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moiety for four C–O bonds and
a peroxide: combining ozone and O-nucleophiles
for peroxidative ring expansion of cycloalkenes into
medium-sized 1,2-dioxacycloalkanes

Roman A. Budekhin, a Dmitri I. Fomenkov, a Alexander O. Ustyuzhanin, a

Darya Yu. Sliguzova, a Ksenia V. Skokova, a Vera A. Vil', a Igor V. Alabugin *b

and Alexander O. Terent'ev *a

Despite the long and rich history of C]C double bond ozonolysis, ozonolysis of cyclic alkenes has generally

been limited to the formation of ring-opening products and fragmentary evidence of unstable ozonide

formation. We present a non-orthodox cycloalkene ring expansion reaction involving ozone and O-

nucleophiles, which results in the formation of medium-sized peroxycycles. The mechanism is governed

by a delicate balance: the cyclic structure of the substrate dictates conformational restrictions in the

generated carbonyl oxide intermediate that kinetically retard the rapid [3 + 2] cycloaddition between the

carbonyl and carbonyl oxide groups, enabling competitive trapping of the carbonyl oxide intermediate

by an external O-nucleophile. Some of the synthesized peroxides exhibit ring-chain tautomerism,

existing in either a hydroperoxide or a cyclic peroxy hemiacetal form. The use of hydroperoxides as O-

nucleophiles leads to compounds containing both cyclic and exocyclic peroxide fragments. Additionally,

these unique bisperoxides demonstrate intriguing reactivity, undergoing a highly selective rearrangement

under basic conditions, which affects only one of the peroxide fragments. The developed peroxidative

ring expansion of cycloalkenes via ozonolysis broadens the synthetic potential of classical ozonolysis and

provides new pathways for constructing structurally diverse peroxides and polyfunctionalized products

of their transformation.
Introduction

Cyclic organic peroxides have added a new dimension to
medicinal chemistry serving as a valuable source of novel
therapeutic agents. A landmark example is the antimalarial
compound artemisinin, whose discovery led to the Nobel Prize
in 2015,1 along with its semi-synthetic analogues (Scheme 1).2–5

Today, cyclic peroxides are widely recognized for their phar-
maceutical and agrochemical potential, exhibiting a broad
spectrum of biological activities including antiparasitic,6

growth-regulating,7 anticancer,8 and fungicidal.9,10 The
synthesis of various peroxide-containing molecular architec-
tures remains an unresolved challenge, primarily due to the
intrinsic lability of the O–O bond. This sensitivity necessitates
the development of innovative synthetic strategies. A direct and
versatile approach for constructing cyclic peroxides from readily
available molecules such as cycloalkenes, alcohols,
istry, Russian Academy of Sciences, 47

Federation. E-mail: terentev@ioc.ac.ru

, Florida State University, Tallahassee, Fl

u

21814
hydroperoxides, carboxylic acids, and ozone would be highly
desirable. Such an approach would not only streamline access
to structurally complex peroxides but also expand their
Scheme 1 Pharmaceutically relevant cyclic peroxides and the di-
sclosed medium-sized 1,2-dioxacycloalkanes.
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applications across pharmaceutical, agrochemical, and mate-
rials sciences.11

Ozonolysis of alkenes is a well-established method of
synthesizing ozonides (1,2,4-trioxolanes), and the broad range
of carbonyl derivatives including carbonyls,12,13 alcohols,14,15

acetals,16 and carboxylic acids17 (Scheme 2a).18 Recently, Kwon
and co-workers developed strategies for combining alkene
ozonolysis with alkoxyl radical-driven transformations of
ozonides, offering access to a variety of high-value products.19–23

Ozonolysis of cyclic alkenes has generally been limited to the
formation of ring-opening products, such as dicarbonyls and
dicarboxylic acids, with only fragmentary evidence for the
transient formation of unstable ozonides (Scheme 2b).24–26 In
this work, we report a peroxidative ring expansion of cyclo-
alkenes achieved through the combined action of ozone and O-
nucleophiles, enabling the incorporation of up to four or ve
oxygen atoms in a one-pot transformation (Scheme 2c).

