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Dysprosium(III)-Catalyzed Ring-Opening of meso-Epoxides:
Desymmetrization by Remote Stereocontrol in a Thiolysis/Elimination
Sequence
Lu Yao, Qiao Zhu, Liang Wei, Zuo-Fei Wang, and Chun-Jiang Wang*

Abstract: An unprecedented asymmetric desymmetrization of
meso-epoxides, derived from cyclopentene-1,3-diones, with 2-
mercaptobenzothiazoles has been realized. It was efficiently
catalyzed by a chiral DyIII/N,N’-dioxide complex through
a thiolysis/elimination sequence. This remote stereocontrol
strategy provides facile access to synthetically versatile cyclo-
pentene derivatives bearing an all-carbon quaternary stereo-
genic center in high yield and excellent enantioselectivity.
Intriguingly, optically active thiophene could be readily
generated from the obtained product through an efficient
one-pot protocol.

The nucleophilic ring-opening of epoxides[1] represents an
important strategy in organic synthesis because of its power-
ful capability in forming bonds. This process leads to the
possible formation of two adjacent stereocenters at the a,a’-
positions of the meso-epoxide (Scheme 1a). As such, consid-
erable efforts have been devoted to the enantioselective
desymmetrization of meso-epoxides over the past few de-
cades by using highly efficient catalytic systems and include

a variety of nucleophiles. The usual substituent group of the
meso-epoxide is either alkyl or aryl, for example, cis-cyclo-
alkane or cis-stilbene. However, these approaches are limited
when R = carbonyl group.[2] The lack of related literature is
most likely because of the lower reactivity of the oxirane ring
on diketoepoxides compared with that of normal epoxides,
and therefore the ring-opening process of diketoepoxides
requires harsh reaction conditions.[3] To the best of our
knowledge, such catalytic enantioselective reactions remain
elusive to date. Therefore, the asymmetric ring-opening of
meso-diketoepoxides is challenging and in high demand.

As the 2,2-disubstituted cyclopentene-1,3-dione bearing
an all-carbon quaternary stereogenic center is ubiquitous in
many biologically active compounds and pharmaceuticals,[4]

a direct method towards these chiral motifs would be
important. Among various strategies which have been used
for accessing such moieties, asymmetric desymmetrization[5] is
undoubtedly an ideal strategy because of its step economy
and the efficiency in construction of the all-carbon stereo-
genic centers. There have been only two reports so far.
Mukherjee[6] and co-workers reported an elegant study in
alkylative desymmetrization of prochiral 2,2-disubstituted
cyclopentene-1,3-dione in the presence of a bifunctional
tertiary aminourea catalyst. Soon after, Lee and co-workers[7]

reported the desymmetrization of such a motif through an
oxidative heck coupling process, albeit with moderate enan-
tioselectivity. Therefore, the development of a new desym-
metrization method capable of accessing chiral 2,2-disubsti-
tuted cyclopentene-1,3-diones is still of great significance.
Given our interest in the construction of all-carbon quater-
nary centers,[8, 9] we speculated that the asymmetric nucleo-
philic ring-opening of the readily available meso-epoxides
1 followed by subsequent dehydration would directly afford
the cyclopentene-1,3-dione bearing an all-carbon quaternary
stereogenic center (Scheme 1b). However, several challenges
had to be overcome in this design: 1) lower reactivity of meso-
diketoepoxides towards nucleophilic attack; 2) stereoselec-
tive construction of an all-carbon quaternary stereogenic
center (g-position) which is remote from the reaction site;
3) the thiolysis/dehydration sequence must proceed under
mild reaction conditions with a broad substrate scope. Herein,
we report an unprecedented desymmetrization by remote
stereocontrol for synthesizing a variety of cyclopentene-1,3-
diones, and it is capable of generating an all-carbon quater-
nary stereogenic center through an efficient thiolysis/elimi-
nation sequence.

