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ABSTRACT

A simple chiral sulfur�alkene hybrid ligand has proven to be highly effective for rhodium-catalyzed formal cycloaddition reactions of racemic
butadiene monoxide and imines to furnish spirooxindole oxazolidines or 1,3-oxazolidines with high yields and stereoselectivities. A possible
dynamic kinetic resolution as well as a kinetic resolution is considered to be involved in this catalytic process.

Rhodium catalysts can bring about a wide range of
synthetic transformations,1 and allylrhodium intermedi-
ates, involved in reactions, such as allylic substitution, are
generally thought to involve σ-allylrhodium complexes
rather than π-allylrhodium complexs.2 Because of the rela-
tively slow σ�π�σ isomerization of σ-allylrhodium inter-
mediates, the regio- and stereochemistry of the starting
substrates can usually be well conserved in the products.3

This substrate-controlled feature of rhodium catalysts ap-
pears to be incompatible with the catalyst-controlled asym-
metric synthesis from racemic starting materials. Although

there are very few reports on the use of chiral rhodium
catalyst for such an asymmetric transformation, Pregosin,4a

Hayashi,4b and Vireze4c have shown that racemic allylic
acetates or carbonates can be converted to highly enan-
tioenriched products, which clearly indicates that the
σ�π�σ isomerization can also occur in rhodium complexes
under suitable conditions.
Very recently, Jarvo and co-workers described a

Rh-catalyzed stereospecific reactionof (R)-butadienemonox-
ide (2) with arylimines 1 to provide synthetic and pharma-
ceutically important 1,3-oxazolidines 3 in high yields
(Scheme 1).5�7 Moreover, phosphine ligands were found
to inhibit this Rh-catalyzed reaction.5 Our own group has(1) Evans, P. A. Modern Rhodium-Catalyzed Organic Reactions;
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been working on the development of novel chiral olefin
ligands,8�10 and in some cases, this type of ligand shows
higher activity and selectivity than many other types
of ligand. Because of this, we envisioned that the
Rh-catalyzed asymmetric reaction of racemic butadiene
monoxide (2) with imines could probably be achieved
using chiral olefin ligands. Herein, we report our efforts
in this area.
Initially, we selected the novel reaction of isatin imine 4a

with 1.2 equivalent of racemic butadiene monoxide (2)
whichwould produce spirooxindole oxazolidines.11,12 This
would serve as themodel reaction to test our hypothesis on

the utility of chiral alkene ligands for allylrhodium trans-
formations. As shown in Scheme 2, a variety of easily
accessible chiral sulfur/alkene ligands10e,f,13 were found to
be effective for this reaction to afford optically active
spirooxindole oxazolidines 5awith up to 68% ee and high
diastereoselectivity, which indicated that the stereochem-
istry of this reaction is at least partially controlled by chiral
rhodium catalysts.
To further improve the enantioselectivity, various con-

ditions for the Rh-catalyzed reaction between 4a and (()-
2, with the use of ligand 6f, were thoroughly examined, and
some results are summarized in Table 1. Studies on the
influence of the counteranion on Rh center showed that

Scheme 1. Rh-Catalyzed Stereospecific Reaction of Butadiene
Monoxide with Imines5

Scheme 2. Initial Study on Rh-Catalyzed Formal Cycloaddi-
tions with Chiral Sulfur/Alkene Ligands

Table 1. Optimization of Reaction Conditionsa

entry

(()-2

(equiv) AgX solvent time (h) convb (%) drb eec (%)

1 1.2 AgOTf acetone 1 84 50:1 68

2 1.2 AgBF4 acetone 1 90 20:1 56

3 1.2 AgPF6 acetone 1 80 50:1 60

4 1.2 AgSbF6 acetone 1 99 20:1 42

5 1.2 AgOTf EtOAc 2.5 74 10:1 84

6 1.2 AgOTf EtOAc 12 83 10:1 65

7 2.0 AgOTf EtOAc 1 99 10:1 84

8d 2.0 AgOTf EtOAc 2.5 99 10:1 88

9d 3.0 AgOTf EtOAc 2.5 99 12:1 94

10d 4.0 AgOTf EtOAc 2.5 99 20:1 95

11e 3.0 AgOTf EtOAc 12 86 20:1 95

aAll of the reactions were carried out with 4a (0.20 mmol), (()-2 as
indicated, [Rh(C2H4)2Cl]2 (0.005 mmol), ligand 6f (0.012 mmol), and
AgX (0.012 mmol) in solvent (1.0 mL) at 20 �C unless other noted. bThe
conversion and dr were determined by crude 1H NMR. cThe ee was
determined by chiral HPLC (Chiralcel OD-H column). d 3 mol %
catalyst was used. e 1 mol % catalyst was used.
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OTf anion gave higher enantioselectivity (Table 1, entries
1�4). Ethyl acetate was a better solvent than acetone,
giving a higher ee (Table 1, entries 1 vs 5). Increasing the
amount of (()-2 and/or reducing the catalyst loading from
5.0mol% to 3.0mol% led to a complete conversion of the

isatin imine4a to give5awithup to95%ee (Table 1, entries
7�10). Even with as low as a 1.0 mol % catalyst loading,
high enantioselectivity could still bemaintainedwithonly a
slight drop of conversion (Table 1, entry 11).
With excellent enantio- and diastereoselectivity in hand,

a series of control experiments using enantiomerically pure
butadiene monoxide14 (2) as substrate were conducted in
order to have better insight into the course of this reaction.

