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(d, 4 H, J = 6 Hz), 5.59 (t, 2 H, J = 6 Hz); MS, m/z 188 (M*,
100), 173, 145, 115, 91.

Preparation of 5-Methylene-3/,4',5',6'-tetrahydro-1,2-
benzo-1,3-cycloheptadiene (16). A solution of compound 12e
in EtOAc (20% by weight) was injected on a GC (injection tem-
perature 220 °C, oven temperature 180 °C, detector temperature
250 °C) with a Carbowax 20M (3-m) column. The chromatogram
showed the existence of only one component 16, which was col-
lected with a dry ice trap: colorless oil; IR (neat) 1611, 1448, 879,
792 em™'; NMR (80 MHz) 6 1.55 (br s, 4 H), 2.08 (br s, 4 H), 2.14
(d,2H,J=10Hz), 247 (d,2H,J = 10 Hz), 4.74 (s, 1 H), 4.85
(s,1H),5.56(d,1H,J =13 Hz),6.10 (d, 1 H, J = 13 Hz); MS,
m/z 160 (M*, 100), 145, 131, 117,91, 77. Anal. Caled for Cj,Hyg:

C, 89.93; H, 10.07. Found: C, 89.76; H, 10.24.
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The rearrangements of the allylic hydroperoxides derived from oleic acid have been studied. Two hydroperoxides
are formed by singlet-oxygen oxidation of oleic acid trans-9-hydroperoxyoctadec-10-enoic acid (5) and trans-
10-hydroperoxyoctadec-8-enoic acid (6). These hydroperoxides can be separated by reverse-phase chromatography.
Rearrangement of ¥Q-labeled hydroperoxides (5 or 6) under a 320, atmosphere led to no incorporation of *0
into the rearrangement products. Similarly, rearrangement of *0-labeled hydroperoxides (5 or 6) under a %0,
atmosphere led to no incorporation of 20 into the rearrangement products. The hydroperoxide 5 rearranges
to a mixture of 5 and trans-11-hydroperoxyoctadec-9-enoic acid and alcohols and ketones resulting from Russell
termination steps. The results are discussed in terms of a concerted rearrangement of allylic peroxyl radicals
proceeding through a five-membered-ring transition state.

Allylic hydroperoxides undergo structural rearrange-
ment. This rearrangement has been known since 1957,
when Schenck reported that the tertiary C-5 a-hydro-
peroxide of cholesterol rearranges to its a-allylic isomer.!®
At least three mechanisms for the allylic hydroperoxide
rearrangement have been proposed.”? These three
mechanisms are outlined in Figure 1 and involve the fol-
lowing. (1) Formation of a cyclic five-membered-ring
peroxide with a free radical at position 4 of the ring (see
structure 1 of Figure 1). This mechanism amounts to a
stepwise reaction pathway with 1 being a true intermediate
in the rearrangement. (2) Formation of a cyclic five-
membered-ring transition state, 2, that links the two allylic
hydroperoxyl radicals. This mechanism is a concerted
mechanism in which 2 is not an authentic reaction inter-
mediate, but rather is a transition state. (3) 8-Fragmen-
tation of an allylic peroxyl radical to form molecular ox-
ygen and an allyl carbon radical, 3, which can recombine
with oxygen at either end of the radical to give the starting
and rearranged peroxyl radicals. Each of these mecha-
nisms involves intermediate peroxyls, and consistent with
this is the fact that free-radical initiators facilitate the
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(5) Frimer, A. A. The Chemistry of Functional Groups, Peroxides;
Patai, S., Ed.; Wiley: New York, 1983, p 201.

(6) Frimer, A. A. J. Photochem. 1984, 25, 211.

(7) Brill, W. F. J. Am. Chem. Soc. 1965, 87, 3286.

(8) Brill, W. F. J. Chem. Soc., Perkin Trans. 2 1984, 621,

(9) Porter, N.; Zuraw, P. J. Chem. Soc., Chem. Commun. 1985, 1472,

reaction and phenolic inhibitors stop the rearrangement.”®

Several experiments have been carried out to determine
the mechanism of the allylic hydroperoxide rearrangement.
For example, Brill has attempted to trap the proposed
radical intermediate, 1 by carrying out the rearrangement
under high pressures of O, or with allylic systems designed
to undergo further molecular rearrangements at the in-
termediate radical stage.® No oxygen entrapment or other
evidence for radical intermediate 1 could be presented to
support the stepwise mechanism involving a cyclic peroxide
radical. Furthermore, when authentic radicals like 1 are
generated, they are found to react by addition of molecular
oxygen and cyclic peroxide hydroperoxides (OOH at C-4)
can be isolated.® It thus seems reasonable to rule out
further consideration of the stepwise rearrangement
mechanism involving intermediate 1.

