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ABSTRACT

Highly enantioselective catalytic asymmetric reactions of rationally designedR-alkylidene β-keto imides are described. The [4þ 2] cycloadditions
and Hosomi�Sakurai reactions of R-alkylidene β-keto imides proceed with high enantioselectivity and yield. The [4 þ 2] cycloadditions of the
imides with various dienes afford products bearing an all-carbon quaternary stereogenic center at the ring junction. R-Alkylidene β-keto imides
should be useful for the enantioselective total synthesis of natural products and other catalytic asymmetric applications.

R-Alkylidene β-keto esters are reactive electrophiles
capable of forming bicyclic compounds containing an
all-carbon quaternary stereogenic center via cycloaddi-
tions and Michael reactions. Hence, R-alkylidene β-keto
esters have been utilized in the total synthesis of natural
products, e.g., oubain,1a drimane-type sesquiterpenoids,1e

and others.1 However, successful Lewis acid catalyzed
asymmetric reactions of R-alkylidene β-keto esters have

been limited thus far,2�4 probably because the complex
formed with a chiral Lewis acid has the disadvantage of
poor enantioselection. That is, in complex A (Figure 1),
which is a square-planar complex formedby theR-alkylidene
β-keto ester and a bisoxazoline-Cu(II) catalyst,5 the alkene
would be located far from the bisoxazoline substituent,
resulting in low enantioselectivity.6 On the other hand,
N-acryloyloxazolidin-2-one7 and its derivatives have been
used in many catalytic asymmetric reactions8 because, in
complex B (Figure.1), the bisoxazoline substituent effec-
tively shields one side of the s-cis alkene.5
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R-Alkylidene β-keto imides are attractive compounds
because the acidic imide hydrogen can form an internal
hydrogen bond to restrict free rotation of the imide
(Figure 1). As a result, reactions via complex C are
expected to show high enantioselectivity because the alkene
would be located at the same position as that in complex B.
The chief concern in the reaction via complex C was

whether the weak hydrogen bonding would be retained
during the reaction.However, the hydrogen-bond-directed
stereoselective reactions9 are known and,moreover, asym-
metric organocatalysis utilizing hydrogen bonding has
recently been reported.10 In addition, since imides can be
transformed into a variety of functional groups,10,11 prod-
ucts of the reactions of R-alkylidene β-keto imides would
be useful synthetic intermediates. Therefore,we investigated
catalytic asymmetric reactionsofR-alkylideneβ-keto imides
and report herein their highly enantioselective catalytic
asymmetric [4 þ 2] cycloadditions and Hosomi�Sakurai
reactions.
R-Alkylidene β-keto imides were hardly accessible by

known methods owing to their sensitivity toward basic
conditions.12 However, we found that the palladium-
catalyzed coupling reaction13 of organostannane 1a with
methyl N-[methoxy(methylthio)methylene]carbamate 214

afforded the corresponding imino ether, which was con-
verted to R-alkylidene β-keto imide 3a in 93% yield over

two steps (Scheme 1). This method was successfully applied
for the preparation of 3b�d,15 allowing us to investigate the
reactions of R-alkylidene β-keto imides.

The catalytic asymmetric [4þ 2] cycloadditionof3awith
4a was first examined (Table 1). The reaction with the
L1

16a�Cu(OTf)2 catalyst (10 mol %) at 0 �C afforded 5aa

(71%, 77% ee, entry 1). The reactions with ligand L216b

(entry 2) and ligand L316a (entry 3) did not improve the
enantioselectivity (47% ee and 33% ee, respectively). The
reaction with L1�Cu(OTf)2 in mixed solvent A (CH2Cl2/
toluene= 1:5) required 7 h for completion, but the ee was
improved to 85% (entry 4). The reaction at �15 �C was
slow, but the ee further increased to 90% (entry 5). Use of
molecular sieves (MS4A) as anadditive improved the yield
(entry 6), and finally, the reaction with ligand L4

