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ABSTRACT: The reactions of O-electrophiles, such as organic
peroxides, with carbon nucleophiles are an umpolung alternative to
the common approaches to C−O bond formation. Nucleophilic
substitution at the oxygen atom of cyclic diacyl peroxides by enol
acetates with the following deacylation leads to α-acyloxyketones
with an appended carboxylic acid in 28−87% yields. The effect of
fluorinated alcohols on the oxidative functionalization of enol
acetates by cyclic diacyl peroxides was studied experimentally and
computationally. Computational analysis reveals that the key step
proceeds as a direct substitution nucleophilic bimolecular (SN2)
reaction at oxygen (SN2@O). CF3CH2OH has a dual role in assisting in both steps of the reaction cascade: it lowers the energy of
the SN2@O activation step by hydrogen bonding to a remote carbonyl and promotes the deacylation of the cationic intermediate.

■ INTRODUCTION
Nucleophilic substitution is a fundamental organic textbook
transformation.1,2 Generally, nucleophilic substitution involves
the replacement of a good leaving group at an electron-
deficient carbon atom. Hence, nucleophilic substitution at the
carbon electrophilic center by the oxygen nucleophile is the
ubiquitous strategy for making the C−O bonds (Scheme 1).
Nucleophilic substitutions at phosphorus,3 sulfur,4 and silicon5

atoms have also found synthetic applications.
In contrast, nucleophilic substitution at an oxygen atom is

far less common (Scheme 1a) because O−X bonds are usually
unfavorably polarized and because electron-rich oxygen atoms
are poor targets for nucleophiles. As a result, the “umpolung”
approaches where a carbon-centered nucleophile reacts with an
oxygen electrophile are relatively scarce.
Organic peroxides with the electron-withdrawing groups

could address this limitation and serve as a potentially useful
family of “OR” electrophiles. Indeed, scattered successes with
acyclic diacyl peroxides,6−12 tert-butyl perbenzoate,13 perox-
ydicarbonates,14 sulfonyl peroxides,15−17 and bis-
(trimethylsilyl) peroxide18 (Scheme 1b) indicate that, although
these reactions are considerably less established than their
carbon-based counterparts, the electrophilic alkoxyl (“RO+”)
transfer can offer an alternative to traditional methods for the
C−O bond formation.19 In this work, we expand the scope of
such processes for oxidative functionalization of enol acetates.
We show that cyclic diacyl peroxides react as O-electrophiles
with these nucleophilic substrates with the formation of α-
acyloxyketones with a pendant carboxylic acid (Scheme 1c).
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Scheme 1. Overview of RO-Functionalization Strategies
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In the last decade, cyclic diacyl peroxides,20 first prepared in
the 1950s,21−25 became versatile O-electrophilic reagents for
the introduction of oxygen functionalities into arenes,26−29

alkenes,30−32 heterocycles,33 dicarbonyl compounds,34,35 and
their derivatives36,37 (Scheme 2). Cyclic diacyl peroxides are

more reactive than acyclic diacyl peroxides38−40 mostly
because the anomeric nO → σ*CO interactions in cyclic diacyl
peroxides are considerably weaker in comparison to the
analogous acyclic peroxides (Scheme 2a,b).41 These differ-
ences in reactivity can be further amplified by a more favorable
antiperiplanar arrangement of the breaking O−O bond to the
σ*CO bond of the carbonyl in the substitution nucleophilic
bimolecular (SN2) process. As the negative charge accumulates
at the departing oxygen of the O−O bond in the transition
state (TS), such anomeric interaction grows stronger and
provides selective TS stabilization (Scheme 2b).41 A similar
pattern of anomeric assistance, albeit with an sp3 σ*C−O, was
used to control the regioselectivity of nucleophilic attack at an
O−O bond by Dussault (Scheme 2c).42

In addition to organic peroxides6,8−10,14 and transition-metal
peroxides,43−45 other oxygen electrophiles have been used for
the α-oxidation of carbonyl compounds. In particular,
oxaziridines, including N-sulfonyloxaziridines,46−48 were de-
vised for the asymmetric oxidation of enolate substrates to
optically active α-hydroxy carbonyl compounds.49−55 The

geometry of the transition state for the oxidation by N-
sulfonyloxaziridines was established as planar.46,56