The remaining mechanisms could be distinguished by
an appropriate experiment involving the use of isotopically
labeled oxygen to determine if fragmentation of the peroxyl
radical intermediate occurs. Thus, if a 3-scission pathway
is followed, a rearrangement carried out under %0, should
show incorporation of %60, into the hydroperoxide prod-
ucts. We report here the results of such a study of the
allylic hydroperoxides formed from singlet-oxygen oxida-
tion of oleic acid.

Results

Synthesis and Purification of Allylic Hydroper-
oxides. Singlet-oxygen oxidation of oleic acid 4 yields only
two allylic hydroperoxides. Thus, photolysis of methylene
blue photosensitizer and oleic acid in methanol under %20,
gave two hydroperoxide products!®? (Figure 2). These

0022-3263/87/1952-5085$01.50/0 © 1987 American Chemical Society
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products, trans-9-hydroperoxyoctadec-10-enoic acid (5)
and trans-10-hydroperoxyoctadec-8-enoic acid (6) can be
separated by reverse-phase chromatography. The struc-
tures of 5 and 6 were determined by H and *C NMR
spectroscopy and by conversion of the hydroperoxides to
the corresponding ketones (by reaction with acetyl chlo-
ride/pyridine), followed by mass spectral analysis of the
ketones.!* NMR and mass spectral fragmentation data
are given in the Experimental Section.

Singlet-oxygen oxidation of 4 could also be achieved
under a %0, atmosphere. Thus, a methanol solution of
oleic acid and methylene blue was sealed under #0,, and
the tube was photolyzed for 3 days with a medium-pressure
mercury lamp. The hydroperoxides 5 and 6 were isolated
by liquid chromatography and were shown by mass spec-
trometry to have incorporated up to 90% 20 in the ke-
tones formed, after dehydration of the hydroperox1des with
acetyl chlorlde /pyridine.

Free-Radical Rearrangement of Hydroperoxides 5
and 6. Compounds 5 and 6 (with or without *0 incor-
porated) were rearranged under %20, and %¥Q, atmospheres.
The rearrangement of 5 is illustrative and indicates the
procedures involved in the rearrangement experiment. A
hexane solution (5 mL) of 30 mg of hydroperoxide 5 and
4 mg of the free-radical initiator di-tert-butyl hyponitrite
(DTBN)415 wag heated for 5 h at 40 °C. The crude re-

(10) Frankel, E. N.; Garwood, R. F.; Khambay, B. P. S.; Moss, G. P.
0.; Weedon, B. C. L. J. Chem. Soc., Perkin Trans. 1 1984, 2233.

(11) Frankel, E. N.; Neff, W. E.; Rohwedder, W. K.; Khambay, B. P.
S.; Garwood, R. F.; Weedon, B. C. L. Lipids 1977, 12, 901.

(12) Frankel, E. N.; Garwood, R. F.; Vinson, J. R.; Weedon, B. C. J.
Chem. Soc., Perkin Trans. 1 1982, 2715,

(13) Phillips, N. J.; Lynn, D. G.; Lynn, W. S. Ninth Cotton Dust
Research Conference Proceedings, National Cotton Dust Council, Mem-
phis, 1985.

(14) Mendenhall, G. D. Tetrahedron Lett. 1983, 24, 451.
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Table I. Rearrangement of *0-Labeled Hydroperoxide 5
under a 320, Atmosphere

% 30 in 8
% 80 in 8 after % 80 in 7
before rearrange- after
run no. rearrangement? ment® rearrangement®
1 89 %1 871 86 £ 1
2 63 £ 2 70 £4 64 £ 2
3 48 £ 7 48 = 3 50 £ 3

¢Determined from the ratio of M and M + 2 ions.

