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Formal [342] Cycloaddition of Ketenes and Oxaziridines Catalyzed by
Chiral Lewis Bases: Enantioselective Synthesis of Oxazolin-4-ones**

Pan-Lin Shao, Xiang-Yu Chen, and Song Ye*

The oxidation of enolates with oxaziridine derivatives has
been widely utilized for the synthesis of a-hydroxy carbonyl
compounds since Davis et al. reported their pioneering work
in 1980s.'2 Asymmetric Davis’ oxaziridine oxidation reac-
tions generally require a stoichiometric amount of chiral
oxaziridine or auxiliary. It is therefore highly desirable to
develop a catalytic, enantioselective version of Davis’ oxida-
tion and related reactions.”!

During the past decades, great success has been achieved
through enantioselective [242] and [4+42] cycloaddition
reactions of ketenes¥! catalyzed by chiral Lewis bases such
as cinchona alkaloids,” planar-chiral DMAP derivatives,
and N-heterocyclic carbenes (NHCs)"®! (Scheme 1a;
DMAP = 4-dimethylaminopyridine).”’’ The key intermediate
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Scheme 1. a) LB-catalyzed cycloaddition reactions of ketene deriva-

tives; b) Possible oxidation of generated zwitterionic enolate Il with
oxaziridine compounds. Ts =4-toluenesulfonyl.

of these catalytic reactions involves the zwitterionic enolate
intermediate I generated by the addition of a Lewis base to
ketene compounds. We envision that this zwitterionic enolate
I could be subject to oxidation with oxaziridine derivatives to
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produce a new intermediate II, and thus open new possibil-
ities for catalytic ketene reactions (Scheme 1b).

Based on the above analysis, herein we report a novel
enantioselective formal [342] cycloaddition of ketenes and
oxaziridines for the synthesis of oxazolin-4-ones,'” which are
not only biologically interesting intermediates!"!! but are also
masked o-hydroxy carbonyl compounds.!'?

Initially, we observed that the NHC 1a’, which was
generated in situ from the triazolium salt 1a in the presence of
Cs,CO;, catalyzed the cycloaddition reaction of ketene 2a
and racemic oxaziridine 3a and furnished the desired
oxazolin-4-one 4 in 47 % yield with 1:1 diastereoselectivity
and promising enantioselectivity (Scheme 2). When oxazir-
idine rac-3b bearing a 2-chlorophenyl group was used, the
corresponding cycloadduct 5a was obtained in better yield
with 3:1 diastereoselectivity and decreasing enantioselectiv-

ity.
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Scheme 2. Cycloaddition reaction of ketene 2a and racemic oxaziri-
dines 3a and 3b catalyzed by NHC 1a’. TBS =tert-butyldimethylsilyl,
THF =tetrahydrofuran.

A series of NHCs, "% derived from L-pyroglutamic acid,
were then screened for the model reaction of phenyl-
(ethyl)ketene 2a and racemic oxaziridine 3b (Table 1). It
was found that both NHC 1¢’ and 1d’ could afford the desired
cycloadduct 5a in good yield with high diastereoselectivities
and enantioselectivities (Table 1, entries3 and 4). More
interestingly, we noticed that the opposite enantioselectivity
could be induced by appropriate NHC catalysts, although
they all bear the same chiral center (Table 1, entries 1-3 vs.
entries 4-7). Not only NHCs 1e'.f' bearing a proximal free
hydroxy group (Table 1, entries 5 and 6), but also NHC 1¢g’
bearing a bulky N-aryl group (Table 1, entry 7) showed some
sort of reversed enantioselectivity. N-heterocyclic carbene
1d’, which has both of the above features, afforded the best
result (Table 1, entry 4). In other words, both the free hydroxy
group and the bulky N-substituent are believed to contribute
to the reverse of enantioselectivity.!']
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Table 1: Screening of NHC catalysts and optimization of reaction
conditions.

