3,60 4,60 and
19;70 dipyrromethanes 16,58,59 17,59 and 18;60 and 1,9-
diformyldipyrromethane 24.79 An alternative synthesis
of the known porphyrin 566,68,69 is reported here.
4.4. Manganese metalation procedures

4.4.1. Method A: Exemplified for meso-tetrabenzoyl
porphinatomanganese(III)chloride (Mn-1). Following a
literature procedure,61 a solution of 1 (24 mg,
0.033 mmol) in CHCl3/MeOH (2:1, 15 mL) was treated
with MnCl2 (66 mg, 0.53 mmol, 16 equiv) and 2,6-luti-
dine (six drops). The mixture was stirred at 50 �C for
36 h. Removal of solvent yielded a dark-green residue,
which upon chromatography [silica, CHCl3 ! CHCl3/
MeOH (9:1)] afforded a greenish brown solid (18 mg,
69%): LD–MS obsd 778.9 (M–Cl)+; FAB-MS obsd
779.1489, calcd 779.1491 (C48H28MnN4O4); kabs 370,
477, 577 nm.

4.4.2. Method B: Exemplified for 5,5,15,15-tetramethyl-
10,20-diphenylporphodimethenatomanganese(III)chloride
(Mn-5). Following a literature method,62 a solution of 5
(80 mg, 0.15 mmol) was treated with MnCl2 (0.25 g,
2.0 mmol, 13 equiv) in DMF (100 mL) and heated at re-
flux. After 2 h, an aliquot taken from the solution
showed � 60% metalation according to the UV–vis
spectrum. The reaction was allowed to proceed for an-
other 2 h, during which time MnCl2 (0.75 g, 6.0 mmol,
40 equiv) was added in portions. After cooling to room
temperature, DMF was removed in vacuo, and the
resulting crude solid was washed amply with H2O and
dried under vacuum. The solid was dissolved in CH2Cl2
(10 mL), to which silica gel (1–2 g) was added. The
resulting slurry was concentrated to dryness. The result-
ing powder was poured on top of a silica column packed
and eluted with CH2Cl2/MeOH (4:1). The product, an
orange band, was collected and concentrated. The addi-
tion of hexanes yielded a precipitate (76 mg, 83%). Sin-
gle crystals for X-ray diffraction were grown by slow
vapor-phase diffusion of hexanes into a concentrated
solution of Mn-5 in CHCl3: LD–MS obsd 573.2 (M–
Cl)+; FAB-MS obsd 573.1867, calcd 573.1851
(C36H30MnN4); kabs 347, 428, 492 nm.

4.5. Synthesis of manganese porphyrins

4.5.1. 5-Benzoyl-10,15,20-tris(4-methylphenyl)porphina-
tomanganese(III)chloride (Mn-2). Metalation of 2
(21 mg, 0.030 mmol) following method A with chroma-
tography [silica, CHCl3! CHCl3/MeOH (98:2)] affor-
ded a greenish brown solid (17 mg, 77%): LD–MS
obsd 736.5 (M–Cl)+; FAB-MS obsd 737.2133, calcd
737.2113 (C48H34MnN4O); kabs 376, 401, 477, 581,
617 nm.

4.5.2. 5,15-Dibenzoyl-10,20-bis(trifluoromethyl)porphina-
tomanganese(III)chloride (Mn-3). Metalation of 3
(13 mg, 0.020 mmol) following method A with chroma-
tography [silica, CHCl3! CHCl3/MeOH (98:2)] affor-
ded a greenish brown solid (12 mg, 85%): LD–MS
obsd 706.7 (M–Cl)+; FAB-MS obsd 707.0726, calcd
707.0714 (C36H18F6MnN4O2); kabs 359, 427, 474, 573,
614 nm.

4.5.3. 5,15-Diphenyl-10,20-bis(trifluoromethyl)porphina-
tomanganese(III)chloride (Mn-4). Metalation of 4
(24 mg, 0.040 mmol) following method A with chroma-
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tography [silica, CHCl3/MeOH (19:1! 9:1)] afforded a
greenish brown solid (14 mg, 54%): LD–MS obsd
650.36 (M–Cl)+; FAB-MS obsd 651.0833, calcd
651.0816 (C34H18F6MnN4); kabs 365, 475, 574, 617 nm.

4.5.4. 5,15-Dioxo-10,20-diphenylporphodimethenatoman-
ganese(III)chloride (Mn-6). Following a procedure simi-
lar to method B, a solution of dioxoporphodimethene 6
(40 mg, 0.081 mmol) in DMF (60 mL) was treated with
MnCl2 (150 mg, 1.19 mmol, 14.7 equiv) at 100 �C. The
mixture changed immediately from yellow to orange.
The solution was heated at reflux and stirred. After
2 h, an aliquot taken from the reaction mixture
showed � 85% metalation according to UV–vis absorp-
tion spectroscopy. Another portion of MnCl2 (100 mg,
0.79 mmol, 9.8 equiv) was added, and the reaction was
continued for 2 h. After cooling to room temperature,
DMF was removed under vacuum. The resulting solid
was dissolved in CH2Cl2 (100 mL) and a small amount
of MeOH. The solution was washed with 0.01 M HCl
(50 mL), dried (Na2SO4) and concentrated to afford an
orange solid. Recrystallization (DMF/H2O) afforded a
green crystalline solid (36 mg, 77%): LD–MS obsd
545.3 (M–Cl)+; FAB-MS obsd 546.0892, calcd 546.0888
(C32H19MnN4O2); IR: m (CO), 1648 cm�1; kabs (DMF)
347, 420, 454, 509, 544 nm.

4.5.5. 5,15-Di-n-pentylporphinatomanganese(III) chloride
(Mn-9). Metalation of 9 (30.0 mg, 0.0665 mmol) follow-
ing method A with chromatography [silica, CH2Cl2!
CH2Cl2/MeOH (19:1)] generated a green solid. The com-
pound was dissolved in CH2Cl2 and washed twice with
water. The organic layer was dried (Na2SO4) and filtered.
The filtrate was concentrated to give a shiny green solid
(32 mg, 95%): LD–MS obsd 503.4 (M–Cl)+ and 538.5
(M+, trace); FAB-MS obsd 503.2001, calcd 503.2007
(C30H32MnN4) and 538.1696 (M = C30H32ClMnN4); kabs

339, 367, 395, 473, 575, 607 nm.

4.5.6. 10-Nitro-5,15-di-n-pentylporphinatomanganese(III)
chloride (Mn-10). Metalation of 10 (23 mg, 0.050 mmol)
following method A over a period of 4 days followed by
chromatography [silica, CHCl3! CHCl3/MeOH (93:7)]
gave a solid (26 mg, 100%): LD–MS obsd 547.8 (M–
Cl)+; FAB-MS obsd 548.1852, calcd 548.1858
(C30H31MnN5O2); kabs 477, 577, 618 nm.