As no example of a catalytic desymmetrization of meso-
diketoepoxides has been reported so far, a sufficient screen-
ing of reaction conditions was carried out to estimate the

Scheme 1. Asymmetric desymmetrization of prochiral meso-epoxides
by nucleophilic ring-opening (previous work) and a thiolysis/elimina-
tion sequence (this work).
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feasibility of this proposal. The diketoepoxide anti-1a, which
could be easily generated from cyclopentene-1,3-dione in
good yields with high anti configuration, was employed.
Initial investigations were focused on the nucleophiles and
chiral phosphoric acids (CPA) as the catalysts. With different
types of nucleophiles screened, most of them (TMSN3,
aniline, phenol, indole, and etc.) failed to open the oxirane
ring, probably because of the lower reactivity of either the
epoxide or the nucleophile. Inspired by the elegant work
reported by Sun and co-workers,[10] 2-mercaptobenzothiazole
(2a) was selected as the nucleophile in the model reaction.
We were pleased to find that the ring opening was followed by
a spontaneous elimination process, thus affording a high yield
of the cyclopentene-1,3-dione 3aa, which featured an all-
carbon quaternary stereogenic center. And the benzothiazole
thioether moiety in the corresponding product is frequently
found in antimycobacterial compounds.[11] Unfortunately,
only moderate enantioselectivity was achieved (see the
Supporting Information for more details) with the tested
chiral phosphoric acids. Then, we turned our attention into
transition-metal catalysts. Several classical privileged chiral
ligands were employed using Sc(OTf)3 as the metal salt.
However, the product 3aa was obtained either in racemic
form or in poor enantioselectivity with the P,P-ligand (L1),
N,P-ligand (L2), and N,N-ligand (L3) (Table 1, entries 1–3).
Considering FengÏs N,N’-dioxide chiral ligands,[12] which
exhibit excellent asymmetric induction in numerous transi-
tion metal catalyzed asymmetric reactions, the N,N’-dioxide
L4 was tested. To our delight, the reaction proceeded
successfully to deliver the desired product in high yield with
72% ee (entry 4). Encouraged by this promising result,
a series of N,N’-dioxides were investigated. It was found
that increasing the steric hindrance of the subunits on amide
could significantly improve the enantiocontrol (entries 5–7).
Dichloromethane turned out to be the ideal solvent in this
reaction (entries 8 and 9). Then, the lanthanide triflates were
investigated to further improve the enantioselectivity
(entries 10–14). When the metal salt was changed to Dy-
(OTf)3, the desired product was isolated in 96 % yield and
93% ee (entry 14). Therefore, the optimal reaction conditions
for this thiolysis/elimination reaction requires Dy(OTf)3/L6
(10 mol %) as the catalyst in dichloromethane at 30 88C for
2 hours.

After the optimal reaction conditions were established,
we started to evaluate the reaction scope. As revealed in
Table 2, ring-opening/dehydration of a series of meso-epox-
ides (1) derived from cyclopentene-1,3-diones with 2-mer-
captobenzothiazole (2a) was investigated. The benzyl group
bearing electron-rich (entries 7–9, and 12), electron-neutral
(entry 1), and electron-deficient (entries 3–6) substituents in
1 were all well-tolerated. Notably, the substitution pattern
almost had no effect on the yield or stereoselectivity, thus the
corresponding products could be obtained in excellent yield
(92–99%) with excellent enantioselectivity (90–94% ee). In
addition, naphthyl-substituted epoxides were also suitable in
this reaction, thus giving the desired product in excellent yield
and enantioselectivity (93–97% yield, 92–92 % ee, entries 10
and 11). Remarkably, the substrate scope was not limited to
the benzylic substitutents, and result shows that 92% yield

with 90% ee were observed in the product when an epoxide
containing an allyl group at the stereocenter was used in this
reaction (entry 13). The propyl-substituted epoxide 1n was
also compatible, thus affording 3an in 99 % yield with 94 % ee
(entry 14). Notably, perfect desymmetrization could be effi-
ciently realized even when there is subtle difference between
the two substituted groups in 1o (entry 15). Moreover, the
methyl group at the stereocenter could be replaced by an
ethyl group, thus providing the cyclopentene-1,3-dione 3ab in
96% yield with 93 % ee (entry 2).

Various aryl 2-mercaptobenzothiazoles[13] (2) were also
investigated (Table 3). Different of substitutents at the 5-, 6-,
and 7-positions on the benzothiazole framework were all
well-tolerated. Reaction of aryl mercaptans containing
methyl (2h, 2 f), methoxy (2b), ethoxy (2d), chloro (2c,
2g), and even methyl,bromo disubstitution (2e) all gave the
the corresponding products 3 in excellent yields and enantio-
selectivities. Single-crystal X-ray analysis of compound 3aa[14]

allowed us to establish the all-carbon quaternary stereogenic
center as having an R configuration (Figure 1).

