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Abstract: Fe(II)-induced decomposition of 1,2,4-trioxolanes (ozonides)1 and2 is studied in detail. The inner-
sphere electron transfer reduction, which is sensitive to steric effects, is proposed to be a reasonable mechanism
for the peroxide decomposition, i.e., the selective generation of one of the two possible Fe(III)-complexed oxy
radicals. The fate of the oxy radical species is revealed in detail by using18O-tracer studies in the reduction
of 18O-labeled ozonides1a and2a, in which the ethereal oxygens are labeled by18O atom (18O, 77%) and also
by the reduction in the presence of H2

18O (18O, 10%). The results of the18O-tracer studies are consistent with
the regioselective generation of the Fe(III)-complexed oxy radical species.

Introduction

The chemistry of endoperoxides as active oxygen sources has
attracted considerable attention in connection with their biologi-
cal activity. Thus, the metal-induced decomposition of the
peroxide linkage has been well investigated in the past three
decades.1 The decomposition mechanism can be rationalized
by the electron transfer reduction2 of the electrophilic peroxy
bond (Scheme 1).

For example, Co(II)- or Ru(II)-induced decomposition of
endoperoxides has been explained by the inner-sphere one-
electron transfer process, proved by the lack of a well-defined
correlation with the oxidation potential of the metal and also
by the effect of the steric circumstances around the peroxide
linkage on the reaction pathways.3 Fe(II)-induced decomposi-
tion4,5 of endoperoxides has also been studied in connection
with their antimalarial activity.6,7

In conjunction with our interest8 in the synthesis of isolable
1,2,4-trioxolanes9 (ozonides)1 and 2, derived from the ozo-
nolysis of cyclopentenes and indenes, we have decided to
examine the Fe(II)-induced decomposition of a wide variety of
ozonides (1, 2) in detail. If the inner-sphere electron transfer

reduction is the preferred process for the ozonide reduction too,
a significant difference in the steric circumstances10,11 around
the peroxide linkage would result in the regioselective generation
of one of the two possible Fe(III)-complexed oxy radicals, which
in turn leads to the substituent-dependent product selectivity.
To elucidate the fate of the oxy radicals, we have also examined
the 18O-isotope labeling studies.

Results and Discussion

Fe(II)-Induced Decomposition of Ozonides 1a-c Derived
from the Cyclopentenes.The reductions of ozonides1a-c

(1) Reviews: (a) Clennan, E. L.; Foote, C. S. InOrganic Peroxide; Ando,
W., Ed.; John Wiley & Sons, Ltd.: Chichester, England, 1992; Chapter 6.
(b) Trans. R. Soc. Trop. Med. Hyg.1994, 88 (Suppl. 1), 1-65. (c) Ullrich,
V.; Brugger, R.Angew. Chem., Int. Ed. Engl.1994, 33, 1911. (d)ActiVe
Oxygen in Chemistry; Foote, C. S., Valentine, J. S., Greenberg, A., Liebman,
J. F., Ed.; Search Series; Vols. 2 and 3; Blackie Academic and Profes-
sional: New York, 1995.

(2) Electrochemical reduction of endoperoxides: (a) Workentin, M. S.;
Donkers, R. L.J. Am. Chem. Soc.1998, 120, 2664. (b) Workentin, M. S.
J. Phys. Chem. B1998, 102, 4061.

(3) (a) Boyd, J. D.; Foote, C. S.; Imagawa, D. K.J. Am. Chem. Soc.
1980, 102, 3641. (b) Balci, M.; Sutbeyaz, Y.Tetrahedron Lett.1983, 24,
4135. (c) Yamada, S.; Nakayama, K.; Takayama, H.; Itai, A.; Iitaka, Y.J.
Org. Chem.1983, 48, 3477. (d) Sutbeyaz, Y.; Secen, H.; Balci, M.J. Org.
Chem.1988, 53, 2312.

(4) Reviews: (a) Cekovı´c, Z.; Dimitrijevı́c, L.; Djokı́c, G.; Srnı´c, T.
Tetrahedron1979, 35, 2021. (b) Sawyer, D. T.; Sobkowiak, A.; Matsushita,
T. Acc. Chem. Res.1986, 29, 409. (c) Walling, C.Acc. Chem. Res.1998,
31, 155. (d) NacFaul, D. A.; Ingold, K. U.Acc. Chem. Res.1998, 31, 159.
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were examined in the presence of stoichiometric amounts of
Fe(II)SO4 in THF/H2O (1/1) under an argon atmosphere for
typically 16 h (eq 1). The reactions proceeded cleanly, giving
the decomposition products3-6 in high yields (eq 1 and Table

1).
From the reaction of the symmetrical ozonide1a (R1 ) R2

) Ph), benzoic acid3a (R2 ) Ph) was obtained quantitatively

together with ketones4-6 (entry 1 in Table 1). Interestingly,
the reduction of the unsymmetrical ozonides1b (R1 ) Ph, R2

) mesityl) and1c (R1 ) H, R2 ) Ph) resulted in the selective
formation of one of the two possible carboxylic acids (entries
2 and 3). Namely,3b (R2 ) mesityl) from1b and3a from 1c
were obtained in high yields, respectively. In the case of the
reaction of the ozonide1b, the ketones4-6 were also formed
in similar yields observed for the reduction of1a (compare
entries 1 and 2). For the ozonide1c, although 1-butanal was
detected by1H NMR (270 MHz) of the crude reaction mixture,
only benzoic acid3a could be isolated.