This work focuses on the mechanism and structure of
transition states for the interaction of cyclic diacyl peroxides as
O-electrophiles with carbon nucleophiles, enol acetates. In
addition, we were intrigued by the role of fluorinated alcohol
solvents in the reactions of cyclic diacyl peroxides.27,29,57−60

These solvents have recently been recognized as remarkable
media for a variety of chemical transformations due to their
strong hydrogen-bonding ability and high polarity.61,62 In the
present work, we illustrate how CF3CH2OH is directly
involved in the transition state of the nucleophilic substitution
step to assist in the acetyl group elimination (Scheme 2c).

■ RESULTS AND DISCUSSION
To gain better insight into the oxidative functionalization of
enol acetates by cyclic diacyl peroxides, we investigated the
reaction of cyclohept-1-en-1-yl acetate 1a using cyclopropyl
malonoyl peroxide 2 as a model O-electrophile (Table 1).
Initially, the reaction of enol acetate 1a with cyclic diacyl

peroxide 2 was tested in CH2Cl2 and tetrahydrofuran (THF)
at 20−25 °C for 24 h (Table 1, entries 1 and 2). These
solvents worked well in our previous studies,36 but no
conversion of 1a was observed in this case. The addition of
p-TsOH·H2O (entry 3) led to a low (28%) yield of 3a.
Increasing the reaction temperature in THF did not improve
the yield of 3a (entry 4), possibly due to the cleavage of THF
in the presence of the electrophile and p-TsOH·H2O.63−65 The
33% yield of 3a was obtained in the case of CH3CN as the
solvent (entry 5). However, the yield of 3a increased after
switching from catalytic amounts of acid to acidic solvents such
as acetic acid and trifluoroethanol (entries 6 and 7).
Fluorinated alcohols were previously shown to be effective
media for oxidative coupling using cyclic diacyl peroxides.33

Hexafluoroisopropanol was apparently too acidic, resulting in
the yield of product 3a dropping to 36% with the concomitant
formation of a glassy mass insoluble in organic solvents (entry
8). The highest yields of product 3a were observed in refluxing
CF3CH2OH for 3 h (Table 1, entry 9). Purification using
column chromatography on SiO2 (method A) resulted in a
57% isolated yield of the α-acyloxylated ketone 3a (entry 9,
Table 1 footnote d). Isolation of the pure product 3a via
carboxylate formation with subsequent acidification afforded
68% of the α-acyloxylated ketone 3a after isolation (entry 9,
Table 1 footnote e). The use of 2 equiv of peroxide 2a did not
result in a better 3a yield (entry 10). The main byproduct in
entries 3−7 was cycloheptanone as a result of 1a hydrolysis.
With the optimized conditions in hand (Table 1, entry 9),

we next explored the substrate scope by testing the utility of
oxidative functionalization of enol acetates 1 by cyclic diacyl
peroxides 2, 4, and 6 for the syntheses of the α-acyloxylated
ketones 3, 5, and 7 (Scheme 3).
Aliphatic enol acetates 1a−d and enol acetates from aryl

ketones 1e−k were compatible with the reaction conditions,
giving the corresponding products 3a−d and 3e−k in 49−68
and 52−87% yields, respectively. The product 3l with two
benzylic groups was synthesized in 50% yield. Application of
various cyclic diacyl peroxides, such as cyclopropyl malonoyl
peroxide 2, cyclobutyl malonoyl peroxide 4, and phthaloyl
peroxide 6, resulted in α-acyloxylated ketones 3k, 5k, and 7k,
respectively, in good yields (Scheme 3). The main side
products were the corresponding ketones, which do not react
with the peroxide. It is worth noting that the reaction with the