4.5.7. 5,15-Dinitro-10,20-di-n-pentylporphinatomanga-
nese(III) chloride (Mn-11). Following a procedure simi-
lar to method A, a solution of 11 (15.5 mg,
0.0287 mmol) in CHCl3/MeOH (2:1, 13 mL) was trea-
ted with MnCl2 (63.1 mg, 0.502 mmol, 17.5 equiv)
and 2,6-lutidine (five drops). The mixture was stirred
at reflux. The progress of the reaction was monitored
by TLC. After 40 h, an additional 29 mg (0.23 mmol,
8 equiv) of MnCl2 was added as some free base por-
phyrin was still detected upon TLC analysis. After a
total of 50 h, the reaction had leveled off, whereupon
the solvent was evaporated. The residue was dissolved
in hexanes containing a small amount of CH2Cl2/
MeOH (a previous attempt at the reaction showed
signs of demetalation in the presence of CH2Cl2). The
dissolution was facilitated by sonication. Chromatogra-
phy [silica, hexanes! CH2Cl2/MeOH (9:1)] afforded a
green solid (10.2 mg, 57%): LD–MS obsd 592.9 (M–
Cl)+; FAB-MS obsd 593.1726, calcd 593.1709
(C30H30MnN6O4); kabs (MeOH) 377, 426, 464, 564,
604 nm.

4.5.8. 5,15-Dinitro-10-(trifluoromethyl)porphinatomanga-
nese(III)chloride (Mn-12). Metalation of 12 (9.4 mg,
0.020 mmol) following method A with chromatography
[silica, CHCl3! CHCl3/MeOH (9:1)] afforded a green
solid (8.2 mg, 79%): LD–MS obsd 520.9 (M–Cl)+;
FAB-MS obsd 521.0023, calcd 521.0018
(C21H9F3MnN6O4); kabs 353, 474, 569, 606 nm.

4.5.9. 5,15-Diisopropyl-10-(trifluoromethyl)porphinato-
manganese(III)chloride (Mn-13). Metalation of 13
(15 mg, 0.033 mmol) following method A with chroma-
tography [silica, CHCl3! CHCl3/MeOH (9:1)] afforded
a greenish brown solid (13 mg, 76%): LD–MS obsd
514.3 (M–Cl)+; FAB-MS obsd 515.1266, calcd
515.1255 (C27H23F3MnN4); kabs 370, 474, 575 nm.

4.5.10. 5,15-Diisopropyl-10-nitro-20-(trifluoromethyl)por-
phinatomanganese(III)chloride (Mn-14). Metalation of
14 (11 mg, 0.022 mmol) following method A with chro-
matography [silica, CHCl3! CHCl3/MeOH (9:1)] affor-
ded a green solid (10 mg, 82%): LD–MS obsd 560.2 (M–
Cl)+; FAB-MS obsd 560.1129, calcd 560.1106
(C27H22F3MnN5O2); kabs 362, 479, 581, 625 nm.

4.5.11. 5,15-Diisopropyl-10-(N-morpholinomethyl)-20-
(trifluoromethyl)porphinatomanganese(III)chloride (Mn-
15). Metalation of 15 (15.8 mg, 0.0281 mmol) following
method A with chromatography [silica, CHCl3/MeOH
(9:1! 6:4)] afforded a green solid (14 mg, 81%): LD–
MS obsd 612.1 (M–Cl)+; FAB-MS obsd 614.1963, calcd
614.1939 (C32H32F3MnN5O); kabs 374, 479, 584,
631 nm.

4.5.12. 5,15-Bis(2,3,5,6-tetrafluoro-4-dimethylaminophe-
nyl)porphinatomanganese(III)chloride (Mn-21). Follow-
ing method B, a solution of 21 (45 mg, 0.065 mmol) in
DMF (20 mL) was treated with MnCl2 (0.20 g, 1.6 mmol,
25 equiv) and the mixture was heated at reflux for 3 h.
After cooling to room temperature, the DMF was re-
moved in vacuo. The crude mixture was dissolved in
CH2Cl2 (10 mL) and silica gel (1–2 g) was added. The
resulting slurry was concentrated to dryness. The result-
ing red powder was placed on top of a silica column, which
was eluted with CH2Cl2/MeOH (4:1). The product, a ma-
jor orange band, was collected and concentrated to dry-
ness. The residue was dissolved in CH2Cl2. The resulting
solution was treated with hexanes to give a precipitate
(28 mg, 55%): LD–MS obsd 745.4 (M–Cl)+; FAB-MS
obsd 745.1203, calcd 745.1159 (C36H22F8MnN6); kabs

322, 367, 390, 457, 547, 579, 760 nm.

4.5.13. 5,15-Bis(2,3,5,6-tetrafluoro-4-dimethylaminophe-
nyl)-10,20-dioxoporphodimethenatomanganese(III)chlo-
ride (Mn-23). Following method B, a solution of 23
(10 mg, 0.014 mmol) in DMF (10 mL) was treated with
MnCl2 (100 mg, 0.80 mmol). The solution was heated at
reflux for 3 h and then allowed to cool to room temper-
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ature. The slow addition of H2O afforded a precipitate,
which was filtered, washed with H2O and dried under
vacuum, affording a green solid (9.8 mg, 86%): LD–
MS obsd 775.3; FAB-MS obsd 776.0970, calcd
776.0979 [(M + H)+, M = C36H20F8MnN6O2]; kabs

(3 mL CH2Cl2 + 150 lL DMF) 321, 464, 522, 560 nm.

4.6. Synthesis of porphyrin precursors

4.6.1. 1,9-Bis(N,N-dimethylaminomethyl)-5-trifluoromethyl-
dipyrromethane (26). Following a standard procedure,80

a solution of 18 (701 mg, 3.27 mmol) in CH2Cl2 (35 mL)
at room temperature was treated with N,N-dimethyl-
methyleneiminium iodide (Eschenmoser’s reagent)
(1.304 g, 7.048 mmol, 2.15 equiv). After 1 h, CH2Cl2
(120 mL) and saturated aqueous NaHCO3 (120 mL)
were added to the reaction mixture. The organic phase
was dried (Na2SO4) and then concentrated to afford a
light brown solid (799 mg, 74%; �95% pure): mp 80–
85 �C (dec.); 1H NMR d 2.16 (s, 12H), 3.26–3.44 (m,
4H), 4.69 (m, 1H), 5.92–6.06 (m, 4H), 8.76 (br, 2H);
13C NMR d 43.7 (q, J = 29.6 Hz), 45.2, 56.7, 108.0,
108.8, 123.0, 125.4 (q, J = 278.4 Hz), 130.3; Anal. calcd
for C16H23F3N4: C, 58.52; H, 7.06; N, 17.06; Found: C,
57.74; H, 6.90; N, 16.49.

4.6.2. 1,9-Diisobutyroyl-5-(trifluoromethyl)dipyrrome-
thane (27). Following a standard procedure,57 a solution
of 18 (1.39 g, 6.50 mmol) in toluene (130 mL) was trea-
ted with a 1.0 M solution of EtMgBr in THF
(32.5 mL, 32.5 mmol). The mixture was stirred for
15 min under argon. A solution of isobutyroyl chloride
(2.00 mL, 19.5 mmol) in toluene (20 mL) was slowly
added. The reaction mixture was stirred for 20 min.
The reaction was quenched by addition of saturated
aqueous NH4Cl. Ethyl acetate was added and the organ-
ic phase was separated. The organic layer was washed
(water then brine) and dried (Na2SO4). The solvent
was removed to afford a dark residue, which was chro-
matographed [silica, CH2Cl2/hexanes (2:1)] to afford a
pale brown solid (972 mg, 42%): mp 193–194 �C; 1H
NMR d 1.23 (d, J = 6.6 Hz, 12H), 3.31 (sept,
J = 6.6 Hz, 2H), 5.30 (m, 1H), 6.38 (m, 2H), 6.95 (m,
2H), 10.32 (br, 2H); 13C NMR d 19.85, 35.86, 43.35
(q, J = 31.2 Hz), 110.71, 117.41, 124.81 (q,
J = 279.1 Hz), 130.73, 131.37, 196.00; Anal. Calcd for
C18H21F3N2O2: C, 61.01; H, 5.97; N, 7.91. Found: C,
60.58; H, 6.01; N, 7.80; FAB-MS obsd 355.1646, calcd
355.1646 [(M + H)+, M = C18H21F3N2O2].