The mechanism of organic peroxide synthesis via alkene
ozonolysis involves the generation and subsequent trans-
formation of the highly reactive carbonyl O-oxide, also known as
the Criegee intermediate (CI). This key species can undergo
nucleophilic capture or cycloaddition reactions to yield
a diverse array of peroxide-containing products.27 The Criegee
intermediate is known to react with various nucleophiles,
including water,28 alcohols,27,29,30 amines and ammonia,31

hydrogen peroxide32 or hydroperoxides,33–35 and carboxylic
acids,36 leading to hydroperoxides with different substituents.
The CI can also participate in cycloaddition processes to form
cyclic peroxides, for example classic ozonides and their N-
analogues (Scheme 2a).37–39 A special case involves dimerization
of carbonyl O-oxides.40,41
Scheme 2 Alkene ozonolysis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
The reactivity of carbonyl oxides, which are formed in ozo-
nolysis of cycloalkenes, is much less predictable because these
intermediates retain an additional carbonyl group in the same
molecule (Scheme 2b). On one hand, one could expect that this
feature will predispose the intermediate to undergo an intra-
molecular [3 + 2] cycloaddition, leading to the formation of
a secondary cycloalkene ozonide. However, in practice, such
ozonides are typically observed only as minor by-products likely
due to their twisted and strained transition state (Scheme 2b).
The majority of the substrate is oen diverted into the forma-
tion of complex mixtures of oligomeric peroxides, making
selective synthesis difficult.42

To date, selective formation of peroxides via cycloalkene
ozonolysis has been reported only in a limited number of
studies.43,44 Notably, McCullough and colleagues42,45,46 demon-
strated the formation of well-dened peroxides, including
indene ozonides, isochromanes, alkoxyhydroperoxides, and, in
rare cases, dioxepanes by performing indene ozonolysis in the
presence of alcohols. However, attempts to extend this meth-
odology to substituted cyclopentenes resulted in complex
mixtures of peroxidic species, with little selectivity.47

In this study, we report the development of a selective three-
component reaction for the construction of structurally diverse
cyclic peroxides via the ozonolysis of cycloalkenes in the pres-
ence of O-nucleophiles (Scheme 2c). A key mechanistic insight
is that the intramolecular addition of the carbonyl group to the
carbonyl oxide, typically a rapid and favoured pathway, is
signicantly slowed by conformational constraints imposed by
the cyclic substrate. This kinetic suppression allows the nor-
mally fast [3 + 2] cycloaddition to be interrupted, enabling
interception of the carbonyl oxide intermediate by an external
O-nucleophile.

This strategy provides controlled access to peroxide frame-
works featuring both endocyclic and exocyclic O–O linkages,
greatly expanding the synthetic repertoire of structurally diverse
cyclic peroxides that are otherwise challenging to obtain
through conventional methods.

Results and discussion

Caution: although we have encountered no difficulties in working
with the peroxides described below, the proper precautions, such as
the use of shields, fume hoods, and the avoidance of transition
metal salts, heating and shaking, should be taken whenever
possible.

Our initial experiments demonstrated that ozonolysis of
cyclopentene 1a predominantly leads to the formation of olig-
omeric peroxides, accompanied by only a minor amount of
secondary ozonide 1ab (Scheme 3a). The addition of tert-butyl-
hydroperoxide (TBHP) led to the formation of a cyclic peroxide
2a with two different peroxide fragments—one endocyclic and
one exocyclic—in 40% yield (Scheme 3b).

