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(R)-ynonanolides bioeynthesized from dideutero (14s)-10 
the structures 11 and 12, respectively. Thus, during the 
degradation of Clg (14s)-10 to (4R)- and (481-4-hydroxy- 
decanoic acid, the loss of the hydrogen atom originally 
located on the hydroxyl-substituted carbon atom occurs, 
at some point, only from that species that undergoes in- 
version of configuration. In support of this view are the 
results of feeding experiments with (14R,S)-16-14-d, pre- 
pared from 13 by way of 14 and 15." The y-nonanolide 
that was isolated after a 34-h incubation was a 72:28 
mixture of the S enantiomer (95.2% monodeuterated, 
4.8% undeutrated) and the R enantiomer (38.9% mono- 
deuterated, 61.1% undeuterated). NMR analyais indicated 
that the retained deuterium atom is located on C-4 of 6. 
It thus seems that both enantiomers of homocoriolic acid 
(3) are converted into y-nonanolide (61, but at different 

ratas and by different mechanisms. The S enantiomer of 
3 is metabolized at a faster rate, and the deuterium atom 
at C-14 is lost from that fraction of the material that ia 
converted into (R)-6. The R enantiomer of 3 is degraded 
at a slower rate directly to (R)-r-nonanolide and retains 
throughout the hydrogen atom originally present on the 
hydroxyl-substituted carbon atom. 

Possible intermediates in the degradation of 3 to 6 are 
shown in Scheme 11. It is possible that the CI1 species 
17, which possesses 23 stereochemistry, could undergo 
isomerization, by way of 18, to 19, which incorporates the 
a-E-configured double bond that apparently is required 
for further 8-0xidation.'~ It may be that a satisfactory 
explanation for the loss of deuterium is to be found in 
knowledge of mechanisms of the conversion of (8-17 into 
(R)-19 and in the conformational changes, which accom- 
pany that conversion. 
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Summary: The Fe(III).BLM-mediated fragmentation of 
10-hydroperoxy-8,12-octadecadienoic acid was demon- 
strated unambiguously to occur via homolytic 0-0 bond 
scission. 

The bleomycins (BLMs) are a family of glycopeptide- 
derived antibiotics with clinically useful antitumor activ- 
ity.' In the presence of metal ions such as Fe2+, bleomycin 
forms a binary complex [Fe(II).BLM] that can reductively 
activate molecular oxygenS2 The resulting unstable and 
reactive species termed 'activated bleomycin" is believed 
to be an oxygenated metallobleomycin.s Activated bleo- 
mycin degrades DNAr3 and RNA' and also oxidizes and 

(1) (a) Umezawa, H. In Bleomycin: Current Status and New Deuel- 
o ments; Carter, S. K., Crooke, 5. T., Umezawa, H., Eds.; Academic New 
&rk,.1978. (b) Umezawa, H.; Maeda, K.; Takeuchi, T.; Okami, Y. J. 
Antihot. I-, 19,200. (c1 Umezawa, H. Pure Appl. Chem. 1971,28,685. 
(d) Umeuwa,. H. Biomedieine 1973,18,459. (e) Hecht, S. M. In Bleo- 
mytin: Chemical, Biochemical and Biological Aspects; Hecht, S. M., Ed.; 
Sorinncr-Verlan: New York. 1979. . (2)-(a) Dabrowiak, J. C. A h .  lnorg. Chem. 1982,4,70. (b) Hecht, 5. 
M. Acc. Chem. Res. 1986,19,83. (c) Stubbe, J.; Kozarich, J. W. Chem. 
Reu. 1987.87. 1107. 