4.7. Synthesis of A-, trans-A2-, and trans-AB2C-
porphyrins
4.7.1. 5,15-Di-n-pentylporphyrin (9). A sample
of Montmorillonite K10 (1 g) was activated (100 �C,
< 30 mm Hg) for 2 h in a 250 mL flask and then

cooled to room temperature under argon. To the flask
were added CH2Cl2 (95 mL), hexanal (60 lL,
0.49 mmol), and a solution of dipyrromethane 17
(73 mg, 0.50 mmol) in CH2Cl2 (5 mL). The resulting
mixture was stirred at room temperature for 1 h, then
solid p-chloranil (190 mg, 0.77 mmol) was added. The
reaction mixture was heated at reflux for 1 h. Solid
materials were removed by filtration through a Celite
pad and washed with CHCl3. The filtrate was concen-
trated, and the crude product was purified by chroma-
tography [silica, CH2Cl2/hexanes (1:1)! CH2Cl2] to
afford a purple solid (62 mg, 56%): 1H NMR d
�2.94 (br, 2 H), 0.96 (t, J = 7.4 Hz, 6H), 1.48–1.60
(m, 4H), 1.73–1.83 (m, 4H), 2.48–2.59 (m, 4H), 4.98
(t, J = 8.1 Hz, 4H), 9.38 (d, J = 4.2 Hz, 4H), 9.55 (d,
J = 4.8 Hz, 4H), 10.14 (s, 2H); LD–MS obsd 450.2;
FAB-MS obsd 451.2852 calcd 451.2862 [(M + H)+,
M = C30H34N4]; kabs 404, 503, 535, 578, 633 nm.

4.7.2. 5,15-Diisopropyl-10-(trifluoromethyl)porphyrin (13).
Following a general procedure,57 NaBH4 (2.27 g,
60.0 mmol) was added in portions over 5 min to a solu-
tion of 27 (1.06 g, 3.00 mmol) in THF/MeOH (10:1,
165 mL) under argon. The reaction mixture was stirred
at room temperature for 40 min, whereupon TLC exam-
ination showed a single product. The reaction mixture
was poured into a mixture of saturated aqueous NH4Cl
(150 mL) and CH2Cl2 (200 mL). The organic phase was
separated, washed (water) and dried (Na2SO4). The sol-
vent was removed to give 27-diol. The latter was placed
in a 2 L round-bottom flask containing 17 (0.438 g,
3.00 mmol) in CH3CN (1.2 L). This mixture was stirred
for 5 min to achieve complete dissolution. TFA
(2.80 mL, 36 mmol) was added in a slow steady stream.
The condensation was monitored by UV–vis spectros-
copy. After 4 min of condensation, DDQ (2.04 g,
9.00 mmol) was added. The mixture was stirred at room
temperature for 1 h. Triethylamine (5.00 mL, 36 mmol)
was added, and the mixture was filtered through a pad
of alumina and eluted with CH2Cl2 until the eluate
was no longer dark. The resulting porphyrin-containing
solution was concentrated to yield a dark solid. The
dark solid was dissolved in CH2Cl2 (30 mL) and passed
through a pad of silica [CH2Cl2/hexanes (2:1)]. The frac-
tions containing the desired porphyrin (fast-eluting)
were combined and concentrated to afford a purple solid
(216 mg, 16%): 1H NMR d �2.35 (br, 2H), 2.39 (d,
J = 7.2 Hz, 12H), 5.51 (m, 2H), 9.29 (d, J = 5.1 Hz,
2H), 9.56–9.65 (m, 6H), 10.04 (s, 1H); LD–MS obsd
462.54; FAB-MS obsd 462.2007, calcd 462.2031
(C27H25F3N4); kabs 409, 510, 544, 585, 640 nm.

4.7.3. 5,15-Bis(pentafluorophenyl)porphyrin (20). A solu-
tion of dipyrromethane 17 (438 mg, 3.00 mmol) and pen-
tafluorobenzaldehyde (588 mg, 3.00 mmol) in CHCl3
(300 mL) was degassed with a continuous stream of Ar
for 10 min before being treated with BF3ÆOEt2 (120 lL,
0.97 mmol). The reaction vessel was shielded from ambi-
ent light and stirred under Ar for 3 h. DDQ (2.04 g,
8.99 mmol) was added to the reaction mixture, and stir-
ring was continued for 1 h. After removal of the solvent,
the crude mixture was dissolved in CH2Cl2 (10 mL). Sil-
ica gel (1–2 g) was added. The resulting slurry was con-
centrated to dryness and chromatographed [silica,
CH2Cl2/hexanes (4:1)] to afford a purple solid (120 mg,
12%): 1H NMR d �3.26 (br, 2H), 9.01 (d, J = 4.4 Hz,
4H), 9.49 (d, J = 4.4 Hz, 4H), 10.40 (s, 2H); LD–MS
obsd 642.4; FAB-MS obsd 642.0947, calcd 642.0902
(C32H12F10N4); kabs 400, 498, 530, 572, 626 nm.
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4.7.4. 5-Trifluoromethylporphyrin (25). Following a gen-
eral procedure,57 reduction of 24 (540 mg, 2.00 mmol)
followed by condensation with 17 (292 mg, 2.00 mmol)
for 2 h, oxidation with DDQ (1.36 mg, 6.00 mmol) and
standard workup and chromatography on silica
(CH2C12) furnished a purple solid (57 mg, 8%): 1H
NMR d �3.64 (br, 2H), 9.35–9.55 (m, 6H), 9.79 (m,
2H), 10.23 (s, 1H), 10.28 (s, 2H); LD–MS obsd 377.54;
FAB-MS obsd 379.1177, calcd 379.1171 [(M + H)+,
M = C21H13F3N4]; kabs 395, 495, 528, 570, 619 nm.

4.7.5. 5-Trifluoromethylporphinatozinc(II) (Zn-25). Fol-
lowing a standard procedure,80 a solution of 26
(588 mg, 1.79 mmol) and dipyrromethane 17 (266 mg,
1.82 mmol) in EtOH (184 mL) at room temperature
was treated with Zn(OAc)2 (3.31 g, 18.0 mmol, 9.9
equiv). The mixture was heated to reflux. After 2 h,
the reaction mixture was allowed to cool to room tem-
perature. A sample of DDQ (1.24 g, 5.46 mmol) was
added, and the mixture was stirred for 15 min. Triethyl-
amine (1.27 mL, 11.8 mmol) was added, and the reac-
tion mixture was concentrated to dryness. Column
chromatography (silica, hexanes! CH2Cl2) afforded a
bright pink solid (83.6 mg, 11%): 1H NMR (THF-d8) d
9.5–9.6 (m, 6H), 9.83–9.88 (m, 2H), 10.38 (s, 2H),
10.41 (s, 1H); LD–MS obsd 440.0; FAB-MS obsd
440.0215, calcd 440.0227 (C21H11F3N4Zn); kabs 397,
531, 568 nm.

