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in compound I and also the bridge methine protons14 

in II and III ,'it room temperature. 
Temperature-dependent 1H nmr spectral changes for 

I and III dissolved in 1,1,2,2-tetrachloroethane (bp 
146°) are shown in Figure 2. As the temperature is 
raised, the peaks broaden, coalesce, and gradually 
sharpen. The changes have all been shown to be com­
pletely reversible with temperature. Compound II 
gives spectral changes similar to those of III. These re­
sults illustrate that the compounds I—III display a 
fiuxional behavior. 

The above fiuxional phenomenon is best explained 
by the intramolecular rearrangement of the metal-
carbonyl group among the four ring nitrogens of por­
phyrin and also movement of the N-H; it can also be 
regarded as an intramolecular substitution at rhenium 
or technetium. A solution containing II and excess free 
mesoporphyrin IX dimethyl ester in relative amounts 
1:2.5 showed no broadening of the free ligand bridge 
methine proton peak in the fast exchange region for 
compound II. Free ligand is thus not involved in the 
exchange process in this system. The colescence tem­
peratures, moreover, were not shifted by changes in the 
concentrations of the complexes within the standard 
deviations of the experiment (ca. ± 5 °). These results 
lend support to the fact that the thermal rearrangement 
process is intramolecular rather than intermolecular. 
Dissociation and recombination of the metal-carbonyl 
moieties and the porphyrin ligand or interchanges of 
two such ligands between two molecules at high tem­
perature are ruled out due to the fact that attempts at 
the conversion of Mp[Re(CO)3]2 to compound II by 
reflux in decalin (bp 195°) with excess porphyrin were 
unsuccessful.8 

The free energy of activation, AG± = 19.3 ± 2 
kcal/mol, was estimated15 for III from the coalescence 
of the bridge methine proton signals. 

Further studies are now being undertaken to more 
fully elucidate the nature and scope of these fiuxional 
characters for out of plane organometalloporphyrin 
compounds. 
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Sterol Metabolism. XXIX. On the Mechanism of 
Microsomal Lipid Peroxidation in Rat Liver1 

Sir: 

Speculation on the participation of electronically 
excited (singlet) molecular oxygen in enzymic oxidations 

(1) Paper XXVIII of the series: Y. Y. Lin and L. L. Smith, Biochim. 
Biophys. Acta, in press. Financial support for these studies was pro­
vided by the Robert A. Welch Foundation, Houston, Texas, and by the 
U. S. Public Health Service (Grant HL-10160). 

is current, such participation having been suggested for 
the actions of soybean lipoxygenase2 and horseradish 
peroxidase3 and for mammalian liver NADPH-depen-
dent microsomal4 and mitochondrial5 lipid peroxida­
tions. However, experimental evidence does not infer 
such participation for lipoxygenase6'7 or peroxidase,6 

and the claim associated with lipoxygenase2a has been 
retracted.8 Moreover, singlet molecular oxygen is not 
implicated in the oxidation of xenobiotic substances by 
mammalian Hver microsomes.9 

We have now examined the NADPH-dependent 
hepatic microsomal lipid peroxidation system using 
cholesterol as a probe to test the participation of singlet 
molecular oxygen.10 Cholesterol oxidation in this 
system previously yielded cholest-5-ene-3/3,7a-diol (Ia), 

C8Hi7 

C8H1 

C8H1: 

C8Hn 

OOH 

III IV 

cholest-5-ene-3/3,7/3-diol (Ha), 3^-hydroxycholest-5-en-
7-one (III), and Sa-cholestane-S/^^/S-triol.11 Hydro­
peroxides, though suspected, have not heretofore been 
demonstrated.113'0 However, we have established cho­
lesterol 7a-hydroperoxide (Ib) and 7/3-hydroperoxide 
(lib) but not 3j3-hydroxy-5ai-cholest-6-ene 5-hydroper-
oxide (IV) as initial products of cholesterol oxidation 
by air12 and by lipoxygenase and peroxidase.6 Subse-

(2) (a) H. W.-S. Chan, / . Amer. Chem. Soc, 93, 2357 (1971); (b) W. 
L. Smith and W. E. Lands, J. Biol. Chem., 245, 1467 (1972); (c) A. 
Finazzi Agro, C. Giovagnoli, P. De Sole, L. Calabrese, G. Rotilio, and 
B. Mondovi, Fed. Eur. Biochem. Soc. Lett., 21, 183 (1972). 

(3) H. W.-S. Chan, / . Amer. Chem. Soc, 93, 4632 (1971). 
(4) (a) R. M. Howes and R. H. Steele, Res. Commun. Chem. Path. 

Pharmacol, 2, 619 (1971); (b) ibid., 3, 349 (1972); (c) T. C. Pederson 
and S. D. Aust, Biochem. Biophys. Res. Commun., 48, 789 (1972); (d) 
ibid., 52, 1071 (1973). 