(3) (a) &&&, E. A.; Peimch, J.; Horwitz, S. B. Biochem. Biophys. 
Res. Commun. 1976,17,814. (b) Saunville, E. A,; Stein, R. W.; Peiesch, 
J.; HoAvitz, S. B. Biochemistry 1978,17,2746. (c) Burger, R M.; Horwitz, 
S. B.; Pekch ,  J.; Wittenberg, J. B. J. Biol. Chem. 1979,264,12299. (d) 
S 'u~(L, Y.; Kikuchi, T. J. Antibiot. 1979,31, 1310. (e) Kuramochi, H.; 
T L h i ,  K.; Takita, T.; Umezawa, H. J. Antibiot. 1981,34,576. (0 
Bwger, R. M.; Pcimch, J.; Horwitz, S. B. J. Biol. Chem. 1981,256,11636. 
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Scheme I. Decomporition of 
lO-Hydroperoxy.8,12-octad~a~enoic Acid (1) to 

lO-Oxo-8-decenoic Acid (2) via Homolytic 0-0 Bond 
scission 
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oxygenates low molecular weight substrates such as styrene 
and naphthalene? Burger et al. have shown that the same 
activated bleomycin is accessible from either Fe(II)-BLM + O2 or Fe(I1I)eBLM + H202;x the latter reaction is 
analogous to the 'peroxide shunt" pathway in cytochrome 
P-450 activation by various oxygen transfer agents? 

(4) (a) Magliozzo, R. S.; Peisach, J.; Ciriolo, M. R. Mol. Pbrmacol. 
1989,35,428. (b) Carter, B. J.; de Vroom, E.; Long, E. C.; van der Marel, 
G. A.; van Boom, J. H.; Hecht, S. M. Bot. Natl. Acad. Sci. U.S.A. IWO, 
87, 9373. 
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1982,257,8600. (b) Ehrenfeld, G. M.; Murugman, N.; Hecht, S. M. Znorg. 
Chem. 1984,22,1496. (e) Murugesan, N.; Hecht, 5. M. J. Am. Chem. Soc. 
1965,107,493. (d) Heimbrook, D. C.; Mulholland, R. L., Jr.; Hecht, S. 
M. J. Am. Chem. SOC. 1986,108,7839. (e) Heimbrook, D. C.; Cam, 5. A.; 
Mentzer, M. A.; Long, E. C.; Hecht, S. M. Znorg. Chem. 1987,26,3896. 
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Titration of activated blzomycin with I- and thio-NADH 
also showed that activated bleomycin has two more oxi- 
dizing equivalents than Fe(III).BLM;' the accumulated 
evidence suggesta that activated bleomycin is probably best 
represented as a high valent metal-oxo [Fe(V)==O] species. 

The formation of a perferryl species from Fe(II)*BLM + O2 or Fe(II1)aBLM + H202 requires heterolysis of the 
0-0 bond in O2 and H202 Heterolytic cleavage would be 
required for formation of the putative perferryl species, 
but a less oxidized [Fe(IV)=O] species could also be 
produced by homolytic cleavage of the 0-0 bond. In fact, 
Bruice and his co-workers have demonstrated that the 
analogous activation of metalloporphyrins could occur 
either heterolytically or homolytically, depending on the 
nature of the peroxide employed.8 

Two laboratories have recently described the Fe(II1)- 
BLM-catalyzed decomposition of lO-hydroperoxy-8,12- 
octadecadienoic acid ( 1)9 and the concomitant formation 
of 10-oxo-Sdecenoic acid (2) as the predominant prod- 
uct.IbJ0 The appearance of 10-oxo-8-decenoic acid was 
presumed to result from &scission of alkoxy1 radical i, the 
latter of which would logically have arisen by homolytic 
scission of the peroxide 0-0 bond (Scheme I). In fact 
incubation of Fe(II1)-BLM with alkyl hydroperoxide 1 
afforded an activated Fe-BLM that could demethylate 
N,N-dimethylaniline (35% yield, based on consumed l), 
but did so less well than the activated BLM produced from 
Fe(II1)-BLM + H202 (go%, based on H202).7b Likewise, 
while the activated BLM produced from Fe(III).BLM + 
H202 readily effected the epoxidation of styrene and hy- 
droxylation of naphthalene, as well as DNA degradation, 
the species resulting from admixture of Fe(III).BLM + 1 
could only effect styrene epoxidation and did so ineffi- 
ciently. Accordingly, it was suggested that the two 
methods of activation had produced different activated 
species. 