Table II. Rearrangement of *0-Labeled Hydroperoxide 6
under a %0, Atmosphere

% 180 in
% 180 in 10 10 after % %0 in 9
before rearrange- after
run no.  rearrangement® ment*® rearrangement®
1 891 88 +1 861
2 47+ 3 52 £ 4 50 £ 4

8 Determined from the ratio of M and M + 2 ions.

action mixture was then analyzed by !H NMR and was
shown to consist of a 67:17:16 mixture of allylic hydro-
peroxide, allylic alcohol, and «,8-unsaturated ketone. The
characteristic NMR resonances used to determine the
product ratio for the hydroperoxide are as follows: the
proton on the carbon bearing OOH (a quartet at 6 4.2); for
the alcohol, the analogous proton (a quartet at 4 4.0); and
for the a,8-unsaturated ketone, the vinyl proton « to the
ketone (a doublet at § 6.1). For 5, the product mixture
consisted of hydroperoxides; alcohols, and ketones sub-
stituted at the 9-position with a 10-11 trans double bond
(no rearrangement) and compounds substituted at the
11-position with a 9-10 trans double bond (allylic rear-
rangement). After 5h at 40 °C, the 9 and 11 substituted
compounds were present in approximately equal amounts.
The allylic alcohols and «,3-unsaturated ketones are pre-
sumably formed by termination reactions, as described in
the Discussion. The products formed in the rearrangement
of 5 are presented in Figure 3.

After rearrangement was complete, the crude product
mixture was treated with acetyl chloride/pyridine. This
treatment converted all allylic hydroperoxides present into
the a,3-unsaturated ketones 7 and 8, while allylic alcohols
were converted to acetates. The ketone products 7 and
8, were separated by reverse-phase HPLC. These purified
ketones were then analyzed by mass spectrometry. The
incorporation of atmospheric oxygen into the hydroper-
oxide during rearrangement can be ascertained by analysis
of the molecular ion of the ketones and by comparison of
the M and M + 2 (1¥0) ions. A similar analysis was carried
out for rearrangement of the 10-substituted hydroperoxide
6. The hydroperoxide 6 rearranges to a mixture of 10- and

(15) Ogle, C. A.; Martin, S. W.; Dziobak, M. P.; Urban, M. W.; Men-
denhall, G. D. J. Org. Chem. 1983, 48, 3728.
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8-substituted hydroperoxides, alcohols, and ketones
analogous to those formed from 5.

Rearrangement of #0-labeled hydroperoxides was car-
ried out in a vessel open to the atmosphere or in a closed
system under a %20, atmosphere. In the closed-system
experiment, the incorporation of 320, into the hydroper-
oxide could be determined by mass spectral analysis of the

corresponding ketones, and the residual atmospheric ox-

ygen could be monitored for evolution of 30, from the
hydroperoxide. Data for isotopic incorporation for the
rearrangement of '%0-labeled 5 are presented in Table 1.
The recovered atmospheric oxygen showed no detectable
360, above background levels. Table II presents similar
data for the rearrangement of '#0-labeled 6 under a 320,
atmosphere. The structures of the ketones (9 and 10)
formed in the rearrangemnt of 6 are shown below. These
ketones were purified by HPLC after the crude reaction
mixture was treated with acetyl chloride/pyridine to
convert hydroperoxides to ketones. Recovered atmos-
pheric oxygen showed no detectable *0, above background
levels in the experiments with 6. No scrambling of isotopic
oxygen (outside experimental error) was observed for any
of the rearrangements of 80-labeled 5 or 6 under a 320,
atmosphere.

R] 10 Rz R1 10 Rz R1 8 Rg
OOH (O 0
6 10 ]

Parallel experiments were carried out with rearrange-
ment of 60-labeled hydroperoxides and a 98% 3¢Q, at-
mosphere. The results from these experiments are similar
in every respect to the data presented in Tables I and IT;
that is, no incorporation of atmospheric oxygen into the
rearrangement products is detected under any of the
conditions of rearrangement. This conclusion was reached
after seven separate experiments involving both hydro-
peroxides 5 and 6, labeled or unlabeled, under a 320, or
360, atmosphere.