To verify the mechanism for the production of3-6, isotope
labeling studies were performed in the reduction of the ozonide
1a. First of all, the18O-tracer experiments were examined by
using the18O-labeled ozonide18O-1a (18O, 77%),12 in which
the ethereal oxygen was labeled by18O atom (eq 2). The labeled
ozonide18O-1a was prepared by an electron transfer photooxy-
genation13 of the 18O-labeled epoxide18O-7 (18O-77%), which
was prepared by the epoxidation of 1,2-diphenylcyclopentene
by using 18O-labeled m-CPBA as depicted in eq 2 (see

Experimental Section). The18O content (%) of the epoxide18O-7
was calculated from the relative mass peak intensities of 236
(M+) and 238 (M+ 2+), comparing with those of the unlabeled
epoxide7 (see Table 3). The18O contents (%) reported below
were determined by a similar method.

By the careful mass spectroscopic analyses of the products
3-6 formed in the reduction of the ozonide18O-1a (18O, 77%),
interestingly, only benzoic acid3awas found to contain almost
the same amount of18O-atom (18O, 76%; entry 4). Other
products4-6 did not contain18O atom derived from the ethereal
oxygen of the ozonide18O-1a. Next, the Fe(II)-induced decom-
position of the ozonide1a was performed in the presence of
18O-labeled H2O (18O, 10%; entry 5). As expected, the18O
content of benzoic acid3a did not exceed the natural amount
of 18O-atom (ca. 0.2%). However, products4-6 did contain
18O-atom from H2

18O: 4 (18O, 9.3%);5 (18O, 7.7%);6 (18O,
6.0%) (entry 5). In the keto-alcohol6, only the carbonyl oxygen
contained external18O atom (18O, 6.0%), proved by the
following mass spectroscopic evidence: (1) no (M+ 4) peak
in the mass spectra was observed; (2) the fragment peak (C6H5-
CO+, 105) did contain the similar amounts of18O atom (18O-
4.9%). These results clearly suggest that the carbonyl oxygens

(5) Fe(II)-induced decomposition of endoperoxides: (a) Turner, J. A.;
Herz, W.J. Org. Chem.1977, 42, 1895. (b) Herz, W.; Ligan, R. C.; Turner,
J. A.; Blount, J. F.J. Org. Chem.1977, 42, 1885. (c) Brown, D.; Davis, B.
T.; Halsall, T. G.; Hands, A. P.J. Chem. Soc.1962, 4492. (d) Brown, D.;
Davis, B. T.; Halsall, T. G.J. Chem. Soc.1963, 1095. (e) Turner, J. A.;
Herz, W.J. Org. Chem.1977, 42, 1900. (f) Porter, N. A.; Mebane, R. C.
Tetrahedron Lett.1982, 23, 2289. (g) Takahashi, K.; Kishi, M.J. Chem.
Soc., Chem. Commun.1987, 722. (h) Takahashi, K.; Kishi, M.Tetrahedron
Lett. 1988, 29, 4595. (i) Takahashi, K.; Kishi, M.Tetrahedron1988, 44,
4737. (j) Posner, G. H.; Oh, C. H.J. Am. Chem. Soc.1992, 114, 8328. (k)
Posner, G. H.; Oh, C. H.; Wang, D.; Gerena, L.; Milhous, W. K.; Meshnick,
S. R.; Asawamahasadka, W.J. Med. Chem.1994, 37, 1256. (l) Avery, M.
A.; Fen, P.; Karle, J. M.; Miller, R.; Goins, K.Tetrahedron Lett. 1995, 36,
3965. (m) Posner, G. H.; Cumming, J. N.; Ploypradith, P.; Oh, C. H.J.
Am. Chem. Soc.1995, 117, 5885. (n) Bloodworth, A. J.; Shah, A.
Tetrahedron Lett.1995, 36, 7551. (o) Jefford, C. W.; Favarger, F.; Vicente,
M. G. H.; Jacquier, Y.HelV. Chim. Acta1995, 78, 452. (p) Haynes, R. K.;
Vonwiller, S. C. Tetrahedron Lett.1996, 37, 253. (q) Haynes, R. K.;
Vonwiller, S. C.Tetrahedron Lett.1996, 37, 257. (r) Posner, G. H.; Park,
S. B.; Gonza´lez, L.; Wang, D.; Cumming, J. N.; Klinedinst, D.; Shapiro,
T. A.; Bachi, M. D.J. Am. Chem. Soc.1996, 118, 3537. (s) Posner, G. H.;
Tao, X.; Cumming, J. N.; Klinedinst, D.; Shapiro, T. A.Tetrahedron Lett.
1996, 37, 7225. (t) Wu, W.-M.; Yao, Z.-Y.; Wu, Y.-L.; Jiang, K.; Wang,
Y.-F.; Chen, H.-B.; Shang, F.; Li, Y.Chem. Commun.1996, 2213.