Control experiments conrmed that 2a is not formed via
transformation of the secondary ozonide 1ab or from any other
peroxide species generated during the ozonolysis of cyclo-
pentene alone (Scheme 3c), supporting a mechanistic pathway
in which TBHP directly traps the carbonyl oxide intermediate.
Chem. Sci., 2025, 16, 21806–21814 | 21807
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Scheme 3 Initial experiments on cyclopentene ozonolysis.
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The reaction conditions for the synthesis of cyclic peroxide
2a were optimized (Table 1). Increasing the amount of TBHP up
to 5 equivalents relative to 1a led to a substantial improvement
in yield, reaching 77% (entries 1–3). Further addition of TBHP
had only a marginal effect (78% yield, entry 4). Substituting 70%
aqueous TBHP with anhydrous TBHP (see the SI) further
enhanced the yield to 88% (entry 5), likely due to the suppres-
sion of competing carbonyl oxide trapping by water.
Table 1 Optimization of the reaction conditions for the synthesis of
2aa

No. O3, eq. min−1 TBHP, eq. T, °C Solvent (mL)
Yield of 2a,
%

1 2/8 A, 1 −70 CH2Cl2 (12.5) 40
2 2/8 A, 3 −70 CH2Cl2 (12.5) 67
3 2/8 A, 5 −70 CH2Cl2 (12.5) 77
4 2/8 A, 10 −70 CH2Cl2 (12.5) 78
5 2/8 B, 5 −70 CH2Cl2 (12.5) 88
6 2/8 B, 5 −70 CH2Cl2 (25) 85
7 2/8 B, 5 −70 CH2Cl2 (6) 86
8 2/8 B, 5 −70 EtOAc (12.5) 38
9 2/8 B, 5 −70 nBuOAc (12.5) 47
10 2/8 B, 5 −70 PE (12.5) 49
11 2/8 B, 5 −70 nHexane (12.5) 55
12 2/8 B, 5 −70 THF (12.5) 34
13 2/8 B, 5 −10 CH2Cl2 (12.5) 52
14 4/8 B, 5 −70 CH2Cl2 (12.5) 89
15b 1/8 B, 5 −70 CH2Cl2 (12.5) 69
16 2.5/24 B, 5 −70 CH2Cl2 (12.5) 80

a General conditions: a stream of O3 with O2 (100 mg O3 per L of gas
mixture) was passed through a solution of cyclopentene 1a (1.0 mmol,
68.1 mg) and TBHP (A: 70% aq. B: anhydrous; 1.0–10.0 eq., 1.0–10.0
mmol) cooled to −70 °C in the indicated solvent (6–25 mL) for 8–24
min with stirring (1.0–4.0 mmol O3 per mmol of 1a). Isolated yield.
b Conv. of 1a is 85%.

21808 | Chem. Sci., 2025, 16, 21806–21814
Variation in the concentration of cycloalkene 1a had
a negligible impact on the yield of 2a (entries 6–7). In contrast,
changing the solvent from CH2Cl2 to ethyl acetate, butyl acetate
(entries 8–9), petroleum ether (entry 10), hexane (entry 11), or
THF (entry 12) resulted in signicantly lower yields, with
reductions of 30–50%. Performing the ozonolysis at a higher
temperature also led to a decrease in the yield of 2a (entry 13).

Finally, variation of the ozonolysis parameters, including
ozone quantity, ozone concentration in the gas stream, ow
rate, and reaction time, did not lead to further improvements in
the yield of 2a (entries 14–16), indicating that the reaction is
more sensitive to solvent and nucleophile identity than to ozone
delivery conditions.

With the optimal reaction conditions established (Table 1,
entry 5), we investigated the scope of cycloalkenes amenable to
selective cyclic peroxide assembly via ozonolysis in the presence
of TBHP (Scheme 4). The cycloalkenes 1a–d have been demon-
strated to be effective substrates affording the corresponding
cyclic peroxides 2a–2d, including tert-butylperoxy dioxepanol
(2a), dioxocanol (2b), dioxecanol (2c), and di-
oxacyclotetradecanol (2d), in high yields ranging from 75% to
92%.

