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ABSTRACT: An organocatalyzed enantioselective γ-elimination process has been achieved and applied in the kinetic resolution of
peroxides to access chiral peroxides and epoxides. The reaction provided a pathway for the preparation of two useful synthetic and
biologically important structural motifs through a single-step reaction. A range of substrates has been resolved with a selectivity
factor up to 63. The obtained enantioenriched peroxides and epoxides allowed a series of transformations with retained optical
purities.

Elimination reactions1 represent a direct and versatile
strategy for the construction of new carbon−carbon2 or

carbon−heteroatom bonds3 with molecular complexities.
Enantioselective elimination processes4 are of particular
interest due to their convenience in accessing valuable chiral
compounds, albeit asymmetric elimination approaches have
not become a well-established methodology in the organic
chemist’s toolbox. As a precedent example, enantioselective β-
hydride elimination has been achieved to access enantioen-
riched allenes by using Pd(II)−chiral ligands as the catalytic
system.5 As shown in Scheme 1a, our group has developed
some organocatalytic enantioselective β-elimination reactions
based on β-functionalized ketones to access chiral sulfones and
compounds with contiguous halides bearing stereocenters via
kinetic resolution.6 Despite these achievements, an inherent
drawback of kinetic resolution based on β-elimination is that
the products of the β-elimination reaction are usually achiral
substances. Theoretically, by extending the distance between
the leaving group and the carbonyl to carry out a γ-
elimination,7 followed by an α-H sponge in the presence of
chiral catalyst, the enantioselective cyclization can be realized
to give an enantioenriched three-membered ring8 as the
product, and the chiral substrate can be recovered (Scheme
1b). To our surprise, this strategy has never been reported,
probably because the large distance between the leaving group
and the carbonyl functionality increased the difficulty of
stereocontrol.
In our efforts to develop enantioselective elimination

processes, we were encouraged to design a new reaction

Received: January 21, 2020

Scheme 1. Previous Work and Our Strategy
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model involving γ-elimination with a Brønsted base organo-
catalyst. In 2011, Li9 reported an iron-catalyzed direct
carbonylation−peroxidation of alkenes to access peroxides,
which was demonstrated to undergo an epoxidation process to
furnish the corresponding epoxides in the presence of an
organo-base catalyst.9a We envisioned that a chiral organo-
catalyst might be used to carry out the reaction enantiose-
lectivity, in which a kinetic resolution procedure for preparing
two kinds of chiral molecules based on γ-elimination could be
realized.
Both peroxide and epoxide motifs exist in a large number of

biologically interesting natural products as well as drugs10 and
were considered to be responsible for their bioactivities, such
as anticancer,11 antiparasite,12 antibacterial,13 and antiaging
activities. In the past decades, tremendous progress has been
made in the asymmetric preparation of chiral epoxides.14

Meanwhile, direct enantioselective peroxidation processes have
received considerable attention, and pioneering works have
been reported by Deng,15 Nakamura,16 Li,17 and Dussault.18

Despite these achievements, the enantioselective approaches
toward the preparation of chiral peroxides and epoxides in one
single step still remain unexplored. We reported herein the first
organocatalyzed19 enantioselective kinetic resolution approach

to access chiral peroxides via an enantioselective γ-elimination
process and afford chiral epoxides as valuable products.
We began our study by using racemic peroxide 1a as the

substrate in the presence of quinine-derived thiourea catalyst A
in toluene. To our delight, the reaction proceeded smoothly in
52% conversion, and the epoxide (2R,3S)-2a was obtained
with 82% ee and the chiral peroxide (S)-1a was recovered with
90% ee (Table 1, entry 1). Next, the Takemoto catalyst
(catalyst B) was tested under the same reaction conditions.
The enantiopurity of the epoxide was increased, albeit the ee
value of substrate was decreased (Table 1, entry 2).
Cinchonine-derived thiourea catalyst C was not able to
increase the enantiopurity of the product and the substrate,
thus giving the lower s value for this resolution reaction based
on γ-elimination (s = 15, Table 1, entry 3). To improve the
performance of this resolution process, we further evaluated
quinine-derived squaramide catalysts D and E. Disappoint-
ingly, both catalysts turned out to be inferior for enantiocon-
trol (Table 1, entries 4 and 5). After the optimal catalyst was
identified, we evaluated a series of solvents (Table1, entries 6−
13), and mesitylene was demonstrated to be the best solvent
for this enantioselective γ-elimination reaction (s = 34, Table 1,
entry 8). The further evaluation of the concentration (Table 1,
entries 14−17) and temperature (Table 1, entries 18−20)