0 Cl o NHC precursor 1 0 NTs ClI
1] \ o s
c NTs (10 mol%) Et’kf oH
Ph)kEt c$zcc|)3 (10 gg%) pr’ O
2a rac-3b toluene, 5a
=N 1a (Ph, Ph, TBS)

1b (Ph, Bn, TBS
1c (Ph, Bn, TMS)

Arwﬁ N N AP
BF, 1d (3,5~(CF3),CgH3, 2-iPrCgH,, H)

Ar'

OR
1A AR R) G5 CE Gt PP, 1)
NHC 1HBF,  1g (Ph, 2-PrCgH,, TBS)

Entry 1 2a/3b  5a Yield [%6]]  cis/trans® e [%6]"

1 la  1:12 (-)-5a 64 3:1 52

2 1b 112 (-)-5a 50 7:1 74

3 1c 1129 (—)5a 65 91 90

4 1d 1128 (4)-5a 71 14:1 91

5 le 112 (+)-5a 62 8:1 32

6 1f 112 (+)-5a 42 71 10

7 1g 1112 (+)-5a 38 5 55

8 1d 12 (+)-5a 68 14:1 92

9 1d 21 (+)-5a 80 10:1 82

10 1d 1120 (4)-5a 91 15:1 95

n 1d  1:1.28 (4)-5a 24 41 12

[a] Yield of isolated product. [b] Determined by 'H NMR spectroscopy
(300 MHz) of the reaction mixture. [c] Determined by HPLC on a chiral
stationary phase. [d] (+)-3b was recovered in 28% yield with 67% ee.
[e] (—)-3b was recovered in 21% yield with 98% ee. [f] (+)-3b (with
55% ee) was used instead of rac-3b. [g] (—)-3 b (with 88 % ee) was used
instead of rac-3b. Bn=benzyl, PMP = para-methoxyphenyl, TMS =tri-
methylsilyl.

Increasing the loading of the oxaziridine benefited the
enantioselectivity, while the reaction with excess ketene
provided the cycloadduct in better yield but with compro-
mised enantioselectivity (Table 1, entries 8 and 9).

Notably, when 1.2 equivalents of racemic oxaziridine
rac-3b was used, the optically active oxaziridine (—)- or
(+)-3b could be recovered in reasonable yield with good
enantiopurity (67 % ee or 98 % ee) for the reactions catalyzed
by NHC 1¢’ or 1d’, respectively (Table 1, entries 3 and 4). On
the other hand, employing optically active oxaziridines as the
reagents had a great effect on the yield and enantioselectivity
of the cycloaddition reaction. For example, better yield (91 %
vs. 71%) and enantioselectivity (95% ee vs. 91 % ee) were
observed when (+)-3b (with 55% ee) was used instead of
rac-3b for the reaction catalyzed by 1d’ (Table 1, entry 10 vs.
4). On the contrary, utilizing (—)-3b (with 88 % ee) dramat-
ically diminished the yield and enantioselectivity (Table 1,
entry 11 vs. 4). Notably, both reactions, no matter which
oxaziridine (4)-3b or (—)-3b was used, afforded (+)-5a as
the major enantiomer when NHC 1d’ was chosen as the
catalyst (Table 1, entries 10 and 11).

A number of aryl(alkyl)ketenes were then examined for
the cycloaddition catalyzed by NHC 1¢ or 1d’ (Table 2).
Ketenes with a para-substituted aryl group (with both
electron-withdrawing 4-Cl and 4-Br, and electron-donating
4-Me) and a meta-substituted aryl group (3-Cl), provided the
corresponding oxazolin-4-ones 5 in good yields with high
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diastereo- and enantioselectivities (Table 2, entries 1-5).
However, only a trace amount of cycloadduct was observed
for the reaction of 2-chlorophenyl(ethyl)ketene (2 f; Table 2,
entry 6). Moreover, 2-naphthyl(ethyl)ketene (2g) worked
well, while 1-naphthyl(ethyl)ketene (2h) did not (Table 2,
entries 7 and 8). In addition, when aryl(alkyl)ketene with a
methyl, nPr, or nBu group was employed, good yield, high
diastereo-, and enantioselectivities were observed (Table 2,
entries 9-12).

