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Abstract—Newly introduced chiral �roofed� 2-thiazolines, prepared from sterically congested, conformationally rigid chiral
2-aminothiols, function as efficient chiral ligands for the asymmetric Diels–Alder reaction of cyclopentadiene and 3-acryl-
oyl-2-oxazolidinone.
� 2005 Elsevier Ltd. All rights reserved.
The development of chiral ligands for asymmetric cata-
lytic reactions is a subject of considerable interest in the
field of asymmetric synthesis.1 To date, a large number
of chiral ligands have been reported and, chiral oxazo-
lines in particular, have played a key role as efficient
ligands for variety types of catalytic asymmetric
reactions.2

However, sulfur analogs, thiazolines, are less well-
known3–6 and only a few examples have been reported
for asymmetric catalytic reactions such as allylic alkyl-
ation,3 hydrosilylation,4 and cyclopropanation5 in which
thiazoline–metal complexes are used.

Considering the difference in atomic character between
oxygen and sulfur, such as atomic radius, electronegativ-
ity, bond length and bond angle, the chelating behavior
of such compounds toward metal ions between oxazo-
lines and corresponding thiazolines would be expected
to be quite different. Actually, Masson and co-workers
reported that the catalytic activity of a certain bis(thiazo-
line) was superior to the corresponding bis(oxazoline),
giving a higher ee value for a palladium-catalyzed allylic
alkylation.3b Therefore, further exploration of the �thiazo-
line� as a chiral ligand appears to be warranted.

We recently developed some chiral �roofed� 2-thiazolidi-
nones, which are conformationally rigid and sterically
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bulky, by the thermal [4+2] cycloaddition of a simple
5-membered heterocycle, 2-thiazolone, to cyclic dienes
followed by optical resolution.7 These compounds have
proven to be excellent chiral auxiliaries for asymmetric
C–C bond formation, including a-alkylations of car-
bonyl compounds7 and b-conjugate additions. The
excellent stereoselectivities obtained in these reactions
prompted us to apply this unique skeleton to the prepa-
ration of a new type of chiral �roofed� 2-thiazoline
ligands and to test them for catalytic asymmetric reac-
tions as chiral ligands.

In this letter, we report on some sterically congested
�roofed� 2-thiazolines as new chiral ligands for Cu(II)-
catalyzed asymmetric Diels–Alder reactions, leading to
excellent endo/exo ratio and endo-enantioselectivity
compared to the corresponding chiral �roofed� 2-oxazo-
line ligand.

Starting from the �roofed� cis-2-aminothiol 2, readily ob-
tained from the chiral 2-thiazolidinone 1 by hydrolytic
ring cleavage with Ba(OH)2 in ethanol under reflux,
three types of new �roofed� thiazoline ligands, bis(thia-
zoline) 5,8 pyridylthiazoline 6,9 and (2-diphenylphos-
phino)phenylthiazoline 7,10 were prepared in one or
two steps following the general procedure for the prep-
aration of oxazoline ligands (Scheme 1).2

Similarly, (2-diphenylphosphino)phenyloxazoline 10,11

the analog of 7, was synthesized from the �roofed� cis-
2-aminoalcohol 8 (Scheme 2).12
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Table 1. Asymmetric Diels–Alder reaction of N-acryloyl-2-oxazolidi-

none 11 and cyclopentadiene catalyzed by various copper(II) salts

O N

O O

7-MXn (0.1 eq.)
(5 eq.)

CH2Cl2; 0 ˚C
Time

11

N
O

O

O

endo (R)
(R)-12

Entry MXn Time

(h)

Yielda

(%)

P
endo:

P
exob endo

% eeb

1 CuCl2 12 94 90:10 4 (R)

2 Cu(acac)2 9 88 94:6 5 (R)

3 Cu(OTf)2 1 92 87:13 76 (R)

4 Cu(ClO4)2 9 92 87:13 41 (R)

5 Cu(SbF6)2 0.5 97 91:9 63 (R)

a Isolated yields.
b Determined by HPLC.
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The enantioselective Diels–Alder reaction has been
extensively studied and chiral oxazoline–Cu(II) com-
plexes have proven to be efficient chiral Lewis acids
for this reaction system.1,2 However, the use of a chiral
thiazoline as a chiral ligand for the same reaction
has not been examined. Therefore, we chose chiral
Cu(II) Lewis acid-catalyzed enantioselective Diels–
Alder reactions as a model reaction for the evaluation
of the chiral thiazoline ligands 5–7.

