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ABSTRACT: Readily available chiral amine−thioureas are effective
catalysts for the first diastereo- and enantioselective epoxidation of
unsaturated pyrazolones. The trans- or cis-spiroepoxides are preferen-
tially obtained in good yield and high to excellent enantioselectivity using
an appropriate organocatalyst and tert-butyl hydroperoxide as the
oxidant. The epoxidation appears applicable to highly challenging β,β′-
substituted unsaturated pyrazolones, giving access to spiroepoxides
bearing two vicinal quaternary stereocenters. The reaction represents a
unique example of Weitz−Scheffer epoxidation, where the catalyst-
controlled ring-closure step is usefully exploited to prepare both
enantioenriched diastereomeric epoxides.

The asymmetric construction of spirocyclic centers is a
formidable challenge and a fascinating task in synthetic

chemistry.1 Enantioenriched spirocyclics are biologically active
compounds and common motifs in nature but also serve as
ligands in metal-based catalysis and promoters in organo-
catalysis.2 New stereoselective methodologies to synthesize these
rigid molecular scaffolds have rapidly flourished in recent years,
remarkably in the realm of organocatalysis.3 Five- and six-
membered spirocyclic compounds, bearing different heteroa-
toms and stereocenters, are now obtainable with a high level of
diastereo- and enantioselectivity, exploiting domino reactions.4

Concerning spiroepoxides, only a few examples for their
asymmetric synthesis have been developed so far, although
representative natural spiroepoxides are important compounds;
examples include fumagillin,5 lumacinin D,6 and FR901464,7

which show potent antibiotic, antiangiogenic, and anticancer
activities, respectively. The few protocols reported are based on
chiral substrates or auxiliary tools.8 Only recently, the catalytic
metal-based Darzens reaction,9 organocatalyzed epoxidation,10

and kinetic resolution tool11 emerged as viable routes to access
spiro-epoxyoxindoles in modest to high stereoselectivities. 4-
Spiro-5-pyrazolones are heterocycles of great interest as
agrochemicals and in medicinal chemistry, showing biological
activities as phosphodiesterase inhibitors, antitumor, and
antibacterial agents and have become the subject of intense
research.3 Surprisingly, to the best of our knowledge, examples of
asymmetric synthesis of spiropyrazolone epoxides are not
known, and we planned to address this issue.12 These
compounds can be potentially ring-opened to prepare scaffolds
of interest as functionalized 4-hydroxypyrazolones, bearing a
quaternary stereocenter.13 Given the good reactivity displayed by
unsaturated pyrazolones in organocatalyzed Michael type
reactions3b and based on our previously disclosed research,14

we envisioned that bifunctional organocatalysts would promote
their nucleophilic asymmetric epoxidation. Here, we report our
findings on the asymmetric epoxidation of unsaturated
pyrazolones catalyzed by an easily available amine−thiourea/
TBHP system. We demonstrate that either cis- or trans-
spiroepoxides can be preferentially obtained with high to
excellent enantioselectivity. Moreover, preliminary findings
showed that this oxidative system would be applicable to β,β′-
substituted alkylidene pyrazolones to give optically active
spiroepoxides bearing two vicinal quaternary stereocenters.
Literature precedents15 on the epoxidation of (Z)-unsaturated

pyrazolones showed that (i) the NaOH/H2O2 system afforded
the trans-spiroepoxide as major product, whereas (ii) the
employment of m-CPBA led to a mixture of cis-and trans-
spiroepoxides due to in situ alkene isomerization.16 Hence, the
control of the diastereoselectivity is not a trivial task, which
essentially relies on the nature of the oxidative system used and
ultimately on the mechanism of epoxidation as a two-step (i) or
concerted pathway (ii) (Scheme 1). The formation of trans-
epoxide from the (Z)-alkene suggests that, under Weitz−
Scheffer conditions (i),17 the cis/trans ratio might be affected by a
bifunctional catalyst, as it would drive the ring-closure step of a
relatively stable peroxy enolate intermediate (iii).
Consequently, by exploiting a nucleophilic pathway of

epoxidation, a diastereodivergent and enantioselective process
can in principle be developed starting from the same alkene and a
proper choice of the organocatalyst. This is an important yet
highly challenging and general goal in asymmetric synthesis and
drug discovery; i.e, the selective synthesis of all enantioenriched
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diastereoisomers from the same reagents using chiral catalytic
systems.18