(5) (a) R. Zimmermann, L. Flohe, U. Weser, and H.-J. Hartmann, 
Fed. Eur. Biochem. Soc, Lett., 29, 117 (1973); (b) K. Goda, J.-W. Chu, 
T. Kumura, and A. P. Schaap, Biochem. Biophys. Res. Commun., 52, 
1300 (1973). 

(6) J. I. Teng and L. L. Smith, J. Amer. Chem. Soc, 95, 4060 (1973). 
(7) Discussions by B. Samuelsson, O. Hayaishi, D. T. Gibson, and 

R. W. Franck, Proc. Robert A. Welch Found. Conf. Chem. Res., 15, 220 
(1972). 

(8) J. E. Baldwin, J. C. Swallow, and H. W1-S. Chan, Chem. Commun., 
1407 (1971). 

(9) L. A. Sternson and R. A. Wiley, Chem.-Biol. Interactions, 5, 317 
(1972). 

(10) The 5a-hydroperoxide IV but not the 7-hydroperoxides Ib and 
lib is derived by attack of singlet molecular oxygen on cholesterol in 
organic media (cf. M. J. Kulig and L. L. Smith, J. Org. Chem., 38, 3639 
(1973)) and in aqueous buffered media (cf. A. A. Lamola, T. Yamane, 
and A. M. Trozzolo, Science, 179, 1131 (1973)). 

(11) (a) I. Bjorkhem, K. Einarsson, and G. Johansson, Acta Chem. 
Scand., 22, 1595 (1968); (b) J. Gielen, J. Van Cantford, and J. Renson, 
Arch. Int. Physiol. Biochim., 76, 581 (1968); (c) J. R. Mitton, N. A. 
Scholan, and G. S. Boyd, Eur. J. Biochem., 20, 569 (1971); (d) G. 
Johansson, ibid., 21, 68 (1971); (e) K. A. Mitropoulos and S. BaIa-
subramanian, Biochem. J., 128, 1 (1972); (f) J. Van Cantford, Life ScL, 
11 (Part II), 773 (1972; (g) L. Aringer and P. Eneroth, J. Lipid Res., 14, 
563 (1973). 

(12) L. L. Smith, J. I. Teng, M. J. Kulig, and F. L. HiU, J. Org. Chem., 
38, 1763 (1973). 
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Table I. Oxidation of [1,2-aH]Cholesterol by Rat Liver Subcellular Fractions 

2641 

Sterol 
product 

Ia 
Ib 
Ha 
Hb 
III 
Total 

Mitochondrial 
fraction1' 

0.19 
0.01 
0.36 
0.03 
0.83 
1.42 

0.43 
0.09 
1.19 
0.12 
2.58 
4.41 

—Microsomal 

With 
linoleate d 

1.06 
0.16 
2.89 
0.93 
6.92 

11.96 

With 
linoleate 

hydroperoxides' 

1.06 
0.83 
1.98 
3.97 
8.94 

16.78 

L J l V l U , /(J 

Soluble 
fraction/ 

0.40 
0.00 
1.12 
0.01 
2.35 
3.88 

0.33 
0.05 
1.00 
0.07 
3.40 
4.85 

-Microsomal + soluble fractions 

Without 
NADPH" 

0.12 
0.00 
1.26 
0.03 
0.98 
2.39 

With 
EDTA* 

0.25 
0.01 
0.26 
0.03 
0.33 
0.88 

With 
gallate* 

0.24 
0.00 
0.29 
0.00 
0.98 
1.51 

° Radioactivity incorporated over control without enzyme. b 10,000g pellet. c 105,000g pellet. d With 0.03 mmol ethyl linoleate. 
• With 0.01 mmol mixed ethyl linoleate hydroperoxides (soybean lipoxygenase derived). / 105,000g supernate. «NADPH and NADPH-
generating system omitted. * With 4 mg EDTA. !' With 0.01 mmol propyl gallate. 

quent thermal decomposition of Ib and Hb yielded Ia, 
Ha, and III as secondary products.13 In that neither 
the 5a-hydroperoxide IV nor its unique pyrolysis prod­
uct cholesta-4,6-dien-3-one13 was found, the participa­
tion of singlet molecular oxygen was excluded from 
those oxidations. 

Subcellular fractions of liver from adult (500 g) male 
Sprague-Dawley rats incubated with [l,2-8H]cholesterol 
and a NADPH-generating system (0.015 M Tris-HCl, 
pH 6.8) at 30° for 2 hr under oxygen yielded the 7-
hydroperoxides Ib and Hb, the corresponding 3/3,7-diols 
Ia and Ha, and the 7-ketone III, identified chromato-
graphically.13b'14 Neither the 5a-hydroperoxide IV 
nor cholesta-4,6-dien-3-one was detected despite a care­
ful search. 

