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accord with this suggestion we have found that dialysis of a 1.0 
mM (subunits) solution of CuiZnoSOD against 0.1 M potas
sium phosphate at pH 3.6 resulted in removal of 95% of the Zn 
and 5% of the Cu (by atomic absorption), although the vis-UV 
and ESR spectra were only slightly changed. Likewise, addi
tion of 1 equiv of Zn2 + /subunit to solutions of C U T E ^ S O D at 
pH 3.6 caused only small changes in the vis-UV spectra of the 
solutions, but returning the pH to 6.0 gave spectra identical 
with those of Cu2Zn2SOD. We conclude from these studies 
either that Zn 2 + is not bound to the protein at low pH or that 
it is bound in such a way that its presence does not affect the 
spectral properties of the Cu(II) chromophore and it is readily 
removed by dialysis. 

Similar results have been obtained for CU2CU2SOD (see 
Figures 1 and 2). The ESR experiment at 30 °C is particularly 
instructive since CU2CU2SOD is ESR silent at that temperature 
under our conditions.18 At low pH, the coppers are uncoupled 
and the signal due to CU2E2SOD plus the isotropic signal of 
free aqueous Cu2+ appear. The change is almost fully reversed 
when the pH is raised. 

The published vis-UV and ESR spectra of solutions of 
CU2C02SOD at low pH16 also strongly resemble those of 
CU2E2SOD and free aqueous Co2+ . The disappearance of the 
visible spectrum due to Co2 + in an approximately tetrahedral 
site suggests that Co 2 + has moved to an octahedral site, such 
as in Co(FUO^ 2 + , where the extinction coefficient of the 
visible absorption band is expected to be much lower.19 

The observations described above strongly suggest that the 
metal ion bound in the native zinc binding site in C^ZmSOD, 
CU2CU2SOD, or CU2C02SOD is released in the range 4.5 > 
pH > 3.0 and that the metal ion is rapidly re-bound when the 
pH is raised. The fact that this release of metal ions from the 
zinc site occurs at very similar pH values whether Zn2+ , Cu2+ , 
or Co2 + is bound to that site suggests that this phenomenon is 
not a simple competition between metal ions and protons for 
the protein side chain ligands. A simple competition reaction 
would be expected to show a different dependence on pH for 
the three metal ions if the ligands were conformationally 
fixed.20 This observation combined with the observation that 
E2C02SOD21 and the apoprotein14 undergo spectral changes 
in the same pH range suggest that a pH-dcpendent confor
mational change is occurring, the result of which is a lowering 
of the metal ion affinity of the native zinc site. It is interesting 
in this regard to note that the protein side chains that comprise 
the zinc binding site come from a single loop of the polypeptide 
chain which has a relatively high number of hydrophilic resi
dues in a nonrepetitive secondary structure.3-4-22 The pH-
dependent changes between pH 3 and 4.5 could be accounted 
for by a conformational change in this loop alone causing only 
minor changes at the copper binding site.23 

The pH-dependent nature of the metal ion affinities explains 
some of the inconsistencies in the early work on metal ion re-
constitution of this protein'' and preparation of metal-substi
tuted derivatives.10 It also explains the success of the recon-
stitution procedure of Beem et a l . " 1 2 in which either Cu2 + or 
Ag+ is added to apoprotein at pH 3.8 where it binds predom
inantly at the copper binding site. Our results indicate that the 
copper binding site is the onlv strong binding site at that 
pH. 

It is clear from the results described above and previous 
studies in our laboratory18 that the metal binding properties 
of copper-zinc superoxide dismutase are strongly pH depen
dent. Future studies will be directed toward elucidating the 
kinetics and thermodynamics of the metal binding reactions 
of this protein over a wide range of pH. 
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P-450 Type Oxygen Activation by Porphyrin-Manganese 
Complex 

Sir: 

Since cytochrome P-450 was first isolated in 1955,' much 
attention has been given to structural2 and/or mechanistic-1 

elucidation of this interesting and somewhat unique enzyme. 
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Figure 1. Time-conversion curve of the oxygenation with TPP-Mn-O2: 
a, with NaBH4; b, without NaBH4. 

The major structural interest has been concentrated on the 
electronic state involving the spin state of central metal ion, 
iron, which is closely connected to the major mechanistic in
terest in why P-450 can activate a dioxygen molecule while 
such an oxygen carrier protein of a very similar local structure 
as myoglobin or hemoglobin forms a stable dioxygen complex. 
The mechanistic difference between them is, however, very 
delicate in a sense that, even for the oxygen carrier protein, a 
considerable electron transfer from ferrous to the bound 
dioxygen is expected,4 which is taken as one of the character
istics of P-450 mechanism, although its function is quite dif
ferent. 