4.8. Synthesis of porphodimethenes and
dioxoporphodimethenes

4.8.1. 5,5,15,15-Tetramethyl-10,20-diphenylporphodi-
methene (5). A solution of 16 (2.32 g, 13.3 mmol) and
benzaldehyde (1.35 mL, 13.3 mmol) in CH2Cl2
(250 mL) was degassed with a continuous stream of ar-
gon for 10 min before the addition of TFA (103 lL,
1.34 mmol). After stirring for 2 h at room temperature,
DDQ (3.44 g, 15.1 mmol) was added to the reaction
mixture, and stirring was continued for 1 h. The solvent
was removed in vacuo. The resulting residue was chro-
matographed (silica, CH2Cl2), affording a yellow solu-
tion which was concentrated to � 10 mL. The slow
addition of methanol afforded a red crystalline solid
(330 mg, 10%): 1H NMR d 1.95 (s, 12H), 6.24 (d,
J = 4.2 Hz, 4H), 6.32 (d, J = 4.2 Hz, 4H), 7.34–7.47
(m, 10H), 14.17 (br, 2H); LD–MS obsd 520.5; FAB-
MS obsd 520.2648, calcd 520.2627 (C36H32N4); Anal
Calcd for C36H32N4: C, 83.04; H. 6.19; N, 10.76; Found:
C, 82.93; H, 6.24; N, 10.72; kabs 321, 423, 488 nm. The
characterization data of the sample prepared by this
procedure are identical to those reported in the
literature.68

4.8.2. 5,15-Dioxo-10,20-diphenylporphodimethene (6).
Following a literature procedure,71 a solution of 19
(0.100 g, 0.220 mmol) and TFA (6.25 mL, 81.1 mmol)
in CH2Cl2 (32 mL) was treated dropwise over 5 min
with a solution of thallium(III) trifluoroacetate (TTFA,
2.2 g, 4.0 mmol) in TFA (6 mL). The mixture turned
from blue to green and then slowly to yellow-green.
After 20 min, the solution was poured into 250 mL of
H2O and washed with another portion of H2O
(250 mL), yielding an orange-red organic layer. The or-
ganic phase was collected, dried (Na2SO4) and concen-
trated, affording a brown thallium(III) complex.
Demetalation was carried out immediately by dissolving
the crude material in TFA (5 mL) and stirring for 1 h.
The resulting yellow solution was poured into water,
and CH2Cl2 (200 mL) was added. The organic layer
was washed with several portions of H2O, dried
(Na2SO4), and concentrated. Chromatography [silica,
hexanes/CH2Cl2 (1:2! 1:5)] afforded an uncharacter-
ized fraction (pale green) followed by the desired prod-
uct (yellow solution). The solvent was removed, and
the resulting black solid was recrystallized from hot tol-
uene (46 mg, 43%): 1H NMR d 6.20–6.80 (br, 4H), 7.17
(d, J = 4.4 Hz, 4H), 7.40–7.60 (m, 10H), 14.01 (br, 2H);
LD–MS obsd 492.3; FAB-MS obsd 492.1599, calcd
492.1586; Anal Calcd for C36H20N4O2: C, 78.04; H,
4.09; N, 11.38; Found: C, 78.15; H, 4.13; N, 11.35; IR:
m (CO), 1618 cm�1; kabs (EtOH/CH2Cl2) 343, 408, 473,
499 nm.

4.8.3. 5,15-Dioxo-10,20-diphenylporphodimethenato-
zinc(II) (Zn-6). A solution of 6 (40 mg, 0.081 mmol) in
CH2Cl2 (50 mL) was treated with Zn(OAc)2Æ2 H2O
(150 mg, 0.68 mmol) in MeOH (5 mL). The reaction
mixture was heated at reflux for 1 h. The solvent was re-
moved in vacuo. The solid was dissolved in a minimum
amount of CH2Cl2/MeOH (98:2) and chromatographed
[silica, CH2Cl2/MeOH (98:2)]. Concentration of the ma-
jor fraction afforded a purple solid (42 mg, 93%): 1H
NMR (pyridine-d5) d 6.65 (d, J = 4.4 Hz, 4H), 7.42–
7.58 (m, 14H); LD–MS obsd 554.3; FAB-MS obsd
554.0757, calcd 554.0721 (C32H18N4O2Zn); IR: m (CO),
1506 cm�1; kabs (EtOH/CH2C12) 352, 410, 450, 510,
547 nm.

4.8.4. 5,15-Dioxo-10,20-bis(pentafluorophenyl)porphodi-
methene (22). Following a similar procedure as for the
preparation of 6, a solution of 20 (162 mg, 0.250 mmol)
in CH2Cl2 (35 mL) containing TFA (10 mL) was treated
with a solution of TTFA (1.1 g, 2.0 mmol) in TFA
(10 mL). The reaction was continued for 40 min then
the resulting purple solution was washed with H2O
(2 · 250 mL). The organic phase was dried (Na2SO4)
and concentrated. The demetalation was carried out
immediately by dissolving the solid in TFA (35 mL) with
stirring overnight. After washing with H2O
(3 · 250 mL), drying (Na2SO4) and concentrating the
organic layer, the resulting brown solution was chro-
matographed (silica, CH2Cl2). The yellow solution was
collected and concentrated to dryness, affording a black
crystalline solid (98 mg, 58%): 1H NMR (CD2Cl2) d 6.51
(br, 4H), 7.25 (d, J = 4.2 Hz, 4H), 13.75 (s, 2H);
IR: m (CO), 1583 cm�1; LD–MS obsd 672.3; FAB-MS
obsd 673.0751, calcd 673.0722 [(M + H)+, M =
C32H10F10N4O2]; kabs 312, 411, 478, 502 nm.

4.9. Synthesis of nitroporphyrins

4.9.1. 10-Nitro-5,15-di-n-pentylporphinatozinc(II) (Zn-
10). An ice-cooled mixture of fuming nitric acid
(4.8 mL) and glacial acetic acid (4.8 mL) was added to
a solid sample of 9 (50 mg, 0.11 mmol). The resulting
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green mixture was stirred at 0 �C for 20 min and an
additional 5 min after removing the ice bath. The solu-
tion was poured into ice water (100 mL) and extracted
with CHCl3. The organic layer was washed with aque-
ous NaHCO3 and brine, dried over Na2SO4, and con-
centrated. The resulting purple solid, an inseparable
mixture of mononitroporphyrin and dinitroporphyrin
products, was used directly in the ensuing metalation
reaction. The mixture of nitroporphyrins 10 and 11
(54 mg) was dissolved in CH2Cl2 (95 mL) and treated
with a solution of Zn(OAc)2Æ2H2O (2.4 g, 11 mmol) in
MeOH (10 mL). The resulting green reaction mixture
was stirred overnight and then poured into saturated
aqueous NaHCO3. The organic layer was separated
and dried (Na2SO4). Chromatography (silica, toluene)
gave Zn-10 as the first band (26 mg, 43%) and Zn-11
as the second band (4 mg, 7%). Zn-10: 1H NMR
(DMSO-d6) d 0.89 (t, J = 7.4 Hz, 6H), 1.39–1.58 (m,
4H), 1.63–1.80 (m, 4H), 2.32–2.48 (m, 4H), 4.98 (m,
4H), 9.26 (d, J = 4.6 Hz, 2H), 9.47 (d, J = 4.6 Hz, 2H),
9.65 (d, J = 4.6 Hz, 2H), 9.76 (d, J = 4.6 Hz, 2H),
10.26 (s, 1H); LD–MS obsd 556.4; FAB-MS obsd
557.1760, calcd 557.1769 (C30H31N5O2Zn); kabs 413,
547, 591 nm.