Discussion

The allylic rearrangement of hydroperoxides is catalyzed
by UV light and free-radical initiators and is inhibited by
2,6-di-tert-butyl-4-methylphenol.”® One step in chain
propagation presumably involves generation of an allylic
peroxyl radical from the corresponding hydroperoxide by
H-atom transfer. The H-atom-abstracting agent may be
the initiator radical or another peroxyl radical present in
solution. The ROO-H bond is known to be weak, and
transfer of a hydroperoxyl H to alkoxyl radicals or other
peroxyls is a facile process.'®2! Once formed, the allylic
peroxyl radicals rearrange by an allylic shift. The mech-
anism of this rearrangement has been the subject of much
debate.

Previous studies have ruled out a cyclic intermediate
radical, such as 1 (Figure 1), from consideration as a re-
active intermediate in the rearrangement.?® The stepwise
pathway involving 1 was first proposed for the cholesterol
rearrangements and later for rearrangements of acyclic

(16) Howard, J. A. Rev. Chem. Intermed. 1984, 5, 1.

(17) Howard, J. A. Advances in Free-Radical Chemistry; Williams, G.
H., Ed.; Academic: New York, 1972; Vol. 4, p 49.

(18) Howard, J. A.; Chenier, J. H. B.; Yamada, T. Can. J. Chem. 1982,
60, 2566.

(19) Baignee, A.; Chenier, J. H. B.; Howard, J. A. Can. J. Chem. 1983,
61, 2037.

(20) Howard, J. A.; Bennett, J. E.; Brunton, G. Can. J. Chem. 1981,
59, 2253. )

(21) Howard, J. A. Isr. J. Chem. 1984, 24, 33.
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allylic hydroperoxides.” Two other mechanisms are left
for consideration. One mechanism involving a cyclic
transition state 2 (Figure 1) was proposed by Brill® after
the radical 1 was ruled out as a possible intermediate.
Another mechanistic possibility has good precedent in the
rearrangements of the dienyl hydroperoxides derived from
homoconjugated diene systems, such as linoleic acid. This
mechanism, 8-scission-recombination involving the allylic
radical 3 (Figure 1) is the accepted mechanism for linoleate
hydroperoxide rearrangements such as the rearrangement
of the 13-linoleate hydroperoxide 11 (Figure 4).%-2

The hydroperoxide 11 is suggested to rearrange via the
corresponding peroxyl radical by 8-scission to the stabilized
pentadienyl radical. This B-scission-recombination
mechanism has been supported by rearrangement of 11
under a %¥Q, atmosphere. Product hydroperoxides formed
by rearrangement in this system have incorporated 20
from the atmosphere in agreement with the fragmentation
mechanism.?? §-Scission of peroxyl radicals has also been
substantiated by ESR experiments® and benzylic, cumyl,
benzhydryl, and trityl peroxyls undergo fragmentation.1&-2
It should be noted, however, that the peroxyl radical de-
rived from 11 would have a significantly larger driving force
for fragmentation than a simple allylic peroxyl (e.g., as
shown in Figure 1). Pentadienyl radicals are stabilized by
24-28 kcal/mol, while the allyl radical is stabilized by only
13-14 keal/mol.#” Furthermore, concerted rearrangement
of dienyl peroxyls would require disruption of diene con-
jugation, whereas this would not be the case for a simple
allyl system. It thus seems likely that the simple allyl
systems would be more likely to undergo the concerted
radical rearrangement than would dienyl peroxyls.

We have chosen the simple allylic hydroperoxides de-
rived from oleic acid for study because of the importance
of these hydroperoxides as primary products in lipid
peroxidation and since these acyclic hydroperoxides are
prepared by straightforward means. Singlet-oxygen oxi-

Figure 5.

(22) Chan, H. W. S.; Levett, G.; Matthew, J. A. Chem. Phys. Lipids
1979, 24, 245.
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103, 4483.
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dation of oleic acid is known to produce only two hydro-
peroxides, and we find that these hydroperoxides (5 and
6) can be readily separated by reverse-phase chromatog-
raphy. Furthermore, rearrangement of the hydroperoxides
readily occurs in organic solvent at 40 °C when initiated
by DTBN, and the product mixture formed is relatively
clean. Only allylic hydroperoxides, allylic alcohols, and
a,B-unsaturated ketones are present in the rearrangement
product mixture. The presence of allylic alcohols and the
a,3-unsaturated ketones can be accounted for by Russell
termination, as indicated in Figure 5.7 Furthermore, the
rearrangement product mixture can be simplified by con-
version of the hydroperoxides to ketones by treatment with
acetyl chloride/pyridine.