Table 1. Optimization of Reaction Conditionsa

entry cat. solvent concentration (M) (T (°C)) ee (1a) (%)b ee (2a) (%)b conv. (%)c sd

1 A toluene 0.1 (25) 90 82 52 31
2 B toluene 0.1 (25) 64 87 42 28
3 C toluene 0.1 (25) −32 −83 28 15
4 D toluene 0.1 (25) 51 87 37 24
5 E toluene 0.1 (25) 9 39 19 2
6 A m-xylene 0.1 (25) 75 86 47 30
7 A p-xylene 0.1 (25) 55 90 38 33
8 A mesitylene 0.1 (25) 83 86 49 34
9 A CH2Cl2 0.1 (25) 50 89 36 28
10 A CHCl3 0.1 (25) 30 91 25 28
11 A ethyl acetate 0.1 (25) 32 84 28 16
12 A THF 0.1 (25) 6 78 7 9
13 A acetone 0.1 (25) 27 80 25 12
14 A mesitylene 0.2 (25) 96 78 55 31
15 A mesitylene 0.13 (25) 92 81 53 31
16 A mesitylene 0.07 (25) 94 84 53 40
17 A mesitylene 0.05 (25) 72 88 45 34
18 A mesitylene 0.07 (0) 13 85 13 14
19 A mesitylene 0.07 (15) 63 87 42 27
20 A mesitylene 0.07 (35) 77 71 52 13

aReaction conditions: (±)-1a (0.1 mmol) and catalyst (10 mol %) in solvent for 47 h. bee value was determined by HPLC analysis on a chiral
stationary phase. cConversion = (ee1a)/(ee1a + ee2a). dSelectivity factor was calculated by the method of Fiaud: s = ln[(1 − conv.)(1 − ee1a)]/ln[(1
− conv.)(1 + ee1a).
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Scheme 2. Substrate Scopea

aReaction conditions: (±)-1 (0.1 mmol), A (10 mol %) in mesitylene (1.5 mL) at 25 °C. See the SI for the reaction time. The ee value was
determined by HPLC analysis on a chiral stationary phase. Yield of isolated product. Conversion = (ee1)/(ee1 + ee2). The diastereomeric ratio (dr)
was determined by the 1H NMR analysis of the crude reaction mixture. The selectivity factor was calculated by the method of Fiaud: s = ln[(1 −
conv.)(1 − ee1)]/ln[(1 − conv.) (1 + ee1)].
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suggested that the highest s value could be obtained under the
following reaction conditions: 0.1 mmol substrates and 10 mol
% catalyst A in mesitylene (1.5 mL) at 25 °C for 47 h.
With the optimized reaction conditions in hand (Table 1,