16c

afforded ent-5aa in 98% yield and 97% ee (entry 7).
The [4 þ 2] cycloadditions of 3a with dienes 4b and 4c

were also examined (Table 2). The reaction of 3a with
reactive Danishefsky’s diene 4b in the presence of L1�
Cu(OTf)2 (10mol%) proceeded at�78 �C to afford 5ab in
94% yield (endo/exo= 13:1) and 92% ee (entry 1). To the
best of our knowledge, this result is the first example of a
catalytic asymmetric [4þ 2] cycloadditionwithDanishefsky’s
diene affording a bicyclic product containing an all-carbon
quaternary stereogenic center in high ee. The reaction of 3a
and 4b with ligand L4 afforded 5ab with 58% yield and
60% ee (endo/exo = 15:1, entry 2), though the reason for
the low yield and ee is unknown.
The reaction of 3a and less reactive isoprene 4c did not

proceed with L1�Cu(OTf)2 (10 mol %) at room tempera-
ture (entry 3). In contrast, the reaction did proceed using
ligandL4at rt to afford3ac (61%,73%ee, entry 4), though
42 h were required for completion. Use of L4�Cu(NTf2)2
(20mol%) reduced the reaction time to 16 h, and the yield
and ee were improved to 100% and 94%, respectively
(entry 5).
The [4þ 2] cycloaddition of cyclohexenone derivative 3b

and 4a with L4�Cu(OTf)2 (10 mol %) at �20 �C suc-
cessfully afforded 5ba (82% yield, 95% ee, Scheme 2).
It was expected that the reaction of 3c would proceed
slowly owing to the steric hindrance derived from the all-
carbon quaternary center adjacent to the reacting alkene.

Scheme 1. Preparation of R-Alkylidene β-Keto Imide 3a

Figure 1. Proposed structures of complexes formed by a bisox-
azoline-Cu(II) catalyst with an R-alkylidene β-keto ester
(complex A), N-acryloyl oxazolidin-2-one (complex B), and an
R-alkylidene β-keto imide (complex C: X = CH2, NMe, O).
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Interestingly, the reaction of 3c and 4awith L3�Cu(BF4)2
(5 mol %) at 0 �C was completed after 5 h with 92% yield
and 99% ee, indicating the good reactivity of 3c or
L3�Cu(BF4)2.
The L1�Cu(OTf)2-catalyzed [4 þ 2] cycloaddition of

R,β-unsaturated lactam 3dwith 4b proceeded at�30 �C to
afford 5db (80%, 92% ee), which is a core structure of

manzamine A,17 and the reaction with L4 gave better
results (81%, 95% ee) (Scheme 3).
The Lewis acid catalyzed asymmetric Hosomi�Sakurai

reactions18 of imides 3a and 3b with allyltrimethylsilane
6a and methallyltrimethylsilane 6b were also examined
(Table 3). To the best of our knowledge, only one study
on the Lewis acid catalyzed asymmetric Hosomi�Sakurai
reaction using 6a has been reported.18b The reaction of 3a
with 6a in the presence of L1�Cu(OTf)2 (10 mol %) was
very slow at rt. However, the reaction with L4�Cu(OTf)2
(10 mol %) at rt afforded 7aa in 87% yield with 82% ee
(entry 1, Table 3). The same reaction at 0 �C was sluggish,
but use of 20 mol% of the catalyst resulted in a 94% yield
and 92%ee (entry 2). The reaction of 3awithmore reactive
6b

19 went to completion even at �30 �C to afford 7ab in
95% yield with 92% ee (entry 3). Like the reaction of 3a,
the reaction of 3bwith 6a using L1�Cu(OTf)2 (10 mol%)
proceeded slowly at rt, giving 7ba in 68%yieldwith 50%ee
(entry 4). The use ofmore acidicL4�Cu(OTf)2 (10mol%)
improved the yield and ee (88%, 88% ee, entry 5), but the
same reaction at 0 �C was sluggish, though the ee was
improved to 90% (entry 6). Finally, the reaction using
20mol%ofL4�Cu(OTf)2 at 0 �Cwas found to afford 7ba
in 80%yield with 90% ee (entry 7). The reaction of 3bwith
6b usingL1�Cu(OTf)2 (10mol%) proceeded at�30 �C to
afford 7bb in 93% yield, but the ee was only 77% (entry 8).