All the epoxides used thus far have had an anti arrange-
ment on the ring, and to gain insight into the stereochemistry

Table 1: Optimization of the reaction conditions.[a]

Entry M Ligand Solvent Yield [%][b] ee [%][c]

1 Sc(OTf)3 L1 DCM 87 3
2 Sc(OTf)3 L2 DCM 89 13
3 Sc(OTf)3 L3 DCM 86 0
4 Sc(OTf)3 L4 DCM 96 72
5 Sc(OTf)3 L5 DCM 95 78
6 Sc(OTf)3 L6 DCM 96 82
7 Sc(OTf)3 L7 DCM 94 57
8 Sc(OTf)3 L6 PhMe 81 54
9 Sc(OTf)3 L6 Et2O 94 28
10 La(OTf)3 L6 DCM 96 72
11 Y(OTf)3 L6 DCM 92 82
12 Ni(OTf)2 L6 DCM 87 10
13 Gd(OTf)3 L6 DCM 95 92
14 Dy(OTf)3 L6 DCM 96 93

[a] All reactions were carried out with 0.10 mmol of 1a and 0.11 mmol of
2a in 1 mL solvent for 2 h. [b] Yield of the isolated product. [c] Deter-
mined by HPLC analysis.
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of this cascade thiolysis/elimination process, we studies of the
behavior of the corresponding syn epoxides. We believe that
increasing the steric bulk of the substitutents on the quater-
nary carbon center in the cyclopentene-1,3-dione would allow
the formation of the syn epoxide. As expected, the epoxide
1b, containing an ethyl group, and 1c, containing an ortho-
bromo-substituted phenyl group, were observed in 1:1 ratio of
anti/syn, and the geometry of anti-1c and syn-1c were
validated by X-ray structure analysis[14] (see the Supporting
Information for details). Interestingly, changing the geometry
of either the epoxide 1b or 1c from anti to syn under the
standard reaction conditions led to the formation of the
enantiomer (S)-3, albeit with moderate enantioselectivity
(Scheme 2).

To further demonstrate the potential utility of this
methodology, the reaction between (anti)-1a and 2 a were
carried out on a gram scale, and (R)-3 aa was isolated in high
yield with similar enantioselectivity (Scheme 3). Treatment of
(R)-3aa with mercaptoacetaldehyde and a catalytic amount
of DABCO, followed by the addition of 1 equivalent of TsOH
led to the formation of the optically active thiophene 4, which

is commonly found in materials science and pharmaceuti-
cals.[15] The formation of the thiophene resulted from a base-
promoted sulfa-Michael addition/aldol/elimination (SAE)
sequence followed by subsequent acid-promoted aromatiza-
tion, in which benzothiazole thioether moiety served as
a good leaving group. Notably, this reaction could be
performed in one pot, thus affording 4 in 85% yield without
loss in the enantiomeric excess.

Table 2: Substrate scope of asymmetric desymmrtrization.[a]

Entry 1 3 Yield [%][b] ee [%][c]

R1 R2

1 Ph Me (1a) 3aa 96 93
2 Ph Et (1b) 3ab 97 92
3 o-BrC6H4 Me (1c) 3ac 95 93
4 m-BrC6H4 Me (1d) 3ad 94 92
5 p-CF3C6H4 Me (1e) 3ae 92 90
6 m-ClC6H4 Me (1 f) 3af 95 92
7 o-CH3C6H4 Me (1g) 3ag 99 92
8 m-CH3C6H4 Me (1h) 3ah 99 94
9 p-CH3-C6H4 Me (1 i) 3ai 98 92
10 1-Naphthyl Me (1 j) 3aj 93 92
11 2-Naphthyl Me (1k) 3ak 97 92

12 Me (1 l) 3al 98 92

13 CH2=CH Me (1m) 3am 92 90
14 Et Me (1n) 3an 99 94
15 Me Me (1o) 3ao 97 90

[a] All reactions were carried out with 0.10 mmol of 1 and 0.11 mmol of
2a in 1 mL DCM. [b] Yield of isolated prodcut. [c] Determined by HPLC
analysis.

Table 3: Scope with respect to thr substrates.[a]

[a] All reactions were carried out with 0.10 mmol of 1a and 0.11 mmol of
2 in 1 mL solvent. [b] Yield of isolated product. [c] Determined by HPLC
analysis.

Scheme 2. The stereochemistry with epoxide (syn)-1b and (syn)-1c.