The epoxidation of model alkene 1a was first investigated by
using 10 mol % of a variety of bifunctional organocatalysts,
TBHP in toluene at room temperature (Table 1).
Amino alcohols such as L-diphenylprolinol 4 and quinine

(entries 1 and 2) catalyzed the epoxidation with minimal
enantiocontrol, but in a diastereodivergent manner, attesting the
crucial role played by the organocatalyst in directing the ring-
closure step. This prompted us to check double H-bonding
donors, amine−thioureas, as more pertinent promoters. Take-
moto’s catalyst 5 proved to be less effective (entry 3), but when
eQNT, eQDT, and eCNT cinchona alkaloids derived thioureas

were used, good conversions to cis-spiroepoxide 3a in up to 78/
22 dr and high enantioselectivity were observed (entries 4−6).
eHQNU and eQDU cinchona alkaloid-derived ureas proved to

Scheme 1. Diastereoselective Epoxidation of (Z)-Unsaturated
Pyrazolones

Table 1. Catalyst Screening in the Epoxidation of Alkene 1aa

entry cat. time (h) yieldb (%) 2a/3ac ee 2a/3ad (%)

1 4 7 98 85/15 −32/−64
2e QN 24 85 30/70 33/8
3 5 28 60 65/35 −13/35
4 eQNT 16 85 30/70 37/−98
5 eQDT 6 90 22/78 −29/94
6 eCNT 6 97 25/75 −23/92
7 eHQNU 2 97 33/67 59/−98
8 eQDU 4 93 40/60 −46/96
9e eQNS 21 84 57/43 −11/−45
10 6 5 95 56/44 91/36
11 7 24 75 75/25 40/55
12 8 1 98 80/20 −95/−56

aReactions were performed at on an 0.08 mmol scale of 1a (c 0.2 M)
using TBHP (1.2 equiv). bDetermined by 1H NMR analysis with
1,3,5-(MeO)3C6H3 as an internal standard. cDetermined by 1H NMR
analysis of the crude reaction mixture. dDetermined by chiral HPLC
analysis. Negative sign indicates enantiomeric excess for the opposite
enantiomer. e5 mol % of catalyst was used.

Scheme 2. Substrate Scope for the Asymmetric Epoxidation of
Alkenes 1 with 8/TBHP Systema−e

aReactions were performed on a 0.1 mmol scale of 1 (c 0.1 M) using
TBHP (1.2 equiv). bIsolated yield of both epoxides; yield of 2 in
parentheses. cEpoxide 2/3 ratio determined by 1H NMR analysis of
the crude reaction mixture. dee determined by chiral HPLC analysis.
eUnseparable mixture of 2 and 3.

Scheme 3. Asymmetric Epoxidation of Alkenes 1 with eQDT/
TBHP Systema−d

aReactions were performed on a 0.1 mmol scale of 1 (c 0.1 M) using
TBHP (1.2 equiv). bIsolated yield of both epoxides; yield of 3 in
parentheses. cEpoxide 2/3 ratio determined by 1H NMR analysis of
the crude reaction mixture. dee determined by chiral HPLC analysis.

Scheme 4. Enantioselective Epoxidation of Alkenes 9 with
eQDT/TBHP System
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be active in the process, leading to the cis-spiroepoxide 3a with a
comparable level of enantioselectivity but slightly decreased
diastereoisomeric ratios (entries 7 and 8). Conversely, the
quinine-derived squaramide (eQNS) displayed low activity and
stereoselectivity (entry 9). Easily available amine−thiourea 6,
developed by our group as an effective catalyst in a sulfa-Michael
reaction,19 gave only a slight preference of trans-spiroepoxide 2a,
which was recovered with 91% ee (entry 10). The corresponding
urea 7 was less efficient in terms of enantiocontrol (entry 11).
Gratifyingly, more sterically hindered amine−thiourea 8 rapidly
converted the alkene into a 80/20 trans/cis mixture of epoxides,
with the trans-2a being recovered with 96% ee (entry 12).
Further optimization of the reaction parameters using catalysts