Data of Table I show cholesterol oxidation was 
greatest in the microsomal and combined microsomal-
soluble fractions. Sterol peroxidation was diminished 
in the absence of NADPH, by boiling the enzyme or by 
preincubation with trypsin, and was completely in­
hibited by 1 mM EDTA, by 1 mM propyl gallate, or by 
dithionite. Carbon monoxide was without effect, as 
was pretreatment of rats with phenobarbital. Addi­
tions of ethyl linoleate or ethyl linoleate hydroperoxides 
markedly stimulated peroxidation. 

The 7-ketone III predominated in most experiments 
and accounted for approximately half of measured 
products. The la- to 7/3-oxygenated product ratio 
ranged from 1 :1 to 1:5 for the 7-hydroperoxides Ib and 
lib and from 1 :1 to 1 :10 for the 7-alcohols Ia and Ha, 
thus emphasizing preference for the quasiequatorial15 

epimers as previously demonstrated in other stud-
ies.6,i2, is Tj16 7-hydroperoxides were not specifi­
cally detected in every experiment where the secondary 
products Ia, Ha, and III were found. However, it is 
clear that Ia, Ha, and III derived from Ib and lib and 
that complex transformations of sterol hydroperoxides 
occur in liver lla'c'16 which may or may not be enzymic. 
The same products Ia, Ha, and III result from pyrolysis13 

and from bimolecular disproportionation17-of Ib and 
lib. 

These sterol oxidations by liver microsomes are thus 

(13) (a) J. E. van Lier and L. L. Smith, Steroids, IS, 485 (1970); (b) 
J. I. Teng, M. J. Kulig, and L. L. Smith, / . Chromatogr., 75, 108 (1973); 
(c) L. L. Smith, J. I. Teng, and M. J. Kulig, Steroids, 22. 627 (1973). 

(14) L. L. Smith and F. L. Hill, J. Chromatogr., 66, 101 (1972). 
(15) J. I. Teng, M. J. Kulig, L. L. Smith, G. Kan, and J. E. van Lier, 

J. Org. Chem., 38, 119 (1973). 
(16) (a) E. G. Hrycay and P. J. O'Brien, Arch. Biochem. Biophys., 153, 

480 (1972); (b) ibid., 157, 7 (1973). 
(17) O. Hellinger, H. Heusinger, and O. Hug, Biophysik, 6, 193 

(1970). 

similar to free radical oxidations of cholesterol by air12 

and by lipoxygenase and peroxidase.6 The obvious 
difference is the diminished stability of the initial prod­
uct hydroperoxides Ib and Hb in the microsomal 
preparations. Our present data suggest that the lipid 
peroxidation system involves free radical processes and 
not singlet molecular oxygen. Neither a putative 
direct activation of ground-state molecular oxygen nor 
disproportionation to peroxide anion and singlet 
molecular oxygen of superoxide radical anion implicated 
in lipid peroxidations40'*1'611'18 is supported by our 
results.19 Speculations implicating singlet molecular 
oxygen in lipid peroxidation in rat liver, indeed in 
enzyme reactions, should now be viewed with reserva­
tion. 

Formation of the 7-hydroperoxides Ib and lib from 
cholesterol, while formally representing the action of a 
microsomal dioxygenase, may not be enzymic or involve 
a sterol-dioxygenase complex. Rather, the cholesterol 
7-radical12'17'20 necessary to formation of Ib and lib 
may derive in conjunction with generation of other lipid 
radicals, l ld superoxide radical anion,4CiCUa'18 hydroxyl 
radicals resulting from interaction of superoxide and 
peroxide anions,21 or yet other radicals. 

(18) S. D. Aust, D. L. Roerig, and T. C. Pederson, Biochem. Biophys. 
Res. Commun., 47, 1133 (1972). 

(19) The dismutation of superoxide radical anion in organic solvents 
has been reported to give singlet molecular oxygen under certain 
circumstances; cf. (a) A. A. Khan, Science, 168, 476 (1970); (b) J. 
Stauff, U. Sander, and W. Jaeschke in "Chemiluminescence and Bio-
luminescence," M. J. Cormier, D. M. Hercules, and J. Lee, Ed., Plenum 
Press, New York, N. Y., 1973, p 131; (c) E. A. Mayeda and A. J. Bard, 
/ . Amer. Chem. Soc, 95. 6223 (1973). 

(20) O. Hellinger, Biophysik, 6, 63 (1969). 
(21) Hydroxyl radicals generated on dismutation of superoxide and 

subsequent reaction of peroxide thereby formed with superoxide may 
participate in enzymic and nonenzymic reactions; cf. (a) C. Beauchamp 
and I. Fridovich, J. Biol. Chem., 245, 4641 (1970); (b) S. A. Goscin and 
I. Fridovich, Arch. Biochem. Biophys., 153, 778 (1972). 
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Kinetic Analysis of an Intramolecular Addition of a 
Grignard Reagent to an Alkene 

Sir: 

Many cyclizations of unsaturated Grignard reagents 
and (the reverse reactions) ring openings of strained 
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