(6) Antimalarial activity of endoperoxides, reviews: (a) Buller, A. R.;
Wu, Y.-L. Chem. Soc. ReV. 1992, 85. (b) Robert, A.; Meunier, B.Chem.
Soc. ReV. 1998, 27, 273.

(7) For Pd-, Sn-, or Rh-induced decomposition of endoperoxides, see:
(a) Suzuki, M.; Noyori, R.; Hmanaka, M.J. Am. Chem. Soc.1981, 103,
5606. (b) Suzuki, M.; Oda, Y.; Noyori, R.Tetrahedron Lett.1981, 22, 4413.
(c) Hagenbuch, J.-P.; Vogel, P.J. Chem. Soc., Chem. Commun.1980, 1062.
(d) Kohmoto, S.; Kasai, S.; Yamamoto, M.; Yamada, K.Chem. Lett.1988,
1477.

(8) (a) Miura, M.; Nojima, M.; Kusabayashi, S.; Nagase, S.J. Am. Chem.
Soc.1981, 103, 1789. (b) Miura, M.; Ikegami, A.; Nojima, M.; Kusabayashi,
S.; McCullough, K. J.; Nagase, S.J. Am. Chem. Soc.1983, 105, 2414. (c)
Miura, M.; Ikegami, A.; Nojima, M.; Kusabayashi, S.; McCullough, K. J.;
Walkinshaw, M. D.J. Chem. Soc., Perkin Trans. 11983, 1657. (d) Miura,
M.; Nojima, M.; Kusabayashi, S.; McCullough, K. J.J. Am. Chem. Soc.
1984, 106, 2932. (e) Nakamura, N.; Nojima, M.; Kusabayashi, S.J. Am.
Chem. Soc.1986, 108, 4671. (f) Nakamura, N. Nojima, M.; Kusabayashi,
S. J. Am. Chem. Soc.1987, 109, 4969. (g) Nakamura, N.; Fujisaka, T.;
Nojima, M.; Kusabayashi, S.; McCullough, K. J.J. Am. Chem. Soc.1989,
111, 1799. (h) Sugimoto, T.; Nojima, M.; Kusabayashi, S.; McCullogh, K.
J. J. Am. Chem. Soc.1990, 112, 3690. (i) Sugimoto, T.; Teshima, K.;
Nakamura, N.; Nojima, M.; Kusabayashi, S.; McCullough, K. J.J. Org.
Chem.1993, 58, 135. (j) Kawamura, S.; Takeuchi, R.; Masuyama, A.;
Nojima, M. J. Org. Chem.1998, 63, 5617.

(9) Antimalarial activity of ozonides: (a) Barbosa, L.-C.; Cutler, D.;
Mann, J.; Kirby, G. C.; Warhurst, D. C.J. Chem. Soc., Perkin Trans. 1
1992, 3251. (b) Barbosa, L.-C.; Cutler, D.; Mann, J.; Vrabbe, M. J.; Kirby,
G. C.; Warhurst, D. C.J. Chem. Soc., Perkin Trans. 11996, 1101.

(10) For the definition for inner- and outer-sphere electron transfer, see;
Eberson, L. InElectron Transfer Reactions in Organic Chemistry; Springer-
Verlag: Berlin, 1987.

(11) For steric effects as quantitative probes for inner- and outer-sphere
electron transfer mechanism, see: Fukuzumi, S.; Wong, C. L.; Kochi, J.
K. J. Am. Chem. Soc.1980, 102, 2928.

(12) The18O contents (%) was determined on the basis of those of the
epoxide18O-7 (18O, 77%).

(13) Schaap, A. P.; Siddiqui, S.; Balakrishman, P.; Lopez, L.; Gagnon,
S. D. Isr. J. Chem.1983, 23, 415.

Scheme 1.Metal-Induced Reduction of Endoperoxides,
Inner-Sphere Electron Transfer Mechanism
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in the products4-6 are mainly derived from H2O used as a
solvent for the reduction. Finally, to clarify the origin of the
terminal hydrogen atom for the formation of butyrophenone4,
the reduction of the ozonide1awas run in THF/D2O. As a result,
the deuterium isotope was not detected in the ketone4. Thus,
the origin of the terminal hydrogen in4 may be THF used as
a cosolvent.

As mentioned above, it should be noted that one of the two
possible carboxylic acids3 was selectively produced from the
unsymmetrically substituted ozonides1b,c. This implies the
regioselective formation of oxy radical species8 by the inner-
sphere electron transfer reduction rather than the relative stability
of the oxy radical species8 and10 (Scheme 2).14 To understand
the regioselective formation of the oxy radical, molecular orbital
calculations (PM3 method)15 were performed for the ozonide
1c (Figure 1).