Substitution of TBHP with cumyl hydroperoxide (CUHP) led
to the formation of three-component condensation products
3a–3d in similarly high yields (79–89%). The use of methanol as
the O-nucleophile also proved effective, giving rise to perox-
idative ring expansion products 4a–4d in 75–89% yields.
Scheme 4 Aliphatic cycloalkene ozonolysis in the presence of O-
nucleophiles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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All compounds 2–4 exhibited ring-chain tautomerism, as
determined by 1H NMR spectroscopy in CDCl3 and DMSO-d6
(Scheme 4). For example, compound 3a exists predominantly in
the cyclic form (96%), with only 4% linear form, and this ratio
remained unchanged in DMSO-d6, benzene-d6, and CDCl3 (see
the SI). Additionally, thermal stability studies on 2c demon-
strated that the cyclic-to-linear ratio remained constant aer
heating at 60 °C for 45 minutes (see the SI), conrming the
congurational stability of the tautomeric equilibrium under
these conditions.

Application of our approach to the ozonolysis of norbornene
1e resulted in the successful synthesis of bicyclic peroxides 2e
and 4e in good yields of 68% and 72%, respectively (Scheme 5).
The methodology also proved effective with other O-nucleo-
philes: AcOH afforded product 5a, and H2O2 gave 6b.
Scheme 5 Ozonolysis of different cycloalkenes in the presence of
various O-nucleophiles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Interestingly, using a gem-bishydroperoxide as the nucleo-
phile did not yield a cyclic peroxide but instead furnished
a substituted pyran 7a with three exocyclic peroxide moieties.
Ozonolysis of 1-phenylcyclohexene 1f and (+)-a-pinene 1i in the
presence of O-nucleophile (TBHP and MeOH, respectively) gave
hydroperoxy-substituted ketones 2f and 4i, rather than cyclic
products. On the other hand, ozonolysis of indene 1g with
TBHP led to two distinct cyclic products: hydro-
peroxyisochromane 2g in 37% yield, and tert-butylperoxy di-
oxepinol 2g0 in 30% yield (Scheme 5). Notably, the formation of
the secondary indene ozonide or other isomeric forms of di-
oxepinol was not observed. As anticipated, ozonolysis of indene
in MeOH led to a mixture of two structural isomers of m-
ethoxydioxepinols 4g and 4g0, conrming the structures
proposed for them by McCullough and colleagues.45

In the case of indole 1h, only trace amounts of peroxide 2h
were detected, likely due to its instability in solution at room
temperature and its decomposition during silica gel chroma-
tography. The major product of the ozonolysis of indole 1h in
the presence of hydroperoxides was identied as N-(2-for-
mylphenyl)formamide 2h0.

Almost all synthesized peroxide compounds 2–7 exist
predominantly in their cyclic form in solution, with the excep-
tion of 2f, 3c, and 3d. Compounds 3c and 3d exhibit an
approximately 1 : 1 ratio of cyclic to linear isomers, while 2f
exists exclusively in the linear form. In contrast, the peroxides
derived from ozonolysis of indene, i.e., 2g, 2g0, 4g, and 4g0, were
found to exist entirely in the cyclic form.

To evaluate the inuence of chain length and nucleophile
identity on the tautomeric equilibrium of peroxides 2a–
d through 4a–d and 20a–d through 40a–d, the energy differences
between their linear and cyclic forms were estimated (Scheme
6). We found that, as the ring size increases from 7-membered
(a) to 10-membered (c) structures, the linear form becomes
increasingly thermodynamically favorable. This trend is
consistent with a rise in ring strain, which promotes ring
Scheme 6 Ratio of cyclic and linear forms of compounds 2a–d, 3a–d,
and 4a–d after column chromatography (by 1H NMR, A) and DG of the
cycle opening (by DFT, B).

