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composition of DBPO abstract the labile hydroperoxide
hydrogen?® from 2 giving the peroxy radical. Cyclization of
this radical to the endoperoxide followed by reduction!?
leads to PGF-type products.
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The work reported here lends support to the notion that
prostaglandin biosynthesis is a controlled free-radical reac-
tion.! Other workers have noted the formation of prosta-
glandins in autoxidizing lipid.!13 The method reported
here has the advantage of producing specific peroxy radi-
cals for study as compared to the rather random autoxida-
tion format.
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A Suggested Mechanism for the Production
of Malonaldehyde during the Autoxidation of
Polyunsaturated Fatty Acids. Nonenzymatic
Production of Prostaglandin Endoperoxides

- during Autoxidation

Summary: Autoxidation of methyl linolenate is shown to
yield materials which give positive tests for both prosta-
glandin E and malonaldehyde, and it is suggested that both
tests respond to prostaglandin-like endoperoxides which
can be formed by autoxidation.

Sir: When polyunsaturated fatty acids (PUFA) or esters
containing three or more double bonds undergo autoxida-
tion, a material is produced which develops color in a sensi-
tive test with thiobarbituric acid (TBA).1-® This TBA test
is the most frequently used index of lipid peroxidation both
in vitro and in vivo. Although the TBA-reactive material is
frequently referred to as malonaldehyde,?8910 it has been
known for some time®* that this material is predominantly
nonvolatile; therefore, it is not malonaldehyde, but rather
is a nonvolatile precursor of malonaldehyde.

In 1962, Holman et al.* suggested that a five-membered
monocyclic peroxide is the nonvolatile malonaldehyde pre-
cursor. However, their mechanism does not appear to ac-
commodate all the known facts of TBA-color production
during PUFA autoxidation.! A more attractive mechanism,
in our view, is one in which the nonvolatile malonaldehyde
precursor is a bicyclic endoperoxide analogous to that
which is formed in the biosynthesis of prostaglandins.!!-20
Figure 1 shows this mechanism as applied to methyl lino-
lenate (18:3). Abstraction of an “internal” allylic hydrogen
followed by reaction with O3 leads to peroxy radicals 4 and
5. Radical 4 has a structure which allows cyclization to en-
doperoxide radicals 9, which are allylic, probably via the
oxy-bridged radicals 6. Radicals 9, then, can become con-
verted into endoperoxides 10 or 11.2!-23 Radicals 4 and §
also can lead to the conjugated hydroperoxides 7 and 8
which are known products of autoxidations.

Our first indication that the nonvolatile malonaldehyde
precursor is an endoperoxide came from comparisons of the
responses of autoxidized solutions of 18:3 to the TBA test
and a test developed for prostaglandin E (PGE).19.2425 The
PGE test, which involves rapid formation of absorption at
278 nm upon addition of alecholic base,'2425 probably is
relatively unspecific, but it is believed to convert PGE
compounds into conjugated dienones such as PGB.2* Since
base is known to rapidly decompose secondary dialkyl per-
oxides to form ketones and alcohols,6-2% we expected that
endoperoxides, if produced in our autoxidations, would be
converted by base into PGE-type compounds. The PGE-
type compounds would then react further with base to give
PGB-type chromophores and a positive PGE test, It ap-
peared reasonable a priori that endoperoxides could be
formed nonenzymatically by autoxidation in our system
since the suggested mechanism for their biosynthesis in-
volves a radical cyclization;!!-2 furthermore, Nugteren et
al.?%a have shown that autoxidation of 8,11,14-eicosatri-
enoic acid gives prostaglandins. Thus, we hypothesized
that endoperoxides are produced on autoxidation of 18:3
and are the precursors of malonaldehyde under TBA-test
conditions and PGB under conditions for the PGE test.
(Note that 10 and 11 should give malonaldehyde but only
11 should give a PGE test.)

Indeed, autoxidized 18:3 does give a PGE test. This is
true regardless of whether the oxidation is spontaneous
(i.e., effected by pure air), or is initiated! by ozone or NO..
On the other hand, 18:2, autoxidized under the same condi-
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Figure 1. Mechanism for conversion of methyl linoclenate to conju-
gated hydroperoxides and to prostaglandin-like endoperoxides.

tions and to the same degree of reaction, gives either no re-
sponse or a much lower response to both the PGE and TBA
tests, 2%

When the formation of total peroxidic material, conju-
gated dienes, and TBA- and PGE-test reactive material is
followed as a function of time for autoxidizing 18:3, with
added a-tocopherol to produce a significant induction peri-
od,12 curves such as shown in Figure 2 are obtained. It can
be seen that during the induction period the rates of forma-
tion of both TBA- and PGE-test reactive material are very
much smaller than the rates of appearance of total perox-
ide and conjugated diene. These data suggest that the
TBA-test and the PGE-test reactive materials have com-
mon precursors, namely endoperoxides, which are different
from the conjugated hydroperoxide products. [The
amounts of PGE material in Figure 2 were calibrated by
adding authentic PGE (generously supplied by Upjohn
Co.) to our runs.]

