224

In Figure 2B we show a 13C PRFT nmr spectrum of
horse heart cyanoferricytochrome ¢ in H,O, recorded using
an interval (7) of 0.5 sec between each 180° radiofrequency
pulse and the following 90° pulse. In a PRFT nmr spec-
trum, a resonance will appear negative if + < T, In 2, nulled
if 7 = T, In 2, and positive if 7 > T, In 2.10 Peaks 12-16 are
positive in the PRFT nmr spectrum of Figure 2B, while
peak 17 is nulled. On this basis, peak 17 is assigned to C%
of Trp-59.

The PRFT nmr spectrum of Figure 2B does not identify
the resonance of C¢2 of Trp-59 (one of peaks 6-11). In Fig-
ure 2C we show a PRFT nmr spectrum of horse heart cy-
anoferricytochrome ¢ in D,O, recorded using the same 7
value as with the sample in H2O. Note that peak 9 is nulled
while peaks 6-8, 10, and 11 are positive. On this basis peak
9 is assigned to Ce2 of Trp-59. We recorded the normal 13C
nmr spectrum of the sample in DO, in order to make sure
that it did not show anomalies such as a missing peak 9. It
is of interest that we noticed deuterium isotope effects on
the chemical shifts of some resonances. For example, the
two-carbon resonance of C¢ of the two Arg residues (peak
2) moves upfield by about 0.2 ppm when going from H,O to
DO solution. Details will be given elsewhere.!4

In Figure 3A we show the aromatic region of the convo-
lution-difference 13C nmr spectrum of hen egg white lyso-
zyme at pH 3.3. The region 126-131 ppm downfield from
tetramethylsilane contains two two-carbon resonances (at
127.0 and 129.0 ppm) and six single-carbon resonances, for
a total of ten carbons: C¥ of the lone His (residue 15), C¥ of
the three Tyr residues, and C% of the six Trp residues.® In
the PRFT nmr spectrum of Figure 3B five of these peaks
(representing a total of six carbons) are nulled, while three
peaks (four carbons) are positive. We assign the resonances
that are nulled to C% of the six Trp residues, a result that is
consistent with assignments based on other methods.1?

The vy-carbons of the three Phe residues and the e;-car-
bons of the six Trp residues of hen egg white lysozyme give
rise to the single-carbon resonance at 136.4 ppm and the
cluster of peaks in the range 137.7-139.0 ppm?® (Figure
3A). The identification of the resonances of C¢ of the Trp
residues will be presented elsewhere.!4
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A Convenient Preparation of Solutions of Superoxide
Anion and the Reaction of Superoxide Anion with

a Copper(Il) Complex

Sir:

In recent years, metalloenzymes containing copper and
zinc,!2 manganese,>3 and iron®® have been discovered
which catalyze the disproportionation of superoxide anion,
05, to molecular oxygen and hydrogen peroxide.” In at-
tempting to understand the mechanism of these superoxide
dismutase enzymes, it would be useful to know how sup-
eroxide anion reacts with transition metal complexes but
there is little information about this chemistry, probably be-
cause of the inconvenience of the electrochemical prepara-
tion used previously.1.9-16

We wish to report a convenient preparation of solutions
of superoxide in aprotic solvents and a reaction of dissolved
superoxide with a complex of copper(II) which illustrates
the effect of protons in changing the relative redox poten-
tials of oxygen and superoxide. This effect may be impor-
tant in determining enzymatic mechanisms.

Potassium superoxide, KO3, is sparingly soluble in dry di-
methyl sulfoxide (DMSO).1¢:17 A 0.30 M solution of dicy-
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clohexyl-18-crown-6 in DMSO, however, can be used to
prepare pale yellow 0.15 M solutions of KO,.!8 Solutions of
KO, prepared in this manner have been shown to contain
O~ in approximately the same concentration. These solu-
tions give a positive test for superoxide ion (deep blue pre-
cipitate upon addition of several drops of the KO, solution
to a 2.0 X 10~% M aqueous solution of nitro blue tetrazoli-
um'?) immediately and 1 week after preparation when
stored at room temperature under dry argon. Dilute solu-
tions of KO, (1073 and 10~* M) in DMSO-crown ether
give electron paramagnetic resonance (epr) spectra at 77°K
demonstrating an anisotropic g tensor (g = 2.01, 2.11) sim-
ilar to spectra observed previously for electrochemically
generated superoxide.!* Addition of dilute aqueous HCI to
the yellow solution 1 day after preparation results in evolu-
tion of >90% of the gas predicted for a 0.15 M O~ solu-
tion and bleaching of the spectrum to that of DMSO. The
characteristic reduction of cytochrome ¢ ox by superoxide! is
also observed. Infusion of 0.5 ml of a 5 X 10~ M KO,-
crown ether solution into a stirred dilute solution of cyto-
chrome c¢ox (horse heart Sigma type III, Amax 528 nm) in
0.05 M phosphate buffer pH 7.8 in the presence of catalase
(to remove H,O;) results in reduction to cytochrome ¢ ed
(Amax 520, 549 nm).20 The characteristic reduction of tetra-
nitromethane (TNM) by superoxide! is also observed but is
complicated by what appears to be a slow reaction of TNM
with DMSO.