4.9.2. 10-Nitro-5,15-di-n-pentylporphyrin (10). Demeta-
lation of Zn-10 (26 mg, 0.047 mmol) with TFA gener-
ated the corresponding free base porphyrin (23 mg,
100%): 1H NMR d –2.93 (br, 2H), 0.95 (t, J = 7.2 Hz,
6H), 1.46–1.59 (m, 4H), 1.70–1.80 (m, 4H), 2.42–2.53
(m, 4H), 4.88 (t, J = 8.1 Hz, 4H), 9.29–9.31 (m, 4H),
9.42–9.44 (m, 2H), 9.50–9.52 (m, 2H), 10.09 (s, 1H);
LD–MS obsd 495.3; FAB-MS obsd 496.2692, calcd
496.2713 (C30H33N5O2); kabs 410, 513, 552, 585, 644 nm.

4.9.3. 5,15-Dinitro-10,20-di-n-pentylporphinatozinc(II)
(Zn-11). Zinc(II) nitrate hexahydrate (53 mg,
0.18 mmol) was added to a solution of porphyrin 9
(20 mg, 0.044 mmol) in acetic anhydride (6 mL) and
the mixture was stirred at room temperature for
20 min. The mixture was then poured into water and ex-
tracted with CH2Cl3. The organic solution was washed
with saturated aqueous NaHCO3 and brine, dried over
Na2SO4, and concentrated. The residue was dissolved
in a small amount of CHCl3 and chromatographed (sil-
ica, CHCl3). The green band was the desired zinc por-
phyrin (13 mg, 49%): 1H NMR (DMSO-d6) d 0.90 (t,
J = 7.2 Hz, 6H), 1.40–1.53 (m, 4H), 1.66–1.77 (m, 4H),
2.31–2.44 (m, 4H), 4.97 (t, J = 7.5 Hz, 4H), 9.31 (d,
J = 4.8 Hz, 4H), 9.78 (d, J = 4.8 Hz, 4H); LD–MS obsd
601.4; FAB-MS obsd 602.1631, calcd 602.1620
(C30H30N6O4Zn); kabs (DMSO/CH2Cl2) 428, 555, 600,
627 nm.

4.9.4. 5,15-Dinitro-10,20-di-n-pentylporphyrin (11).
Demetalation of porphyrin Zn-11 (33 mg, 0.055 mmol)
with TFA yielded the corresponding free base porphyrin
(24 mg, 80%): 1H NMR d �3.03 (br, 2H), 0.95 (t,
J = 7.5 Hz, 6H), 1.46–1.60 (m, 4H), 1.68–1.80 (m, 4H),
2.39–2.52 (m, 4H), 4.87 (t, J = 8.0 Hz, 4H), 9.27 (d,
J = 5.1 Hz, 4H), 9.49 (d, J = 5.1 Hz, 4H); LD–MS obsd
540.1; FAB-MS obsd 541.2578, calcd 541.2563
(C30H32N6O4); kabs 416, 516, 558, 596, 655 nm.
4.9.5. 5,15-Dinitro-10-(trifluoromethyl)porphinatozinc(II)
and 5,20-Dinitro-10-(trifluoromethyl)porphinatozinc(II)
(Zn-12). A suspension of Zn-25 (43.8 mg, 0.0992 mmol)
in acetic anhydride (4.05 mL) was sonicated to help dis-
solve the porphyrin complex, treated with Zn(NO3)2Æ
6H2O (72.9 mg , 0.245 mmol, 2.47 equiv), and stirred
at room temperature for 40 min. The mixture was then
poured into water and extracted with CH2Cl2. The
organic solution was washed with saturated aqueous
NaHCO3 and brine, dried (Na2SO4), and concentrated
to afford a green purple residue. The latter was dried un-
der vacuum to remove any traces of acetic anhydride.
The crude solid was dissolved in a small amount of
CH2Cl2 (with sonication) and chromatographed [silica,
CH2Cl2! CH2Cl2/MeOH (99:1)] to yield a purple solid
(22 mg). The column was stripped with CH2Cl2/MeOH,
and the solvent was evaporated. The resulting solid res-
idue was submitted to a second column under similar
conditions to obtain additional purple solid (combined
mass = 30.5 mg, 58%): 1H NMR (THF-d8) d 9.36–9.56
(m, 9H), 9.78 (m, 2H), 9.88 (m, 4H), 10.41 (s, 2H),
10.49 (s, 1H); LD–MS obsd 530.0; FAB-MS obsd
529.9931, calcd 529.9929; kabs 412, 548, 586 nm.

An identical method was used for the synthesis of Zn-12
from 25: Zn(NO3)Æ6H2O (35.6 mg, 0.120 mmol) was
added to a solution of porphyrin 25 (18.9 mg,
0.0500 mmol) in acetic anhydride (2 mL), and the mix-
ture was stirred at room temperature for 40 min. Aque-
ous-organic work-up followed by chromatography
afforded Zn-12 (16.3 mg, 61%).

4.9.6. 5,15-Dinitro-10-(trifluoromethyl)porphyrin (12). A
sample of Zn-12 (22 mg, 0.041 mmol) was stirred over-
night in TFA (4 mL) at room temperature. The reaction
was monitored by treating a small aliquot from the reac-
tion mixture with NaHCO3 followed by UV–vis spec-
troscopy. Upon completion, saturated aqueous
NaHCO3 was added slowly to neutralize the acid in
the reaction mixture. The organic phase was extracted
with CH2Cl2, washed (water), and dried (Na2SO4).
The organic layer was concentrated to yield a purple res-
idue, which was chromatographed (silica, CH2Cl2) to
afford a purple-brown solid (24.5 mg, 96%): 1H NMR
(DMF-d7) d 9.50–10.0 (m, 24H), 10.83 (s, 2H), 10.88
(s, 1H), inner protons were not visible due to poor solu-
bility; 1H NMR (pyridine-d5) d –4.31 (br, 6H) (barely
seen), 9.40–9.70 (m, 18H), 9.75–9.85 (m, 6H), 10.36 (s,
2H), 10.37 (s, 1H); LD–MS obsd 468.1, calcd 468.1
(C21H11F3N6O4); kabs (1 drop of compound dissolved
in DMF, then diluted in CH2Cl2) 408, 507, 544, 585,
640 nm.

4.9.7. 5,15-Diisopropyl-10-nitro-20-(trifluoromethyl)por-
phinatozinc(II) (Zn-14). Zn(NO3)Æ6H2O (30 mg, 0.10
mmol) was added to a solution of 13 (46 mg, 0.10 mmol)
in CHC13 (2 mL) and acetic anhydride (0.5 mL). The
resulting mixture was stirred at room temperature for
3 min, poured into water, and extracted with CHCl3.
The organic solution was washed with saturated aque-
ous NaHCO3 and brine, dried over Na2SO4, and con-
centrated. The resulting residue was dissolved in a
small amount of CHCl3 and chromatographed (silica,
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CH2Cl2) to give first a purple band, starting material 13,
followed by a green band corresponding to the mono-ni-
tro porphyrin. The green band was collected and con-
centrated to afford a green-purple solid (18 mg, 32%):
1H NMR d 2.42 (d, J = 7.2 Hz, 12H), 5.66 (m, 2H),
9.36 (d, J = 5.4 Hz, 2H), 9.80 (m, 6H); LD–MS obsd
568.2; FAB-MS obsd 569.1044, calcd 569.1017
(C27H22F3N5O2Zn); kabs 416, 553, 592 nm.