entry 16), we investigated the substrate scope of the
established kinetic resolution of peroxides through an
enantioselective γ-elimination reaction (Scheme 2). The
peroxides were obtained from the corresponding olefins,
aldehydes, and t-BuOOH or cumyl hydroperoxide under the
catalysis of n-Bu4NBr; the detailed procedures are shown in the
SI. Substrates with electron-donating R1 groups at the phenyl
ring allowed the enantioselective γ-elimination to give chiral
peroxides (S)-1b−f with high s values and with up to 94% ee;
the corresponding epoxides (2R,3S)-2b−f were also obtained
with good enantioselectivities. para-Chloride-substituted sub-
strate racemic 1g was tolerated in our reaction system, and
chiral peroxide (S)-1g was recovered in 44% yield with 90% ee.
Epoxide (2R,3S)-2g was formed with a moderate ee value.
Similarly, para-bromo-substituted substrate 1h also afforded a
good selectivity with an s value of 31. By substituting the
phenyl ring with naphthalene, 2-furan, or 2-thiophene,
peroxides 1i−k were also efficiently resolved with high
enantioselectivities (s value up to 42). After the investigation
of the R1 group of peroxides, we determined the substrate
scope with different R2 groups. Substrates with electron-
donating R2 groups resulted in chiral peroxides (S)-1l (methyl)
and (S)-1m (tert-butyl), respectively, with 98% ee and 93% ee,
and epoxides (2R,3S)-2l and (2R,3S)-2m were obtained with
good enantioselectivities as well. Using halides such as fluoride,
chloride, and bromide as R2 groups located in the para position
of phenyl ring, corresponding substrates were suitable for the
resolution to give enantioenriched peroxides (S)-1n−p (up to
97% ee) and epoxides (2R,3S)-2n−p (up to 84% ee), and
selectivity factors as high as 37 were obtained. The absolute
configurations of (S)-1p and (2R,3S)-2p were determined by
X-ray crystallography, and others were analogously assigned.
When R2 was an ortho-chloro or meta-bromo group on the
phenyl ring, chiral peroxides (S)-1q and (S)-1r were recovered
after an enantioselective γ-elimination process with promising
results (96% ee and up to 42% yield), and epoxides (2R,3S)-
2q-r were obtained with up to 81% ee. After substituting the
tert-butyl peroxide group with a dimethyl phenyl group, the
corresponding substrate could also be resolved to give chiral
peroxide (S)-1s in 41% yield with 87% ee. Nevertheless, the
reactions were not successful with α-ester peroxide and alkyl
ketone peroxides under standard reaction conditions.
After the substrate scope of the reaction was investigated, we

planned to further demonstrate the synthetic potential of our
reaction. First, a gram-scale reaction was carried out to prepare
(S)-1p and (2R,3S)-2p under the optimal reaction conditions,
and the chemical yield and enantioselectivity showed almost
no variation (Scheme 3). Next, a few functional trans-
formations of chiral substrates and products were conducted.
As expected, the enantioenriched peroxide (S)-1p could be
converted into the corresponding peroxide 3 in 80% yield with
good stereoselectivity (93% ee and 4:1 dr) by sodium
borohydride. Upon the treatment of (S)-1p with 2,4-
dinitrophenyl hydrazine in methanol at 40 °C for 6 h, product
4a was formed as the major product in 73% yield with 93% ee
value. Moreover, the utility of the epoxide from this γ-
elimination-based kinetic resolution was also explored. Epoxide
(2R,3S)-2p was sufficiently transformed into alcohol 5 and
ester 7 through a reductive and oxidative process, respectively;

both products were obtained in good yield with high ee.
Treating epoxide (2R,3S)-2p with SnCl4 afforded a chlorinated
open-chain product 6 instead of a cyclized adduct, as
reported.20 The absolute configuration of product 6 was
assigned through X-ray crystallography.
In an attempt to gain some insights into the mechanism of

this enantioselective γ-elimination transformation, we meas-
ured the independent initial rates of parallel reactions with
substrates (±)-1p and α-proton-deuterated substrate (±)-1p-
D under the standard reaction conditions (Scheme 4). The
primary intermolecular kinetic isotopic effect (KIE)21 was
calculated to be 2.88, indicating that the deprotonation of the
α-proton of the carbonyl group was probably involved in the
rate-determining step.

Scheme 3. Gram-Scale Preparation and Synthetic
Applicationsa

aFor reaction conditions, see the SI.

Scheme 4. Kinetic Isotopic Effect Experimenta

aFor reaction conditions, see the SI.
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In summary, we established the first organocatalytic kinetic
resolution of peroxides through enantioselective γ-elimination
to afford chiral peroxides and epoxides. Both substances are
important building blocks in synthetic chemistry and play
reliable roles in numerous bioactive natural products as well as
medicines. This methodology provided a single-step reaction
for the preparation of two kinds of valuable chiral compounds.
This asymmetric γ-elimination-based resolution process was
tolerant of a range of peroxides with high selectivity factors,
and the obtained products allowed a variety of further
transformations while retaining optical purity. Furthermore,
the KIE study suggested that the deprotonation of the α-
proton of the carbonyl group determined the rate of this
enantioselective γ-elimination process.
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