The specificity of the superoxide dismutase enzyme has
been used to show that the species in solution is superoxide.
A 5 X 10™* M superoxide solution in DMSO was prepared
by 100-fold dilution of a 0.05 M KO,-0.15 M crown ether
solution. Slow infusion of 0.10 ml of this solution into 2.0
ml of 10=4 M nitro blue tetrazolium (NBT)-10"% M
EDTA in 0.05 M carbonate buffer pH 10.2'° with rapid
stirring results in an absorbance change of 0.26 + 0.01 at
560 nm. Under the same conditions in the presence of 3 X
10~7 M bovine erythrocyte superoxide dismutase (Sigma),
the change in absorbance is 0.04 £ 0.01. Thus at this con-
centration the enzyme inhibits the NBT reduction by 85%
by catalyzing the disproportionation of superoxide.

We chose to study reactions of O,~ with a complex of
copper(Il) because the first step (reaction 1) of the pro-
posed mechanism2!-22 of the copper-zinc enzyme (reactions
1-3) is reaction of O, with the copper(Il) enzyme.

reduction: Enz—Cu® + 0, —> Enz-Cu! + O, (1)
oxidation: Enz-Cu! + 2H* + O, —

Enz—-Cu®! + H,0, (2)
overall; 20, + 2H* — O, + H,Oy (3)

Superoxide ion can function either as an oxidizing agent
(reaction 4) or a reducing agent (reaction 5). Reaction 4,

0,” + 2H" + e — H,0, (4)
02- —_ OQ + e” (5)

however, requires protons to stabilize the peroxide dianion
0,2=. We hoped, therefore, to isolate the first step of the
proposed enzymatic reaction by carrying out our reaction in
an aprotic solvent. The complex we chose to study, [Cu-
(phen),»](ClOy4), (phen = 1,10-phenanthroline), has hetero-
cyclic nitrogen ligands similar to the histidine imidazole
sites thought to be present in the copper-zinc enzyme.??
Pale blue solutions of [Cu(phen);](ClO4); in DMSO react
rapidly with superoxide upon mixing with the KO, solution
to give deep brown solutions of [Cu(phen);](ClO4) (Amax
445 nm). Addition of larger amounts of superoxide results
eventually in a further reaction which we believe to involve
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modification of phenanthroline since the [Cu(phen),]*
spectrum can be regenerated by addition of phenanthroline.
Large excesses (3 equiv) of superoxide result in immediate
precipitation of an insoluble brown material which is also
obtained by addition of solid KO; to the [Cu-
(phen)2](ClO4), solution. Side reactions can be minimized
by mixing a 0.03 M solution of [Cu(phen),](ClO4), with 2
equiv of the KOj solution and immediately quenching the
reaction and precipitating the product by addition of water.
This results in 46% yield of [Cu(phen);](ClOy).

The reaction of a Cu(Il) complex with superoxide is the
reverse of the first step of the postulated mechanism for au-
tooxidation of Cu(I) complexes (reaction 6 and 7).24-2¢ The

Cu* + 0, == Cu?*0," (8)
Cu’*0,” + H® —> CW’* + HO, )

sensitivity to air oxidation of [Cu(phen),]* is dependent
upon solvent. Solutions in nitromethane rapidly oxidize to
give [Cull(phen),(CH;NO;)](C104).27 In a less acidic sol-
vent, however, such as DMSO, we have found that solutions
of [Cu(phen);](ClOy) react relatively slowly when dry oxy-
gen at room temperature is bubbled through the solution.
This reaction can be dramatically accelerated by the pres-
ence of protons. Addition of an equivalent amount of 1 M
HCIO, and treatment of the solution with oxygen results in
rapid conversion to [Cu(phen);](ClO4),. The cupric com-
plex can be precipitated by addition of water and a small
amount of NaClOy and isolated in 83% yield. We conclude,
therefore, that the position of equilibrium (reactions 8 and
9) is reversed by the presence of protons.

Culphen),” + 0, == Culphen),®* + Oy" (8)
Cu(phen),* + O, + H* == Culphen),’* + HO, (9)

Further examples of the inorganic and organic chemistry
of dissolved superoxide are under investigation.2®
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Condensation of Tetraaldehydes with Pyrrole.
Direct Synthesis of “Capped” Porphyrins

Sir:
In order to develop simple methods for the synthesis of

sterically hindered macrocycles, we have examined the di-
rect condensation of suitable tetraaldehydes with pyrrole, as

—_—

[EN]

Figure 1.

a route to “capped” porphyrins.! We report here the results
of these experiments which lead to a method for the synthe-
sis of sterically hindered porphyrins without the need for
chromatographic separation of isomers.2 The strategy be-
hind our approach is exemplified in Figure 1; thus a suit-
able tetraaldehyde could condense with four molecules of
pyrrole, 1, to provide, in one step, only ore possible stereo-
isomer of the tetrameso-substituted porphyrin 2.

A suitable tetraaldehyde 3 was prepared by alkylation of
salicylaldehyde with bromoethanol in aqueous alkali to
yield (70%) hydroxyethyl ether 4,3 mp 37°, which on acyla-
tion with pyromellitoyl chloride in tetrahydrofuran-triethy-
lamine gave the aldehyde 3: mp 113-114° (30%), vmax
(CHCl3) 1690, 1735 em™!, nmr (CDCl3) 6 4.39 (8 H, m),

Figure 2,
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