Axial ligation of sulfur of cystein which is not present in the 
oxygen carrier protein is considered a crucial factor for oxygen 
activation by P-450, but any other factor, such as efficient 
reduction of P-450 owing to its appropriate size to accommo
date NADH near its active site, may also be responsible for 
oxygen activation. 

Now, we report herein that manganese(II) porphyrin in the 
presence of NaBI-U can activate a dioxygen molecule effi
ciently even in the absence of such an assisting ligand as SH, 
affording an excellent P-450 model system. Thus, in the 
presence of a small amount of tetraphenylporphyrin-MnmCl 
(9.3 X 10-3 M) and an excess amount of NaBH4, cyclohexene 
was treated with an excess amount of an oxygen molecule (air) 
in benzene-ethanol at room temperature. The rapid reaction 
took place giving cyclohexanol and cyclohexenol in a 4:1 ratio 
without formation of any appreciable byproducts. 

The three components of this reaction, TPP-Mn, NaBH4, 
and O2, are essential, closely corresponding to the three es
sential components in the P-450 oxygenation, protein-Fe, 
NADH, and O2. In the absence OfNaBH4, cyclohexene was 

O PhH-EtOH 

^ X O2 , PhH-EtOH O 
also oxidized to give cyclohexenone and other products as 
shown in eq 2, but a remarkable induction period was observed 
as shown in Figure 1, and the oxidation was almost perfectly 
quenched by the addition of such a typical radical inhibitor as 
2,6-di-/e/-/-butylphenol. These facts clearly indicate that, in 
the absence OfNaBH4, the reaction proceeds as a typical au-
toxidation. However, in the presence of NaBH4 the TPP-
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Figure 2. Electronic spectra of TPP-Mn and intermediates derived from 
TPP-Mn(II) + O2: a. TPP-Mn(II); b, TPP-Mn(II) + O2, after 20 s (—); 
c. after 80 s (- - -); d. after 200 s ( ): e, after 260 s; f, after 1 h; g, 
TPP-Mn(IIl). 

Mn-NaBH4-O2 reaction proceeds in a quite different way, 
showing the following significant characteristics: (i) its striking 
selectivity to give cyclohexanol as shown in eq 1, (ii) the re
markable acceleration as is apparent in Figure 1, (iii) absence 
of any induction period in the cyclohexanol formation (Figure 
1), and (iv) absence of inhibitory effect of a typical chain in
hibitor, 2,6-di-te77-butyl-/?-cresol, on cyclohexanol formation 
(see Figure 1). 

Among the most probable origins of cyclohexanol in the 
TPP-Mn-NaBH4-O2 reaction, cyclohexenol, which may be 
formed from cyclohexene directly, should be excluded since 
independent experiments showed that, under the present 
conditions, cyclohexenol was not appreciably reduced to cy
clohexanol. Further oxygenation of cyclohexenol was only 
within experimental error in experiments using cyclohexenol 
(0.018 M) and cyclohexene (3.3 M) as a starting system.5 

Cyclohexenone was readily reduced under the condition, giving 
cyclohexenol and cyclohexanol in a ratio of 1.4:1, indicating 
that it can not be principal origin of, but only participates in, 
the formation of cyclohexanol in 14% yield (20 X V1.4) at most.6 

The significant contribution of the allylic oxidation is also 
excluded based on the results of the 1 -hexene oxidation where 
2- and 1-hexanol were obtained as principal products in a ratio 
of 5.3-6.4:1 after 3 to 5 h; the 3-hexanol formation was <1% 
of the 2-hexanol formation. These results also successfully 
eliminate the possibility of the significant contribution of hy-
droboration (with and/or without TPP-Mn catalysis) from 
which the principal formation of 1-hexanol should be expected. 
The principal origin (86% at least) should be another source. 
The remaining candidate, cyclohexene oxide, seems to be the 
most probable based on the following observations: (a) cy
clohexene oxide was actually formed under the condition of 
TPP-Mn111Cl-NaBH4-O2 in benzene even in the presence of 
a large excess of NaBH4; (b) cyclohexene oxide was very 
readily reduced with TPP-Mn111Cl + NaBH4 to cyclohexanol 
exclusively. 

Thus, the most probable pathway of the present reaction is 
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Scheme I. Pathway of the TPP-Mn-O2-NaBH4 (P-450 Type) 
Oxidation 

TPPMn111O2- + 

that shown in Scheme I. Under conditions where cyclohexene 
was converted into oxygenated products in 2.5% yield,7 yields 
of cyclohexanol and cyclohexenol based on O2 used were 53 
and 13%, respectively, and that based on TPP-Mn was 1530% 
(each TPP-Mn molecule produced 15.3 molecules of oxygen
ated products). Most of the NaBFU used in an excess amount 
was recovered unchanged after the oxygenation was over. 