The results of our rearrangement studies support the
concerted radical rearrangement pathway via a five-mem-
bered-ring transition state 2. Under no circumstance was
any significant atmospheric oxygen incorporated into the
rearrangement products, nor was atmospheric oxygen
detected in the recovered starting hydroperoxide. We
conclude that the dienyl peroxyl rearrangements previously
investigated??2¢ differ mechanistically from the rear-
rangement of simply allyl peroxyls. The dienyl peroxyls
rearrange by a 8-scission pathway, while the simple allyl
peroxyls rearrange by a concerted 3,2-pathway. One might
suggest that a caged allyl radical/dioxygen species was
responsible for the lack of O, incorporation in the allyl
peroxyls. If one assumes a 1% uncertainty in the oxygen
incorporation data, then the lifetime of the cage radical/O,
species could be on the order of 10'® s, and it would be
indis%nguishable from the activated complex proposed
here.

Other examples of concerted 3,2-radical rearrangements
have been reported in the literature. For example, 3-
acetoxyl radicals undergo a rearrangement, as described
below, and the evidence presented suggests that this re-
arrangement proceeds via a concerted free radical path-
way.?-30 1t seems likely that this mechanistic option is

\[/. —_— >_“ \_\

o?o o{rb - OYO
a general one, and a search for other examples of this
radical rearrangement seems warranted. Unlike the ace-
toxyl rearrangement, we note that stereochemical infor-
mation would be transferred from one end of the aliyl
peroxyl to the other end of the system in a concerted
rearrangement, and we are currently exploring the ste-

reochemical implications of the concerted 3,2-allytperoxyl
shift.

Experimental Section

Oleic acid (cis-9-octadecenoic acid) was obtained from Aldrich
Chemical Co. (Milwaukee, WI) and purified by using flash silica
gel chromatography (hexane/2-propanol/acetic acid, 229:20:1).

Isotopically enriched “Oxygen 18 (gas, 98 atom %, 120)” was
obtained from MSD Isotopes (St. Louis, MO) and Cambridge
Isotope Laboratory (Woburn, MA).

pH 9.0 borate buffer (Borax) was obtained by diluting borate
buffer concentrate (Fisher Scientific Co., Fair Lawn, NJ), 1 volume
with 9 volumes of water.

All inorganic acids and bases were obtained from EM Scientific
(Gibbstown, NJ) and used without further purification.

(28) Barclay, L. R. C.; Griller, D.; Ingold, K. U. J. Am. Chem. Soc.
1982, 104, 4399.

(29) Saebo, S.; Beckwith, A. L. J.; Radom, L. J. Am. Chem. Soc. 1984,
106, 5119,

(30) Barclay, L. R. C.; Lusztyk, J.; Ingold, K. U. J. Am. Chem. Soc.
1984, 108, 1793.
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All HPLC solvents were OmniSolv brand obtained from EM
Scientific and filtered prior to use. v

Synthesis of trans-9-Hydroperoxyoctadec-10-enoic Acid
(5) and trans-10-Hydroperoxyoctadec-8-enoic Acid (6).
trans-9-Hydroperoxyoctadec-10-enoic acid (5): 'H NMR (300
MHz, CDCl,) § 5.76 (dt, 1 H, H-11), 5.35 (dd, 1 H, H-10), 4.25
(dt, 1 H, H-9), 2.34 (t, 2 H, H-2), 2.07 (dt, 2 H, H-8), 1.62 (br t,
2 H, H-12), 1.30 (br m, 18 H), 0.88 (t, 3 H, H-1); 3C NMR (300
MHz, CDCl;) 6 179.9 (COOH), 137,2 (C-11), 128.4 (C-10), 87.1
(C-9), 33.9, 32.4, 32.3, 32.2, 31.8, 31.7, 29.3, 29.1, 29.0, 28.9, 25.2,
24.6, 22.7, 14.1 (CH,); TLC R; 0.27 eluted on silica gel with
hexane/2-propanol/acetic acid, 229:20:1. Anal. Caled: C, 68.75;
H, 10.898. Obsvd: C, 68.46; H, 11.53.

