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Abstract: A highly enantioselective Lewis base-catalysed

formal [3++2] cycloaddition of ammonium enolates and oxa-

ziridines to give stereodefined oxazolidin-4-ones in high
yield is described. Employing an enantioenriched oxaziridine

in this process leads to a matched/mis-matched effect with

the isothiourea catalyst and allowed the synthesis of either

syn- or anti-stereodefined oxazolidin-4-ones in high d.r. ,

yield and ee. Additionally, the oxazolidin-4-one products
have been derivatised to afford functionalised enantioen-

riched building blocks.

Introduction

The ubiquitous use of heterocycles in the pharmaceutical,

agrochemical as well as in the dye and fine-chemical industries
has led to the establishment of numerous strategies for their

synthesis and functionalisation.[1] Stereodefined heterocycles
are also significant components of numerous biologically

active natural products.[2] As a result of the widespread preva-
lence of heterocyclic motifs in synthetic chemistry,[3] alongside

the continued drive for efficient, selective synthetic protocols

within the chemical community, there is an ongoing require-
ment for novel asymmetric syntheses of heterocyclic scaffolds.

Oxazolidin-4-ones represent a unique heterocyclic structural
motif found within natural products and bioactive molecules.

For example, the oxazolidin-4-one core is found in the natural
products synoxazolidinone A and B which were isolated from

S. pulmonaria and exhibit antibiotic and antifungal activity at

low concentrations (Figure 1).[4] In addition, oxazolidin-4-ones
are found in lipoxazolidinones A, B, and C isolated from
a marine actinomycete strain.[5] These naturally occurring oxa-
zolidin-4-ones also exhibit antibacterial activity comparable

with the commercial antibacterial agent Linezolid (Zyvox) that
contains a structurally related oxazolidin-2-one core.[6] There-

fore, the development of a synthetic strategy for the asymmet-
ric generation of heterocyclic scaffolds of this type is a worth-
while goal. In this manuscript, we describe an isothiourea-cata-

lysed formal [3++2] cycloaddition using both racemic and enan-

tioenriched oxaziridines[7] to form stereodefined oxazolidin-4-
ones.

Building on Birman and Okamoto’s introduction of isothiour-
ea catalysts for kinetic resolutions[8] we have recently estab-
lished, alongside Romo,[9] isothiourea Lewis base catalysis[10] for
the preparation of a range of synthetically relevant heterocyclic

scaffolds. Substituted THFs,[11] dihydrobenzofurans and pyrroli-
dines[12] have been accessed by an asymmetric intramolecular
Michael addition/lactonisation process. In addition, stereode-

fined anti-d-lactams[13] and dihydropyranones[14] were obtained
by related intermolecular Michael addition/cyclisation proto-

cols. This methodology was extended using a strategic PhSH
elimination as part of a cascade process for the synthesis of

substituted pyrones[15] and functionalised pyridines.[16] Addi-

tionally, asymmetric formal [2++2] cycloadditions employing N-
sulfonyl imines to form anti-b-lactams have been studied.[17]

However, to date, formal [3++2] cycloaddition processes cata-
lysed by isothioureas have not been developed.[18]

Oxaziridines have previously been reported as electrophiles
for the synthesis of oxazolidin-4-ones by Ye and co-workers

Figure 1. Biologically active natural products and medicinal agents based
upon the oxazolidinone core.
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using ketenes in the presence of
either N-heterocyclic carbene

(NHC) precatalyst 1 or cinchona
alkaloids.[19] The a,a-disubstitut-

ed oxazolidin-4-ones were isolat-
ed in good yield and with high
diastereo- and enantioselectivity

(Scheme 1a), although this pro-
cess is somewhat limited due to
the use of synthetically challeng-
ing ketenes and their precursors.

More recently, Feng described
chiral bisguanidinium salt 2 for

the asymmetric oxyamination of

azlactones with concurrent ki-
netic resolution of the oxaziri-

dine (Scheme 1 b).[20] Building
upon these precedents, herein

we report our results on the iso-
thiourea-catalysed asymmetric

formal [3++2] cycloaddition of

homoanhydrides and oxaziri-
dines to form stereodefined oxa-

zolidin-4-ones (Scheme 1c) and
their subsequent derivatisations.

Results and Discussion

Optimisation

Our investigation began with the Lewis base-catalysed reaction
of commercially available phenylacetic acid 4 with racemic ox-
aziridine 5 (Table 1, conditions A). Treatment of the acid with
pivaloyl chloride and iPr2NEt to form a mixed anhydride in situ

followed by addition of (2S,3R)-HyperBTM 3[21] and oxaziridine
5 gave high conversion into the desired [3++2] oxazolidin-4-
one product 6, with a small amount of imine 14 and b-lactam
15 (derived from a previously disclosed[17] intramolecular
formal [2++2] cycloaddition of an ammonium enolate and

imine 14) also observed by 1H NMR spectroscopy (Table 1,
entry 1). However, imine 14 was difficult to remove from the

desired product by column chromatography, resulting in con-

taminated oxazolidin-4-ones. To probe the origin of imine 14,
control experiments demonstrated that treating oxaziridine 5
in CH2Cl2 with iPr2NEt (1 equiv) led to the formation of
iPr2(Et)N-oxide and imine 14. To prevent this undesired imine

formation through oxidation of the base a number of alterna-
tive bases was examined. Disappointingly, 2,6-lutidine and

Cs2CO3 gave comparable amounts of imine 14 (entries 2 and

3). In the reaction with Cs2CO3 (entry 3), imine formation is pre-
sumably derived from reaction of oxaziridine 5 with chloride

ions[7b] generated from the reaction of phenylacetic acid 4 with
pivaloyl chloride to form the “activated” mixed anhydride. To

overcome this problem and remove the need for an activation

Scheme 1. Formal [3++2] intermolecular cycloadditions for the synthesis of
oxazolidin-4-ones catalysed by a) NHC precatalyst 1; b) bisguanidinium salt
2 ; c) HyperBTM 3.