One potential problem with the foregoing mechanistic 
rationale is that it is based entirely on the observed for- 
mation of 10-oxo-8-decenoic acid; no direct evidence has 
been provided for the concomitant formation of 2-octenyl 
radicals, and at least two types of processes could poten- 
tially result in the conversion of 1 - 2 via heterolytic 
cleavage of the 0-0 bond." Neither of these would result 
in the formation of an activated bleomycin, an observation 
at least superficially consistent with the paucity of chem- 
istry observed for this "activated bleomycin". 

In order to distinguish between the homolytic mecha- 
nism in Scheme I and the heterolytic mechanisms of the 
type discussed by Labeque and Marnett," we sought to 
determine whether 2-octenyl radicals were, indeed, pro- 
duced as a consequence of the degradation of 10-hydro- 
peroxy-8,12-octadecadienoic acid (1) by Fe(III).BLM. 
Accordingly, bleomycin-mediated degradation of the alkyl 

(6) (a) Hrycay, E. G.; O'Brien, P. J. Arch. Biochem. Biophys. 1972,153, 
480. (b) Grovea, J. T.; Krichan, S.; Avaria, G. E.; Nemo, T. E. Ado. Chem. 
Ser. 1980,191,277. (c) White, R. E.; Coon, M. J. Annu. Reu. Biochem. 
1980, 49, 315. 
(7) (a) Burger, R. M.; Blanchard, J. S.; Horwitz, S. B.; Peisach, J. J. 

Biol. Chem. 1985, 260, 15406. (b) Natrajan, A,; Hecht, S. M.; van der 
Marel, C. A.; van Boom, J. H. J. Am. Chem. SOC. 1990,112,4532. 
(8) (a) Lee, W. A.; Bruice, T. C. J. Am. Chem. SOC. 1985,107,513. (b) 

Bruice, T. C. Aldrichim. Acta 1988, 21, 87. 
(9) Prepared by the photooxygenation of linoleic acid. See: Labeque, 

R.; Marnett, L. J. J. Am. Chem. SOC. 1987,209, 2828. 
(10) Padbury, C.; Sligar, S. G.; Labeque, R.; Marnett, L. J. Biochem- 

istry 1988,27, 7846. 
(11) While Labeque et al. have argued against an ionic mechanism in 

the hematin-induced decomposition of lO-hydroperoxy-8,12-octadeca- 
dienoic acid, they did not directly demonstrate the intermediacy of 2- 
octcnyl r e d i d .  Labeque, R.; Marnett, L. J. Biochemistry 1988,27,7060. 

Table I. Yields of Alkoxyamines Resulting from 
Fragmentation of 10-Hydroperoxy-8,12-octadecadienoic Acid 
in the Presence of 1.1.3.3-Tetramethvliroindoline-N-ox~Pb 

6 ? 
8 

(mM) (mMl "1 

Fe(IIIe 50 0.54 0.53 
Fe(I1)' 100 0.85 0.81 
Fe(III).BLM 50 0.43 0.42 
Fe(III).BLM 100 0.88 0.86 

"arried out at room temperature for 1 h in 4 1  CH30H-H20 
using 2 mM 10-hydroperoxy-8,12-octadecadienoic acid (l), and ei- 
ther 3 mM Fe(I1) or 2 mM Fe(III).BLM, essentially as described.% 
The product were analyzed by HPLC;I6 quantification was effected 
by calculating the response factor for isolated samples of each 
pr0duct.l' Admixture of 2 mM lO-hydroperoxy-8,12-octadeca- 
dienoic acid and 100 mM 1,1,3,3-tetramethylioindoline-N-oxyl af- 
forded no reaction. eDegradation of 1 by Fez+ in a Fenton-type 
reaction@ provided authentic homolytic scission products. 

