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Abstract: Ozonation of norcarane (1) yielded endo and exo
norcarane hydrotrioxides (2a, 2b), as characterized by 1H
and 13C NMR spectroscopy. Further ozonation of the primary
decomposition products of these hydrotrioxides, i.e., 2-nor-
caranols (3), produced the corresponding isomeric 2-nor-
caranol hydrotrioxides (4a, 4b), and hydrogen trioxide
(HOOOH).

During the past 2 decades, research on polyoxides has
intensified.1 Hydrogen trioxide (HOOOH) and its organic
derivatives, i.e., alkyl hydrotrioxides (ROOOH), are cur-
rently at the focus of intense investigations. Namely,
these species have recently been shown unambiguously
to be involved as unstable intermediates in the low-
temperature ozonation of alcohols and ethers by using
17O-enriched ozone (17O NMR).2 Recent research even
showed that hydrogen trioxide is most likely produced
in biological systems from singlet oxygen and water by
antibodies,3 as well as in the reactions of hydrogen
peroxide with ozone (peroxone chemistry).4

We have recently reported experimental and theoreti-
cal evidence for the formation of alkyl hydrotrioxides
(ROOOH) and hydrogen trioxide (HOOOH) in the ozo-
nation of some saturated hydrocarbons, i.e., cumene and
triphenylmethane.5

In this work we report for the first time an unambigu-
ous structural assignment of endo/exo isomerism in
norcarane and norcaranol hydrotrioxides. The possibility
of structural isomerism in norcarane hydrotrioxide has

already been proposed by de Meijere at al.,1b,6 but no
detailed structural assignment could be made at that
time.

Low-temperature ozonation of norcarane (1)7,8 (0.3-
0.8 M) in acetone-d6, methyl acetate, and tert-butyl
methyl ether at -78 °C produced two isomeric alkyl
hydrotrioxides (2a and 2b), characterized by a typical
OOOH 1H NMR absorptions at δ ) 13.29 and 13.39 ppm
downfield from TMS (-60 °C, acetone-d6) in molar ratio
1:0.06 (Figures 1 and 2).9

The structural assignment of the hydrotrioxide absorp-
tions of isomers 2a and 2b was confirmed by the
corresponding signals in the aliphatic region of the 1H
NMR spectra, two sets of signals in the 13C NMR spectra,
and by 2D NMR (HMQC, NOESY) correlation (Table 1.
See also Supporting Information).10

Besides the corresponding OOOH absorptions of 2a
and 2b, still another downfield absorption at δ ) 13.46
ppm (-60 °C, acetone-d6, TMS) was observed in the 1H
NMR spectra (Figure 1). This hydrotrioxide absorption
was assigned to HOOOH on the basis of 1H NMR spectra
of independently prepared samples of this polyoxide.11,12

Our previous studies of the ozonation of isopropyl
alcohol2 showed the formation of significant amounts of
HOOOH in these reactions. We suspected, therefore, that
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the presence of HOOOH in the reaction mixtures after
the ozonation of norcarane (1) was the result of further
ozonation of 2-norcaranol (3), which was formed as the
primary decomposition product of 2a and 2b. Therefore,
we have studied the ozonation of pure endo-2-norcaranol
(3a)13a and found that in this reaction HOOOH was

indeed formed (in addition to 4b) as the main reaction
product. For comparison, ozonation of mixtures of endo-
and exo-2-norcaranol (3a:3b ) 65:35)13b produced HOOOH
as the main reaction product also14-16 (Figures 3 and 4,
Table 1).