As visualized in Figure 1, the LUMO was found to be located
largely at the peroxide linkage (O-O σ* orbital). Therefore, it

is reasonable to expect that the nuclephilic Fe(II) species can
attack the peroxidic oxygen from the less hindered direction of
the antibonding orbital (a in Figure 1 and Scheme 2); in other
words, the difference in the steric crowding around the anti-
bonding orbital plays an important role in generating regiose-

(14) Recently, such an equilibration between two Fe(III)-complexed oxy
radicals derived from Artemisinin (1,2,4-trioxane derivatives) was postulated
by Wu et al.: Wu, W.-M.; Wu, Y.; Wu, Y.-L.; Yao, Z.-J.; Zhao, C.-M.;
Li, Y.; Shan, F.J. Am. Chem. Soc.1998, 120, 3316.

(15) Stewart, J. J. P.J. Comput. Chem.1989, 10, 209. PM3 calculations
were run on the CAche system.

Table 1. Fe(II)-Induced Decomposition of Ozonides 1a-c and18O-1aa

ozonide products and yields (%)b

1 1a 3a(98) 4 (33) 5 (19) 6 (7)
2 1b 3b (81) 4 (26) 5 (13) 6 (9)
3c 1c 3a(79)
4 18O-1a (18O, 77%)d 18O-3a (93; 18O, 76%)d 4 (29) 5 (16) 6 (9)
5e 1a 3a(94) 18O-4 (31; 18O, 9.3%)d 18O-5 (21; 18O, 7.7%)d 18O-6 (8; 18O, 6.0%)d

a Fe(II)SO4 (1 equiv) induced decomposition of ozonides1a-c in THF/H2O (1/1) were run at room temperature (ca. 20°C) for 16 h.b Isolated
yields after column chromatography (SiO2). c The other products and yields were not determined, although 1-butanal was detected by1H NMR
(270 MHz) analysis.d 18O contents (%) were calculated by the mass spectroscopic analyses (see Table 3), error( 0.5%.e The reaction was performed
in THF/H218O (18O, 10%).

Scheme 2

Figure 1. LUMO of the ozonide1c, calculated by PM3 method,
showing the large coefficient at the peroxide linkage (O-O σ* orbital)

6558 J. Am. Chem. Soc., Vol. 121, No. 28, 1999 Abe et al.



lectively one of the two possible Fe(III)-complexed oxy radicals
8 and10 (a or b in Scheme 2).16

On the basis of the above-mentioned experimental data and
the MO consideration, the mechanism for the Fe(II)-induced
decomposition of ozonides1a-c is summarized as shown in
Scheme 2. The nucleophilic Fe(II) species attack the ozonide1
from the less hindered side (a) of the electrophilic O-O σ*
orbital to generate exclusively the oxy radical8 (inner-sphere
electron transfer, steric hindrance R2 > R1 in Figure 1 and
Scheme 2). After the selective C-C bond scission, the resulting
carbon-centered radical9 would produce the observed products
3-6. The formation of butyrophenone4 can be rationalized by
the hydrogen atom abstraction and the successive elimination
of the carboxylic acid3. The 18O-tracer experiments strongly
suggest that this hydrolysis occurs selectively at the acetal
carbon. The competitive radical cyclizations in9 to either the
phenyl ring or the O-Fe(III) bond20 would give the ketone5
and the keto alcohol6, respectively (Scheme 2).

Alternatively, products3-6 may be produced from the alkoxy
radical species10 (generated from the b attack, the dotted arrow
in Scheme 2) by the successive C-O and C-C bond scissions.
However, this mechanism can be reasonably excluded from the
following reasons. (1) The selective bond scission of the C-O
bond in 10 is unlikely, because in general the C-C bond
cleavage is the preferred process due to the generation of the
thermodynamically stable carbon-centered radical.21 (2) The
generated ketones4-6 from the b route should not contain any
18O atom from H2O. In reality, the products isolated in the
reaction did contain substantial amounts of18O atom from H2

18O
used as a cosolvent.

On the basis of our detailed study, the inner-sphere electron
transfer is the most likely decomposition process of the peroxide
linkage of ozonides1a-c by Fe(II). To test if this hypothesis
is correct or not, we next conducted the similar Fe(II)-induced
decomposition of ozonides2 derived from indene derivatives.

Fe(II)-Induced Decomposition of Ozonides 2a-d Derived
from 3-Phenyl Indenes.First, the reaction of ozonides2a-d
(R3 ) Ph) derived from 3-phenyl indenes with Fe(II) species is
shown (eq 3 and Table 2). From all of the reductions of ozonides

2a-d, the corresponding diketones11 and lactones12 were
obtained (entries 1-5). To clarify the reaction process,18O-
tracer experiments were also performed for the case of the
ozonide2a (R3 ) R4 ) Ph, R5 ) R6 ) H) (entry 6 in Table 2).
The ozonide18O-2a (18O-77%)22 was prepared in a way similar
to that for 18O-1a (see eq 2). The reduction showed that the
18O-labeled diketone18O-11a (18O, 39%; mass spectroscopic

analysis) was obtained in a similar yield to the unlabeled case.
To identify which oxygen in the diketone11acontains18O atom,
the highly resolved13C NMR (150 MHz) analysis was per-
formed (Figure 2). In the carbonyl carbon region, only three
signals,δ 197.03, 197.07, 198.33, which correspond to one18O-
labeled carbonyl carbon and two unlabeled carbonyl carbons,
were detected. Judging from the chemical shifts, the two signals
which appear very close (∆δ ) 0.04 ppm) and at higher fields
were assigned to the carbonyl carbon of the benzophenone
moiety.23,24Thus, only the oxygen of the benzophenone moiety
was confirmed to be labeled.