Consistent with the model reaction in Table 1, cyclo-
addition reactions catalyzed by NHC 1c¢’ furnished the
desired products with opposite enantioselectivities but in
somewhat lower yields compared with those catalyzed by
NHC 1d’ (Table 2, entries 1, 2, and 9-12").

The kinetic resolution of racemic oxaziridine 3b was also
observed for the NHC-catalyzed reaction. Optically active
(—)-3b was recovered in 15-26% yield with 76-99 % ee for
the reactions catalyzed by NHC 1d’ (Table 2, entries 1-12).
Meanwhile, (4)-3b was recovered in 28-36% yield with
10-67 % ee for the reactions catalyzed by NHC 1¢’ (Table 2,
entries 1', 2', and 9'-12").

In contrast to stable disubstituted Kketenes, unstable
monosubstituted ketenes, which were generated in situ from
the acyl chlorides, did not react with oxaziridine 3b in the
presence of NHCs. However, cinchona alkaloids 8a and 8b
were found to be suitable catalysts for the reaction of
monosubstituted ketenes and the oxaziridine 3b (Table 3).
Both phenylketene and ethylketene worked well and gave the
cycloadducts in moderate to good yields with high enantio-
selectivities (Table 3, entries 1 and 3). The pseudoenantiom-
ers, TMS-quinidine (8a) and TMS-quinine (8b), led to the
cycloadducts in high but opposite enantioselectivities
(Table 3, entries2 and 4). It should be noted that while
cinchona alkaloids 8a,b worked well as the catalysts for the
reaction of monosubstituted ketenes, they did not work for
the reaction of disubstituted ketenes 2.

The resulting oxazolin-4-one products present opportuni-
ties for further chemical transformations. For example, the o-
hydroxy acid 9a and the 1, 2-diols 10a, 11a and 11b could be
readily synthesized by saponification and reduction of the
corresponding cycloadducts, respectively, without erosion of
enantiopurity (Scheme 3).

KOH (aq), reflux HO.__COOH @
PR Et
Et f (+)-9a 75%, 90% ee*
* Determined by its methyl ester
HO._CH,OH
5a 90% ee N )
LiAH, THF, 0°C PR Et
(-)-10a 92%, 90% ee
T\?\ LiAIH,, THF, 0 °C HO\<CH20H ©
H\‘ R
(-)7aR = Ph, 99% ee (-)-11a R = Ph, 92%, 99% ee
()-7b R = Et, 99% ee ()-11b R = Et, 92%, 99% ee

Scheme 3. Synthesis of optically active hydroxy acid and diols derived
from oxazolin-4-one derivatives.
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Table 2: Formal [342] cycloaddition reaction of disubstituted ketenes and oxaziridine 3b catalyzed by NHC 1d’ or 1¢’.

Cl o)

o}

0,
g \NTS 1d or1c (10 moloAa) NTs ClI
G- Cs,CO; (10mol%) R, . “H « (9)-or()3b
AR toluene, RT Ar (recovered)
2 rac-3b (1.2 equiv) 5
Entry 2 Ar, R Cat. 5 Yield [%]®  cis/trans®  ee %]  3b Yield [96]%  ee [%]*
1 2a Ph, Et 1d 71 14:1 91 (=)3b 21 98
ik 2a 1c 65 9:1 90 (+)3b 28 67
2 2b  4CICH, Et  1d 71 8:1 89 (-)3b 19 98
VX 2b 1c 38 8:1 87 (+)3b 36 27
3 2¢  4-BrCH, Et 1d 78 14:1 91 (-)3b 15 99
4 2d  4-MeC¢H,, Et 1d 57 16:1 92 (-)3b 26 76
g, JNTs Cl
5 2e 3CICH,Et 1d  (+)-5e C AN 68 10:1 91 (-)3b 25 87
6 2f  2-CICH,, Et 1d trace - - - - -
7 2g  2-naphthyl, Et  1d 61 10:1 94 (=)3b 21 77
8 2h  1-naphthyl, Et 1d 5h - trace - - - - -
9 2i  Ph, Me 1d  (4)5i 52 15:1 85 (-)3b 25 92
g 2i 1c  (-)5i 42 6:1 86 (+)3b 35 36
10 2j  4CICH,Me 1d  (+)5 e o 72 10:1 91 (-)3b 17 92
100 2j 1c  (-)5j Me.| \oH 37 8:1 79 (+)3b 36 42
o