hydroperoxide was carried out in the presence of the 
radical trapping agent 1,1,3,3-tetramethylisoindoline-N- 
0xy112J3 under conditions shown previouslynJ0 to lead to 
complete degradation of hydroperoxide 1. Degradation 
reactions carried out in the presence of the nitroxide 
contained two products; these were isolated and identified 
by 'H NMR as 2-(2-octenyloxy)-l,l,3,3-tetramethyliso- 
indoline and 2- (octenyl-3-oxy) - 1,1,3,3- tetramethyliso- 
ind01ine.l~ The formation of these products, which pre- 
sumably arose from trapping of the allylic radical produced 
during the degradation of 1, was quantified by HPLC 
(Table I).l6 As shown in Table I, the use of a large excess 
of 1,1,3,3-tetramethylisoindoline-N-oxyl permitted the 
trapping of the isomeric alkoxyamines in 87% yield, based 
on decomposed hydroperoxide 1. 

The heterolytic mechanisms predict the formation of 
2-octenol (and possibly octen-3-01, if an allylic carbonium 
ion were generated during the rearrangement). These two 
alcohols could not be detected in reaction mixtures con- 
taining hydroperoxide 1 + Fe(II1)-BLM or Fe(II).ls 

(12) The use of stable nitroxides aa trapping agenta for carbon-cen- 
tered radicale hae been described previously. The rate coastante for 
carbon radical trapping are large and approach rates of diffusionan- 
trolled reactions; the trapped alkoxyamine products are stable and 
amenable to facile isolation and characterization. Nitroxides have ale0 
been used to calibrate a number of 'radical clock" reactions. See: (a) 
Chateauneuf, J.; Lusztyk, J.; Ingold, K. U. J. Org. Chem. 1988,53,1629. 
(b) Beckwith, A. L. J.; Bowry, V. W. J. Org. Chem. 1988,53, 1632. 
(13) Prepared in three steps from N-benzylphthalimide aa described. 

See: Griffiths, P. G.; Moad, G.; Rizzardo, E.; Solomon, D. H .  A u t .  J. 
Chem. 1983,36, 397. 

(14) A solution of 10-hydroperoxy-8,12-octadecadienoic acid (6 mg, 16 
pmol) and 1,1,3,3-tetramethylisoindoline-N-oxyl (30 mg, 160 pmol) in 
methanol (8 mL) and H20 (2 mL) waa deoxygenated and was then treated 
with either Fe(III).BLM (2.4 mg of ferric ammonium sulfate + 8 mg of 
bleomycin; 5.5 pmol) or ferrous ammonium sulfate (6.7 mg, 17 pmol). The 
alkoxyamines were isolated by chromatography on silica gel (hexane) to 
afford 1 mg of each of the isomeric alkoxyamines. 2-(2-Octenyloxy)- 
1,1,3,3-tetramethylisoindoline waa isolated aa an off-white wax, R, 0.20 
(silica gel TLC, hexane); 'H NMR (CDCl,) 6 0.89 (t, 3, J = 6.9 Hz), 1.46 
(br 8, 121, 1.54 (s,6), 2.11 (q, 2), 4.48 (d, 2, J = 6.0 Hz), 6.64 (m, 2), 7.12 
(m, 2), and 7.22 (m, 2). The coupling conatant of the olefinic H s  (6 6.64) 
was determined aa 12 Hz by decoupling studies. 2-(Octenyl-3-oxy)- 
1,1,3,3-tetramethylisoindoline waa isolated aa an off-white wax, R 0.26 
(silica gel TLC, hexane): 'H NMR (CDCI,) 6 0.89 (m, 3), 1.31-1.44 (3 8, 
12), 1.53 (m, 6), 1.78 (m, 2), 4.14 (q, l), 5.10-5.15 (m, Z), 6.84 (m, l), 7.07 
(m, 2), and 7.20 (m, 2). 
(15) HPLC analysis (Alltech econosphere C18 column, 4.6 mm X 10 cm, 