The reduction of the ozonide2a was also performed in18O-
labeled H2O (18O, 10%). After the isolation of the diketone11a,
the careful mass spectroscopic analysis was examined, which
indicated the uptake of a small but significant amount of18O
atom in11a(18O, 1.2%). The unlabeled diketone11awas treated
with Fe(III) in THF/H2O (18O, 10%). After being stirred for 24
h, the recovered diketone11a did contain a similar amount of
18O atom (18O, 1.1%).

The worthwhile results of the18O-tracer studies mentioned
above are summarized as follows. (1) A drop in the18O content
in the diketone11a (18O, 39%) was observed when the labeled
ozonide2a (18O, 77%) was used for the reaction. (2) Only the
carbonyl oxygen of the benzophenone moiety in11awas labeled
by 18O atom. (3) When the reduction was conducted in the
presence of H218O (18O, 10%), the isolated diketone11a was
found to contain18O atom (18O, 1.2%). (4) In the presence of
Fe(III), it was possible for the oxygen atom of the unlabeled
product11a to exchange with the external oxygen atom.

The mechanism for the Fe(II)-induced decomposition of
ozonides2a-d is shown in Scheme 3. The nucleophilic Fe(II)

(16) Nucleophilic attack toward O-O σ* orbital in 1,2-dioxetanes was
extensively investigated by Adam.17-19

(17) Adam, W.; Heil, M.; Voerckel, V.J. Org. Chem.1992, 57, 2680.
(18) Adam, W.; Heil, M.Chem. Ber.1992, 125, 235.
(19) Adam, W.; Heil, M.J. Am. Chem. Soc.1992, 114, 5591.
(20) The mechanism was also postulated in ref 5k.
(21) Examples for the selective C-C bond cleavage from oxy radical

species: (a) Schreiber, S. L.J. Am. Chem. Soc.1980, 102, 6165. (b)
Cardinale, G.; Grimmelikhuysen, J. C.; Laan, J. A. M.; Ward, J. P.
Tetrahedron Lett.1984, 40, 1881. (C) Cardinale, G.; Laan, J. A. M.; Ward,
J. P.Tetrahedron Lett.1985, 41, 2899. (d) Cardinale, G.; Laan, J. A. M.;
Ward, J. P.Tetrahedron1985, 41, 6051. (e) McCullough, K. J.; Motomura,
Y.; Masuyama, A.; Nojima, M.Chem. Commun.1998, 1173.

(22) The18O content (%) of the ozonide2a was estimated from that of
the epoxide18O-7, since the 2,3-diphenylindene epoxide, which was prepared
by using 18O-m-CPBA used for the preparation of18O-7, could not be
isolated due to the instability on silica gel.

(23) An upfield shift (ca. 0.04 ppm) in the13C NMR spectrum by18O-
isotopic substitution, see: Risley, J. M.; Etten, R. L. V.J. Am. Chem. Soc.
1979, 101, 252.

(24) 13C NMR (150 MHz, CDCl3) δCO ) 196.58 ppm (benzophenone);
δCO ) 197.95 ppm (acetophenone).

Table 2. Fe(II)-Induced Decomposition of Ozonides 2a-da

ozonide products and yields (%)b

1 2a 11a(93) 12a(4)
2 2b 11b(93) 12b (3)
3 2c 11c(73) 12c(14)
4 exo-2d 11d(87) 12d (11)
5 endo-2d 11d(85) 12d (8)
6 18O-2a (18O, 77%)c 18O-11a(94; 18O, 39%)c 18O-12a(2)d

a Fe(II)SO4 (1 equiv) induced decomposition of ozonides2a-d in
THF/H2O (1/1) were run at room temperature (ca. 20°C) for 16 h.
b Isolated yields after column chromatography (SiO2). c 18O contents
(%) were calculated by the mass spectroscopic analyses (see Table 3),
error ( 0.5%. d The 18O contents (%) was not determined.