Table 1. Reaction optimisation and oxaziridine scope.

Entry Oxaziridine Product Base Yield [%][a] d.r.anti/syn
[b] eeanti/syn [%][c] Imine 14 [%]

1[d] 5 6 iPr2NEt 64 82:18 >99:>99 6
2[d] 5 6 2,6-lutidine 57 75:25 – 8
3[d] 5 6 Cs2CO3 72 61:39 – 9
4[e] 5 6 Cs2CO3 83 57:43 97:97 –
5[e] 8 11 Cs2CO3 78 55:45 78:78 –
6[e] 9 12 Cs2CO3 82 55:45 99:95 –
7[e] 10 13 Cs2CO3 73 59:41 85:80 –

[a] Combined isolated yield of both diastereoisomers. [b] Determined by 1H NMR spectroscopic analysis of the
crude reaction product. [c] Determined by HPLC analysis. [d] Conditions A. [e] Conditions B.

Chem. Eur. J. 2015, 21, 10530 – 10536 www.chemeurj.org Ó 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim10531

Full Paper

http://www.chemeurj.org


step, homoanhydride[22] 7 was used in place of phenylacetic
acid and assessed under similar reaction conditions (Table 1,

conditions B). Pleasingly, this alternative ammonium enolate
precursor resulted in formation of oxazolidin-4-one 6 exclusive-

ly in high yield with excellent enantiocontrol, however lower
levels of diastereoselectivity were obtained (entry 4). The oxa-

zolidin-4-one diastereomeric mixture 6 a and 6 b was reduced
using LiAlH4 to give diol 16 in good yield maintaining stereoin-
tegrity (Scheme 2),[23] confirming that the configuration at C(5)

is equivalent in both the syn- and anti-diastereomers formed.
The absolute configuration was determined by comparison of

the specific rotation of diol 16 with literature values (see the
Supporting Information for details). To assess the effect of the

oxaziridine on the stereochemical outcome of the process, al-

ternative oxaziridines were investigated using phenylacetic an-
hydride 7 as the standard ammonium enolate precursor (en-

tries 5–7). Aromatic halogen substitution in the ortho- and
para-position was examined under the optimised conditions

and led to high yields of the de-
sired [3++2] products 11 and 12,

both in approximately 55:45 d.r.

but with slightly reduced levels
of enantiocontrol for both dia-

stereoisomers. Gratifyingly, the
scope of the process could be

extended with regards to the N-
substituent. Replacing the N-

tosyl group with an N-nosyl led

to the formation of oxazolidin-4-
one 13 in high yield, however

slightly reduced ee values were
obtained for the syn- and anti-
products.

These reaction conditions

were next applied to a range of
homoanhydrides to assess the
scope of the reaction (Table 2).
Anhydrides with both electron-
withdrawing and -donating aro-

matic substituents were tolerat-
ed, giving a range of oxazolidin-

4-ones in high yields with ap-
proximately 50:50 d.r. , but with
excellent levels of enantiocontrol

observed for each diastereoiso-
mer 6, 17 and 18 (up to

99 % ee). Extended aromatic sys-
tems and aromatic groups bear-

ing substituents in the ortho-, meta- and para-position also
participated well under the previously optimised reaction con-

ditions giving oxazolidin-4-ones 19–22 in good yields again
with excellent levels of ee for both diastereoisomers. 3-Thio-

phenylacetic anhydride led to isolation of oxazolidin-4-one 23
in 79 % yield but lower levels of ee were obtained for both the

syn- and anti-diastereoisomer (87 and 81 %, respectively). Pleas-
ingly, the reaction was extended beyond aromatic substitution

patterns to include alkenyl oxazolidin-4-one 24, obtained in

good yield and high ee (syn- and anti-diastereoisomer). Unex-
pectedly, p-trifluoromethyl substitution gave oxazolidin-4-one

25 in 49:51 d.r.anti/syn, with both diastereoisomers formed with
low levels of enantioselectivity (43 % eeanti, 36 % eesyn).

Whilst these results are synthetically relevant, their utility for
the synthesis of oxazolidin-4-ones is partially limited due to

the diastereomeric mixtures of heterocycles obtained. Al-

though this methodology is applicable to the synthesis of
enantioenriched diols (Scheme 2), further investigations sought

to investigate the cause of low diastereocontrol in this process
allowing selective access to either syn and anti diastereoiso-

mers. The conversion of (�)-oxaziridine 5 into product 6 under
the standard reaction conditions was monitored over time by
1H NMR spectroscopy and the ee of unreacted oxaziridine 5
and oxazolidin-4-one 6 was analysed by chiral HPLC analysis
(Table 3). Notably, over the early part of the reaction the d.r. of

6 remains fairly constant with the initial d.r. of 78:22 anti/syn at
1 min, reducing to 71:29 after 4 h at ¢78 8C. The ee of both

Scheme 2. LiAlH4 reduction of oxazolidin-4-one 6.

Table 2. Investigation of homoanhydride substrate scope.

Products Yield [%][a]

d.r.anti/syn
[b]

eeanti/eesyn [%][c]

Products Yield [%][a]

d.r.anti/syn
[b]

eeanti/eesyn [%][c]

83
57:43
97:97

73
54:46
99:99

89
55:45
97:94

48
53:47
99:99

88
53:47
97:99

79
59:41
92:94

96
53:47
99:99

79
59:41
87:81

61
54:46
99:99

68
49:51
43:36

[a] Combined isolated yield of both diastereoisomers. [b] Determined by 1H NMR spectroscopic analysis of the
crude reaction product. [c] Determined by HPLC analysis.
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diastereoisomers of oxazolidin-4-one 6 remain consistently

high throughout the duration of the reaction. Interestingly, the

ee of the unreacted oxaziridine 5 gradually increased with con-
version up to 41 % ee at 4 h, which indicates that a partial ki-

netic resolution was occurring under the reaction conditions.
The ee values of 5 obtained experimentally in Table 3 correlate

with the predicted values based upon the given conversion
and d.r. , within error. Significantly, high conversion was only

achieved after an extended reaction time and upon warming

to room temperature, which indicates that one enantiomer of
the oxaziridine requires increased temperature to react effi-

ciently with the ammonium enolate. This experiment also pro-
vided evidence that chirality transfer from (�)-oxaziridine 5 to

product 6 was the cause of the low diastereocontrol in this
process, which has implications with regard to the mechanism

of this isothiourea-catalysed formal [3++2] process.

