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Tetraethylammonium–tetrakis(cyclohexyl)porphyrinogenCu(II) (1)
is spontaneously oxidized by aerial oxygen to the corresponding
Cu(III) (2) species, producing 1 equiv of O2

-. Steric crowding
of the peripheral hydrogens in 1 prevented any direct Cu-O2

bond formation in the oxidation process, which suggests an
outer-sphere electron transfer reaction.

Copper plays a crucial role in the sustenance of aerobic
life.1,2 It also prevents tissue damage by catalyzing the
disproportionation of toxic superoxide in superoxide dismu-
tase.3 These events involve direct oxygen binding to at least
one copper(I) center as the first step for initiating further
chemical reactions to occur. In synthetic and model
copper-oxygen chemistry, the structure-reactivity in
Cu(I)n-O2 (n ) no of copper) interaction is founded on the
ligand coordination of the Cu(I) ion.4 More commonly, it is
the dicopper(I) center which responds to oxygenation to form
a dicopper(II) moiety with an oxo-bridged bond. Such a
reaction may involve the formation of dicopper(III) species

at low temparatures.5 Unlike Cu(I), Cu(II) normally remains
stable in the air but curiously reacts in a hot pyridine medium
with corrole in the air to yield Cu(III)–corrole.6 The fate of
oxygen in such an oxidation process has not yet been studied.
Porphyrins and porphyrinogens having an {N4} donor site
similar to corrole generally form stable {Cu(II)(N4)} cores
even in the air.

Thus Cu(II)-porphyrinogen complex, [Et8N4CuIILi2-
(THF)4], synthesized from the anion, Et8N4

4-, of octaeth-
ylporphyrinogen (Et8N4H4) is stable in the air. However,
excess CuCl2 neatly changes it to the corresponding Cu(III)
species.7

More intriguing is its solvent-dependent redox stability,
as in benzene it is reverted back to Cu(II) along with ligand
oxidation. Such a disproportionation reaction has been
prevented by adding 12-crown-4 ether, which coordinates
with the lithium present7 in the complex to form [Li(12-
Crown-4)]+[Et8N4CuIII]-. The [Li(THF)2]+ cation in [Et8N4-
CuIILi2(THF)4] remains η3-bonded to the pyrrolyl ring of
coordinated porphyrinogen via π bonding.7 Recently, a
synthesis of Cu(II)-porphyrinogen based on the preattach-
ment of four ruthenocenes to the four pyrrole segments of
the porphyrinogen has been described. This complex re-
sponds to reversible reduction, suggesting the stability of
Cu(I) in a porphyrinogen environment.8 Thus, the reactivity
of Cu(II)-porphyrinogen systems may be controlled by
changing the electronic population of the pyrrolyl ring of* To whom correspondence should be addressed. E-mail: abya@iitk.ac.in.
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coordinated porphyrinogen. Direct incorporation of a trivalent
metal ion in porphyrinogen remains difficult. The use of a
quaternary ammonium countercation was shown to facilitate
such an incorporation of the Fe(III) ion in a porphyrinogen
system.9

Similarly, the authors were interested in isolating a
Cu(II)-porphyrinogen complex using tetraalkyammonium
as the countercation to minimize any special role of the
pyrrolyl ring present in porphyrinogen. A complex,
tetraethylammonium-tetrakis(cyclohexyl)porphyrinogen
Cu(II),[Et4N]2[LCuII] (LH4 ) tetrakis(cyclohexyl)porphy-
rinogen) (1), was thus readily synthesized as a red brown
solid (see the Supporting Information). However, 1 was
found to be very susceptible to air.

Upon aerial exposure, the brown dichloromethane solution
of 1 rapidly changed to deep blue under ambient conditions.
A blue diamagnetic complex, isolated from such a reaction,

was structurally characterized as [Et4N][LCuIII], 2 (Figure 1,
bottom).10 Cu-N bonds present in 2 are comparable to those
reported in other Cu(III) complexes7b but fall shorter than
those reported for similar Cu(II) complexes.11 The course
of aerial oxidation of 1 to form 2 was followed by electron
paramagnetic resonance (EPR) spectroscopy to monitor the
gradual diminution of the Cu(II) signal in light of the
formation of diamagnetic Cu(III) species. Interestingly
enough, concomitant to the gradual reduction in intensity of
the Cu(II) EPR signal, the appearance of another EPR signal
characteristic to O2

- was observed during the time-dependent
progress of the reaction (Figure 1, top). Quantification of
O2

- generated from the reaction as in eq 1 by the EPR
method using a known concentration of [Me4N][O2] as a
standard showed an average of 70% conversion. Such an
analysis is reasonable considering the difficulty in handling
O2

- in solution. The O2
- formation was further quantified12

chemically by monitoring the reduction of nitrobluetetrazo-
lium (NBT)13 to monoformazan dye at 560 nm at 25 °C.
Both of the methods used here with their respective inherent
error limits complement the stoichiometry of the reaction
(eq 1).

[Et4N]2[LCuII]+O2 f [Et4N][LCuIII]+ [Et4N]+[O2]
-

(1)

The cyclic voltammetric response of 1 under an oxidative
scan displayed a reversible oxidation process at E1/2 )-0.46
V (vs Ag/AgCl in acetonitrile, Figure 2a) for the CuIII/CuII
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Figure 1. Time-dependent EPR spectral changes of a 10-2 M solution of
1 in dichloromethane by thawing in the air and refreezing after a desired
time interval at 120 K (top) and an ORTEP view for the anionic part of
complex 2 (showing 50% probability thermal ellipsoids) isolated from such
a reaction (bottom; colors: cyan, Cu; blue, N; gray, C; H atoms omitted for
clarity).
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couple. As a check, the reductive scan of 2 displayed its
reversible reduction process at an identical E1/2 of -0.46 V
(Figure 2b). Such a cyclic voltammetric response is fully
compatible with the oxidation of 1 in the air. For both of
the complexes, there are irreversible oxidation processes
around +0.3 V and +0.6 V which are related to the
irreversible oxidations of the coordinated porphyrinogen
ligand.

The possibility of direct metal-oxygen adduct formation
in the oxidation of 1 to 2 following eq 1 was checked by a

space-filling model of the anion of 1, which showed that
the approach of any oxygen molecule toward the central
copper atom is blocked by steric crowding of the hydrogens
of the porphyrinogen ligand, and O2 may reach nearest to
the central copper at a distance around 6 Å (Figure 3). This
suggests that there is no possibility of any direct bond
formation between copper and oxygen. Thus, the oxidation
of Cu(II) in 1 to Cu(III) in 2 by aerial oxygen may involve
an outer-sphere electron-transfer reaction.

In summary, the hitherto unknown production of a
superoxide anion by the {Cu(II)(N4)} moiety under aerial
exposure has been demonstrated. Identification of such a type
of reaction, as described herein, may have implications in
complementing the generation of reactive oxygen species.
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Figure 2. Cyclic voltammogram traces (black line) and DPPs (blue line)
of a 10-3 M solution of (a) 1 and (b) 2 in acetonitrile containing 0.1 M
Bu4NClO4 (scan rate 100 mV s-1; for DPP, pulse width, 50 ms; pulse period,
200 ms; and pulse amplitude 50 mV). For the direction of these scans, see
the text.

Figure 3. Space-filling representation of the anion of 1 showing the closest
possible distance (∼6 Å) of oxygen (red) to copper (cyan).
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