Figure 2. 13C NMR (150 MHz in CDCl3) signals of the carbonyl
carbons in18O-11a(18O, 39%) showing18O atom exists in the carbonyl
carbon of the benzophenone moiety
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attack from the less hindered side of the O-O σ* orbital (a
attack, steric effect Ph> R4) occurs to generate the Fe(III)-
complexed oxy radicals13a-d, selectively. In the case of the
ozonide2a (R4 ) Ph), at first sight there is no significant
difference of the steric circumstances around the two peroxide
oxygens. However, as can be seen in the PM3-optimized
structure of the ozonide2a (Figure 3), the nucleophilic attack
of Fe(II) from the b side of the O-O σ* orbitals can be
suppressed by the perpendicularly locked conformation of the
phenyl ring (R3). On the other hand, the a side is relatively less
hindered due to the flexible conformation of the phenyl ring
(R4). Thus, in the case of the ozonide2a, the Fe(II) attack from
the a side is the preferred process giving the alkoxy radical13a
(Scheme 3). The structure of the products11 and12 indicates
that the fates of the alkoxy radical13 are Ph• elimination or
hydrogen abstraction, giving lactone12 and hemiacetal17,
respectively. The position of the labeled oxygen and the drop
of the18O content in the diketone11asuggest the intervention
of the hemiacetal18. The possibility of such a mechanism is
supported by the fact that the recovered11a did contain the
18O atom when the nonlabeled11a was treated with H218O in
the presence of Fe(III) species, as mention above.

If the regioisomeric alkoxy radical14 were generated by the
b side attack of Fe(II), the fast C-C bond cleavage might have
occurred to give the carbon radical15. In reality, we could not
detect even trace amounts of products derived from the radical
15. Thus, the intervention of the alkoxy radical14 in the ozonide
2a-d reduction is unlikely. Next, we have examined the
reduction of ozonides2e,f, in which the b side is relatively less
hindered.

Fe(II)-Induced Decomposition of Ozonides 2e,f Derived
from 2-Phenyl Indenes. The reductive decomposition of
ozonides2e,f derived from 2-phenyl indenes was examined in
a similar way (eqs 4 and 5). In both cases, benzoic acid3a was

obtained in high yields. In the case of the ozonide2e (R3 ) R5

) R6 ) H, R4 ) Ph), the dimer19 was quantitatively obtained
together with benzoic acid3a (eq 4). On the other hand, for the
reduction of the ozonide2f (R3 ) H, R4 ) Ph, R,5 R6 )
-(CH2)4-), the aldehyde20 (15%), and the alcohol21 (53%)
were isolated without formation of a radical dimer (eq 5). The
20/21 product ratio did not change after the prolonged reaction
time (up to 48 h). Thus, the possibility of the chemical
transformation from the alcohol21 to the aldehyde20 under
the reaction conditions was excluded.25

To understand the detail of the transformation, the18O-tracer
study for the reduction of the ozonide2f was examined in THF/
H2

18O (18O, 10%) (eq 6). No incorporation of the external18O

atom in benzoic acid3awas identified by the mass spectroscopic
analysis. In the aldehyde20, however, 4.3% of18O atom was
labeled (Table 3). Interestingly, in the case of the alcohol21 a
small (M + 4) peak was observed (see Table 4).

The mass spectroscopic data in Table 4 clearly suggest that
two oxygens in21were derived from the external oxygen atom.
Fortunately, the peak intensities of the mass fragments M1

+ (161,
M-CHO) and M2

+ (105, PhCHO) were strong and easily

(25) The alcohol21 did not converted to the aldehyde20 by treatment
with silica gel.

Scheme 3

Figure 3. PM3-optimized structure of ozonide2a, showing that one
side (b) of the O-O σ* orbital is blocked by the perpendicularly locked
conformation of the phenyl ring (R3)
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observed, thereby making accurate calculations of the respective
18O contents (%) in the two fragments feasible (Table 4). The
9.0%18O in the M1

+ fragment (M-CHO) and 5.0%18O in the
M2

+ fragment (PhCHO) were calculated from the method stated
in Table 3. It should be noted that only in the case of the
reduction of the ozonide2f was there no need for the
stoichiometric amounts of Fe(II). Namely, 0.5 equiv of Fe(II)
was enough to decompose the ozonide2f, although for the other
cases ca. 1 equiv of Fe(II) was indispensable for the completion
of the ozonide decomposition.

On the basis of the above-mentioned experimental results,
the reaction mechanism of ozonides2e,f with Fe(II) species is
shown in Scheme 4.

The inner-sphere reduction of peroxide linkage occurs from
the direction (b) of the less hindered O-O σ* orbital to give
the oxy radical22 (steric hindrance Ph> H). In the case of the
ozonide2e (R5 ) R6 ) H), the resulting carbon radical23e
derived from the fast C-C bond cleavage of the oxy radical
22e can dimerize to give quantitatively the dialdehyde19
together with benzoic acid3a. Thus, stoichiometric amounts
of Fe(II) were needed. In contrast, only monomeric products
20 and21 were obtained from the ozonide2f. Furthermore, a
catalytic amount of Fe(II) was enough to realize complete
decomposition of the ozonide2f. These results may suggest that
the carbon radical23f derived from the ozonide2f (R5 ) R6 )
-(CH2)4-) may be oxidized by Fe(III) or the ozonide2f itself
to give the cation24. The resulting carbocation24 can be
trapped or deprotonated to give the alcohol21′, which can be
equilibrated with the aldehyde20. The intervention of the
carbocation intermediate24 was strongly supported by the fact
that the M1

+ fragment (161, M+-CHO) contained18O atom
(18O, 9.0%) when H218O (18O, 10%) was used as a solvent.