trans-10-Hydroperoxyoctadec-8-enoic acid (6): 'H NMR
(300 MHz, CDCly) 4 5.76 (dt, 1 H, H-8), 5.35 (dd, 1 H, H-9), 4.25
(dt, 1 H, H-10), 2.34 (t, 2 H, H-2), 2.07 (dt, 2 H, H-11), 1.62 (br
t, 2 H, H-7) 1.30 {br m, 18 H), 0.88 (t, 3 H, H-18); 13C NMR (300
MHz, CDCly) 6 179.5 (COOH), 136.7 (C-8), 128.8 (C-9), 87.1 (C-10),
33.8, 324, 32.1, 31.8, 29.5, 29.4, 29.2, 28.7, 28.5, 25.3, 24.5, 22.6,
14.1 (CHy); TLC Ry 0.27 eluted on silica gel with hexane/2-
propanol/acetic acid, 229:20:1. Anal. Calcd: C, 68.75; H, 10.898.
Obsvd: C, 67.94; H, 10.48.

Oleic acid (38 g, 0.01 mol) and methylene blue (50 mg, 1.3 X 107
mol) were dissolved in 30 mL of methanol. This solution was
placed in a Pyrex photolysis vessel equippled with a ground-glass
dispersion tube. Oxygen was bubbled through the dispersion tube
into the oleic acid solution throughout the reaction. (If the
reaction was run under ¥0,, the vessel was sealed.) This solution
was irradiated at room temperature with a 450-W Hg lamp
jacketed in flowing cold water while stirring for 72 h. The
methanol was then removed in vacuo, and the hydroperoxy acids
were purified via flash column chromatography (hexane/2-
propanol/acetic acid, 229:20:1). The two hydroperoxides were
then separated by semipreparative RP-HPLC (acetonitrile/
water/acetic acid, 780:220:1). These analyses were performed on
a Rainin Dynamax C18 semipreparative column with a flow rate
of 9.0 mL/min. The HPLC fractions were extracted with 5 X
50 mL of chloroform and 1 X 50 mL of ethyl acetate and dried
(Na;S0,), and the solvent was removed in vacuo. The hydro-
peroxides were obtained in a total recovered yield ranging from
6.6 t0 18.9%.

In order to determine the natural 20 incorporation level, each
hydroperoxide was derivatized. The hydroperoxide (10 mg, 2.9
X 1078 mol) was dissolved in 0.5 mL of pyridine and cooled to 0
°C. Acetyl chloride (250 uL) was added dropwise to the stirring
solution. After 15 min, the reaction was quenched by the addition
of water, and the reaction mixture was extracted with 5 X 50 mL
of diethyl ether. The ether layer was washed with saturated CuSO,
until no color change was observed and dried (Na;S0O,), and the
solvent was removed in vacuo. The resulting oxooctadecenoic
acid was purified by preparative thin-layer chromatography
(hexane/2-propanol/acetic acid, 229:20:1). The R; for the oxo-
octadecenoic acid formed from 5 and 6 was 0.33 when eluted on
silica gel. The %0-incorporation level was determined by low-
resolution direct-probe mass spectroscopy by which the molecular
ion peak intensities for the ¥0-containing compound (M + 2 =
296) and the ®0-containing compound (M* = 298) were obtained.

Spectral Data for the a,8-Unsaturated Ketones 7-10.
trans-11-Oxooctadec-9-enoic acid (7): 'H NMR (300 MHz,
CDCly) 6 6.8 (dt, 1 H, H-9), 6.1 (dd, 1 H, H-10), 2.5 (t, 2 H, H-12),
2.3 (t, 2 H, H-2), 2.2 (dt, 2 H, H-8), 1.6 (br m, 2 H), 1.4 (br m,
2 H), 1.3 (br m, 16 H), 0.8 (t, 3 H, H-18); MS, m/z 296 (M*,
CsH3205), 197 (COCHCH(CH,),COOH), 169 (CHCH(CH,),CO-
OH), 153 (CHCHCO(CH,)¢CHj3), 127 (CO(CH,)¢CHjy).