To further investigate and utilise the chirality transfer in this
process the use of an excess of (�)-oxaziridine 5 (2 equiv with
respect to homoanhydride 7) was trialled (Scheme 3).[24] In this
case, oxazolidin-4-one 6 was isolated in 71 % yield with an im-

proved 75:25 d.r. , with both diastereoisomers again formed
with excellent enantioselectivity. The remaining oxaziridine 5
was isolated in 42 % ee, with the (S,S)-enantiomer in excess.
This formally represents a kinetic resolution of (�)-5 with 49 %
conversion with respect to the oxaziridine (as judged by crude

1H NMR spectroscopic analysis) equating to a selectivity factor
S = 4.[25]

In light of these results, it was reasoned that using an enan-
tiomerically pure oxaziridine would lead to the formation of

a single diastereoisomer of the corresponding oxazolidin-4-one
product through complete chirality transfer. To assess this,

enantioenriched oxaziridine (R,R)-5 was accessed in 94 % ee
(following a single recrystallisation) using a modified procedure

developed by Jørgensen and co-workers (Scheme 4).[26]

Pleasingly, using enantioenriched oxaziridine (R,R)-5 with

phenylacetic anhydride 7 and (2S,3R)-HyperBTM 3 (Scheme 5a)
gave anti-oxazolidin-4-one 6 a in high yield, ee and excellent

d.r. (93:7, anti/syn). This matched case arises from the ammoni-

um enolate generated with homoanhydride 7 and (2S,3R)-Hy-
perBTM 3 reacting with (R,R)-5 with excellent stereocontrol.

Using enantiomeric catalyst (2R,3S)-HyperBTM ent-3, low reac-
tivity and reduced isolated yields were observed at ¢78 8C.

However, performing the reaction at 0 8C allowed the desired
syn-oxazolidin-4-one 6 b to be isolated in 95 % yield and

80:20 d.r. (syn/anti), with the major syn product formed in ex-

cellent ee (98 %) (Scheme 5 b). This again suggests complete
chirality transfer from the oxaziridine with the configuration at

C(5) determined by the catalyst. In the mis-matched case the
minor anti-oxazolidin-4-one product was isolated in reduced ee

Table 3. Investigation of enantio- and diastereoselectivity over time.

t Conv.[a] [%] d.r.anti/syn
[b] 6 eeanti/eesyn

[%][c]

5 ee
[%][c]

1 min 9 78:22 >99:99 7
5 min 24 75:25 >99:99 10

15 min 25 70:30 >99:99 11
30 min 26 74:26 >99:99 12
60 min 26 75:25 >99:99 13

120 min 30 75:25 >99:99 17
240 min 52 71:29 >99:99 41

18 h 91 59:41 >99:99 –

[a] Determined by 1H NMR spectroscopic analysis. [b] Determined by
1H NMR spectroscopic analysis of the crude reaction product. [c] Deter-
mined by HPLC analysis.

Scheme 4. Synthesis of enantioenriched oxaziridine (R,R)-5. m-CPBA = meta-
chloroperbenzoic acid.

Scheme 3. Use of excess (�)-oxaziridine 5.
Scheme 5. Investigation of a) matched and b) mis-matched effects between
ammonium enolate and enantiomerically enriched oxaziridine.
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(67 %), presumably as a result of a competitive uncatalysed
background reaction for this catalytically unfavoured process.

The results described in Scheme 5 lead us to propose a cata-
lytic cycle for the synthesis of oxazolidin-4-ones, shown in

Scheme 6. Firstly, homoanhydride 26 acylates HyperBTM 3 to
give acyl ammonium 27. Subsequent deprotonation of 27 to

give (Z)-ammonium enolate 28, stabilised by a favourable no to

s*C¢S interaction,[8h, 9d, 27] followed by intermolecular stereoselec-
tive a-oxidation[28] leads to acyl ammonium 29. Finally, lactami-

sation gives the oxazolidin-4-one
product and regenerates the cat-

alyst. This mechanism provides
an alternative to that proposed

by Ye and co-workers who sug-

gest that for their related NHC-
catalysed formal [3++2] process

the azolium enolate generated is
oxidised by an oxaziridine to

form a transient epoxide species
and an imine, with subsequent

collapse of the epoxide and nu-
cleophilic attack onto the imine
generating an acyl azolium spe-

cies that can cyclise into an oxa-
zolidin-4-one. Our observation of

a matched/mis-matched effect
using enantioenriched oxaziri-

dine suggests the formation of
a transient planar imine inter-
mediate in this process is unlike-

ly. However, the possibility of an
alternative mechanistic pathway

operating in the mis-matched
case cannot be ruled out.

The significance of the matched/mis-matched effect was fur-
ther demonstrated through reaction of a range of homoanhy-

drides with (R,R)-oxaziridine 5 (94 % ee) using HyperBTM 3
(Table 4). Under the previously optimised conditions, electron-

donating and -withdrawing aromatic substituents were easily
incorporated resulting in high yields, enantioselectivities and,

importantly, high d.r. of oxazolidin-4-ones 17 a and 18 a, re-
spectively. Substitution in either the ortho- or meta-positions of

the aryl ring was also well tolerated, forming oxazolidin-4-ones

19 a, 21 a and 22 a as single diastereoisomers with excellent
levels of enantioselectivity. Alkenyl and heteroaryl homoanhy-

dride substituents were also successfully incorporated to give
30 a and 31 a respectively, with high levels of stereocontrol.

