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A novel technique has been developed to synthesize in large quantities an O2 molecoie that is

unsymmetrically labeled with the oxygen isotopes oxygen-16 and oxygen-18. This unusual molecule,

16Q18O, has been synthesized by Dr. Evan H. Appelman at Argonne National Laboratory in work sup-

ported by the DOE Division of Chemical Sciences and has been utilized as a unique spectroscopic

probe of the mechanism of metabolism in living organisms. Preparation of this molecule requires prior

synthesis o* the exotic precursor hypofluorous acid, HOF, and Dr. Appelman has recently developed

an improved method for synthesizing this precursor that permits the preparation of essentially unlim-

ited quantities of the labeled oxygen. This, in turn, has made it practical to use this oxygen in Raman-

spectroscopic studies of the mechanism by which O2 is reduced by the enzyme cytochrome oxidase,

a key step in the metabolic utilization of oxygen by living organisms. These studies have involved

Dr. Appelman in collaboration with two different research groups: that of Professor Teizo Kitagawa at

the Institute for Molecular Science, Okazaki, Japan, and that of Professor Gerald T. Babcock at

Michigan State University. The results indicate that the interaction of O2 with the iron of the enzyme

may be represented:

Fe2 + + O2 - Fe2+-O2 - Fe3+-OOH" - Fe4* = O - Fe3+-OhT

The results of the collaboration with the Michigan State group have been accepted for publication in

the Proceedings of the National Academy of Sciences.
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Some 20 years ago, the compound hypofluorous acid, HOF, was first synthesized at Argonne

National Laboratory by Drs. Martin Studier and Evan Appelman. Appelman subsequently showed this

compound to be an unusually powerful reagent for effecting oxidation and oxygen-transfer reactions.

He further demonstrated that HOF could be labeled with the oxygen isotope 1 8O, and in that case it

could provide a convenient method for labeling other molecules with oxygen-18, i.e.,

H18OF + R -» R18O + HF

Of especial interest was the fact that this approach made possible the synthesis of "unsymmetrically"

labeled hydrogen peroxide and oxygen molecules in a neat state:

H18OF + H2
16O -> H16O18OH + HF

H 1 6 Q 1 8 0 H + 2C64* -> 1 6 Q 1 8 O + 2Ce3+ + 2H+

(Heretofore these unsymmetrical molecules could only be synthesized as components of statistical

mixtures containing a variety of isotopic species.)

it was soon realized that these unsymmetrically labeled oxygen molecules could be very useful

as probes in Raman-spectroscopic studies of the bonding of O2 and H2O2 in complexes of biological

interest. The first application was in a collaboration with Professors D. F. Shriver and I. M. Klotz and

their colleagues at Northwestern University to determine the configuration in which oxygen molecules



were bonded to the iron in hemoglobin. At issue was a long-standing controversy as to whether the

oxygen was bonded in an unsymmetrical end-on configuration, as in diagram A below, or in a symmet-

rical side-on or "bridged" configuration, as in diagram B. If unsymmetrically labeled oxygen were used

and the resonance Raman spectrum of the resulting complex examined, configuration A should show

two resonance-enhanced Raman bands corresponding to the Fe-O stretch, whereas configuration B

should show only one such band. In fact, two bands were observed, indicating that the complex actu-

ally had the end-on configuration.
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More recently, a collaboration was undertaken with Drs. Thomas Loehr and Joann Sanders-

Loehr and their colleagues at the Oregon Graduate Center to study systems that served as models

for biochemical oxygen bonding. The bonding of hydrogen peroxide to the Fe'"(edta) complex was

examined, and in this case it was found that a symmetrical side-on or "bridged" structure was formed.

For many years, however, practical applications of unsymmetrically-labeled oxygen and hydro-

gen peroxide were limited by the fact that HOF was an unstable and potentially dangerous compound

that could only be made in very small quantities. A change in this situation was presaged about five

years ago, when Professor Shlomo Rozen, an organic chemist at Tel Aviv University in Israel, acciden-

tally observed that passage of elemental fluorine through wet acetonitrile produced a powerfully oxi-

dizing species. He turned to Argonne for help in interpreting this observation, and Appelman was able

to demonstrate that the oxidizing species was actually hypofluorous acid that was being stabilized by

complexing to the acetonitrile.

Appelman realized that this offered a safe and convenient method for preparing hypofluorous

acid in arbitrarily large quantities, and that it could therefore also permit the production of corre-



spondingly large quantities of unsymmetrically labeled molecular oxygen. This, in turn, made possible

new applications that had been unfeasible so long as only very small amounts of the unsymmetrically

labeled oxygen were available. In particular, biochemists have been keenly interested in understanding

the reduction of molecular oxygen by the enzyme cytochrome oxidase, a key step in the course of

biological metabolism. A variety of oxygen-containing intermediates have been postulated in tha

complex mechanism of this enzymatic reduction. Distinction among various possibilities for such inter-

mediates could be greatly facilitated if Raman-spectroscopic experiments could be carried out using

unsymmetrically labeled O2. However, since this reduction is a rapid dynamic process, it is usually

studied in a flow system, and much greater quantities of the labeled O2 would be required than had

been needed for the equilibrium studies of hemoglobin and the iron-EDTA complex. The new method

for synthesis of HOF, leading to the ability to make relatively large amounts of 1 6O 1 8O, made such an

experiment feasible, and collaborations were entered into with Professor Teizo Kitagawa and his

group at the Institute for Molecular Science at Okazaki, Japan, and with Professor Gerald Babcock

and his group at Michigan State University. The results indicate that a Raman band previously assigned

to the iron(lll)-peroxyspecies Fe 3 + -OOH~ actually belonged to a subsequently formed iron(IV)

species, Fe4+=Q, so that the sequence of interaction between O2 and the iron of the enzyme may be

represented:

Fe2+ + O 2 -» Fe2+-O2 -» Fe3+-OOH~ -> F e ^ = O -> Fe3 + -OH~

This reaction scheme is shown in greater detail on the accompanying figure.

The collaborative study with the Michigan State group has been accepted for publication in

Proceedings of the National Academy of Sciences.
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