trans-9-Oxooctadec-10-enoic acid (8): 'H NMR (300 MHz,
CDCl,) 6 6.8 (dt, 1 H, H-11), 6.1 (dd, 1 H, H-10), 2.5 (t, 2 H, H-8),
2.3 (t, 2 H, H-2), 2.2 (dt, 2 H, H-12), 1.6 (br m, 2 H), 1.4 (br m,
2 H), 1.3 (br m, 16 H), 0.8 (t, 3 H, H-18); 3C NMR (300 MHz,
CDCly) 6 200.8 (C-9), 178.3 (COOH), 147.4 (C-11), 130.2 (C-17),
40.0, 33.8, 32.5, 31.8, 29.2, 29.1, 29.04, 29.00, 28.9, 28.2, 24.7, 24.3,
22.7, 14.2 (CH3); UV v 238 and 276 nm; MS, m/z 296 (M*,
C,sH3,05), 197 (CHCHCO(CH,),COOH), 171 (CO(CH,),COOH),
153 (COCHCH(CH,)4CHjy), 125 (CHCH(CH,);CH,).

trans-8-Oxooctadec-9-enoic acid (9): 'H NMR (300 MHz,
CDCly) 6 6.8 (dt, 1 H, H-10), 6.1 (dd, 1 H, H-9), 2.5 (t, 2 H, H-7),
2.3 (t, 2 H, H-2), 2.2 (dt, 2 H, H-11), 1.6 (br m, 2 H), 1.4 (br m,
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2 H), 1.3 (br m, 16 H), 0.8 (t, 3 H, H-18); MS, m/z 296 (M*
C,sH3,0;), 183 (CHCHCO(CH,),COOH), 167 (COCHCH(C-
H,),CHjy), 157 (CO(CH,)gCOOH), 139 (CHCH(CH,),CH,).

trans-10-Oxooctadec-8-enoic acid (10): 'H NMR (300 MHz,
CDCly) 5 6.8 (dt, 1 H, H-8), 6.1 (dd, 1 H, H-9), 2.5 (t, 2 H, H-11),
2.3 (t, 2 H, H-2), 2.2 (dt, 2 H, H-7), 1.6 (br m, 2 H), 1.4 (br m,
2 H), 1.3 (br m, 16 H), 0.8 (t, 3 H, H-18); 3C NMR (300 MHz,
CDCly) 6 200.8 (C-10), 178.3 (COOH), 146.9 (C-8), 130.3 (C-9),
40.2, 33.8, 32.4, 31.9, 29.5, 29.4, 29.2, 29.1, 28.8, 27.9, 24.6, 24.4,
22.7, 14.2 (CHy); UV 6,4 223 and 276 nm; MS, m/z 296 (M*,
C,sH3,0,), 183 (COCHCH(CH,)sCHj), 167 (CHCHCO(CH,),CHj,),
155 (CHCH(CH,)sCOOH), 141 (CO(CH,),CH,).

Rearrangement of '%0-Labeled 5 and 6 under 20,. The
following procedure was used with each hydroperoxyoctadecenoic
acid. The purified *0-labeled hydroperoxyoctadecenoic acids
(100 mg, 2.9 X 107* mol) and DTBN (5 mg) were dissolved in 10
mL of hexane and placed into a flask fitted with a vacuum-
stoppered catch flask with condensing sidearm.

The apparatus was filled with ®0, gas through the upper
vacuum stopcock, with the lower stopcock open. The system was
closed off, and the reaction flask was immersed in a 40 °C constant

temperature oil bath. After 5 h, the gaseous O, in the system was
condensed into the condensing sidearm (liquid N,) of the catch
flask, and the reaction mixture was allowed to cool to room
temperature. The catch flask’s vacuum stopcock was closed after
15 min. The hexane was removed in vacuo, and the hydroper-
oxyoctadecenoic acids were converted to the oxooctadecenoic acids
by treatment with pyridine/acetyl chloride. The oxooctadecenoic
acids were purified by preparative TLC, separated by semipre-
parative RP-HPLC, and analyzed for their incorporation level
by direct-probe low-resolution mass spectroscopy. The recovered
gas samples were analyzed for 0, vs 0, via the same mass
spectroscopic technique.
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A new transition-metal-catalyzed reaction of nitric oxide with aryl-substituted olefins in the presence of BH,~
has been reported, where the oximes of alkyl aryl ketones are the products. The most successful results were
obtained by using styrene and its ring-substituted derivatives as the substrate and Co(DH),(py)Cl as the catalyst.
A process involving the intermediate formation of a metal-alkyl complex and its subsequent decomposition to
alkyl radical followed by the reaction of the radical with NO was proposed as the reaction mechanism in relation
to the already reported cobalt-catalyzed oxygenation of aryl-substituted olefins.

