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transformations and also as chiral substrate samples to in-
vestigate stereochemical specificity of such vy-carbon pro-
cessing enzymes as cystathionine y-synthetase® and threonine
synthase.” Finally, we have determined for the first time the
stereochemical outcome of catalytic action of homoserine
dehydrogenase, a central enzyme in biosynthesis of several
(e.g., methionine, threonine) of the common a-amino acids.
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Prostaglandin Endoperoxides. 11.
Mechanism of Amine-Catalyzed Fragmentation
of 2,3-Dioxabicyclo[2.2.1]heptane!
Sir:

Disproportionation of prostaglandin endoperoxides (e.g.,
1 — 2) is a key step in the biosynthesis of D and E prosta-
glandins.? The fragmentation of 2,3-dioxabicyclo[2.2.1]hep-
tane (3)3 to levulinaldehyde (4)* which invariably accompanies
disproportionation to 3-hydroxycyclopentanone (5) is fasci-
nating since natural derivatives of 4 from 1 remain unknown.
This paradox inspired us to examine carefully the mechanism
of amine-catalyzed decomposition of 3. We now report that
amine catalysis of fragmentation (3 — 4) and disproportion-
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Figure 1. Correlation of pseudo-first-order rate constant for appearance
of 4 with concentration of 1,4-diazabicyclo[2.2.2]octane.
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Figure 2. Temperature dependence of the pseudo-first-order rate constant
(k) for appearance of 4.

ation (3 — 5) are closely related mechanistically. Rate-de-
termining cleavage of a bridgehead C-H bond generates a keto
alkoxide which partitions between retro-aldol cleavage leading
to 4 and protonation giving 5.

Decomposition of 3 in benzene solution in the presence of
catalytic amounts of 1,4-diazabicyclo[2.2.2]octane (Dabco)
was monitored by 'H FT NMR. At 30.0 °C 4 and 5 are formed
in 77-78 and 22-23% yields, respectively, over a range of
catalyst concentrations from 4 to 28 mM. Over this range, the
pseudo-first-order rate of appearance® of 4 is linearly correlated
with catalyst concentration (Figure 1).

Rate constants were determined at various temperatures
between 24.8 and 45.0 °C with 0.010 M Dabcoanda 1.0 M
initial concentration of 3. These data show an excellent linear
correlation of In (k/[Dabco] T) with 1/T where k is the ob-
served pseudo-first-order rate constant for appearance of 4
(Figure 2). Activation parameters calculated from the rate
constants listed in Table I are AH¥ = 10.6 + 0.9 kcal mol™!
and AS* = —30 £ 3 eu.

Unimolecular thermal decomposition of 3 in nonpolar sol-
vents, which gives 4,5-epoxypentanal almost exclusively, shows
a considerably higher AH¥ = 20.7 & 1.8 kcal mol~!.1¢ The
large negative entropy of activation observed for the catalyzed
fragmentation is consistent with a highly organized bimolec-
ular transition state involving endoperoxide 3 and a molecule
of catalyst.

Three different mechanistic types known for amine catalysis
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of peroxide decompositions could accommodate the observed
kinetic and thermodynamic behavior. Rate-determining
nucleophilic cleavage of the peroxide bond by the amine cat-
alyst® might generate 4 by subsequent decomposition of a
zwitterionic intermediate (Scheme I). Rate-limiting one-
electron transfer from the amine to peroxide” might generate
4 by subsequent decomposition of the reduced peroxide, again
possibly via a zwitterionic intermediate (Scheme I). Alterna-
tively, rate-determining abstraction of a bridgehead proton by
the amine catalyst with concomitant cleavage of the peroxide
bond® might generate a keto alkoxide which affords 4 via
retro-aldol cleavage (Scheme II). Protonation of the keto
alkoxide before cleavage would produce the expected® dis-
proportionation product 5.

To differentiate between these alternative mechanisms, a
deuterated analogue 3-d¢ was prepared® and rates of appear-
ance!? of 4 and 4-d in the presence of identical solutions of

f —® Dp,C

3-dg 4-dg

0.015 M Dabco were monitored by 'H and ZH NMR, re-
spectively. A ratio of kn/kp = 8 was found between the rate
constants for fragmentation of 3 and 3-d¢. The large deuterium
isotope effect supports the mechanism of Scheme II, involving
rate-determining cleavage of a bridgehead C-H bond, but not
the mechanisms of Scheme 1. An isotope effect of similar
magnitude (kn/kp = 6) was found previously for dispropor-
tionation of fert-butyl a-phenethyl peroxide catalyzed by pi-
peridine.® The 3 — 5 disproportionation must therefore be
closely related mechanistically to the 3 — 4 fragmentation as
indicated in Scheme II. Since Dabco does not catalyze frag-
mentation of 5 to give 4 either protonation of the keto alkoxide
is not reversible under the reaction conditions or the keto alk-
oxide generated from 3 is vibrationally excited. This could
explain the difference in the proclivities toward retro-aldol
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Table L. Rate Constants for Amine-Catalyzed Fragmentation of 3
to4