However, the introduction of a p-trifluoromethyl substituent
gave oxazolidin-4-one 25 in a reduced 60:40 d.r.anti/syn, with

both diastereoisomers formed in high enantioselectivity

(>99 % ee). This suggests that major product anti-25 a is
formed with high levels of enantioselectivity but undergoes

base-mediated epimerisation at C(5) into syn-25 b. This result
also provides a plausible explanation for the unexpected result

using the p-trifluoromethyl-substituted homoanhydride with
(�)-oxaziridine 5, with epimerisation at C(5) in combination

with the expected mixture at C(2) leading to the observed

drop in ee of both diastereoisomers of 25 (Table 2).
To demonstrate the synthetic utility of this [3++2] process,

additional product derivatisations have been investigated
(Scheme 7). Removal of the N-tosyl protecting group on oxazo-

lidin-4-ones 6 a and 17 a–18 a was achieved with SmI2 at low
temperature to give the parent heterocycles 32–34 in high

yields, with complete retention of ee. Further hydrolysis of oxa-

zolidin-4-one 32 with HCl led to formation of (R)-mandelic acid
35 in quantitative yield.

Table 4. Investigation of the substrate scope with enantioenriched oxaziridine 5.

Major Product Yield [%][a]

d.r.anti/syn
[b]

eeanti [%][c]

Major product Yield [%][a]

d.r.anti/syn
[b]

eeanti [%][c]

81
94:6
99

87
95:5
97

60
95:5
>99

87
>95:5
>99

95
>95:5
>99

71
96:4
>99

61
94:6
>99

49
60:40
>99:99

[a] Isolated yield. [b] Determined by 1H NMR spectroscopic analysis of the crude reaction product. [c] Deter-
mined by HPLC analysis.

Scheme 6. Proposed mechanism for Lewis base catalysed formal [3++2] cy-
cloaddition of ammonium enolates with oxaziridines.
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Conclusion

The asymmetric formal [3++2] cycloaddition of ammonium eno-
lates with both (�)-oxaziridines and (R,R)-oxaziridines has been

developed using a range of 2-aryl and 2-alkenylacetic anhy-
drides with the commercially available isothiourea catalyst Hy-

perBTM 3. This process allows access to stereodefined oxazoli-
din-4-ones that can be readily deprotected or reduced to give

enantioenriched building blocks in high yield. Further studies

using enantioenriched oxaziridines led to the observation of
a matched/mis-matched effect with isothiourea HyperBTM 3,

which has been utilised to obtain oxazolidin-4-ones in high d.r.
with excellent ee. Ongoing studies within this laboratory are

focused upon the continued development of Lewis base catal-
ysis.

Experimental Section

General

For general experimental details, full characterisation data, NMR
spectra, and HPLC traces, see the Supporting Information.

General procedure for the asymmetric organocatalytic for-
mation of oxazolidin-4-ones

The appropriate oxaziridine (1 equiv) and (2S,3R)-HyperBTM 3
(10 mol %) were added to a solution of the appropriate homoanhy-
dride (1.5 equiv) and cesium carbonate (2 equiv) in CH2Cl2 (0.2 m)
at ¢78 8C. The reaction mixture was stirred at ¢78 8C then warmed
slowly to room temperature over 16 h before being quenched
with HCl (1.0 m). The reaction mixture was extracted with CH2Cl2 (Õ
2), the combined organics dried over MgSO4, filtered and concen-
trated in vacuo. The crude residue was purified by column chroma-
tography on silica gel (eluent petrol/Et2O 80:20 unless otherwise
stated) to afford the desired oxazolidin-4-one.

Acknowledgements

We thank Prof. K. A. Jørgensen and L. Lykke for helpful advice

regarding the preparation of enantiomerically enriched oxaziri-
dines. We thank the Royal Society for a University Research Fel-

lowship (A.D.S.) and the European Research Council under the
European Union’s Seventh Framework Programme (FP7/

2007—2013), ERC Grant Agreement No. 279850 (C.F. and J.E.T.),
GSK (CASE award to S.R.S.) and EPSRC grant No. EP/J018139/

1 (D.S.B.D.) for funding. We also thank the EPSRC UK National
Mass Spectrometry Facility at Swansea University.

Keywords: asymmetric synthesis · heterocycles · Lewis base ·
organocatalysis · oxaziridines

[1] a) R. Dua, S. Shrivastava, S. K. Sonwane, S. K. Srivastava, Adv. Biol. Res.
2011, 5, 120 – 144; b) T. Eicher, S. Hauptmann, The Chemistry of Heterocy-
cles: Structure, Reactions, Syntheses, and Applications, 2nd ed. Wiley-VCH,
Weinheim, 2003.

[2] K. C. Majumdar, S. K. Chattopadhyay, Heterocycles in Natural Product Syn-
thesis 1st ed. Wiley-VCH, Weinheim, 2011.

[3] J. A. Joule, K. Mills, Heterocyclic Chemistry, 5th ed. Wiley-Blackwell, Chi-
chester, 2010.

[4] N. V. Shymanska, I. H. An, J. G. Pierce, Angew. Chem. Int. Ed. 2014, 53,
5401 – 5404.

[5] V. R. Macherla, J. Liu, M. Sunga, D. J. White, J. Grodberg, S. Teisan, K. S.
Lam, B. C. M. Potts, J. Nat. Prod. 2007, 70, 1454 – 1457.

[6] C. W. Ford, G. E. Zurenko, M. R. Barbachyn, Curr. Drug Targets : Infect.
Disord. 2001, 1, 181 – 199.