Scheme 2. Comparison of Acyclic Peroxides (a) and Cyclic
Diacyl Peroxides (b) as O-Electrophiles. (c)
Stereoelectronic Patterns for TS Stabilization in Reactions
of Peroxides with Nucleophiles
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oxidation-sensitive acetyl furan 1m resulted in a mixture of
inseparable products. The enol acetate 1n prepared from
dicarbonyl compound did not react under our reaction
conditions. To our delight, the reaction was compatible with
enol acetate 1o synthesized from aldehyde to give a moderate
(45%) yield of product 3o. Unsaturated enol acetate 1p was
transformed into acyloxy product 3p in 28% yield. The side
product of C−C coupling 3p′ was isolated in 31% yield
(Scheme 3).
Next, we focused on the mechanism of this new reaction and

the impact of the fluorinated alcohol on cyclic diacyl peroxide
reactivity.
Cyclic voltammetry (CV) was used to evaluate the reduction

potentials of peroxide 2 in CH3CN and CF3CH2OH (Figure
1). The solvents remained unreactive in the cathodic reduction
under the potential up to −2.5 V (Figure 1, curves a and c).
The CV experiments showed the oxidation peaks of cyclo-
propyl malonoyl peroxide 2 at 1.6 V (Figure 1, curves b and d).
Based on the studies of electrochemical peroxide reduc-
tion,66−70 cyclopropyl malonoyl peroxide 2 first probably
produced the distonic radical-anion intermediate with an
unpaired electron on one oxygen atom and a negative charge
on the other via dissociative electron transfer (DET). The
resulting radical anion could be reduced to a dianion before
diffusion from the electrode and then protonated in the
reaction media. Alternatively, the radical anion could be
protonated by the reaction media, in particular by the acidic
TFE, to produce a carboxyl radical. If decarboxylation of the
carboxyl radical can be avoided,71,72 it could be further reduced
and subsequently protonated to result in the corresponding
malonic acid.73 In the presence of acidic TFE (Figure 1, curves
b and d), the reduction 2 peak became higher and broader,
possibly indicating the influence of TFE on the mass or
electron transfer rates, probably due to hydrogen bonding.
Considering the possibility of nucleophilic substitution at

oxygen (SN2@O) in a similar reaction, demonstrated by
Tomkinson and co-workers,74 we proposed a two-stage
mechanism for our reaction with the nucleophilic attack of
enol ether 1 at the oxygen atom of peroxide 2 in the first step
and elimination of the acyl group originating from 1 in the

second step. To understand this mechanism at the atomic level
and to elucidate the key factors controlling the pathway, we
have carried out a computational study.
All quantum chemical calculations were performed with

Gaussian16 A.03 program package at PBE075-D3BJ76/6-311+
+G(d,p)77−81/CPCM(CF3CH2OH)82 level of theory. PBE0
functional is known to provide accurate results for organic
reactions and has been shown to be well-grounded in
theory.83−85 Harmonic frequencies were computed for all
located stationary points to ensure their types and calculate
quasi-harmonically86 corrected free energies with GoodVibes87

(temperature 351 K, concentration 1 mol L−1). Conforma-
tional searches with CREST88 were performed for IM1 and
IM2 (Schemes 4 and 5). Transition state (TS) searches were
run from geometries preoptimized at the same level of theory
with forming and breaking bonds constrained at 2.0 Å
following the approach previously developed by some of us.89

As shown by the Tomkinson group,74 cyclic diacyl peroxides
are prone to SN2-like nucleophilic reactions, with the O−O
bond acting as an electrophile (SN2@O) instead of the
addition to the carbonyl group, the usual pathway for
nucleophilic reactions at the carbonyl-containing compounds.
Thus, we expect the reaction to start with the SN2@O attack of
the πC�C orbital of the enol acetate 1b at cyclopropyl
malonoyl peroxide 2, resulting in a cyclic acetal IM1 (Scheme
4). Note that this intermediate has two new C−O bonds
connecting fragments 1b and 2: the first one is formed during
the SN2@O process, and the second (between cationic carbon
and carbonyl group) is formed barrierlessly to stabilize the
positive charge. To confirm that the proposed pathway is
plausible, its SN2@O transition state TS1 was located with the
activation free energy of 25.4 kcal mol−1, which is sufficiently
low for a reaction proceeding at room temperature (entry 7 in
Table 1). The nucleophilic attack trajectory deviates from
linearity (the C−O−O angle is 150°) due to steric hindrance
from the peroxide’s carbonyl group. These observations are
close to Yamamoto’s findings that steric factors can affect
preferred trajectories for reactions between functional
groups.90 Moreover, the C−O bond formed is much longer
than the breaking O−O bond, indicating that SN2@O