Chem. Sci., 2025, 16, 21806–21814 | 21809
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Scheme 8 The selective rearrangement of peroxides 2 into u-
oxoperesters 9.
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opening and increases the proportion of the linear tautomer.
Both theoretical predictions and experimental data indicate
that 10-membered rings are among the most prone to ring-
opening. Interestingly, our exploratory calculations suggest that
for 14-membered rings, the cyclic form should be thermody-
namically more stable. However, the experimentally observed
ratios of cyclic and linear forms in 10- and 14-membered
systems showed only a minor difference. This is not surprising
since conformational preferences of medium size cyclic systems
are known to be complex and require much more advanced
modelling that would take into account the ensemble of nearly
isoenergetic conformations.48–50 Such analysis goes beyond the
scope of the present work.

In order to ascertain the inuence of the acidity of the
medium on the ratio of isomers, a series of experiments was
conducted (Scheme 7). Initially, a substoichiometric quantity of
p-TsOH (0.25 mol of p-TsOH per mol of 2c) was added to the 2c
peroxide solution in DMSO-d6. Over the rst ten minutes, this
resulted in a notable increase in the amount of the linear form
to 55%. Furthermore, it has been demonstrated that peroxide
4a treated with a small excess of BF3$Et2O (1.50 mol BF3$Et2O
per mol of 4a) in CH3OH forms a mixture of 1,1,5,5-tetra-
methoxypentane 8a and 1-hydroperoxy-1,5,5-tri-
methoxypentane 8b in yields of 38 and 16%, respectively.

A selective rearrangement of peroxycycles 2 into u-oxoper-
esters 9 was achieved under mild conditions (Scheme 8). The
process proceeds smoothly under the treatment with CsCO3 in
DMSO, resulting in the formation of u-oxoperesters 9a–d,
a rather rare class of compounds, in 81–99% yields. Despite the
presence of two peroxide fragments in the molecules 2a–d, the
rearrangement proceeds in a surprisingly selective manner,
affording the u-oxoperesters 9a–d as the sole products in near-
quantitative yields.

Building on the successful conversion of our cyclic peroxides
into u-oxoperesters 9a–d (Scheme 8), the reactivity of this
bifunctional moiety was investigated. The condensation reac-
tions between u-oxoperester 9a and pharmaceutically relevant
13,17-secoestra-1,3,5(10)-trien-17-oic acid hydrazide 110 or N-
Scheme 7 Transformations of synthesized peroxides under acidic
conditions.

21810 | Chem. Sci., 2025, 16, 21806–21814
phenylhydrazinecarboxamide 100 (ref. 51) were successful and
proceeded with the preservation of the peroxide fragment
(Scheme 9). The condensation products 10a and 11a were
successfully obtained in good yields (64 and 79%, respectively).
Consequently, the developed method for the synthesis of cyclic
peroxides, coupled with their transformations, provides
a foundation for the synthesis of various linkers for the modi-
cation of biologically active compounds.
Scheme 9 Synthetic applications of cyclic peroxide 2a.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Based on control experiments and literature data, we have
proposed a pathway for the synthesis of cyclic peroxide 2a via
cyclopentene 1a ozonolysis in the presence of TBHP (Scheme
10). The initial step of the ozonolysis process is the formation of
molozonide A, which subsequently decomposes to form the
Criegee intermediate (carbonyl oxide) B. The presence of
a tether between the carbonyl O-oxide and the carbonyl frag-
ment makes the synchronous cycloaddition less favourable, and
the formation of the secondary ozonide E proceeds stepwise –

via the formation of intermediates C or D. The nucleophilic
trapping of the intermediate C by the TBHP allows the inter-
ruption of the secondary ozonide assembly, leading to the
formation of the cyclic peroxide 2a. The direct nucleophilic
trapping of Criegee intermediate B or, as is evidenced by the
control experiments conducted, the exposure of the cyclic
peroxide derivative 2a to acidic conditions results in the
formation of the linear form of peroxide 2a.

An intriguing aspect of this transformation with cyclic
substrates is that the cascade of three pericyclic steps involved
in ozonolysis is interrupted during the transition from
a primary to a secondary ozonide because of the structural shi
from a fused to a bridged bicyclic framework. For small ring
systems, the formation of the bridged intermediate introduces
additional strain, rendering the formation of secondary ozon-
ides less favorable.