[7] For reports on the preparation and application of oxaziridines in syn-
thesis, see: a) W. D. Emmons, J. Am. Chem. Soc. 1956, 78, 6208 – 6209;
b) W. D. Emmons, J. Am. Chem. Soc. 1957, 79, 5739 – 5754; c) F. A. Davis,
R. Jenkins Jr, S. G. Yocklovich, Tetrahedron Lett. 1978, 19, 5171 – 5174;
d) F. A. Davis, N. F. Abdul-Malik, S. B. Awad, M. E. Harakal, Tetrahedron
Lett. 1981, 22, 917 – 920; e) F. A. Davis, O. D. Stringer, J. Org. Chem. 1982,
47, 1774 – 1775; f) F. A. Davis, M. S. Haque, T. G. Ulatowski, J. C. Towson,
J. Org. Chem. 1986, 51, 2402 – 2404; g) F. A. Davis, S. Chattopadhyay,
J. C. Towson, S. Lal, T. Reddy, J. Org. Chem. 1988, 53, 2087 – 2089; h) F. A.
Davis, J. C. Towson, M. C. Weismiller, S. Lal, P. J. Carroll, J. Am. Chem. Soc.
1988, 110, 8477 – 8482; i) L. C. Vishwakarma, O. D. Stringer, F. A. Davis,
Org. Synth. 1988, 66, 203 – 210; j) F. A. Davis, A. C. Sheppard, B. C. Chen,
M. S. Haque, J. Am. Chem. Soc. 1990, 112, 6679 – 6690; for recent re-
views on the application of oxaziridines in synthesis, see: k) G. Della Sa-
la, A. Lattanzi, ACS Catal. 2014, 4, 1234 – 1245; l) K. S. Williamson, D. J.
Michaelis, T. P. Yoon, Chem. Rev. 2014, 114, 8016 – 8036.

[8] a) V. B. Birman, X. Li, Org. Lett. 2006, 8, 1351 – 1354; b) V. B. Birman, H.
Jiang, X. Li, L. Guo, E. W. Uffman, J. Am. Chem. Soc. 2006, 128, 6536 –
6537; c) V. B. Birman, H. Jiang, X. Li, Org. Lett. 2007, 9, 3237 – 3240;
d) V. B. Birman, X. Li, Org. Lett. 2008, 10, 1115 – 1118; e) X. Yang, G. Lu,
V. B. Birman, Org. Lett. 2010, 12, 892 – 895; f) V. D. Bumbu, V. B. Birman,
J. Am. Chem. Soc. 2011, 133, 13902 – 13905; g) X. Li, H. Jiang, E. W.
Uffman, L. Guo, Y. Zhang, X. Yang, V. B. Birman, J. Org. Chem. 2012, 77,
1722 – 1737; h) P. Liu, X. Yang, V. B. Birman, K. N. Houk, Org. Lett. 2012,
14, 3288 – 3291; i) X. Yang, V. D. Bumbu, P. Liu, X. Li, H. Jiang, E. W.
Uffman, L. Guo, W. Zhang, X. Jiang, K. N. Houk, V. B. Birman, J. Am.
Chem. Soc. 2012, 134, 17605 – 17612; j) X. Yang, P. Liu, K. N. Houk, V. B.
Birman, Angew. Chem. Int. Ed. 2012, 51, 9638 – 9642; Angew. Chem.
2012, 124, 9776 – 9780; k) V. D. Bumbu, X. Yang, V. B. Birman, Org. Lett.
2013, 15, 2790 – 2793. for related studies by Okamoto, see: l) M. Ko-
bayashi, S. Okamoto, Tetrahedron Lett. 2006, 47, 4347 – 4350; m) B. Vis-
wambharan, T. Okimura, S. Suzuki, S. Okamoto, J. Org. Chem. 2011, 76,
6678 – 6685; n) S. Okamoto, Y. Sakai, S. Watanabe, S. Nishi, A. Yoneyama,
H. Katsumata, Y. Kosaki, R. Sato, M. Shiratori, M. Shibuno, T. Shishido,
Tetrahedron Lett. 2014, 55, 1909 – 1912.

[9] a) C. A. Leverett, V. C. Purohit, D. Romo, Angew. Chem. Int. Ed. 2010, 49,
9479 – 9483; Angew. Chem. 2010, 122, 9669 – 9673; b) G. Liu, M. E. Shir-
ley, K. N. Van, R. L. McFarlin, D. Romo, Nat. Chem. 2013, 5, 1049 – 1057;
c) S. Vellalath, K. N. Van, D. Romo, Angew. Chem. Int. Ed. 2013, 52,
13688 – 13693; Angew. Chem. 2013, 125, 13933 – 13938; d) M. E. Abba-
sov, B. M. Hudson, D. J. Tantillo, D. Romo, J. Am. Chem. Soc. 2014, 136,
4492 – 4495.

[10] For a review on C1-ammonium enolates, see: L. C. Morrill, A. D. Smith,
Chem. Soc. Rev. 2014, 43, 6214 – 6226; for a recent review on isothiourea
catalysis, see: J. E. Taylor, S. D. Bull, J. M. J. Williams, Chem. Soc. Rev.
2012, 41, 2109 – 2121.

Scheme 7. Deprotection of oxazolidin-4-one products with SmI2 and subse-
quent hydrolysis.