second-order

reaction rate constant
amine temp, °C ky X 102M-1s71

Dabco 24.8 2.80 £ 0.04
Dabco 27.0 291 £0.03
Dabco 30.6 4.19 £ 0.07
Dabco 34.6 4.26 £ 0.01
Dabco 40.8 7.11 £0.15
Dabco 45.0 9.21 £0.22
imidazole 45.0 0.11 £ 0.002
N-methylimidazole 45.0 0.03 £ 0.001

cleavage of a keto alkoxide generated from the highly strained
bicyclic peroxide 3 and one generated by deprotonation of

The behavior of imidazoles also supports the hypothesis that
amines act as basic rather than nucleophilic catalysts in pro-
moting decomposition of 3. Imidazoles are weaker bases but
stronger nucleophiles than Dabco.!! Imidazoles are much less
effective catalysts than Dabco (Table I). Interestingly, imid-
azole-catalyzed decomposition of 3 at 45 °C affords a 53:47
ratio of 4 and § in contrast to the 82:18 ratio formed with
Dabco or the 78:22 ratio formed with N-methylimidazole as
catalyst. The keto alkoxide intermediate is apparently pro-
tonated more efficiently by the conjugate acid of the protic
amine imidazole than by the conjugate acid of the aprotic
amines Dabco or N-methylimidazole.

From our studies on model endoperoxide 3, it seems rea-
sonable to conclude that any disproportionation of a prosta-
glandin endoperoxide (e.g., 1 — 2) via bridgehead proton
abstraction leading to a keto alkoxide intermediate will tend
to generate fragmentation products (e.g., 1 — 6 or 7) unless
the intermediate is efficiently captured by protonation.

OHC e OOH

H

Acknowledgment. We thank the National Institutes of
Health for finanical support of this research through Grant
GM-21249 from the Division of General Medical Sciences.

References and Notes

(1) For previous papers in this series see: (a) Langs, D. A.; Erman, M. G.; De-
Titta, G. T.; Coughlin, D. J.; Salomon, R. G. J. Cryst. Mol. Struct. 1978, 8,
239. (b) Salomon, M. F.; Salomon, R. G. J. Am. Chem. Soc. 1979, 101,
4720. (c) Coughlin, D. J.; Salomon, R. G. /bid. 1978, 101, 2763. (d) Coughlin,
D. J.; Brown, R. S.; Salomon, R. G. jbid. 1979, 101, 1533. (e) Salomon,
R. G.; Salomon, M. F.; Coughlin, D. J. lbid. 1878, 100, 662, and references
cited therein. .
For recent work see van Dorp, D. A. In ""Chemistry, Biochemistry and
Pharmacologlcal Activity of Prostanolds”, Roberts, S. M., Scheinmann,
F., Eds.; Pergamon: New York, 1979; pp 233-242, and references cited
therein.
Salomon, R. G.; Salomon, M. F. J. Am. Chem. Soc. 1977, 99, 3501. (b)
Porter, N. A.; Gilmore, D. W. Jbid. 1977, 99, 3503. (c) Adam, W.; Eggelte,
H. J. J. Org. Chem. 1977, 42, 3987. (d) Wilson, R. M.: Geiser, F. J. Am.
Chem. Soc. 1978, 100, 2225.
(4) We observed this for both spontaneous decomposition of 3 in aqueous
solution® and amine-catalyzed disproportionation of 3 in nonpolar organic
solution.32

(2

3



Communications to the Editor

(5) Measured by integrated ~CHO proton resonance (8 9.02) relative to p-
dichlorobenzene internal standard (6 6.49).
(6) Walling, C.; Indlcator, N. J. Am. Chem. Soc. 1958, 80, 5814,
(7) Dixon, B. G.; Schuster, G. B. J. Am. Chem. Soc. 1979, 101, 3116.
(8) Clark, S. L., Thesis, Purdue University, 1955; Kornblum, N., personal
communication.
(9) 3-dg was prepared from 1,3-cyclopentadiene-dg by singlet oxygenation
followed by reduction with diimide.®
(10) Measured by Integrated —-CHO proton or -CDO deuteron resonances relative
to pdichlorobenzene or benzene-dg internal standards, respectively. The
products from 3-dg are 4-dg and 5-ds formed in 76 and 24 % yields, re-
spectively.
(11) (a) Hauser, C. R.; Taylor, H. M.; Ledford, T. G. J. Am. Chem. Soc. 1960,
82, 1788. (b) Edwards,J. O.; Pearson, R. G. /bid. 1962, 84, 16.