This outcome offers a conceptually distinct yet comple-
mentary approach to the ozonolysis-diverting strategy we
previously developed, which employed C]N bonds in place of
C]C bonds to interrupt the cascade.27 In both cases, the
sequence of three pericyclic transformations (cycloaddition/
Scheme 10 The proposed reaction mechanism for the ozonolysis of
cyclopentene 1a in the presence of TBHP.

© 2025 The Author(s). Published by the Royal Society of Chemistry
cycloreversion/cycloaddition) is halted before the nal step, i.e.,
trapping of the carbonyl oxide by the carbonyl group. In our
earlier work, this interruption was accomplished via electronic
effects, whereas in the present study, the diversion is also
assisted by using structural intramolecular constraints. Inter-
estingly, the new pathway still initiates the formation of one of
the bonds expected in the nal cycloaddition step, effectively
diverting rather than aborting the process. Unlike the previous
approach, where interruption was induced by the presence of
a heteroatom (nitrogen), the current study retains the classical
C]C bond, yet no secondary ozonide is formed. This subtle
redirection underscores the potential of intramolecular design
in steering the outcome of pericyclic cascades.

The products obtained in this study are difficult to
access using traditional approaches to cyclic peroxide
synthesis—particularly the acid-catalyzed addition of hydrogen
peroxide to dicarbonyl compounds. Under acidic conditions,
peroxidation of dicarbonyl substrates typically proceeds via
peroxocarbenium ions rather than zwitterionic intermediates.
The zwitterions exhibit reduced susceptibility to the inverse a-
effect,52 altering the balance of stereoelectronic inuences that
govern ring formation. Equations in Scheme 11 illustrate that
the inverse a-effect is fully relieved, enabling access to peroxide
cycles that are otherwise challenging to form. In addition, the
increased nucleophilicity of the carbonyl O-oxide enhances the
propensity for intramolecular attack on the second carbonyl
group, thereby favoring the formation of larger cyclic
frameworks.
Scheme 11 Comparison of preferred cyclization routes for Criegee
intermediate A and peroxycarbenium intermediate A0.

Chem. Sci., 2025, 16, 21806–21814 | 21811
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Conclusions

The well-known and seemingly straightforward pericyclic
cascade of alkene ozonolysis was redirected by introducing an
external nucleophile in combination with cyclic constraints. In
this system, the intramolecular [3 + 2] cycloaddition between
the carbonyl O-oxide and the carbonyl group is hindered by ring
strain. As a result, C–O bond formation proceeds through
a stepwise mechanism, allowing the reactive intermediate to be
intercepted by a nucleophile. This diversion effectively prevents
the formation of secondary ozonides and instead promotes
a highly selective three-component condensation, yielding 1,2-
dioxacycloalkanes.

Most of the products exhibit ring-chain tautomerism. A
detailed study of these tautomerization patterns and the ther-
modynamic balance between the cyclic and linear forms of 1,2-
dioxacycloalkanes revealed that the cyclic form is generally
more stable. We also explored the reactivity of the resulting
medium-sized cyclic peroxides and further analyzed their ring-
chain equilibria. The use of unconventional nucleophiles, such
as hydroperoxides, enabled the synthesis of compounds con-
taining both cyclic and exocyclic peroxide units. Under basic
conditions, these species undergo a highly selective rearrange-
ment, affecting only one of the peroxide moieties and yielding
u-oxoperesters in excellent yields.

Based on literature data, computational studies, and control
experiments, we proposed a reaction pathway that highlights
key distinctions from traditional strategies for constructing
peroxide rings. The study revealed important trends in how
both the length and nature of the carbon bridge inuence the
rate of intramolecular addition during alkene ozonolysis.
Notably, an external O-nucleophile successfully outcompetes an
internal one. These ndings offer valuable insights into the
reactivity of oxycarbenium and peroxycarbenium intermediates,
which play central roles in many common oxidation and
condensation reactions.
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