Figure 1. The absolute configuration of (R)-3aa.[14]
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Based on the above control experiments, X-ray structures
of (R)-3aa, (anti)-1c,vand (syn)-1c, and literature results,[12]

a possible transition state is proposed (Figure 2): the coordi-
nation of the tetradentate chiral ligand L6 and (anti)-1 to the
dysprosium(III) center gives rise to an active octahedral
complex. The coordination of 1 leads to lower electron
density at carbon atom a than at b, and allows the nucleophile
to attack the epoxide at a from the backside to afford 3aa with
an R configuration (TS1). On the contrary, the transition-state

TS2 is disfavored because of the steric congestion between the
benzyl group of the epoxide and aryl group of the ligand.
Meanwhile, the backside of (anti)-1 is shielded by the
neighboring amide group of the ligand and thus makes the
nucleophilic attack disfavored. For the syn epoxide, the 2,4,6-
triisopropylaniline of the ligand either shield the backside of
the epoxide or cause the steric congestion with the substituted
group of the epoxide, thus both the transition-state TS3 and
TS4 are unfavorable and explains the lower enantioselectivity
with the corresponding syn epoxide.

In summary, we have developed an unprecedented
asymmetric thiolysis/elimination sequence for meso-dike-
toepoxides derived from cyclopentene-1,3-diones. This
desymmetrization by remote stereocontrol was efficiently
promoted by a chiral N,N’-dioxide/dysprosium(III) complex.
Because of the broad substrate scope, step economy, and mild
reaction conditions, this cascade reaction occupies an impor-
tant position in the construction of enantioenriched natural
and biologically active compounds containing cyclopentene-
1,3-dione units. Furthermore, the achieved product can be
easily transformed into optically active thiophene in a one-pot
protocol without losing of enantiomeric excess. Further
studies of this ring-opening process with other nucleophiles
and application in organic synthesis are ongoing in our
laboratory.
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J. Kaustov�, H.-M. Dahse, U. Mçllmann, Bioorg. Med. Chem.
Lett. 2002, 12, 3275; c) A. Naya, K. Kobayashi, M. Ishikawa, K.
Ohwaki, T. Saeki, K. Noguchi, N. Ohtake, Bioorg. Med. Chem.
Lett. 2001, 11, 1219; d) J. Dumas, D. Brittelli, J. Chen, B. Dixon,
H. Hatoum-Mokdad, G. Konig, R. Sibley, J. Witowsky, S. Wong,
Bioorg. Med. Chem. Lett. 1999, 9, 2531; e) M. N. Greco, W. E.
Hageman, E. T. Powell, J. J. Tighe, F. J. Persico, J. Med. Chem.
1992, 35, 3180.

[12] For reviews of N,N’-dioxide ligands: a) K. Shen, X. Liu, L. Lin,
X. Feng, Chem. Sci. 2012, 3, 327; b) X. Liu, L. Lin, X. Feng, Acc.
Chem. Res. 2011, 44, 574; For selected examples: c) H. Zheng, X.
Liu, C. Xu, Y. Xia, L. Lin, X. Feng, Angew. Chem. Int. Ed. 2015,
54, 10958; Angew. Chem. 2015, 127, 11108; d) J. Zhang, Y.
Zhang, L. Lin, Q. Yao, X. Liu, X. Feng, Chem. Commun. 2015,
51, 10554; e) T. Huang, L. Lin, X. Hu, J. Zheng, X. Liu, X. Feng,
Chem. Commun. 2015, 51, 11374; f) S. Bai, Y. Liao, L. Lin, W.
Luo, X. Liu, X. Feng, J. Org. Chem. 2014, 79, 10662; g) X. L. Hu,
B. Gao, Y. Y. Chu, W. Li, X. H. Liu, L. L. Lin, X. M. Feng, Chem.
Eur. J. 2012, 18, 3473; h) B. Gao, Y. H. Wen, Z. G. Yang, X.
Huang, X. H. Liu, X. M. Feng, Adv. Synth. Catal. 2008, 350, 385.

[13] M. F. Wang, S. Cai, Z. Wang, C. Xi, Org. Lett. 2011, 13, 3202.
[14] CCDC 1450678 [(R)-3aa], 1450680 [anti-1c] and 1450679 [syn-

1c] contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.