8 and eQDT enabled identification of the best reaction
conditions to preferentially access enantioenriched trans-20 or
cis-spiroepoxides from unsaturated pyrazolones.21 To assess the
scope of the epoxidation, alkenes 1 were reacted with catalyst 8
and TBHP in toluene at −20 °C (Scheme 2). Alkenes bearing
electron-donating or -withdrawing groups at the para, meta
positions of the aromatic R1 group were rapidly converted in
good to high yield, satisfactory diastereocontrol, and high ee
values into trans-spiroepoxides 2a−h. A somewhat lower
enantioselectivity was observed with the ortho-substituted
epoxide trans-2d. More sterically demanding 2-naphthyl or
heteroaromatic groups were tolerated, achieving comparable
results in terms of stereocontrol (2i,j). The β-alkyl-substituted
alkene 1k gave the trans-spiroepoxide 2k in good yield,
somewhat lower diastereocontrol, and 96% ee.
Unsaturated pyrazolones differently substituted at positions 1

or 3 of the heterocycle were smoothly transformed into epoxides
with similar trans-diastereocontrol and excellent level of
asymmetric induction. The absolute configuration of spiroep-
oxide 2f was determined to be (2R,3S) by X-ray crystallographic
analysis (Flack parameter =−0.00(3)), and the configurations of
the other epoxides were assigned by analogy.21

Then, epoxidation to obtain cis-spiroepoxides 3 using eQDT
as the organocatalyst in trifluorotoluene at room temperature
was studied (Scheme 3).21 As a general remark, the reactions
proceeded to give cis-spiroepoxides 3 in good to high yield, a
good level of diastereocontrol (up to 92/8 dr), and excellent
enantioselectivity.22 The absolute configuration of spiroepoxide
3g was determined to be (2S,3S) by X-ray crystallographic
analysis (Flack parameter =−0.023(17)), and the configurations
of the other epoxides were assigned by analogy.21 The trans-2
and cis-3 spiroepoxides, preferentially enriched in the opposite

enantiomers, can be eventually obtained by using catalysts ent-8
and eHQNU (see Table 1).
Finally, we were intrigued by the possibility to perform a more

ambitious reaction of β,β′-substituted alkylidene pyrazolones to
obtain spiroepoxides bearing vicinal quaternary stereocenters.
To this end, symmetrically β-disubstituted 4-alkylidenepyrazo-
lones 9a,bwere treated under conditions reported in Scheme 3 at
−20 °C (Scheme 4). Interestingly, epoxides 10a,b were isolated
in high yield and with an encouranging level of enantioselectivity.
To shed light on the mechanism of epoxidation, a preliminary

DFT study was carried out with simplified catalyst ent-6 (Figure
1).23 In the prereactive complexes (PRC-R), the carbonyl
oxygen of the alkene was engaged in two strong H-bonds with
the NH groups of the thiourea moiety and an additional
hydrogen bond with the proton of the amino group, the latter
playing an active role over the entire mechanism.24 In the most
stable PRCs, TBHP was strongly H-bonded to the amine
nitrogen of the catalyst, ready to be deprotonated. The oxa-
Michael reaction was calculated to be the enantioselectivity and
rate-determining step. A moderate barrier (12 kcal/mol, TS-R)
was predicted for the formation of the IC-cis intermediate
complex with the preferred R-configuration. Direct ring closure
of the IC-cis intermediate complex to (2R,3R)-3 would not be a
feasible event due to the high barrier associated with the C−O
bond formation (25 kcal/mol).25 Amuch smaller barrier (9 kcal/
mol) was predicted for the rotation about the C−C−C−O
dihedral angle, converting the IC-cis into IC-trans intermediate.
The latter would easily form the final (2R,3S)-spiroepoxide 2, as
experimentally observed, via a ring-closure step predicted to be a
barrier less process. DFT computations are able to recover the
experimental trends and give a rationale for the isomerization,
although quantitative agreement with the outcome of the
reaction carried out with catalyst 6 is only fair. Indeed, a too
large energy difference between the ring closure step leading to
(2R,3R)-product and the torsion step, leading to (2R,3S)-
product is predicted, possibly due to the simplified nature of the
model catalyst. Further theoretical studies employing real
catalysts are thus needed for a definitive assessment of the
mechanism.
In conclusion, we developed a first diastereodivergent and

enantioselective epoxidation of unsaturated pyrazolones, which
enabled successful preparation of trans- and cis-spiropyrazolone
epoxides in high enantiocontrol by using readily accessible
amine-thioureas. This study highlights an organocatalytic
diastereodivergent asymmetric synthesis of epoxides that can

Figure 1. Energy profile of the epoxidation catalyzed by simplified ent-6; relative energy (kcal/mol) refers to reactants (Cy = cyclohexyl).
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be a suitable approach whenever stable peroxy enolates are
involved in Weitz−Scheffer-type epoxidations.
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