In a typical procedure, the thiazoline–copper(II) com-
plex was prepared by mixing 0.1 equiv of thiazoline
ligand with an equivalent amount of Cu(OTf)2 in
CH2Cl2 for 30 min at room temperature under argon
atmosphere. After the addition of 3-acryloyl-2-oxazolidi-
none 11 to the catalyst solution and stirring for 30 min,
5 equiv of cyclopentadiene were added followed by stir-
ring at 0 �C. The consumption of the substrate 11 was
monitored by TLC. After the usual work-up, the crude
product was purified by silica gel column chromatogra-
phy to yield the corresponding [4+2] cycloadducts. The
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endo/exo ratio and endo% ee was determined by HPLC
(Daicel CHIRALCEL OD-H).

We first examined the counteranion effect of the cop-
per(II) salts for the chiral Lewis acid derived from (2-
diphenylphosphino)phenylthiazoline 7 and the Cu(II)
salts (Table 1). All reactions proceeded well to give the
corresponding endo/exo mixture of cycloadducts in
12 h and triflate led to the highest enantioselectivity of
endo-product (entry 3). The highest reaction rate oc-
curred with hexafluoroantimonate but the enantioselec-
tivity was lower than that for triflate (entry 5).

Table 2 summarizes the enantioselective Diels–Alder
reaction of substrate 11 with cyclopentadiene in the
presence of a chiral Lewis acid derived from Cu(OTf)2
and various thiazoline ligands 5–7 and the oxazoline
ligand 10.

Contrary to the acceptable result for (2-diphenyl-
phosphino)phenylthiazoline 7, the bis(thiazoline) ligand
5, and the pyridylthiazoline ligand 6 gave low enantio-
selectivities (entries 1–3). In the case of 7, a decrease in
the reaction temperature led to an increase in the endo/
exo ratio and enantioselectivity. The best results, a
Table 2. Asymmetric Diels–Alder reaction of N-acryloyl-2-oxazolidinone 11

O N

O O

(5 e

CH2Cl2
Temp, Tim

11

Ligand-Cu(OTf)2

Entry Ligand Temp

(�C)
Time

(h)

1 5 0 3

2 6 0 24

3 7 0 1

4 7 �60 36

5 10 0 0.5

6 10 �60 24

a Isolated yields.
b Determined by HPLC.
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Figure 1.
97:3 endo/exo ratio and 92% ee, was achieved at a tem-
perature of �60 �C (entry 4). It is interesting to note that
the results for (2-diphenylphosphino)phenyloxazoline
10, the analog of phosphinothiazoline 7, were inferior
to 7 at 0 �C and at �60 �C (entries 5 and 6).

The mechanism we propose for the �roofed� (2-di-
phenylphosphino)phenyloxazoline 10-Cu(II)-catalyzed
asymmetric Diels–Alder reaction is depicted in Figure
1.13 Thus, in the equilibrium of square planar phos-
phinooxazoline–Cu(II)–dienophile complexes, 13B is fa-
vored over 13A because of the steric repulsion between
the acryloyl group and the phenyl substituent on the
phosphine moiety in 13A. Cyclopentadiene attacks the
acryloyl dienophile from the Si-face, the site opposite
the �roof� moiety, in an endo fashion in 13B preferen-
tially to give the (2R)-endo cycloadduct (R)-12 as the
major product.

While the precise mechanism for the �roofed� (2-di-
phenylphosphino)phenylthiazoline 7-Cu(II)-catalyzed
asymmetric Diels–Alder reaction is not clear,14 the most
plausible structures of the phosphinothiazoline 7 and
corresponding phosphinooxazoline 10, the longer
bond length of C–S (1.76–1.81 Å)15 than C–O
and cyclopentadiene catalyzed by chiral ligand–Cu(OTf)2 complexes
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Figure 2. Plausible structure of phosphinothiazoline (black) and

phosphinooxazoline (gray) (superimposed for comparison).
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(1.34–1.45 Å)16 and the narrower bond angle of C–S–C
(94.5 �)15 than C–O–C (111.2 �),16 may cause difference
in the position of the phosphine moiety. These structural
and positional changes of phosphinothiazoline 7may in-
duce the improvement of the endo/exo ratio and endo
enantioselectivity than phosphinooxazoline ligand 10
(Fig. 2).

In conclusion, we demonstrate a new and novel chiral
�roofed� (2-diphenylphosphino)phenylthiazoline 7, which
functions as an efficient chiral ligand in the asym-
metric Diels–Alder reaction of cyclopentadiene and
3-acryloyl-2-oxazolidinone. Further trials are currently
in progress.
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