[15] a) S. Marchais-Oberwinkler, K. Xu, M. Wetzel, E. Perspicace, M.
Negri, A. Meyer, A. Odermatt, G. Mçller, J. Adamski, R. W.
Hartmann, J. Med. Chem. 2013, 56, 167; b) A. Junker, J.
Yamaguchi, K. Itami, B. Wînsch, J. Org. Chem. 2013, 78, 5579;
c) M. Durso, D. Gentili, C. Bettini, A. Zanelli, M. Cavallini, F.
De Angelis, M. Grazia Lobello, V. Biondo, M. Muccini, R.
Capelli, M. Melucci, Chem. Commun. 2013, 49, 4298; d) K.
Dor¦, S. Dubus, H.-A. Ho, I. L¦vesque, M. Brunette, G. Corbeil,
M. Boissinot, G. Boivin, M. G. Bergeron, D. Boudreau, M.
Leclerc, J. Am. Chem. Soc. 2004, 126, 4240; e) D. K. Dalvie, A. S.
Kalgutkar, S. C. Khojasteh-Bakht, R. S. Obach, J. P. OÏDonnell,
Chem. Res. Toxicol. 2002, 15, 269.

Received: January 30, 2016
Published online: April 6, 2016

Angewandte
ChemieZuschriften

5927Angew. Chem. 2016, 128, 5923 –5927 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1021/cr900169j
http://dx.doi.org/10.1021/cr068365a
http://dx.doi.org/10.1021/cr068365a
http://dx.doi.org/10.1021/cr020071b
http://dx.doi.org/10.1016/S0040-4020(02)00990-0
http://dx.doi.org/10.1021/cr9403650
http://dx.doi.org/10.1002/anie.198600013
http://dx.doi.org/10.1002/anie.198600013
http://dx.doi.org/10.1002/ange.19860980102
http://dx.doi.org/10.1039/c1cs15120g
http://dx.doi.org/10.1021/op060225f
http://dx.doi.org/10.1021/op060225f
http://dx.doi.org/10.1021/op700023h
http://dx.doi.org/10.1021/op700023h
http://dx.doi.org/10.1021/cr040640a
http://dx.doi.org/10.1021/ja5117556
http://dx.doi.org/10.1039/C5CC00407A
http://dx.doi.org/10.1016/S1872-2067(14)60204-7
http://dx.doi.org/10.1021/acs.orglett.5b02810
http://dx.doi.org/10.1002/anie.201400109
http://dx.doi.org/10.1002/anie.201400109
http://dx.doi.org/10.1002/ange.201400109
http://dx.doi.org/10.1039/c3cc42587h
http://dx.doi.org/10.1039/c3cc42587h
http://dx.doi.org/10.1021/ol400821q
http://dx.doi.org/10.1002/chem.201103876
http://dx.doi.org/10.1021/jacs.5b03083
http://dx.doi.org/10.1021/ol402797v
http://dx.doi.org/10.1002/anie.201300188
http://dx.doi.org/10.1002/ange.201300188
http://dx.doi.org/10.1002/ange.201300188
http://dx.doi.org/10.1021/ja9702576
http://dx.doi.org/10.1021/ja9702576
http://dx.doi.org/10.1021/ja043770+
http://dx.doi.org/10.1021/jm051146h
http://dx.doi.org/10.1021/jm051146h
http://dx.doi.org/10.1016/S0960-894X(01)00176-7
http://dx.doi.org/10.1016/S0960-894X(01)00176-7
http://dx.doi.org/10.1016/S0960-894X(99)00433-3
http://dx.doi.org/10.1021/jm00095a012
http://dx.doi.org/10.1021/jm00095a012
http://dx.doi.org/10.1039/C1SC00544H
http://dx.doi.org/10.1021/ar200015s
http://dx.doi.org/10.1021/ar200015s
http://dx.doi.org/10.1002/anie.201505717
http://dx.doi.org/10.1002/anie.201505717
http://dx.doi.org/10.1002/ange.201505717
http://dx.doi.org/10.1039/C5CC03203B
http://dx.doi.org/10.1039/C5CC03203B
http://dx.doi.org/10.1039/C5CC02179K
http://dx.doi.org/10.1021/jo5020036
http://dx.doi.org/10.1002/chem.201103792
http://dx.doi.org/10.1002/chem.201103792
http://dx.doi.org/10.1002/adsc.200700474
http://dx.doi.org/10.1021/ol2011105
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.20161083
http://www.ccdc.cam.ac.uk/
http://www.ccdc.cam.ac.uk/
http://dx.doi.org/10.1021/jm3014053
http://dx.doi.org/10.1021/jo400692p
http://dx.doi.org/10.1039/C2CC37053K
http://dx.doi.org/10.1021/ja038900d
http://dx.doi.org/10.1021/tx015574b
http://www.angewandte.de