Table 2. Rh-Catalyzed Asymmetric Reaction of Isatin Imines 4
with Racemic Butadiene Monoxide 2a

aAll the reactions were carried out with 4 (0.4 mmol), (()-2
(1.2 mmol), [Rh(C2H4)2Cl]2 (0.006 mmol), ligand 6f (0.0144 mmol),
and AgOTf (0.0144 mmol) in ethyl acetate (2.0 mL) at 20 �C for 2.5 h.
bThe absolute configurationwas tentatively assigned by analogywith 5i.
c Isolated yield. dThe diastereoisomer ratio was determined by crude 1H
NMR. eThe ee was determined by chiral HPLC.

Scheme 3. Control Experiments with the Use of (R)-2 Table 3. Rh-Catalyzed Asymmetric Reaction of Imines Derived
fromAldehydes orKetoneswithRacemic ButadieneMonoxide 2a

aAll of the reactions were carried out with imine (0.4 mmol), (()-2
(1.2 mmol), [Rh(C2H4)2Cl]2 (0.010 mmol), ligand 6f (0.024 mmol), and
AgOTf (0.024 mmol) in ethyl acetate (2.0 mL) at 20 �C for 4.0 h unless
other noted. bThe reactionwas performedwith 3.0mol%of catalyst for
2.5 h. cThe diastereoisomer ratio was determined by crude 1H NMR.
dThe relative stereochemistry was assigned according to ref 5. eThe
absolute configuration of allyl carbon was determined by comparing
the optical rotation value of the hydrolysis product with that of ref 16.
fThe relative stereochemistry was assigned by NOE experiment.
g Isolated yield. hThe diastereoisomer ratio for isolated products. iThe
ee for major isomer was determined by chiral HPLC unless other noted.
jThe ee for both trans- and cis-isomers was determined.

(14) (a) Ready, J. M.; Jacobsen, E. N. J. Am. Chem. Soc. 2001, 123,
2687. (b) Hunter, L.; O’Hagan, D.; Slawin, A. M. Z. J. Am. Chem. Soc.
2006, 128, 16422.
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The reaction of isatin imine 4a and (R)-2 (1.2 equiv) in
ethyl acetate, catalyzed by the combination of
[Rh(COD)Cl]2 and AgOTf, furnished the desired product
5a in only 10% conversion and with 16% ee (Scheme 3),
which suggested that a σ�π�σ isomerization was occur-
ring under the current conditions. Ligand (R)-6f seems to
be mismatched with the substrate, giving the product 5a in
41% conversion with 54% ee, while matched ligand (S)-6f
led to a complete conversionof isatin imine 4a to 5a in 93%
ee (Scheme 3). On the basis of the aforementioned results,
some interesting features for this reaction were concluded:
(i) sulfur/alkene ligands can greatly accelerate this reac-
tion; (ii) the absolute configuration of products is depen-
dent on that of chiral ligand; (iii) a dynamic kinetic
resolution as well as a kinetic resolution is probably
involved in the reaction of imine 4a with excess (()-2.
Moreover, it is noteworthy that the configuration at the
stereogenic center of butadiene monoxide is reversed.
Although the reason remains unclear, we suppose that
the step of C�N bond formation is through a reductive
elimination instead of a nucleophilic substitution.3i,15

Subsequently, we examined the scope to isatin imines 4
in this formal [3 þ 2] cycloaddition. We were pleased to
find that a variety of isatin imines 4 possessing either
electron-donating or electron-withdrawing groups were
well tolerated in this reaction, furnishing the desired
spirooxindole oxazolidines 5a�i in 61�91% yield with
78�96% ee and 10:1�20:1 dr (Table 2, entries 1�9).
A single crystal of product 5i was obtained, and the
absolute configuration was determined accordingly.
Since isatin imines proved suitable substrates, we next

examined the imines derived from simple aldehydes or
ketones, for this reaction. In the presenceof 3.0�5.0mol%
of rhodium catalyst, awide range of aldimines reactedwith

racemic butadiene monoxide (2) efficiently to give the
corresponding 1,3-oxazolindines 5j�s with excellent en-
antioselectivities but relatively low diastereoselectivities
(Table 3, entries 1�10). It should be noted that trans-
oxazolidines were obtained as major products, instead of
more stable cis-oxazolidines, except for imines derived
from 4-methoxybenzaldehyde and cyclohexanecarbox-al-
dehyde (Table 3, entries 1�8 vs 9 and 10), which was
distinct from the reported results.5,6c,6dAn epimerization is
supposed to exist under the reaction conditions on the
basis of similar ee values being obtained for trans- and cis-
isomers (Table 3, entries 1, 7, 10, and 12) and an observed
isomerizaion of trans-5k to cis-5k after being kept at room
temperature for several weeks. Moreover, imines derived
from ethyl benzoylformate and benzil were also suitable
substrates, affording the desired products with quaternary
stereocenters (Table 3, entries 11 and 12).
In summary, Rh-catalyzed formal [3þ 2] cycloaddition

between racemic butadiene monoxide and imines has been
successfully achieved with the use of a simple and easily
accessible chiral sulfur/alkene ligand. A possible dynamic
kinetic resolution, besides a kinetic resolution, is presumed
to operate in this catalytic process. A wide range of imines
derived from isatins, simple aldehydes, and ketones were
tolerated in this reaction and highly enantioenriched spir-
ooxindole oxazolidines or 1,3-oxazolidines were formed in
high yields with good to excellent diastereoselectivities.
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