The malonaldehyde precursor is a labile peroxide. Shak-
ing an ether solution of autoxidized 18:3 with aqueous
SnCl; not only destroys the peroxidic material (determined
iodometrically), but also destroys both the TBA- and the
PGE-test reactive material. Partial reduction indicates
that the malonaldehyde precursor is reduced faster than is
the total peroxidic material. We also have followed the
rates of disappearance, during heating under an inert gas,
of the total peroxidic materials and the TBA- and PGE-
test reactive materials in a sample of autoxodized 18:3.
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Figure 2. Formation of total peroxide (O), conjugated dienes (®),
TBA-test reactive material (X), and PGE-test reactive material
(a) with time, during the autoxidation of methyl linolenate con-
taining 1 mg of vitamin E/ml of ester, exposed to 0.25-1./min flow
of air containing 1.5 ppm Os. Left ordinate is for peroxide and con-
jugated dienes; right ordinate is for TBA-reactive material and
PGE-reactive material.

Each of these materials is found to disappear at 80° by a
first-order process, with the following rate constants (X 10°
in reciprocal seconds): total peroxide, 3.4 + 0.6; TBA, 5.5 +
2; and PGE, 5.8 £ 1.3% Although the reproducibility of the
rate constants is, for unknown reasons, less than we would
have wished, it appears likely that the TBA- and PGE-test
reactive materials disappear faster than do conjugated hy-
droperoxides like 7 and 8. Thus, the former materials can-
not be identical with the type of conjugated hydroperox-
ides, such as 7 and 8, which are the principle hydroperox-
ides produced.

Although VPC indicates the presence of a large number
of product fractions, we have isolated one which appears to
contain the reduced and derivatized endoperoxides.3%2 The
product mixture from autoxidation of 18:3 was reduced
with SnCly, which converts hydroperoxide into alcohol and
endoperoxide into diol,'11* and separated into five frac-
tions by silica gel chromatography using cyclohexane as
solvent (to remove unreacted 18:3) followed by preparative
thin layer chromatography (TLC) using ethyl acetate-iso-
octane-water, 1:1:2 as solvent, Fraction 1 was subjected to
further TLC (50:50 CHCls-ethyl acetate) into five frac-
tions. The second of these, 1B (R; 0.22), which represents
81% of fraction 1 and 20% of the total isolated product, was
investigated by uv, ir, and NMR spectroscopy. This frac-
tion showed no significant absorbance below 220 nm, indi-
cating that it does not contain a conjugated diene. The ir
spectrum reveals very strong alcohol OH stretching, very
little if any vinyl hydrogen stretch, and a slightly broad-

"ened carbonyl peak. The NMR spectrum indicates that the

material is a mixture but is consistent with PGF;-type
compounds being a major component.

Trimethylsilyl and acetate derivatives'4!53! were pre-
pared from fraction 1B and the mixture was subjected to
gas chromatography-mass spectroscopic analysis. The
mass spectra are similar to spectra obtained for similar der-
ivates of PGF1,'41532 and to spectra obtained by Porter
from cyclization of 6,9,12-octadecatrienoic acid.3?

There are two major conclusions from the work reported
here. The first is that autoxidation of methyl linolenate,
and, by extension, other PUFA esters containing three or
more double bonds, produces endoperoxides. This finding
complements that of Nugteren et al.?? who found that aut-
oxidation of a trienoic acid gave prostaglandins.3* It is one
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of the basic tenets of free-radical biology that autoxidation
of PUFA in vivo, and particularly lipids in membranes, is
responsible for important biological consequences.3+3> The
extent to which cyclic peroxides, endoperoxides, and PG
analogues, with either natural (i.e., enzymatically pro-
duced) or unnatural structures, may be involved in free-
radical biology obviously warrants considerable further re-
search effort. The second hypothesis suggested by our work
is that PG-like endoperoxides decompose both thermally
and under the mild acid catalysis of the TBA test to pro-
duce malonaldehyde, and that endoperoxides are the prin-
cipal nonvolatile precursor of malonaldehyde under our
conditions.