Michael G. Zagorski, Robert G. Salomon*

Department of Chemistry, Case Western Reserve University
Cleveland, Ohio 44106

Received November 11, 1979

Chemistry of Superoxide Ion. 4.
Singlet Oxygen Is Not a Major Product of Dismutation!
Sir:

Since McCord and Fridovich discovered the enzyme, su-
peroxide dismutase, which catalyzes the dismutation of su-
peroxide radical anion (O,™) to give O, and H,052 (reaction
1), the mechanism of the biological toxicity of O,~- has been
a subject of great interest. There have been many mechanisms
suggested for this toxicity: one is that singlet oxygen, known
to react with many biological molecules, may be produced
during the uncatalyzed dismutation of O, in water. While
several reports have produced suggestive evidence for this re-
action,? several others have produced moderately convincing
negative evidence,* and others have produced inconclusive
results. !

20,7 + 2H* = H,05 + 05('Agor 32,7) (1)

One problem with all of these studies is that the amount of
10, produced (or the upper limit for its production) has not
been determined quantitatively. Another problem is that the
quenching by O, of any O3 produced (reaction 2), which
has been shown to have a rate constant of ~10° M~!s~! in
dipolar aprotic solvents,!? could obscure the formation of 0,
in chemical model systems. We have designed a novel and
generally useful technique for the specific and quantitative
detection of singlet oxygen in aqueous systems. This technique
avoids both difficulties mentioned above, and we report that
reaction 1 produces at most a few tenths of a percent of 10,
under the most favorable conditions that we have studied.

0, + 10, = 30; + 0y~ + 22 keal (2)

Cholesterol gives a characteristic product with singlet
oxygen, the Sa-hydroperoxide (1a), which is distinct from the
products of radical autoxidation, which include the 7a- and
78-hydroperoxides (2a).6 Since cholesterol is virtually insoluble

o O
HO' ; HO OR

OR
| 3
~ a, R: OH
b, R- H
(102 Product ) (Radical
Product

in water, we used [4-14C]cholesterol supported on polystyrene
latex microbeads (®-chol) in buffer.?

To ~28 mL of the stirred disperson, (CH3)4N*0,~. (0.1
M)8in 25 mL of dry Me,SO was added at 1.7 mL/h through
1-mm Teflon tubing with a syringe pump. Following reaction,
the organic products were extracted with CH,Cl; and hydro-
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Table L Yields of 'O (Percent) Based on O, Added at Various pHs,
Corrected for Trapping Efficiency®

yield of 10, yield of 105,
pH % X 104 pH % X 104
4 2.7 7 7.1
6 6.0 8 2.8
10 16
a See ref 8¢.

peroxides were reduced with (C¢Hs)3P. TLC of the mixture
was carried out with added known products,® and the bands
corresponding to cholesterol, the 'O, product [Sa-diol (1b)],
and the 7a- and 3-diols (2b) were scraped from the plate, ex-
tracted, and counted. ®

To quantitate the amount of singlet oxygen formed, the
following method was used. To a suspension of (®-chol, pre-
pared as above, histidine (5 X 10~* M) and methylene blue (2
X 10~¢ M) were added. The amount of S product produced
after irradiation for 10 min was determined as above. Then the
amount of histidine which had reacted in the same experiment
was determined in the aqueous layer after the extraction of the
cholesterol.!® From the amount of histidine reacted, corrected
for its trapping efficiency for 1O, at the concentration used,!!
the amount of 105 generated photochemically in this calibra-
tion experiment could be determined, and thus the trapping
efficiency (moles of S product /moles of O, produced) of the
(®-chol system was found to be 2.5 X 1073, Although this ef-
ficiency is low, because of the sensitivity of the 14C radioassay,
it is sufficient.'2

As a final control, two 25-mL solutions containing (®-chol
and rose bengal were photooxidized under the same conditions.
To one of them, (CH3)4N*0,7-/Me,SO (0.1 M) was added
at 8.8 mL/h (six times the rate used in the dismutation ex-
periment); the O, addition caused a decrease of 7 + 6% in
the amount of S« product formed, so that O, quenching of
10, is not significant under the conditions.!3

The results of the experiments are shown in Table 1.8 The
fraction of oxygen appearing as 10, is listed as a function of
pH. The amounts found in the range pH 4-8 are probably not
significantly >0. The amount found at pH 10, although small,
may be significant, but further work will be necessary to es-
tablish this. Thus, we conclude that 10, is produced in
amounts of no more than 0.2% under the quantitative condi-
tions that we have studied, which include correction for
trapping efficiency and Oy~ quenching. Thus, 'O, appears
to be an unlikely candidate for the biological toxicant, at least
under these conditions.
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