Chem. Eur. J. 2015, 21, 10530 – 10536 www.chemeurj.org Ó 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim10535

Full Paper

http://dx.doi.org/10.1002/anie.201402310
http://dx.doi.org/10.1002/anie.201402310
http://dx.doi.org/10.1002/anie.201402310
http://dx.doi.org/10.1002/anie.201402310
http://dx.doi.org/10.1021/np0702032
http://dx.doi.org/10.1021/np0702032
http://dx.doi.org/10.1021/np0702032
http://dx.doi.org/10.1021/ja01604a072
http://dx.doi.org/10.1021/ja01604a072
http://dx.doi.org/10.1021/ja01604a072
http://dx.doi.org/10.1021/ja01578a043
http://dx.doi.org/10.1021/ja01578a043
http://dx.doi.org/10.1021/ja01578a043
http://dx.doi.org/10.1016/S0040-4039(01)85841-X
http://dx.doi.org/10.1016/S0040-4039(01)85841-X
http://dx.doi.org/10.1016/S0040-4039(01)85841-X
http://dx.doi.org/10.1016/0040-4039(81)89008-9
http://dx.doi.org/10.1016/0040-4039(81)89008-9
http://dx.doi.org/10.1016/0040-4039(81)89008-9
http://dx.doi.org/10.1016/0040-4039(81)89008-9
http://dx.doi.org/10.1021/jo00348a039
http://dx.doi.org/10.1021/jo00348a039
http://dx.doi.org/10.1021/jo00348a039
http://dx.doi.org/10.1021/jo00348a039
http://dx.doi.org/10.1021/jo00362a053
http://dx.doi.org/10.1021/jo00362a053
http://dx.doi.org/10.1021/jo00362a053
http://dx.doi.org/10.1021/jo00244a043
http://dx.doi.org/10.1021/jo00244a043
http://dx.doi.org/10.1021/jo00244a043
http://dx.doi.org/10.1021/ja00233a025
http://dx.doi.org/10.1021/ja00233a025
http://dx.doi.org/10.1021/ja00233a025
http://dx.doi.org/10.1021/ja00233a025
http://dx.doi.org/10.1021/ja00174a035
http://dx.doi.org/10.1021/ja00174a035
http://dx.doi.org/10.1021/ja00174a035
http://dx.doi.org/10.1021/cs500132m
http://dx.doi.org/10.1021/cs500132m
http://dx.doi.org/10.1021/cs500132m
http://dx.doi.org/10.1021/cr400611n
http://dx.doi.org/10.1021/cr400611n
http://dx.doi.org/10.1021/cr400611n
http://dx.doi.org/10.1021/ol060065s
http://dx.doi.org/10.1021/ol060065s
http://dx.doi.org/10.1021/ol060065s
http://dx.doi.org/10.1021/ja061560m
http://dx.doi.org/10.1021/ja061560m
http://dx.doi.org/10.1021/ja061560m
http://dx.doi.org/10.1021/ol071064i
http://dx.doi.org/10.1021/ol071064i
http://dx.doi.org/10.1021/ol071064i
http://dx.doi.org/10.1021/ol703119n
http://dx.doi.org/10.1021/ol703119n
http://dx.doi.org/10.1021/ol703119n
http://dx.doi.org/10.1021/ol902969j
http://dx.doi.org/10.1021/ol902969j
http://dx.doi.org/10.1021/ol902969j
http://dx.doi.org/10.1021/ja2058633
http://dx.doi.org/10.1021/ja2058633
http://dx.doi.org/10.1021/ja2058633
http://dx.doi.org/10.1021/jo202220x
http://dx.doi.org/10.1021/jo202220x
http://dx.doi.org/10.1021/jo202220x
http://dx.doi.org/10.1021/jo202220x
http://dx.doi.org/10.1021/ol301243f
http://dx.doi.org/10.1021/ol301243f
http://dx.doi.org/10.1021/ol301243f
http://dx.doi.org/10.1021/ol301243f
http://dx.doi.org/10.1021/ja306766n
http://dx.doi.org/10.1021/ja306766n
http://dx.doi.org/10.1021/ja306766n
http://dx.doi.org/10.1021/ja306766n
http://dx.doi.org/10.1002/anie.201203327
http://dx.doi.org/10.1002/anie.201203327
http://dx.doi.org/10.1002/anie.201203327
http://dx.doi.org/10.1002/ange.201203327
http://dx.doi.org/10.1002/ange.201203327
http://dx.doi.org/10.1002/ange.201203327
http://dx.doi.org/10.1002/ange.201203327
http://dx.doi.org/10.1021/ol401122g
http://dx.doi.org/10.1021/ol401122g
http://dx.doi.org/10.1021/ol401122g
http://dx.doi.org/10.1021/ol401122g
http://dx.doi.org/10.1016/j.tetlet.2006.04.109
http://dx.doi.org/10.1016/j.tetlet.2006.04.109
http://dx.doi.org/10.1016/j.tetlet.2006.04.109
http://dx.doi.org/10.1021/jo200984n
http://dx.doi.org/10.1021/jo200984n
http://dx.doi.org/10.1021/jo200984n
http://dx.doi.org/10.1021/jo200984n
http://dx.doi.org/10.1016/j.tetlet.2014.01.135
http://dx.doi.org/10.1016/j.tetlet.2014.01.135
http://dx.doi.org/10.1016/j.tetlet.2014.01.135
http://dx.doi.org/10.1002/anie.201004671
http://dx.doi.org/10.1002/anie.201004671
http://dx.doi.org/10.1002/anie.201004671
http://dx.doi.org/10.1002/anie.201004671
http://dx.doi.org/10.1002/ange.201004671
http://dx.doi.org/10.1002/ange.201004671
http://dx.doi.org/10.1002/ange.201004671
http://dx.doi.org/10.1038/nchem.1788
http://dx.doi.org/10.1038/nchem.1788
http://dx.doi.org/10.1038/nchem.1788
http://dx.doi.org/10.1002/anie.201306050
http://dx.doi.org/10.1002/anie.201306050
http://dx.doi.org/10.1002/anie.201306050
http://dx.doi.org/10.1002/anie.201306050
http://dx.doi.org/10.1002/ange.201306050
http://dx.doi.org/10.1002/ange.201306050
http://dx.doi.org/10.1002/ange.201306050
http://dx.doi.org/10.1021/ja501005g
http://dx.doi.org/10.1021/ja501005g
http://dx.doi.org/10.1021/ja501005g
http://dx.doi.org/10.1021/ja501005g
http://dx.doi.org/10.1039/C4CS00042K
http://dx.doi.org/10.1039/C4CS00042K
http://dx.doi.org/10.1039/C4CS00042K
http://dx.doi.org/10.1039/c2cs15288f
http://dx.doi.org/10.1039/c2cs15288f
http://dx.doi.org/10.1039/c2cs15288f
http://dx.doi.org/10.1039/c2cs15288f
http://www.chemeurj.org


[11] D. Belmessieri, A. de La Houpliere, E. D. D. Calder, J. E. Taylor, A. D.
Smith, Chem. Eur. J. 2014, 20, 9762 – 9769.