4.9.8. 5,15-Diisopropyl-10-nitro-20-(trifluoromethyl)por-
phyrin (14). A solution of Zn-14 (17.0 mg, 0.030 mmol)
in TFA (2 mL) was stirred at room temperature for
1 h. The reaction was monitored by treating a small ali-
quot from the reaction mixture with NaHCO3 followed
by UV–vis spectroscopy. Upon completion, saturated
aqueous NaHCO3 was added slowly to neutralize the
acid in the reaction mixture. The organic phase was ex-
tracted with CH2Cl2, washed (water), and dried
(Na2SO4). The organic layer was concentrated to yield
a purple residue, which upon chromatography (silica,
CH2Cl2) afforded a purple-brown solid (13 mg, 87%):
1H NMR d �2.34 (br, 2H), 2.37 (d, J = 7.5 Hz, 12H),
5.45 (m, 2H), 9.25 (d, J = 5.1 Hz, 2H), 9.57–9.65 (m,
6H); LD–MS obsd 507.3; FAB-MS obsd 508.1972, calcd
508.1960 [(M + H)+, M = C27H24F3N5O2]; kabs 413, 516,
557, 597, 657 nm.

4.10. Amination of pentafluorophenyl-substituted
compounds

4.10.1. 5,15-Bis(2,3,5,6-tetrafluoro-4-dimethylamino-
phenyl)porphyrin (21). A solution of 20 (50 mg,
0.080 mmol) and (CH3)2NHÆHCl (2.0 g, 25 mmol) in
DMF (50 mL) was stirred at 120 �C under argon for
24 h. The solvent was removed in vacuo. The resulting
solid was dissolved in CH2Cl2 (100 mL) and washed
with H2O (50 mL). The organic phase was dried
(Na2SO4), concentrated, and chromatographed [silica,
hexanes/CH2Cl2 (1:3)]. Trace amounts of unreacted
starting material and a mono-4-dimethylaminophenyl-
substituted porphyrin were collected prior to the desired
porphyrin as an orange-red solution. Removal of the
solvent afforded a purple solid (42 mg, 78%): 1H NMR
d �3.20 (br, 2H), 3.30 (t, J = 2.1 Hz, 12H), 9.09 (d,
J = 4.5 Hz, 4H), 9.44 (d, J = 4.5 Hz, 4H), 10.33 (s,
2H); LD–MS obsd 692.5; FAB-MS obsd 692.1960, calcd
692.1935 (C36H24F8 N6); kabs 405, 500, 534, 573, 628 nm.

4.10.2. 5,15-Bis(2,3,5,6-tetrafluoro-4-dimethylamino-
phenyl)-10,20-dioxoporphodimethene (23). A solution of
22 (75 mg, 0.11 mmol) and (CH3)2NHÆHCl (3.00 g,
36.8 mmol) in DMF (75 mL) was stirred at 120 �C under
argon for 24 h. After cooling to room temperature, the
DMF was removed in vacuo. The resulting solid was
dissolved in CH2Cl2 and washed with water (twice). The
organic phase was dried (Na2SO4), concentrated,
and chromatographed [silica, hexanes/CH2Cl2 (1:1!
1:2.5)]. Traces of a mono-4-dimethylaminophenylporph-
yrin were collected prior to the desired product as a yel-
low-orange solution. Removal of the solvent afforded a
black crystalline solid (45 mg, 57%). A single crystal for
X-ray diffraction was obtained by slow vapor-phase diffu-
sion of methanol into a concentrated solution of 23 in
CH2Cl2: 1H NMR d 3.08 (s, 12H), 6.4–6.7 (br, 4H), 7.22
(d, J = 4.6 Hz, 4H), 13.87 (br, 2H); LD–MS obsd
721.5; FAB-MS obsd 722.1622, calcd 722.1676
(C36H22F8N6O2); IR: m (CO), 1588 cm�1; kabs 306, 412,
479, 503 nm.

4.10.3. 5,15-Bis(2,3,5,6-tetrafluoro-4-dimethylaminophe-
nyl)-10,20-dioxoporphodimethenatozinc(II) (Zn-23). A
solution of 23 (22.5 mg, 0.0311 mmol) in CHCl3
(2.5 mL) and MeOH (1 mL) was treated with Zn(OAc)2

(56 mg, 0.31 mmol, 9.9 equiv). The resulting mixture
was stirred at room temperature open to the air. After
75 min, some starting material was still visible on
TLC, therefore additional Zn(OAc)2 (38.5 mg,
0.210 mmol, 6.75 equiv) was added along with 0.5 mL
of CHCl3 and 0.5 mL MeOH. After a total of
165 min, the reaction was stopped. During the course
of the reaction, the initial dark yellowish solution turned
deep red. CH2Cl2 was added to the reaction mixture,
and the resulting mixture was washed with dilute aque-
ous NaHCO3 (once) and with water (twice). The organic
layer was dried (Na2SO4) and filtered. The filtrate was
concentrated and dried in vacuo, generating a crystalline
dark pink solid (20.7 mg, 85%): 1H NMR (CD2Cl2/
CD3OD, 9:1) d 3.05 (tr, J = 2.1 Hz, 12H), 6.54 (d,
J = 4.2 Hz, 4H), 7.07 (d, J = 4.5 Hz, 4H); LD–MS obsd
784.2; FAB-MS obsd 784.0819, calcd 784.0811
(C36H20F8N6O2Zn); kabs 325, 461, 522, 561 nm.

4.11. Quaternization of dimethylaminoporphyrins

4.11.1. [5,15-Bis(2,3,5,6-tetrafluoro-4-trimethylammoniumyl-
phenyl) porphinatomanganese(III)] trifluoromethanesulfo-
nate (Mn-7). Following a literature procedure,75 Mn-21
(24 mg, 0.031 mmol) and freshly distilled methyl trifluo-
romethanesulfonate (150 lL, 1.33 mmol, 43 equiv) were
stirred in trimethylphosphate (15 mL) under argon at
60 �C. After 12 h, MeOH (2 mL) was added to quench
unreacted methyl trifluoromethanesulfonate. The reac-
tion mixture was slowly added to 100 mL of rapidly stir-
red diethyl ether. The precipitate obtained was filtered,
washed with copious amounts of diethyl ether to remove
trimethylphosphate, and dried under vacuum, affording
a brown solid (20 mg, 52% yield; 45% yield on the basis
of the elemental analysis): Anal. Calcd for Mn-
7Æ(CH3O)3POÆH2O (C44H39F17MnN6O14PS3): C, 38.27;
H, 2.85; N, 6.09; F, 23.39; S, 6.97; Found: C, 37.98;
H, 2.81; N, 6.11; F, 23.61; S, 7.03; ESI-MS obsd 462.1
[M–(CF3SO3)2]2+ and 258.5 [M–(CF3SO3)3]3+; FAB-
MS obsd 1073.0682 [M–(CF3SO3)]+, calcd 1073.0669
(C40H28F14MnN6O6S2); kabs (H2O) 364, 453, 543, 576,
762 nm; RP-HPLC tR = 11.35 min.