Table 1. Optimization of the Reaction of Enol Acetate 1a with Peroxide 2a

entry solvent temp. (°C) catalyst time (h) convn 1a (%)b yield 3a (%)b

1 CH2Cl2 20−25 24 n.r.
2 THF 20−25 24 n.r.
3 THF 20−25 p-TsOH·H2O 24 76 28
4 THF reflux (≈66 °C) p-TsOH·H2O 3 19 17
5 CH3CN reflux (≈82 °C) p-TsOH·H2O 3 81 33
6 AcOH reflux (≈119 °C) 3 >95 49
7 CF3CH2OH 20−25 24 81 52
8 (CF3)2CHOH 20−25 24 >95 36c

9 CF3CH2OH reflux (≈78 °C) 3 >95 70 (57d, 68e)
10f CF3CH2OH reflux (≈78 °C) 3 >95 58

aGeneral conditions: the mixture of cyclopropyl malonoyl peroxide 2 (1.1 mmol, 140.9 mg) with enol acetate 1a (1.0 mmol, 154.2 mg) and catalyst
(0.02 mmol) in solvent (2 mL) was stirred at the certain temperature for 3−24 h. bOn 1H NMR. cFormation of a glassy mass insoluble in organic
solvents. dIsolated yield of 3a after column chromatography (method A, see the Supporting Information for details). eIsolated yield of 3a after
carboxylate formation with the following acidification (method B, see SI for details). fPeroxide 2 (2 mmol) was used.
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proceeds through an early TS (see inset in Scheme 4).
Notably, the proposed SN2@O process was shown to be
kinetically and thermodynamically preferable over the attack at
the π*CO, i.e., the common path for the reactions of carbonyl
compounds with nucleophiles (see Figure S5). Also, we
considered a route via (2 + 2)-cycloaddition of 1b and 2 but
were unable to locate the corresponding TS; this path is most
likely forbidden due to the interacting orbital symmetries
(Scheme 4).
Interestingly, the activation energy for the SN2@O step is

lowered upon transition from vacuum (ε = 1, ΔGa = 27.0) to
implicit solvent: CF3CH2OH (ε = 25.4,91 ΔGa = 25.4) or
CH3CN (ε = 35.8,92 ΔGa = 25.4). This behavior indicates that
the cost of charge separation is mitigated by electrostatic
interactions with the solvent. Moreover, the inclusion of one

explicit TFE molecule coordinated with the carbonyl group
reveals an interesting effect. The solvent molecule forms a C�
O···H hydrogen bond located outside of the carbonyl plane
(the O−C�O···H dihedral angle ∼32°). Such a preference is
different from the known H-bond preferences for the carbonyl
compounds where H-bond donors coordinate with the in-
plane lone pairs of oxygen.93 This stereoelectronic preference
is reminiscent of the “oxyanion hole” stabilization in enzyme
active sites where the coordination of H-bond donors at the
carbonyl π-bond is preferably coordinated with the oxygen
lone pair. This arrangement avoids unproductive reactant
stabilization and instead positions the H-bond donor on top of
the new, out-of-plane oxygen lone pair that is developed from
the carbonyl π-bond in the TS (the oxyanion lone pair). Such
catalytic sites can provide selective and significant stabilization
to the TS.94 In our system, the inclusion of one explicit TFE
molecule coordinated with the carbonyl group further lowers
the SN2@O reaction barrier by 1.5 kcal mol−1 (Scheme 4).
Thus, explicit hydrogen bonding provides stabilization to the
developing negative charge on the leaving carboxyl group and
makes the complex of 2 with TFE molecule more reactive in
the SN2@O process.