n 2k Ph, nPr 1d  (+)-5k 60 14:1 92 (-)3b 21 76
2k 1c  (-)5k 43 10:1 90 (+)3b 32 21
12 21 Ph, nBu 1d ()5l 61 1411 95 (-)3b 18 94
127 21 1c  (-)5l 41 1411 91 (+)3b 36 10

[a] Yield of isolated product. [b] Determined by '"H NMR spectroscopy (300 MHz) of the reaction mixture. [c] Determined by HPLC on a chiral

stationary phase.

The structure of oxazolinone cis-4 (see Scheme 2) was
established by X-ray crystal structure analysis.'” The absolute
configuration of oxazolin-4-one Sa and 7a,b were assigned
after their chemical transformations into hydroxy acid and/or
diols."® The cis/trans isomers of oxazolin-4-one 7 was
assigned by the NOE interactions of the two isomers.’

The formal cycloaddition reaction described here is
believed to be initialized by the addition of a Lewis base to
a ketene substrate, which results in the formation of a
zwitterionic enolate intermediate I. The subsequent oxidation
of enolate I with an oxaziridine compound affords the
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intermediate II as well as the imine III. Further addition of
the intermediate II with the imine III gives a zwitterionic
complex IV, which collapses to furnish the final cycloadduct
and regenerate the Lewis base catalyst (Scheme 4).

In summary, an unprecedented catalytic formal
[3+2] cycloaddition of ketenes and oxaziridines was reported.
N-heterocyclic carbenes and cinchona alkaloids were found to
be the catalysts of choice for the reaction of disubstituted and
monosubstituted ketenes, respectively. Both enantiomers of
oxazolin-4-one derivatives were obtained in moderate to
good yields with good diastereo- and enantioselectivities by

Angew. Chem. Int. Ed. 2010, 49, 84128416
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Table 3: Formal [3+2] cycloaddition of monosubstituted ketenes and
oxaziridine 3b catalyzed by cinchona alkaloids.

o cl o 8aor8b (10mol%)  © NTe Gl
NTs DIPEA (2.0 equiv) H, *H
R\)J\ + / N\
cl R” ©
THF, -78 °C
6a R=Ph
_ rac-3b (1.0 equiv) 7aR=Ph
6b R= Et 7b R= Et
OMe
OTMS OTMS
8a TMS-quinidine 8b TMS-quinine
Entry 6 Cat. 7 Yield [%]®  cis/trans®  ee [%]1
1 6a 8a  (-)7 62 5:1 99, 99
2 6a 8b  ()-7a 44 8:1 99, 20
3 6b 8a (=)-7 47 6:1 99, 99
4 6b 8b  (H)7b 42 5:1 99, 70

[a] Yield of isolated product. [b] Determined by 'H NMR spectroscopy
(300 MHz) of the reaction mixture. [c] Determined by HPLC on a chiral
stationary phase; ee value of the cis isomer, ee value of the trans isomer.
DIPEA = N,N-diisopropylethylamine.
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R' 0)\A>/(L6WIS Base \< )J\
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Scheme 4. Possible catalytic cycle.

choosing the appropriate NHCs with suitable substituents or
the appropriate pseudoenantiomers of the cinchona alkaloids.
The resulting oxazolin-4-one derivatives are successfully
converted into the corresponding o-hydroxy acids or
1,2-diols in one step. In addition, the kinetic resolution of
racemic oxaziridine compounds was also observed in some
cases. Further studies of this intriguing kinetic resolution are
underway.
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