Summary

The reaction of a wide variety of 1,2,4-trioxolanes (ozonides)
1 and2 with Fe(II)SO4 has been explored in detail. We have
found that the electrophilic peroxy bond in the ozonides was
actually reactive to Fe(II) species to afford the decomposition
products. The notable substituent effects around the peroxide
linkage on the product distributions observed in our experiments
strongly suggest that the inner-sphere electron transfer reduction

by Fe(II) species is a reasonable mechanism for the ozonide
decomposition to generate regioselectively one of the two
possible Fe(III)-complexed oxy radical species. The regiose-
lective generation of oxy radical species was proved by the18O-
tracer studies.

Experimental Section

General. 1H and 13C NMR spectra were recorded on JEOL JNM-
EX-270 or Varian UNITY INOVA-600 spectrometers.1H NMR (270
MHz) chemical shifts were reported in ppm (δ) using residual CHCl3

(δ 7.26) in CDCl3. 13C NMR (68 or 150 MHz) chemical shifts were
reported in ppm (δ) relative to the internal standard CDCl3 (δ 77.00).
IR spectra were recorded on a Hitachi 260-30 spectrophotometer. Mass
spectroscopic data were obtained by using a JEOL JNS-BX 303-HF
mass spectrometer.

18O Analysis.All 18O contents (%) were calculated from the relative
mass peak intensities of M+ and (M + 2)+, corrected for natural
abundance. The mass spectroscopic data (relative intensities) were
collected in Tables 3 and 4 as the averages of three measurements,
error(∼0.5%. Since all the products have strong parent peaks, it was
easy to determine accurately the18O contents (%) by using the following
equation:

Synthesis of Ozonides 1a-c and 2a-h. Ozonides1 and 2, except
for 1b, were prepared by the usual ozonolysis procedure of the
corresponding alkenes as reported in our previous work.8 Since the
mesityl-substituted ozonide1b could not be obtained by the usual
ozonolysis, the ozonide1b was prepared by an electron transfer
photooxygenation13 of the acid-labile 1-mesityl-5-phenyl-6-oxabicyclo-
[3.1.0]hexane, followed by the epoxidation of 1-phenyl-2-mesitylcy-
clopentene.26 Spectroscopic data for1b are as follows.

(26) Curtin, D. Y.; Bender, P. E.; Hetzel, D. S.J. Org. Chem.1971, 36,
565.

Table 3. Mass Spectral Data for Natural and18O-Labeled Samples
and the18O Contents (%)a

relative peak intensityc

natural sample 18O-labeled sample

compound M M+ 1 M + 2 M M + 1 M + 2
18O contentsb

(%)

7 100 21.4 2.34 26.5 7.91 100 77
3a 100 9.14 0.82 30.2 4.85 100 76
4 100 12.2 0.69 100 13.1 11.1 9.3
5 100 13.2 1.27 100 13.5 9.84 7.7
6 100 14.9 1.74 100 21.3 8.38 6.0
PhCO+

(105) in6
100 9.20 0.98 100 9.15 6.21 4.9

11a 100 24.5 3.28 100 27.9 72.9 39d

100 25.1 4.59 1.2e

100 24.8 4.51 1.1f

20 100 14.5 1.18 100 17.0 5.70 4.3

a Mass (EI, 70 eV) spectroscopic data were measured by using a
JEOL JNS-BX-303-HF spectrometer.b 18O contents (%)) [(M + 2)/
(M + (M + 2))labeled- (M + 2)/(M + (M + 2))natural] × 100. c Average
values, after three trials. The highest peak was normalized to 100% as
a standard.d The 18O content (%) was for11a obtained in the Fe(II)-
induced reduction of18O-2a (18O, 77%).e The value was for11a
obtained from the reduction of2a in H2

18O(18O, 10%).f The value was
for the recovered11a, after the nonlabeled11awas treated with Fe(III)
in H2

18O (18O, 10%).

Scheme 4

18O content (%)) [(M + 2)/(M + (M + 2))labeled- (M + 2)/

(M + (M + 2))natural] × 100
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1-Mesityl-5-phenyl-6,7,8-trioxabicyclo[3.2.1]octane (1b). 1H NMR
(270 MHz, CDCl3) δ 1.91-1.98 (m, 1 H), 2.09-2.33 (m, 4 H), 2.25
(s, 3 H), 2.47-2.58 (m, 1 H), 2.49 (s, 6 H), 6.85 (s, 2 H), 7.35-7.40
(m, 3 H), 7.53-7.58 (m, 2 H);13C NMR (68 MHz, CDCl3) δ 17.59,
20.60, 22.90, 33.25, 33.37, 108.41, 113.71, 125.68, 128.23, 129.16,
130.46, 132.33, 135.62, 136.51, 137.47. Anal. Calcd for C20H22O3: C,
77.39; H, 7.14. Found: C, 76.99; H, 7.04.