13C NMR spectroscopy was used to experimentally verify the
hydrogen-bonding interactions of CF3CH2OH with the
peroxyacyl groups of peroxide 2.57,95 Indeed when a solution
of peroxide 2 in CDCl3 was titrated with CF3CH2OH, the
peroxyacyl resonance in the 13C NMR spectrum was observed
to shift downfield (Figure 2). These results suggest that an
intermolecular hydrogen-bonding interaction between the
fluorinated alcohol and the cyclic diacyl peroxide reduces the
electron density of the peroxide fragment and increases its
reactivity toward nucleophiles. To assess how these inter-
actions affect the SN2@O barrier, we investigated a transition
state TS1*TFE having an extra hydrogen bond with an explicit
CF3CH2OH molecule and a transition state TS1 without such
an interaction (Scheme 4). In the case of TS1*TFE, the
activation free energy turned out to be 1.5 kcal mol−1 lower
(Scheme 4), showing that hydrogen bonding accelerated this
step.
Now let us consider the final stage of the reaction, which is

the elimination of the acetyl group originating from 1b. Based
on experimental and computational results for the enol
ethers,36 the intermediate IM1 can be expected to rearrange
into mixed anhydride IM3, which converts into the final
product 3b via the elimination of the acetyl group (Scheme 5).
To check if this route is energetically feasible, we located a TS
of IM2 → 3b transformation. However, this step has a
surprisingly high activation free energy of 40.6 kcal mol−1

(TS3). The height of this barrier suggests that IM2 constitutes
a very deep local energy minimum, so that reaction would not
be able to escape it. This result implies that IM2 is not an
intermediate in the modeled reaction and therefore there
should be a different pathway for the formation of product 3b
from IM1.
Taking a closer look at IM1 (Scheme 5), one can notice that

the spatial proximity of COO− and OAc groups make it
possible for the former to catalyze nucleophilic addition of a
TFE molecule to the latter. We were, indeed, able to locate the
corresponding transition state (TS2), which turned out to have
an easily accessible free energy of 21.8 kcal mol−1. Notably, this
energy barrier is considerably lower than the activation energy
of the IM1 → IM2 transition (estimated to be ≥25.8 kcal

Scheme 3. Synthesis of α-Acyloxylated Ketones 3, 5, and 7
from Enol Acetates 1
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mol−1, see SI), in complete agreement with our conclusion that
IM2 does not form in the course of the reaction.
Intrigued by the ability of the carboxyl anion to facilitate the

attack of TFE at the acyl group, we have tested the possibility

of concerted SN2@O and deacylation processes supposing that
the formed COO− group can simultaneously deprotonate TFE.
We hypothesized three such TSs and prepared the starting
structures for saddle-point optimizations using preoptimization

Figure 1. CV curves on a working glassy-carbon electrode (d = 3 mm) vs Ag/AgNO3 reference electrode under a scan rate of 0.1 V s−1 for 0.1 M n-
Bu4NClO4 solutions: (a) background in CH3CN (red) and (b) cyclopropyl malonoyl peroxide 2 (0.05 M) in CH3CN (green) and (c) background
in CF3CH2OH (blue) and (d) cyclopropyl malonoyl peroxide 2 (0.05 M) in CF3CH2OH (purple).

Scheme 4. Nucleophilic Attack Step with Computed Relative Free Energies of Intermediates and Transition States (Cyan) and
Reaction Barriers (Pink, in kcal mol−1)a

aSolid arrows correspond to the main reaction route and the dashed ones denote a hypothetical (2 + 2)-addition mechanism and an unfavorable
pathway via solvent-unassisted TS1.
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procedure89 (optimizing their geometries with constraints on
the bonds that are expected to form/break via these TSs;
Figure 3). In all cases, preoptimized geometries possessed an
imaginary vibrational mode corresponding to the desired TSs.
However, the following saddle-point optimizations failed to
converge to TSs of SN2@O concerted with deacylation (Figure
3). Relaxing the constraint on O−H distance led to identical
results (Figure S6). These results indicate that SN2@O and
deacylation proceed in steps.
Thus, the modeling shows that both stages of the reaction