4.11.2. [5,15-Dioxo-10,20-bis(2,3,5,6-tetrafluoro-4-trim-
ethylammoniumylphenyl)porphodimethenatomanganese(III)]
trifluoromethanesulfonate (Mn-8). Following a similar
procedure as described for the preparation of Mn-7,
samples of Mn-23 (9.8 mg, 0.012 mmol) and methyl tri-
fluoromethanesulfonate (56 lL, 0.5 mmol, 42 equiv)
were stirred in trimethylphosphate (5 mL) at 60 �C un-
der argon. After 12 h, MeOH (1 mL) was added to
quench unreacted methyl trifluoromethanesulfonate.
The reaction mixture was slowly added to 50 mL of rap-
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idly stirred diethyl ether. The precipitate obtained was
filtered, washed with copious amounts of diethyl ether
to remove trimethylphosphate, and dried under vacuum,
affording a green solid (10 mg, 67% yield; 55% yield on
the basis of the elemental analysis): Anal. Calcd for Mn-
8Æ2(CH3O)3PO (C47H44F17MnN6O18P2S3): C, 36.83; H,
2.89; N, 5.48; F, 21.07; S, 6.28. Found: C, 36.51; H,
2.83; N, 5.53; F, 21.53; S, 6.35; ESI-MS obsd 477.0
[M–(CF3 SO3)2]2+ 402.5 [M–(CF3 SO3)3]2+, 268.4 [M–
(CF3 SO3)3]3+, calcd 954.1 (C39H26F11MnN6O5S),
805.1 (C38H26F8MnN6O2); kabs (H2O) 341, 391, 442,
463, 573, 606, 724, 795 nm. Attempts to collect a high-
resolution FAB-MS spectrum were unsuccessful.

4.11.3. Zinc(II)-[5,15-dioxo-10,20-bis(2,3,5,6-tetrafluoro-
4-trimethylammoniumphenyl)porphodimethene]trifluo-
romethanesulfonate (Zn-8). Following a literature proce-
dure,75 Zn-23 (9.7 mg, 0.012 mmol) and methyl
trifluoromethanesulfonate (180 lL, 1.59 mmol, 129
equiv) were stirred in trimethylphosphate (5 mL) under
argon at 60 �C. The reaction was followed by ESI-MS
spectrometry. After 19 h, no peaks corresponding to
the starting material (m/z = 784) or the mono-alkylated
compound (m/z = 799) were noticeable; therefore,
1 mL of MeOH was added to quench any unreacted
methyl trifluoromethanesulfonate. After cooling the
reaction mixture to room temperature, the solution
was slowly added to � 50 mL of vigorously stirred
diethyl ether. The dark green precipitate generated was
filtered, washed with copious amounts of diethyl ether
to remove any trace of trimethylphosphate and then dis-
solved in MeOH. Removal of the solvent afforded a
dark greenish purple solid (10 mg, 73%): 1H NMR
(CD3OD) d 4.00 (s, 18H), 6.66 (d, J = 4.2 Hz, 4H),
7.11 (d, J = 4.5 Hz, 4H); ESI-MS obsd 407.0 [M–
(CF3SO3)2]2+, calcd 1112.0 (C40H26F14N6O8S2Zn),
814.1 (C38H26F8N6O2Zn); kabs (MeOH) 324, 410, 456,
520, 558 nm. Attempts to collect a high-resolution
FAB-MS spectrum were unsuccessful.

4.12. Synthesis of morpholinylporphyrins

4.12.1. 5,15-Diisopropyl-10-(N-morpholinomethyl)-20-
(trifluoromethyl)porphyrin (15). A solution of 28
(78 mg, 0.16 mmol) in CH2Cl2/MeOH (3:1, 8 mL) was
treated with morpholine (0.084 mL, 0.96 mmol) and
NaBH3CN (8.0 mg, 0.12 mmol). The mixture was stir-
red at reflux for 48 h. During the course of the reaction,
the reaction mixture turned from green to purple. The
reaction mixture was cooled to room temperature, and
water was added. The mixture was extracted with
CH2Cl2. The organic layer was dried (Na2SO4) and con-
centrated to afford a purple residue. 1H NMR analysis
of the crude reaction mixture indicated the presence of
the reductively aminated product and a reduced product
in the ratio of 2.5:1. The mixture was then chromato-
graphed (alumina, CH2Cl2). The first purple band was
collected and concentrated to afford a purple solid
(52 mg, 58%): 1H NMR d �1.93 (br, 2H), 2.35 (d,
J = 7.2 Hz, 12 H), 2.77 (t, J = 4.5 Hz, 4H), 3.64 (t,
J = 4.5 Hz, 4H), 5.38 (m, 2H), 5.56 (s, 2H), 9.47–9.60
(m, 8H); LD–MS obsd 559.3; FAB-MS obsd 561.2739;
calcd 561.6407 (C32H34F3N5O); kabs 417, 518, 594,
651 nm. The second purple band was eluted and the sol-
vent was removed to afford hydroxymethyl-porphyrin
29 as a purple solid (20 mg, 25%): 1H NMR d �2.04
(br, 2H), 2.35 (d, J = 7.5 Hz, 12 H), 2.67 (br, 1H), 5.40
(m, 2H), 6.77 (d, J = 3.6 Hz, 2H), 9.50–9.60 (m, 8H);
LD–MS obsd 490.8; FAB-MS obsd 492.2131, calcd
492.2137 (C28H27F3N4O); kabs (toluene) 418, 517, 552,
595, 652 nm; kabs (CH2Cl2 + three drops MeOH) 414,
516, 551, 592, 650 nm.

4.12.2. 5,15-Diisopropyl-10-(N-morpholinomethyl)-20-
(trifluoromethyl)porphinatozinc(II) (Zn-15). A solution
of 15 (47 mg, 0.083 mmol) in CHCl3 (6 mL) was treated
with Zn(OAc)2Æ2H2O (37 mg, 0.17 mmol) in MeOH
(0.5 mL). The resulting mixture was stirred overnight
at room temperature. The reaction mixture was poured
into saturated aqueous NaHCO3. The organic layer was
separated, washed (water), dried (Na2SO4) and concen-
trated to afford a purple residue. The residue was chro-
matographed [alumina, CH2Cl2/ethyl acetate (2:1)] to
afford a purple solid (46 mg, 89%): 1H NMR d 1.55 (s,
4H), 1.72 (s, 4H), 2.35 (d, J = 7.2 Hz, 12H), 5.10 (s,
2H), 5.55 (m, 2H), 9.30 (d, J = 5.1 Hz, 2H), 9.53 (d,
J = 4.2 Hz, 2H), 9.63–9.73 (m, 4H); LD–MS obsd
620.9; FAB-MS obsd 623.1831, calcd 623.1850
(C32H32F3N5OZn); kabs 418, 553, 587 nm.

4.12.3. 5-Formyl-10,20-diisopropyl-15-(trifluorometh-
yl)porphinatozinc(II) (Zn-28). A solution of 28 (49 mg,
0.10 mmol) in CHCl3 (6 mL) was treated with
Zn(OAc)2Æ2H2O (44 mg, 0.20 mmol) in methanol
(0.5 mL), and the mixture was stirred at room tempera-
ture for 4 h. The reaction mixture was poured into
saturated aqueous NaHCO3. The organic layer was sep-
arated, washed (water), dried (Na2SO4), concentrated,
and chromatographed (silica, CH2Cl2) to afford a
green-purple solid (51 mg, 93%): 1H NMR d 2.39 (d,
J = 7.2 Hz, 12H), 5.58 (m, 2H), 9.67–9.87 (m, 8H);
12.01 (s, 1H); LD–MS obsd 552.56, calcd 552.11
(C28H23F3N4OZn); kabs (toluene) 428, 568, 613 nm.