3 pm) was carried out, using 41 CHSCN-H20 aa eluant, at  a flow rate of 
1.0 mL/min (UV detection, 270 nm). 2-(2-0ctenyloxy)-l,l,3,3-tetra- 
methylisoindoline eluted at  11.8 min, 2-(octenyl-3-ory)-l,1,3,3-tetra- 
methylisoindole a t  12.9 min. 
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its representation of a high valent metahxo [Fe(IV)=O] 
species less oxidized than the species resulting from ad- 
mixture of Fe(III).BLM + H202 or Fe(II)*BLM + Op 

It may be noted that the techniques employed here to 
control and analyze the oxidation states of activated BLM 
are potentially of more general utility in analyzing the 
mechanistic course of metal-centered oxygenation/oxida- 
tion reactions. 

The present data demonstrate unambiguously that the 
decomposition of lO-hydroperoxy-8,12-&decadienoic acid 
(1) by Fe(III)*BLM proceeds by homolytic cleavage of the 
peroxide 0-0 bond, as outlined in Scheme I, which should 
result in concomitant formation of an activated Fe-BLM. 
As noted previously,7b both the mechanisms of formation 
and chemical behavior of this species seem consistent with 

(16) hlvok& of the ptoluensdfonate of &n-3-01 in aqueous acetone, 
in the p m n c e  or absence of 1,1,3,3-tetramethylisoindoline-N-oxyl, led 
to the formation of the isomeric allylic alcohols in a 1:l ratio. No alk- 

 we^ pnaent, thereby demonstrating that 2.octenyl carbonium ions do not 
react with the nitroxide to give alkoxyaminea. 
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Summary: Whereas treatment of 1,Chexamethylene- 
bridged benzene [6]paracyclophane (1) with a catalytic 
amount of H 8 0 4  gave, as a minor product, dimer 6, along 
with isomers 4 and 5, similar treatment of 1,Ghexa- 
methylene-bridged naphthalene [SI (1,4)naphthalenophane 
(2) afforded predominantly dimers 7 and 8, together with 
trimers 9 and 10. The 1,Chexamethylene-bridged an- 
thracene [6](1,4)anthracenophane (3) yielded only trimers 
13 and 14. 

It is well-known that alkyl-substituted arenes undergo 
acid-catalyzed isomerization.' Only under extremely 
drastic conditions, however, does dehydrogenative di- 
merization, Le., the Scholl reaction? take place, usually 
with low efficiency to give low yields of products. On the 
other hand, short-bridged cyclophanes undergo facile 
acid-catalyzed isomerization to more stable isomers be- 
cause a large amount of strain is released thereby? One 
notable exception is the AlCl3/HC1-promoted skeletal re- 
arrangement of [2.2.2](1,3,5)cyclophane, wherein the for- 
mation of intramolecular carbon-carbon bonds between 
the two aromatic rings leads, at least initially, to a less 
stable isomer.' Here, we report the first examples of the 
acid-catalyzed dimerization and trimerization of 1,4- 
hexamethylene-bridged arenes which possess severely 
deformed aromatic nuclei, Le., [6]paracyclophane ( 1),3els 
[6](1,4)naphthalenophane (2),s and [6](1,4)- 
anthracenophane (3)6 

1 2 3 

Earlier, we reported*' that the treatment of 1 (5 X 
M CH2Cl2 solution) with a catalytic amount of acid (TfH 
or TFA) at room temperature yielded the corresponding 
meta and ortho isomers 4 and 5. However, when a more 

'Present address: Niihama National College of Technology, 7-1 
Yagumo-cho, Niihama, Ehime 792, Japan. 

concentrated solution (1.5 X lo-' M) of 1 was treated with 
a catalytic amount of H2S04, the dimer 68 was also formed 
as a minor product (219'01, together with a 1:l mixture of 
4 and 5 (59%). Similar treatment of the naphthalene 2 
produced dimers 7* and 8: which possess meta- and or- 
tho-bridged naphthalenophane units, respectively, as major 
products (72%). The relative amount of 8 increased as the 
reaction time was increased, which indicated that 8 was 
produced by isomerization of 7. Two minor products, 
trimers g8 and lo8 (15%), were also isolated. The struc- 
tures of 9 and 10 were inferred from the similarity between 
their 'H NMR spectra and those of anthracene trimers 13 
and 14.9 No monomeric products were detected even after 

(1) For a review, we: McCauley, D. A. Friedel-Crafts andRelated 
Reactions; O M ,  G. A., Ed.; Wiley-Interscience: New York, 1961; Vol. II, 
Chapter 24. 