Catalysis by transition-metal complexes is widely used
in organic synthesis.! Many of them proceed via catalytic
activation of small molecules such as hydrogen, carbon
monoxide, carbon dioxide, and even molecular oxygen, but
little is known about the activation of nitric oxide (NO)
in spite of the abundance in the environment.? In the field
of coordination chemistry, however, it is known that NO
is a versatile ligand which stabilizes both electron-rich and
electron-deficient transition-metal complexes by changing
its charge distribution and structure.?® Some stoichio-
metric reaction of NO with organo-transition-metal com-
plexes are known affording alkyl- or arylnitroso-
hydroxylamines as the main products.® Recently, insertion
of (or ligand migration to) coordinated NO leading to the
formation of nitrogen—carbon bond as well as mono-

nitrosation of organic groups to nitroso compounds, ox-
imes, or nitriles have been reported.*?

Nevertheless, no catalytic reaction involving NO has
been reported® probably because the coordination abilities
of insertion products are too high for replacing them by
either NO or the organic substrates, a process necessary
for ensuring the catalytic cycle.

In this report we describe a new transition-metal-cata-
lyzed reaction of NO with aryl-substituted olefins in the
presence of BH,~ and bis(dimethylglyoximato)cobalt as the
catalyst.® The products obtained were the oximes of alkyl
aryl ketones. Although the isolated yields of oximes based
on the used substrates were moderate, this is the first
example of transition-metal-catalyzed organic synthesis
utilizing NO (eq 1). The cobalt-catalyzed oxygenation’ of

(1) (a) Davies, S. G. Organotransition Metal Chemistry, Application
to Organic Synthesis; Pergamon: Oxford, 1982. (b) Colquhoun, H. M.;
Holten, J.; Thompson, D. J.; Twigg, M. V. New Pathways for Organic
Synthesis; Plenum: New York, 1984. (c) Alper, H. Transition-Metal in
Organic Syntheses; Academic: New York, 1978. (d) Parshall, G. W.
Homologenous Catalysis; Wiley-Interscience: New York, 1980.

(2) (a) Eisenberg, R.; Hendricksen, D. E. Adv. Catal. 1979, 28, 144. (b)
McCleverty, J. A. Chem. Rev. 1979, 79, 53. (¢) Pandey, K. K. Coord.
Chem. Rev. 1983, 51, 69.

(3) (a) Middleton, A. R.; Wilkinson, G. J. Chem. Soc., Dalton Trans.
1980, 1888; (b) Ibid. 1981, 1898. (c) Jones, C. J.; McClevery, J. A.; Rothin,
A. S. Ibid. 1985, 405 and ref 2b.

0022-3263/87/1952-5089801.50,/0

(4) (a) Seider, M. D.; Bergman, R. G. J. Am. Chem. Soc. 1984, 1086,
6110. (b) Weiner, W. P.; Bergman, R. G. Ibid. 1983, 105, 3922. (c) Sedler,
M. D.; Bergman, R. G. Organometallics 1983, 2, 1897.

(5) (a) Goldhaber, A.; Volhardt, K. P. C.; Warborsky, E.; Wolfguber,
M. J. Am. Chem. Soc. 1986, 108, 516. .(b) Clement, R. A.; Klabunde, U.;
Parshall, G. W. J. Mol. Catal. 1978, 4, 87. (c) Becker, P. N.; Bergman,
R. G. J. Am. Chem. Soc. 1988, 105, 2985. (d) Foa, M.; Cassar, L. J.
Organomet. Chem. 1971, 30, 123, (e) McCleverty, J. A.; Ninnes, C. W;
Wolochowicz, L. J. Chem. Soc., Chem. Commun. 1976, 1061 and ref 3b.

(8) A preliminary communication of this article was published: Oka-
moto, T.; Oka, S. J. Chem. Soc., Chem. Commun. 1984, 289,

(7) Okamoto, T.; Oka, S. J. Org. Chem. 1984, 49, 1589.

© 1987 American Chemical Society