Acknowledgment. We are pleased to acknowledge the
partial support of this work by NIH Grant HL-16029 and
experimental assistance by Dr. E. Blair, Dr. G. Grady, and
Dr. W. D. Graham. We also acknowledge with thanks cor-
respondence with Professor Ned Porter.

References and Notes

(1) (a) W. A. Pryor and J. P. Stanley, Abstracts of Papers, 170th National
Meeting of the American Chemical Society, Chicago, lll., Paper ORGN
50, 1975; (b) W. A, Pryor, Gordon Conference on Free Radicals, Proc-
tor, New Hampshire, July 21-25, 1975; (c) J. P. Stanley, E. Blair, and W.
A. Pryor, submitted for publication.

(2) J. P. Stanley, E. Blair, G. B. Cullen, and W. A. Pryor, submitted for publi-
cation.

(3) R. O. Sinnhuber, T. C. Yu, and T. C. Yu, J. Food Res., 23, 626-634
(1962).

(4) L. K. Dahle, E. G. Hill, and R. T. Holman, Arch. Biochem. Biophys., 98,
253-261 (1962).

(5) W. O. Lundberg and P. Jarvi, Prog. Chem. Fats Other Lipids, 9 (3),
379406 1970.

(8) N. Baker and i_. Wilson, J. Lipid Res., 7, 341-348 (1966).

(7) A. L. Tappel, in “Pathobiology of Cell Membranes”, Vol. 1, B. F. Trump
and A, Arstila, Ed., Academic Press, New York, N.Y,, 1975, p 145.

(8) L. A. Witting, Prog. Chem. Fats Other Lipids, 9 (4), 519-553 (1970).

(9) K. S. Chio and A. L. Tappel, Biochemistry, 8, 2827-2832 (1969).

(10) J. N. Roeshm, J. C. Hadley, and D. B. Menzel, Arch. Environ. Health, 23,
142-148 (1971).

(11) M. Hamberg, J. Svensson, T. Wakabayashi, and B. Samuelsson, Proc.
Nat. Acad. Sci., 71, 345-349 (1974).

(12) M. Hamberg and B. Samuelsson, Proc. Nat. Acad. Sci., 70, 899-903
(1973).

(13) B. Samuelsson, Fed. Proc., 31, 1442--1450 (1972).

(14) P. Woldawer and B. Samuelsson, J. Biol. Chem., 248, 5673-5678
(1973).

(15) D. H. Nugteren, R. K. Beerthuls, and D. A. van Dorp, in Nobel Symp., n2,
45-50 (1967).

(16) D. H. Nugteren, R. K. Beerthuis, and D. A. van Dorp, Recl. Trav. Chim.
Pays-Bas, 85, 405-418 (1966).

(17) D. H. Nugteren and E. Hazethof, Biochem. Biophys. Acta, 326, 448-461
(1973).

(18) W. G. Nlehau.., Jr., and B. Samuelsson, Eur. J. Biochem., 8, 126-130
(1968

(19) C. Pace-Asciak and M. Nashat, Blochem. Biophys. Acta., 388, 243-253
(1975).

(20) M. Hamberg, B. Samuelsson, |. Bjorkhem, and H. Danielsson, Mol.

) Mech. Oxygen Act., 30~86 (1974).

(21) (a) L. Reich and S. S. Stivala, "'Autoxidation of Hydrocarbons and Poly-
olefins: Kinetics and Mechanisms”, Marcel Dekker, New York, N.Y.,
1969, pp 31-127; (b) L. Bateman, Quart. Rev., 8, 147-167 (1854).

(22) (a) M. O. Funk, R. Isaac, and N. A, Porter, J. Am. Chem. Soc., 97,
12811282 (1975); (b) N. A. Porter, J. Org. Chem., preceding paper.

(23) (a) A total of 128 isomeric endoperoxides are possible, of which one
(11b) has a structure analogous.to the enzymatically produced isomer.
We estimate ~1% yleld of this isomer in the autoxidation. No particular
stereochemistry is meant to be implied by the structures in Figure 1. (b)
Note that a diunsaturated PUFA would give a radica)l analogous to 6 that
had just one unsaturation; thus dienes would not give an allylic radical
on cyclization to 9.

(24) (a) M. Bygdeman and B. Samuslsson, Clin. Chem. Acta, 10 566568
(1964). (b) N. H. Anderson, J. Lipid Res., 10, 320 (1969). (c) The chro-
mophor in PGB is

o]

R

(25) A. Yoshimoto, |. Hiroyuki, and K. Tomita, J. Biochem., 88, 487-49%
(1970).

