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ABSTRACT

Ozonolysis of alkenes in the presence of amine N-oxides results in the direct formation of aldehydes. This reaction, which appears to involve
an unprecedented trapping and fragmentation of the short-lived carbonyl oxide intermediates, avoids the hazards associated with generation
and isolation of ozonides or other peroxide products.

Although ozonolysis of alkenes to produce carbonyl com-
pounds is a traditional and powerful synthetic transforma-
tion,1,2 its utility is often limited by safety concerns.3 The
1,2,4-trioxolane (ozonide) products are typically capable of
spontaneous and exothermic decomposition, yet are often
reduced slowly by mild reducing agents;4 their persistence
following incomplete reduction has resulted in explosions.5

We sought a new approach to alkene ozonolysis that would
avoid generation or accumulation of peroxide products.6 We

now report a “reductive ozonolysis” based upon capture and
directed fragmentation of carbonyl oxides by amineN-oxides.

Cycloaddition of ozone with an alkene furnishes a 1,2,3-
trioxolane (primary ozonide), which undergoes low-temper-
ature cycloreversion to carbonyl oxide and carbonyl frag-
ments. Carbonyl oxides are reactive intermediates able to
enter into a number of reaction pathways,7-9 including
cycloaddition with an aldehyde or ketone to form 1,2,4-
trioxolanes (ozonides), addition of unhindered protic nu-
cleophiles, or oligomerization. Our goal was the discovery
of reagents capable of intercepting and reducing carbonyl
oxides during a typical ozonolysis reaction (Scheme 1,
illlustrated for aprotic conditions).

A report describing the production of adipaldehyde upon
ozonolysis of cyclohexene in the presence of Et3N drew our
attention to the potential of tertiary amines as reductants.10
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Scheme 1. Overview of Alkene Ozonolysis
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As a model system, we selected ozonolysis of decene.11

Terminal alkenes are common ozonolysis substrates; more-
over, the rapid cycloaddition of the derived aldehyde
O-oxide/formaldehyde pair provides a realistic benchmark
against which to measure the efficacy of a reductant.12

Ozonolysis of decene in the presence of triethylamine,
N-methylmorpholine, or other tertiary amines did in fact
produce nonanal as the major product but invariably con-
taminated with 10-30% of residual ozonide.

Several observations led us to question whether the amines
were the actual reducing agents. First, in contrast to a typical
alkene ozonolysis, reactions were accompanied by intense
fuming persisting for a period proportional to the amount of
added amine; during this interval, we observed little forma-
tion of ozonide or aldehyde (TLC or NMR of quenched
aliquots). Second, ozonolysis of solutions of amines resulted
in similar fuming. Third, addition of decene to a solution of
ozone-treated amine, followed by resumption of ozonolysis,
afforded nonanal as the major product. Amines are known
to react efficiently with ozone, and we began to suspect that
the active reagents might be amine oxides generated in situ.13

We therefore reinvestigated ozonolysis of 1-decene in the
presence of stoichiometricN-methylmorpholineN-oxide
(NMMO). The reaction proceeded without fuming to furnish,
after concentration and chromatography, a high yield of
nonanal and no detectable ozonide (Table 1).

The use of excess NMMO resulted in a slightly improved
yield of aldehyde. Reduction was also achieved using
pyridineN-oxide or DABCON-oxide.14,15 The method was
also effective for ozonolysis of methyl oleate, a 1,2-
disubstituted alkene.

The formation of aldehydes could in theory result from
reaction of the amine oxides with the primary ozonide, the
carbonyl oxide, or the ozonide. However, the product
distributions obtained for ozonolysis of decene, decene and
methanol, or decene and methanol and NMMO, suggest a
competition for the carbonyl oxide (Table 2). Methoxy-

decene, which undergoes ozonolysis via the same nonanal
O-oxide intermediate but cannot easily form an ozonide,7

also furnishes mainly nonanal upon reaction in the presence
of NMMO (not shown).

NMMO does promote a slower base-promoted fragmenta-
tion of decene ozonide to furnish a 1:1 mixture of nonanal
and formate; an analogous reaction is known for amines.16

This fragmentation is a minor contributor to the formation
of aldehyde during ozonolysis in the presence of amine
oxides, as the crude reaction mixtures consistently featured
ratios of aldehyde/formate> 4:1. However, the base-
promoted process may serve to scavenge traces of residual
ozonide. For example, if the crude reaction mixture from
ozonolysis of decene and NMMO is washed with pH 6 buffer
prior to concentration and purification, a small amount (up
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Table 1. Ozonolysis in the Presence ofN-Oxides (eq 1)

substrate N-oxide (equiv)
aldehyde
(yield, %)a

ozonide
(yield, %)a

1 none trace 1c (90)
1 NMMO (1.0) 1a (88)
1 NMMO (3.0) 1a (94)
1 NMMO (5.0) 1a (94)
1 pyridine N-oxide (5.0) 1a (78)
1 DABCO N-oxide (5.0) 1a (79)
2 NMMO (1.0) 1a (74)

2b (96)

a Isolated yields.

Table 2. Competition Reactions (eq 2)

additive(s) 1a (%) 1d (%) 1c (%)

none 90-95
MeOH (1 equiv) trace 66 10
MeOH (1 equiv) + 70 20 trace

NMMO (1 equiv)
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to 7%) of ozonide is isolated. In the presence of three or
more equivalents of NMMO, no ozonide is observed
regardless of workup procedure, suggesting that capture of
the carbonyl oxide is complete at the higher reagent
concentration.

To our knowledge, there is no precedent for the observed
fragmentation. The most likely mechanism involves nucleo-
philic addition of the amine oxide to the carbonyl oxide to
generate an unstable zwitterion, which fragments to liberate
aldehyde, dioxygen, and amine (Scheme 2). In the presence

of ozone, the liberated amine undergoes oxidation to
regenerate both amine oxide as well as cleavage products
derived from side-chain oxidation,13,17 accounting for our

initial results with trialkylamines as well as the superiority
of the amine oxides as reagents.

Finally, the in situ reduction holds obvious potential for
tandem reaction sequences; an unoptimized example is
illustrated in eq 3.

In summary, we have demonstrated a protocol for “reduc-
tive“ ozonolysis in the presence of amine oxides. This
reaction, the first example of a new class of transformations
harnessing the reactivity of carbonyl oxides, offers a safer
approach to alkene ozonolysis. Further investigations into
the scope, mechanism, and synthetic utility of this transfor-
mation are in progress.
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Scheme 2. Proposed Mechanism for Fragmentation
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