Pure TPP-Mn111Cl treated with NaBH4 in carefully purified 
benzene showed the characteristic electronic spectrum of 
TPP-Mn" as shown in Figure 2. Application of dioxygen to the 
solution finally resulted in practically complete conversion into 
the corresponding Mn(IH) (see Figure 2). However, neither 
of the individual final products, TPP-Mn'" nor Ch--, gave the 
observed oxidation products. While a mixture of both com
ponents TPP-Mn'" and KO2 in the presence of 18-crown-6 
gave the oxygenation products, the yields were low. Thus, the 
active species should be some intermediate between the two 
extreme states of eq 3. 

TPP-Mn(H) + O2 —*• [ i n t e r m e d i a t e ] —> TPP-Mn(IH) + Oj -

l s u b s t r a t e (3) 

oxygenat ion p roduc t s 

Careful spectroscopic investigations indicated that at least 
two intermediates (MnIV-0>22_ (side-on complex8) and 
Mn1 "-Ch - complex) were involved in the reaction. Thus, the 
fact that the reducing reagent, NaBH4, and one of these in
termediates, possibly TPP-Mn'"-00_ , seem to provide the 
real active species the fact again closely resembles the estab
lished cyt-P-450 mechanism. 

Detailed studies are now underway. 
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Arylcyclopropane Photochemistry. 
Electron-Transfer-Mediated Photochemical 
Addition of Methanol to Arylcyclopropanes 

Sir: 

The photosensitized cis-trans isomerization of 1,2-di-
phenylcyclopropane with naphthalene derivatives as sensitizers 
has been suggested to proceed via formation of a singlet exci-
plex.' It has been shown that charge transfer from the cyclo
propane to the excited singlet naphthalene sensitizer is im
portant in formation and/or reaction of this exciplex.2 We 
presently report the 1,4-dicyanobenzene (DCB)-sensitized 
photolysis of several phenylcyclopropane derivatives in 
methanol-acetonitrile. In most cases a novel "anti-Markow-
nikoff' addition of methanol to the cyclopropane ring results. 
The reactions observed are best rationalized as proceeding via 
initial electron transfer from the cyclopropanes to the excited 
DCB to give the phenylcyclopropane radical cations.3 

Several phenylcyclopropanes have been studied to date. In 
a typical reaction a solution of 1.4 mmol of l,l-bis(p-tolyl)-
cyclopropane (1), 0.7 mmol of DCB, and 1.0 mL of methanol 
in 12.0 mL of acetonitrile in a Vycor reaction vessel was purged 
with nitrogen and then irradiated at 45 0C with the 300-nm 
lamps of a Rayonet photochemical reactor. Progress of the 
reaction was monitored by gas chromatography. After 10 h 
(70% reaction of 1), the solvent was removed and the photo-
lysate was separated by preparative TLC (silica gel plates with 
benzene eluant) to give 3-methoxy-l,l-bis(/)-tolyl)propane4 

(2, 71%) together with recovered cyclopropane 1 (7%) and 

?, R = CH3 

4 , R = H 

DCB (88%). No other products were detected by GC, TLC, 
or NMR analysis of the reaction mixture. 1,1-Diphenylcy-
clopropane (3) reacted similarly to give ether 4 (30% yield at 
92% conversion of 3). 

Phenylcyclopropane (5) and l-methyl-2-phenylcyclopro-
pane (8) afforded similar methanol adducts; however, in both 
cases a new product was isolated. Thus, DCB-sensitized pho
tolysis of 5 gave 41% ether 6 and, in addition, 17% diaryl 
product 7 (84% conversion of 5). Likewise, trans-S (containing 
~ 3 % of the cis isomer) yielded, at 85% conversion of 8, 32% 

CH3OH 
CH3CN 

- H 

• CH3 

Ph 

I. R = CH3 

ether 9 and 16% 10. Interestingly, little, if any, isomerization 
of trans-S to its cis isomer occurred during the photolysis. 

The DCB-sensitized photolysis of trans-1 -methyl-2-phen-
ylcyclopropane (8) in acetonitrile in the absence of methanol 
afforded no detectable new products. Slow loss of the reactants 
was noted, as well as a very small amount (~1%) of trans to 
cis isomerization.5 (Photolysis of 8 in the absence of DCB 
under otherwise similar reaction conditions resulted in more 
efficient (but still slow) trans-cis isomerization.)6 

The sensitized photolysis of 1,1,2,2-tetraphenylcyclopro-
pane (11) took a different course. Only traces of a methanol 
adduct (presumably 12) could be detected by NMR and GC. 
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