4.12.4. 5,15-Diisopropyl-10-(trifluoromethyl)porphinato-
copper(II) (Cu-13). A solution of 13 (102 mg,
0.220 mmol) in CHCl3/MeOH (1:1, 20 mL) was treated
with Cu(OAc)2ÆH2O (1.10 g, 5.50 mmol). The mixture
was stirred at room temperature for 2 h. Removal of
the solvent yielded a red residue, which upon chroma-
tography [alumina, CH2Cl2/hexanes (2:1)] afforded a
red solid (109 mg, 95%): LD–MS obsd 522.58; FAB-
MS obsd 523.1188, calcd 523.1271 (C27H23F3CuN4);
kabs 409, 541, 574 nm.

4.12.5. 5-Formyl-10,20-diisopropyl-15-(trifluorometh-
yl)porphinatocopper(II) (Cu-28). A solution of Cu-13
(0.105 g, 0.200 mmol) in CH2Cl2 (10 mL) was treated
with a Vilsmeier solution [prepared freshly from DMF
(0.100 mL, 1.29 mmol) and POCl3 (0.100 mL,
1.10 mmol) at 0 �C]. The resulting mixture was heated
at reflux. After 2 h, TLC examination displayed a large
amount of starting material; thus, additional Vilsmeier
reagent [DMF (0.100 mL, 1.29 mmol) and POCl3
(0.100 mL, 1.10 mmol) at 0 �C] was added. The mixture
was heated at reflux for 6 h, at which time additional
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Vilsmeier reagent [DMF (0.100 mL, 1.29 mmol) and
POCl3 (0.100 mL, 1.10 mmol)] was added, the reaction
remaining incomplete. The mixture was then heated
overnight at reflux. During the course of the reaction,
the reaction mixture turned from red to green. After
cooling to room temperature, saturated aqueous NaH-
CO3 (10 mL) was slowly added, and the mixture was
stirred at room temperature for 2 h. The organic phase
was extracted with CH2Cl2, washed (water), and dried
(Na2SO4). The solvent was removed to give a green res-
idue, which upon chromatography (silica, CH2Cl2)
afforded a purple-green solid (96 mg, 87%): LD–MS
obsd 549.6; FAB-MS obsd 551.1112, calcd 551.1220
(C28H23CuF3N4O); kabs 423, 569, 613 nm.

4.12.6. 5-Formyl-10,20-diisopropyl-15-(trifluorometh-
yl)porphyrin (28). A solution of Cu-28 (0.10 g,
0.18 mmol) in TFA (10 mL) was treated with concen-
trated H2SO4 (5 mL). The mixture was stirred overnight
at room temperature. The reaction was monitored by
treating a small aliquot from the reaction mixture with
NaHCO3 followed by UV–vis spectroscopy. Upon com-
pletion, saturated aqueous NaHCO3 was added slowly
to neutralize the acid in the reaction mixture. The organ-
ic phase was extracted with CH2Cl2, washed (water),
and dried (Na2SO4). The organic layer was concentrated
to yield a purple residue, which upon chromatography
(silica, CH2Cl2) afforded a purple solid (84 mg, 96%):
1H NMR d �1.83 (br, 2H), 2.33 (d, J = 6.6 Hz, 12H),
5.35 (m, 2H), 9.51–9.62 (m, 6H), 9.93 (d, J = 5.1 Hz,
2H), 12.31 (s, 1H); LD–MS obsd 490.2; FAB-MS obsd
490.1967, calcd 490.1980 (C28H25F3N4O); kabs (toluene)
424, 530, 573, 615, 675 nm.

4.13. Electrochemistry

Measurements were performed on a CH Instruments
Model 600 Voltammetric Analyzer.12 The apparatus
consisted of a three-electrode system composed of a
glassy carbon button working electrode (3-mm diame-
ter) from Bioanalytical Systems, a Ag/AgCl reference
electrode, and a Pt auxiliary electrode. The experi-
ments were performed in a small volume cell (0.5–
3 mL) using argon-purged MeOH/H2O (9:1) solutions
containing 0.05 M tris buffer, pH 7.8, 0.1 M NaCl,
and 0.5 mM metalloporphyrin. The analysis of Mn-1
was carried out in DMF/H2O (9:1). Either MnTE-2-
PyP5+ or its methyl analogue, MnTM-2-PyP5+, was
used as a reference. The redox couples of the refer-
ences were measured in both solvent systems em-
ployed for the study of the manganese porphyrin
complexes, with or without the manganese porphyrin
of interest present in the solution. In the former case,
we made sure that the redox couples of both the ref-
erence and the studied porphyrin were independent. In
either case, the differences between these values are
within 10 mV. The scan rates were 0.01–0.5 V/s, typi-
cally 0.1 V/s, except with Mn-11, where the scan rate
was 0.02 V/s.

The required correction for the potential going from a
reference of MeOH/H2O versus Ag/AgCl to a 100%
aqueous system versus NHE is on average
96 ± 10 mV. This value corresponds to the difference
in potential for MnTE-2PyP5+ between the two exper-
imental conditions. In the case of Mn-1, a correction
value of 28 mV was added in going from DMF/H2O
(vs Ag/AgCl) to the value obtained in an aqueous sys-
tem (vs NHE).

Voltammograms of ferrocenemethanol and MnTM-2-
PyP5+ were also obtained in an aqueous solution
containing 0.05 M tris buffer, pH 7.8, 0.1 M NaCl.
The purpose of these experiments was to determine if
an identical solvent effect was observed with both com-
pounds when the medium was changed from MeOH/
water to water. Since the shifts in potential were identi-
cal, the potentials were standardized against either
MnTE-2-PyP5+ or its methyl analogue, MnTM-2-
PyP5+.97

4.14. Catalysis of O��2 disproportionation

The catalytic rate constants for the O��2 disproportion-
ation were determined by cytochrome c assay as previ-
ously described.24,27,89,98 Stock solutions of manganese
porphyrins were prepared in methanol (except Mn-1,
which was dissolved in DMF). Stock solutions were then
diluted into the assay mixture. The control, uninhibited
cytochrome c reduction, was performed with the same
concentration of methanol or DMF. Xanthine/xanthine
oxidase (40 lM xanthine, � 2 nM xanthine oxidase) was
the source of O��2 , and ferricytochrome c was used as the
indicating scavenger of O��2 . The reduction of cyt c was
followed at 550 nm. Assays were conducted at 25 ± 1 �C
in 0.05 M phosphate buffer, pH 7.8, 0.1 mM EDTA in
the presence or absence of 15 lg/mL catalase. Rate con-
stants for the reaction of metalloporphyrins with O��2
were based upon the competition with 10 lM cyt c; kcyt c =
2.6 · 105 M�1 s�1 as described elsewhere.27 The O��2 was
produced at 1.2 lM/min. Any possible interference of
manganese porphyrins with production of O��2 was
examined following urate formation at 295 nm in the
absence of cyt c. Also the possible reoxidation of cyt c
with manganese porphyrins and H2O2 or cyt c reduction
enhancement that could affect the assay outcome was
studied. The former was assessed by reduction of cyt c
with sodium dithionite in 0.05 M phosphate buffer, pH
7.8, whereupon the manganese porphyrin was added.
The value of kcat was calculated based on the concentra-
tion that caused 50% inhibition of the cyt c reduction.89
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