[12] D. Belmessieri, D. B. Cordes, A. M. Z. Slawin, A. D. Smith, Org. Lett. 2013,
15, 3472 – 3475.

[13] a) C. Simal, T. Lebl, A. M. Z. Slawin, A. D. Smith, Angew. Chem. Int. Ed.
2012, 51, 3653 – 3657; Angew. Chem. 2012, 124, 3713 – 3717; b) P.-P. Yeh,
D. S. B. Daniels, C. Fallan, E. Gould, C. Simal, J. E. Taylor, A. M. Z. Slawin,
A. D. Smith, Org. Biomol. Chem. 2015, 13, 2177 – 2191.

[14] a) D. Belmessieri, L. C. Morrill, C. Simal, A. M. Z. Slawin, A. D. Smith, J.
Am. Chem. Soc. 2011, 133, 2714 – 2720; b) L. C. Morrill, J. Douglas, T.
Lebl, A. M. Z. Slawin, D. J. Fox, A. D. Smith, Chem. Sci. 2013, 4, 4146 –
4155; c) S. R. Smith, S. M. Leckie, R. Holmes, J. Douglas, C. Fallan, P.
Shapland, D. Pryde, A. M. Z. Slawin, A. D. Smith, Org. Lett. 2014, 16,
2506 – 2509; d) L. C. Morrill, D. G. Stark, J. E. Taylor, S. R. Smith, J. A.
Squires, A. C. A. D’Hollander, C. Simal, P. Shapland, T. J. C. O’Riordan,
A. D. Smith, Org. Biomol. Chem. 2014, 12, 9016 – 9027.

[15] P.-P. Yeh, D. S. B. Daniels, D. B. Cordes, A. M. Z. Slawin, A. D. Smith, Org.
Lett. 2014, 16, 964 – 967.

[16] a) D. G. Stark, L. C. Morrill, P.-P. Yeh, A. M. Z. Slawin, T. J. C. O’Riordan,
A. D. Smith, Angew. Chem. Int. Ed. 2013, 52, 11642 – 11646; Angew.
Chem. 2013, 125, 11856 – 11860; b) D. G. Stark, T. J. C. O’Riordan, A. D.
Smith, Org. Lett. 2014, 16, 6496 – 6499.

[17] a) S. R. Smith, J. Douglas, H. Prevet, P. Shapland, A. M. Z. Slawin, A. D.
Smith, J. Org. Chem. 2014, 79, 1626 – 1639; b) L. C. Morrill, S. M. Smith,
A. M. Z. Slawin, A. D. Smith, J. Org. Chem. 2014, 79, 1640 – 1655.

[18] During the preparation of this manuscript, an isothiourea-catalysed 1,3-
dipolar cycloaddition of azomethine imines with mixed anhydrides was
reported, see: L. Hesping, A. Biswas, C. G. Daniliuc, C. Muck-Lichtenfeld,
A. Studer, Chem. Sci. 2015, 6, 1252 – 1257.

[19] a) P. L. Shao, X. Y. Chen, S. Ye, Angew. Chem. Int. Ed. 2010, 49, 8412 –
8416; Angew. Chem. 2010, 122, 8590 – 8594; b) P. L. Shao, L. Shen, S. Ye,
Chin. J. Chem. 2012, 30, 2688 – 2692.

[20] S. Dong, X. Liu, Y. Zhu, P. He, L. Lin, X. Feng, J. Am. Chem. Soc. 2013,
135, 10026 – 10029.

[21] (2S,3R)-HyperBTM 3 was previously called HBTM 2.1 and is commercially
available from Strem or TCI via SynthAndrews.

[22] For the use of homoanhydrides in isothiourea-catalysed processes, see:
a) E. R. T. Robinson, C. Fallan, C. Simal, A. M. Z. Slawin, A. D. Smith,
Chem. Sci. 2013, 4, 2193 – 2200; b) L. C. Morrill, L. A. Ledingham, J.-P.
Couturier, J. Bickel, A. D. Harper, C. Fallan, A. D. Smith, Org. Biomol.
Chem. 2014, 12, 624 – 636.

[23] The absolute configuration of the oxazolidin-4-one products was as-
signed by comparison of the [a]D obtained for diol 16 with the litera-
ture, see the Supporting Information for details. Additionally, crystallo-
graphic data was obtained for anti-6 a and had been deposited with
the Cambridge Crystallographic Data Centre. CCDC-1046834 contains
the supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

[24] Phenylacetic acid 4 (1 equiv) can also be activated with pivaloyl chlo-
ride to form a mixed anhydride in situ that reacts with excess (�)-oxa-
ziridine 5 (2 equiv) and HyperBTM 3 (10 mol %) to give oxazolidin-4-one
6 in 65 % yield, 75:25 dranti/syn and 99 % eeanti, 96 % eesyn. However, as ob-
served previously, the product was contaminated with ca. 5 % imine 14
resulting from reaction of 5 with chloride ions.

[25] The selectivity factor (S) was calculated by using the equations outlined
by Kagan, see: H. B. Kagan, J. C. Fiaud, Topics in Stereochemistry, Wiley,
New York, 1988, Vol. 18, pp. 249 – 330.