Synthesis of18O-Labeled Ozonides 1a and 2a.18O-labeled ozonide
1a and2a were prepared by an electron transfer photooxygenation13

of the corresponding18O-labeled epoxides, which were prepared by
the epoxidation of the alkenes by using18O-labeledm-CPBA. 18O-
labeledm-CPBA was prepared fromm-chlorobenzoyl chloride and18O-
labeled hydrogen peroxide.27 Total yields of18O-1a and2a from the
alkenes were 20% (123 mg) and 6% (58 mg), respectively. The contents
(%) of 18O-atom in ozonides1aand2awere estimated from the content
(%) calculated for the epoxide18O-7; see Table 3.

Reaction of Ozonides 1 and 2 with FeSO4•7H2O, a General
Procedure. To a stirred solution of ozonide (typically 1 mmol) in
degassed THF (20 mL) was added a degassed solution of FeSO4 in
distilled water (10 mL) under argon atmosphere at room temperature
(ca. 20 °C). The neutral products were separated by using column
chromatography on silica gel. The acidic products were extracted from
the reaction mixture by aq NaHCO3, and then the acids were obtained
by Et2O after the acidification of the aqueous solution. The products
and yields were reported in the text. Except for the commercially
available compounds3a, 4, and 5, the known compounds3b,28 6,29

11a-d,8 12b,30 19,31 and2032were characterized by the comparison of
the 1H and 13C NMR with those of the authentic samples reported
previously. The spectroscopic data for the new compounds,12a,c,d
and21, obtained in this study are as follows.

3,4-Dihydro-3-hydroxy-3-phenyl-1H-2-benzopyran-1-one (12a). White
powder; mp 162-163 °C; 1H NMR (270 MHz, CDCl3) δ 4.70 (s, 2
H), 7.25-7.27 (m, 1 H), 7.36-7.60 (m, 5 H), 8.00-8.12 (m, 3 H);13C
NMR (68 MHz, CDCl3) δ 46.05, 127.33, 128.15, 129.25, 129.66,
131.48, 132.22, 133.33, 133.89, 134.16, 138.63, 170.27, 200.05; IR
(KBr) 3500, 1700, 1580, 1420, 1310, 1280, 760 cm-1; Anal. Calcd for
C15H12O3: C, 74.99; H, 5.03. Found: C, 74.92; H, 5.10.

3,4-Dihydro-4,4-dimethyl-3-hydroxy-1H-2-benzopyran-1-one (12c).
An oil; 1H NMR (270 MHz, CDCl3) δ 1.37 (s, 3 H), 1.42 (s, 3 H),
5.35 (d,J ) 4.0 Hz, 1 H, OH), 5.53 (d,J ) 4.0 Hz, 1 H), 7.35-7.43
(m, 2 H), 7.59-7.65 (m, 1 H), 8.08-8.11 (m, 1 H);13C NMR (68
MHz, CDCl3) δ 21.96, 26.74, 38.33, 102.12, 123.27, 124.76, 127.12,
130.15, 134.61, 146.56, 165.43; IR (liquid film) 3400, 2950, 1710, 1260,
980 cm-1; HRMS (EI) calcd for C11H12O3 192.0786, found 192.0787.

3,4-Dihydro-3-hydroxy-4-methyl-1H-2-benzopyran-1-one (12d). White
powder; mp 51-52 °C; 1H NMR (270 MHz, CDCl3) δ 1.39 (d,J )
7.0 Hz, 3 H), 3.14-3.36 (m, 1 H), 5.70-5.82 (m, 1 H), 7.31-7.94
(m, 3 H), 8.07-8.12 (m, 1 H); IR (KBr) 3350, 2950, 1710, 1280, 960
cm-1. Anal. Calcd for C10H10O3: C, 67.41; H, 5.66. Found: C, 67.29;
5.45.

1,3-Dihydro-1-hydroxy-3-spiro-1′-cyclopentylisobenzofuran (21). White
powder; mp 95-96 °C; 1H NMR (270 MHz, CDCl3) δ 1.83-2.15 (m,
8 H), 3.56 (d,J ) 7.6 Hz, 1 H), 6.41 (d,J ) 7.6 Hz, 1 H), 7.16-7.72
(m, 4 H); 13C NMR (68 MHz, CDCl3) δ 24.87, 40.86, 95.69, 99.64,
120.56, 122.70, 127.78, 129.45, 139.21, 145.59; IR (KBr) 3200, 2950,
1460, 1000 cm-1; HRMS (EI) calcd for C12H14O2 (M+) 190.0994, found
190.0997. Anal. Calcd for C12H14O2: C, 75.76; H, 7.42. Found: C,
75.58; H, 7.49.
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Table 4. Mass Spectroscopic Data for 21 and Its Fragment Speciesa

natural sample labeled samplestructure of
molecular ions M M+ 1 M + 2 M M + 1 M + 2 M + 3 M + 4

18O contentsb
(%)

100 13.3 0.75 100 15.2 11.5 1.17 0.20

100 13.2 1.42 100 15.7 11.6 9.0

100 13.2 2.95 100 13.7 7.95 5.0

a Mass (EI, 70 eV) spectroscopic data were measured by using a JEOL JNS-BX-303-HF spectrometer.b 18O contents (%)) [(M + 2)/(M + (M
+ 2))labeled - (M + 2)/(M + (M + 2))natural] × 100.
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