demand protic and nucleophilic solvents. In the first stage,
solvent effects due to electrostatics and hydrogen bonding
lower the SN2@O activation energy by 3.0 kcal mol−1. The
formed IM1 possesses a highly basic carboxylate group close to
the acetyl moiety, enabling intramolecular base catalysis, where
the carboxylate group deprotonates a TFE molecule, inducing
its nucleophilic attack at the acetyl group. The last step is
accompanied by the cleavage of the transiently formed five-
membered ring to afford the final product 3b. The eliminated
CF3CH2OAc was detected in the reaction mixture (SI, Page
S21). Strikingly, this intramolecular catalysis allows the
reaction to evade the seven-membered intermediate IM2,
whose formation was detected experimentally and proved
computationally in similar reactions with OMe-substituted
vinyl ethers, i.e., the substrates lacking the key acetyl group.36,37

■ CONCLUSIONS
Organic peroxides provide an umpolung approach for the
introduction of OR-moiety into organic molecules as an
electrophilic “+OR” synthon instead the usual nucleophilic
“−OR” species. We show that the oxidative functionalization of
enol acetates with cyclic diacyl peroxides proceeds via
bimolecular nucleophilic substitution at the oxygen atom of
peroxide with subsequent deacylation mediated by trifluor-
oethanol. This process provides convenient access to α-
acyloxyketones, prepared in 28−87% yields. The computa-
tional analysis demonstrates the dual role of trifluoroethanol in

Scheme 5. Elimination of Acetyl Group with Computed
Relative Free Energies of Intermediates and Transition
States (Cyan) and Reaction Barriers (Pink, in kcal mol−1)a

aSolid arrows denote the main reaction route and the dashed ones
correspond to kinetically unfavorable pathways.

Figure 2. 13C NMR chemical shifts observed in the titration of peroxide 2 with CF3CH2OH (solvent CDCl3).
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stabilizing the transition state of the SN2@O step and assisting
in the acetyl elimination step.

■ EXPERIMENTAL SECTION
Experimental Procedure for Scheme 3. Cyclic diacyl peroxide

2, 4, or 6 (1.1 mmol, 1.1 equiv) was added to a solution of 1 (1.0
mmol, 1.0 equiv) in CF3CH2OH (2 mL) at 20−25 °C. The reaction
mixture was refluxed (heating mantle) until the complete conversion
of 1 was observed by TLC (2−5 h). Later, the reaction mixture was
concentrated under reduced pressure using a rotary evaporator (15−
20 mmHg) (a water bath temperature, ca. 40 °C). Each product (3, 5,
and 7) was isolated by both methods (A and B). The best isolated
yield of 3, 5, or 7 is given.
Isolation Method A. The reaction mixture was transferred to the

top of the chromatographic column and the product (3e, 3f, 3i, 5k,
3o, 3p) was isolated by column chromatography on SiO2 (PE/EtOAc
= from 8:1 to 2:1).
Isolation Method B. The reaction mixture was concentrated under

reduced pressure using a rotary evaporator (15−20 mmHg) (a water
bath temperature, ca. 40 °C). Then, CH2Cl2 (2 mL) and a solution of
NaHCO3 (2.5 mmol, 210.0 mg, 2.5 equiv) in H2O (2 mL) were
added to the reaction mixture. The resulting mixture was stirred for 1
h at 20−25 °C. Later, H2O (50 mL) was added. The mixture was
washed with petroleum ether (4 × 5 mL). Later, the aqueous layer
was washed with a 0.1 M solution of formic acid in Et2O (3 × 20 mL).
Combined organic layers were dried over MgSO4, filtered, and
concentrated under reduced pressure using a rotary evaporator (15−
20 mmHg) (a water bath temperature, ca. 20−25 °C). The product
(3a−d, 3g, 3h, 3j−l, 7k) did not require further purification.
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