(2) Balaban, A. T.; Nenitzescu, C. D. Friedel-Crafts and Related Re- 
actions; Olah, G. A., Ed.; Wdey-Interscience: New York, 1964, Vol. II, 
Chapter 23. 

(3) (a) Hopf, H.; Marquard, C. Strain and Its Implication in Organic 
Chemistry; de Meijere, A.; Blechert, S., Eds.; Kluwer Academic: Dor- 
drecht, 1989; pp 297-332. (b) Jenneskens, L. W.; de Boer, H. J. R.; de 
Wolf, W. H.; Bickelhaupt, F. J. Am. Chem. Soc. 1990,112,8941-8949. 
(c) Tobe Y.; Ueda, K.4.; Kakiuchi, K.; Odaira, Y.; Kai Y.; Kaeai, N. 
Tetrahedron 1986,42,1851-1858. 
(4) Boekelheide, V.; Hollins, R. A. J. Am. Chem. SOC. 1973, 95, 

(5)  Kane, V. V.; Wolf, A. D.; Jones, M., Jr. J.  Am. Chem. SOC. 1974, 
96,2643-2644. Kammula, S. L.; Iroff, L. D.; Jones, M., Jr.; van Straten, 
J. W.; de Wolf, W. H.; Bickelhaupt, F. Ibid. 1977, 99, 5815. 

(6) Tobe, Y.; Takahashi, T.; Ishikawa, T.; Yoshimura, M.; Suwa, M.; 
Kobiro, K.; Kakiuchi, K.; Gleiter, R. J. Am. Chem. SOC. 1990, 112, 
8889-8894. 

(7) Careful reexamination of the producta revealed that a small 
amount of dimer 6 was formed even under theae conditions. The treat  
ment of 1-3 with a catalytic amount of TFA resulted in product distri- 
butions similar to thoee obtained on treatment with HaO,. 

(8) The spectroecopic characteristics and other analytical data, which 
are given in the supplementary material, are in accord with the wigned 
structure. 

(9) Characteristic 'H NMR signale (CDCU for the vinyl and methine 
protons of 9, 10, 13, and 14 are 88 follows. 9 6 6.17 (d, J - 6.8 Hz), 5.79 
(d, J = 7.3 Hz), 5.60 (dd, J = 8.8,8.3 Hz), 3.51 (d, J = 5.4 Hz), 3.26 (d, 
J = 6.8 Hz), 2.94 (br m), 2.86 (d, J - 6.8 Hz). 10 6 6.06 (d, J = 7.0 Hz), 
5.66 (d, J = 7.3 Hz), 5.61 (dd, J = 9.2,8.1 Hz), 3.48 (br m), 3.45 (d, J = 
5.9 Hzl, 3.19 (d, J = 7.0 Hz), 2.91 (d, J = 7.3 Hz). 13 6.46 (d, J = 7.0 
Hz), 5.95 (d, J = 7.3 Hz), 5.66 (t, J = 8.0 Hz), 3.71 (d, J - 6.8 Hz), 3.49 
(d, J = 7.0 Hz), 3.39 (br m), 3.04 (d, J = 7.0 He). 14: 6.31 (d, J - 6.8 
Hz), 5.84 (d, J = 6.8 Hz), 5.65 (dd, J = 8.8,8.3 Hz), 3.82 (br m), 3.64 (d, 
J = 5.9 Hz), 3.43 (d, J - 6.3 Hz), 3.13 (d, J = 7.3 Hz). 

3201-3208. 
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