(26) W. A. Pryor, ‘'Free Radicals’’, McGraw-Hill, New York, N.Y., 1966, pp
149-177.

(27) O.L.Mageliand C. S. Sheppard, Org. Peroxides, 1, 24-92, (1970).

(28) A. V. Tobolsky and R. B. Mesroblan, Org. Peroxides, 120-121 (1954).

J. Org. Chem., Vol. 40, No. 24, 1975 3617

(29) (a) D. H. Nugteren, H. Vonkernan, and D. A. van Dorp, Recl. Trav. Chim,
Pays-Bas, 86, 1237-1245 (1967). (b) F. Bernehim, M. L. C. Bernheim,
and K. M. Weber, J. Biol. Chem., 174, 257 (1948); M. Schnelir, P.
Benya, and L. Burch, Anal. Biochem., 35, 46 (1970).

(30) (a) It is worth stressing that our suggestion that an endoperoxide is the
precursor of malonaldehyde (like the previous proposal*) is based solely
on inferential evidence. Indeed, to date no one has ever isolated any
prostaglandin-iike endoperoxide from either natural or synthetic
sources, although solutions rich in endoperoxides have been prepar-

ed."t17:226 All workers, including ourselves, have reduced the endo-
peroxide in situ before chromatography. (b) The rate constants for the
disappearance of the TBA- and PGE-reactive materials (which presum-
ably are those for the decomposition of the endoperoxide under the
acidic or basic conditions of these two tests to produce malonaidehyde
or PGE) indicate the endoperoxide in our system is more stable than is
that from enzymatic preparations. The Inherent thermal stability of the
2,3-dioxanorbornane ring system is probably substantial; the biochemi-
cal preparations likely contain impurities which catalyze the decomposi-
tion,

(31) B. Granstrom, W. E. M. Lands, and B. Samuelsson, J. Biol. Chem., 243,
4104-4108 (1969).

(32) After correcting for the two-carbon difference in 8,11, 14-eicosatrienoic
rather than 9,12, 156-octatrienoic as substrate.

(33) Professor N. A. Porter, private communication, Aug 8, 1975. See ref

22,

(34) Endoperoxldes apparently can be produced from either acids or esters
f PUFA by autoxidation, in contrast with prostaglandin synthetase
which operates on acids.
(35) W. A. Pryor, in “‘Free Radicals in Biology”, Vol. |, W. A, Pryor, Ed., Aca-
demic Press, New York, N.Y., 1975, p 1.

William A. Pryor*
J. P, Stanley

Department of Chemistry
Louisiana State University
Baton Rouge, Louisiana 70803

Received August 11, 1975

A New Approach for the Stereocontrolled
Synthesis of Acyclic Terpenes

Summary: A short stereoselective approach to farnesol,
geranylgeraniol, and dimethyl 3,7-dimethyl-(E,E)-2,6-de-
cadiene-1,10-dioate based upon the regioselectivity and
stereospecificity of allylic alkylation via w-allylpalladium
complexes is reported.

Sir: The problems of synthesizing trisubstituted double
bonds of defined geometry came to the fore in the squalene
problem.!2 Renewed interest developed as a result of the
structural elucidation of the juvenile hormone.!? The acy-
clic polyisoprenoids in general represent an important class
of natural products because of their myriad of applications
as well as their importance as biosynthetic intermediates.
We wish to report (1) an unusual chemospecificity in the
formation of r-allylpalladium complexes, (2) a stereoselec-
tive approach to acyclic terpenoids? involving a direct
homologation of simpler building blocks, (8) a new ap-
proach to prenylation, and (4) the first application of =-al-
lylpalladium complexes in natural products synthesis.?

Treatment of methyl geraniate with palladium chloride
under standard conditions? (PdCl, NaCl, CuCl,, NaOAc,
HOAc, 95°, 68%) gave a single w-allylpalladium complex,
mp 117-118°, assigned structure 15 (see Scheme I). The
NMR spectrum indicated that the E-a,8-unsaturated sys-
tem was intact [6 5.74 (s, 1 H, 2.18 (s, 3 H)] and the stereo-
chemistry of the #-allyl unit was syn [6 3.75 (s), 3.50 (t,J =
7 Hz), 2.70 (s), each 1 H]. The preference for the nonconju-
gated double bond is somewhat surprising in light of the
importance of the acidity of the abstracted hydrogen on the
rate of formation of =r-allyl complexes® and by consider-
ation of the usual factors affectirig stability of the initial
olefin-palladium = complex.” Thus, = basicity of the olefin
appears to be the predominant factor determining this che-
mospecificity.