To additionally confirm the identity of the species
under investigation, we have studied the kinetics of the
decomposition of 4a, 4b, and HOOOH by following the
disappearance of the corresponding OOOH absorptions.
We found that hydrotrioxides 4a and 4b decomposed at
approximately the same rate (first-order kinetics [k1 (-25
°C), 4a, 0.43 × 10-4 s-1; 4b, 0.48 × 10-4 s-1 (OOOH); 4a,
0.35 × 10-4 s-1; 4b, 0.40 × 10-4 s-1 (H1-cyclopropyl ring,);
Ea ) 21.0 ( 1.5 kcal mol-1 (22.0 ( 1.5 kcal mol-1, with
radical inhibitor, see Supporting Information); log A )
13.5 ( 1.0 (14.2 ( 1.0); temperature range from -25 to
0 °C, acetone-d6]), while the kinetics of the decomposition
of HOOOH was in agreement with our previous kinetic
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be due to the interaction of the electrophilic ozone with the “nucleo-
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Pupowicz, D. Tetrahedron Lett. 1997, 38, 7349. (b) 2-Norcaranol (3)
was prepared as a mixture of 3a and 3b from LAH reduction of
2-norcaranone (6). For preparation of 6, see: Dauben, E. G.; Berezin,
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(15) Molar ratio HOOOH, 4a:4b ) 1.0:0.20:0.16.
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nols 3a and 3b and norcaranone (6), whereas norcaranol hydrotrioxides
(4a, 4b) yielded 6 as the end decomposition product. Oxygen and
hydrogen peroxide were also detected among the decomposition
products. (b) It should be pointed out that water was always present
in the ozonized solutions of norcarane and 2-norcaranols, most likely
due to the reaction of ozone with the hydrotrioxides 2a, 2b, 4a, 4b,
HOOOH, and HOOH.2a,b,4 (c) For the proposed mechanism of the
decomposition of the hydrotrioxides of saturated hydrocarbons, alco-
hols, and HOOOH, see refs 2, 4, 5, and 11.

FIGURE 1. Isomeric hydrotrioxides formed in the ozonation
of norcarane (1).

FIGURE 2. Segment of the 1H NMR spectrum of the ozonized
solution of norcarane (1) in acetone-d6 (0.5 M) at - 60 °C.

TABLE 1. Selected 1H and 13C NMR Chemical Shifts of
Isomeric Hydrotrioxides of Norcarane (2a and 2b) and
Some Homologous Compounds in Acetone-d6 at -60 °Ca

1H NMR 13C NMR

C(2)-R C(2)-H C(2)

(species) R endo exo endo exo endo exo

(2) OOOHb,c 13.29 13.39 4.93 4.69 77.02 77.42
(5) OOH 11.10 11.35 4.41 4.14 79.70 80.54
(3) OH 5.46 5.74 4.22 4.07 67.15 67.03

a Values in ppm downfield from the internal standard TMS.
b 2a, 0.02-0.05 M. c 1H NMR chemical shifts for C(2)-OOOH
absorptions for 2-norcaranol hydrotrioxides (4): 13.28 (endo, 4a),
13.43 (exo, 4b), and for the accompanying C(2)-OH absorptions:
6.35 (4a) and 6.32 (4b). 13C NMR chemical shifts for C(2)
absorptions: 105.22 (endo, 4a) and 105.24 (exo, 4b); (4a and 4b),
0.02-0.04 M.

FIGURE 3. Isomeric hydrotrioxides formed in the ozonation
of 2-norcaranol (3).

FIGURE 4. Segment of 1H NMR spectrum of the ozonized
solution of 2-norcaranol (3) in methyl acetate (0.2 M) at -20
°C.
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results on this polyoxide [k1 (-25 °C), 0.60 × 10-4 s-1, Ea

) 17.2 ( 0.5 kcal mol-1 (17.7 ( 0.5 kcal mol-1), log A )
10.8 ( 0.5 (11.2 ( 0.5), temperature range from -25 to
0 °C, acetone-d6]. Although the measurements of the
decomposition of 2b were somewhat less accurate than
those for 2a [k1 (-25 °C), 3.87 × 10-4 s-1, Ea ) 13.5 (
1.0 kcal mol-1 (12.2 ( 0.5), log A ) 8.5 ( 0.5 (7.9 ( 0.5),
temperature range from -35 to - 10 °C, acetone-d6],
it was obvious that both species decomposed with ap-

proximately the same rate also (Tables S1 and S2 in
Supporting Information).17
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(17) The hydrotrioxides 4a and 4b are more stable than hydrotri-
oxides 2a and 2b, most probably because of a possibility of intramo-
lecular hydrogen bonding in the former. See ref 2c.
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