[26] L. Lykke, C. Rodr�guez-Escrich, K. A. Jørgensen, J. Am. Chem. Soc. 2011,
133, 14932 – 14935.

[27] a) K. A. Brameld, B. Kuhn, D. C. Reuter, M. Stahl, J. Chem. Inf. Model.
2008, 48, 1 – 24; b) V. I. Minkin, R. M. Minyaev, Chem. Rev. 2001, 101,
1247 – 1266.

[28] For a representative example of asymmetric a-oxidation with oxaziri-
dines, see: L. Zou, B. Wang, H. Mu, H. Zhang, Y. Song, J. Qu, Org. Lett.
2013, 15, 3106 – 3109.

Received: March 31, 2015

Published online on June 12, 2015

Chem. Eur. J. 2015, 21, 10530 – 10536 www.chemeurj.org Ó 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim10536

Full Paper

http://dx.doi.org/10.1002/chem.201402684
http://dx.doi.org/10.1002/chem.201402684
http://dx.doi.org/10.1002/chem.201402684
http://dx.doi.org/10.1021/ol401554y
http://dx.doi.org/10.1021/ol401554y
http://dx.doi.org/10.1021/ol401554y
http://dx.doi.org/10.1021/ol401554y
http://dx.doi.org/10.1002/anie.201109061
http://dx.doi.org/10.1002/anie.201109061
http://dx.doi.org/10.1002/anie.201109061
http://dx.doi.org/10.1002/anie.201109061
http://dx.doi.org/10.1002/ange.201109061
http://dx.doi.org/10.1002/ange.201109061
http://dx.doi.org/10.1002/ange.201109061
http://dx.doi.org/10.1039/C4OB02408G
http://dx.doi.org/10.1039/C4OB02408G
http://dx.doi.org/10.1039/C4OB02408G
http://dx.doi.org/10.1021/ja109975c
http://dx.doi.org/10.1021/ja109975c
http://dx.doi.org/10.1021/ja109975c
http://dx.doi.org/10.1021/ja109975c
http://dx.doi.org/10.1039/c3sc51791h
http://dx.doi.org/10.1039/c3sc51791h
http://dx.doi.org/10.1039/c3sc51791h
http://dx.doi.org/10.1021/ol500873s
http://dx.doi.org/10.1021/ol500873s
http://dx.doi.org/10.1021/ol500873s
http://dx.doi.org/10.1021/ol500873s
http://dx.doi.org/10.1039/C4OB01788A
http://dx.doi.org/10.1039/C4OB01788A
http://dx.doi.org/10.1039/C4OB01788A
http://dx.doi.org/10.1021/ol403697h
http://dx.doi.org/10.1021/ol403697h
http://dx.doi.org/10.1021/ol403697h
http://dx.doi.org/10.1021/ol403697h
http://dx.doi.org/10.1002/anie.201306786
http://dx.doi.org/10.1002/anie.201306786
http://dx.doi.org/10.1002/anie.201306786
http://dx.doi.org/10.1002/ange.201306786
http://dx.doi.org/10.1002/ange.201306786
http://dx.doi.org/10.1002/ange.201306786
http://dx.doi.org/10.1002/ange.201306786
http://dx.doi.org/10.1021/ol503360q
http://dx.doi.org/10.1021/ol503360q
http://dx.doi.org/10.1021/ol503360q
http://dx.doi.org/10.1021/jo402590m
http://dx.doi.org/10.1021/jo402590m
http://dx.doi.org/10.1021/jo402590m
http://dx.doi.org/10.1021/jo402591v
http://dx.doi.org/10.1021/jo402591v
http://dx.doi.org/10.1021/jo402591v
http://dx.doi.org/10.1039/C4SC02612H
http://dx.doi.org/10.1039/C4SC02612H
http://dx.doi.org/10.1039/C4SC02612H
http://dx.doi.org/10.1002/anie.201003532
http://dx.doi.org/10.1002/anie.201003532
http://dx.doi.org/10.1002/anie.201003532
http://dx.doi.org/10.1002/ange.201003532
http://dx.doi.org/10.1002/ange.201003532
http://dx.doi.org/10.1002/ange.201003532
http://dx.doi.org/10.1021/ja404379n
http://dx.doi.org/10.1021/ja404379n
http://dx.doi.org/10.1021/ja404379n
http://dx.doi.org/10.1021/ja404379n
http://dx.doi.org/10.1039/c3sc50199j
http://dx.doi.org/10.1039/c3sc50199j
http://dx.doi.org/10.1039/c3sc50199j
http://dx.doi.org/10.1039/C3OB41869C
http://dx.doi.org/10.1039/C3OB41869C
http://dx.doi.org/10.1039/C3OB41869C
http://dx.doi.org/10.1039/C3OB41869C
http://www.ccdc.cam.ac.uk/cgi-bin/catreq.cgi
http://www.ccdc.cam.ac.uk/cgi-bin/catreq.cgi
http://dx.doi.org/10.1021/ja2064457
http://dx.doi.org/10.1021/ja2064457
http://dx.doi.org/10.1021/ja2064457
http://dx.doi.org/10.1021/ja2064457
http://dx.doi.org/10.1021/ci7002494
http://dx.doi.org/10.1021/ci7002494
http://dx.doi.org/10.1021/ci7002494
http://dx.doi.org/10.1021/ci7002494
http://dx.doi.org/10.1021/cr990358h
http://dx.doi.org/10.1021/cr990358h
http://dx.doi.org/10.1021/cr990358h
http://dx.doi.org/10.1021/cr990358h
http://dx.doi.org/10.1021/ol401306h
http://dx.doi.org/10.1021/ol401306h
http://dx.doi.org/10.1021/ol401306h
http://dx.doi.org/10.1021/ol401306h
http://www.chemeurj.org