Table 1. Catalytic Asymmetric [4 þ 2] Cycloaddition of 3a
with 4a

entry L*a solvent

temp

(�C)
time

(h)

yieldb

(%)

eec,d

(%)

1 L1 CH2Cl2 0 2.5 71 77

2 L2 CH2Cl2 0 2.5 74 47

3 L3 CH2Cl2 0 3.0 96 33

4 L1 Ae 0 7.0 74 85

5 L1 Ae �15 21 70 90

6f L1 Ae �15 19 89 91

7f L4 Ae �15 17 98 �97g

a 10.1 mol % of ligand was used. b Isolated yields. cFor HPLC
conditions, see Supporting Information (SI). dThe absolute structure
was proposed based on the X-ray structure of 5db. eA: CH2Cl2/toluene =
1:5. fMS 4 A was added. gA minus sign “�” means reversal of the
enantioselectivity.

Table 2. Catalytic Asymmetric [4 þ 2] Cycloaddition of 3a with
4b or 4c

entry 4 L*a X

temp

(�C)
time

(h)

yield

(%)b
eec,d

(%)

1 4b L1 OTf �78 2 94 (13/1)e 92

2 4b L4 OTf �78 3 58 (15/1)e �60f

3 4c L1 OTf rt 12 0 �
4 4c L4 OTf rt 42 61 �73f

5g 4c L4 NTf2 rt 16 100 �94f

a 10.1 mol % of ligand was used. b Isolated yields. cFor HPLC
conditions, see SI. dThe absolute structure was proposed based on the
X-ray structure of 5db. eThe endo/exo (endo isomer is shownabove) ratio
of 5ab is shown in parentheses. fAminus sign “�” means reversal of the
enantioselectivity. gCu(NTf2)2 (20mol%) and ligand (20.2mol%)were
used.

Scheme 2. Catalytic Asymmetric [4þ 2] Cycloaddition of 3b and
3c with 4a

Scheme 3. CatalyticAsymmetric [4þ 2] Cycloadditionof 3d and 4b
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However, the same reactionwithL4�Cu(OTf)2 (10mol%)
gratifyingly gave better results (90%, 97% ee, entry 9).
As summarized above, L4�Cu(OTf)2 was found to be
suitable for the catalytic asymmetric Hosomi�Sakurai
reactions of 3.
The crystal structure of 3d (Figure 2a) has a planar

π-conjugated system, and the imide NH bond is oriented
toward the carbonyl oxygen of the lactam. The 1H NMR
spectrumof 3d showed the downfield shift of the imideNH
signal, which appeared around 11 ppm, suggesting the
presence of the hydrogen bond. The absolute structure of
5dbwas also confirmed by X-ray crystallographic analysis
(Figure 2b), which suggests that the [4 þ 2] cycloaddition
of 3d proceeded at the less hindered side of the dienophile
in complex C (Figure 1). The 1H NMR spectra of imides
3a�3d suggest the presence of the H-bonded imide NH.
Hence, we speculated that all the reactions of 3a�3dwould
proceed at the less-hindered side of the alkene in complex
C. These results indicate that the internal H-bond in 3 was
retained during the reactions, even those with the catalyst
formed by ligand L4 and the Cu(II) reagent, which was
proposed to have aH-bond between the counteranion and
the ligand.16c

In summary, we demonstrated the utility of rationally
designed R-alkylidene β-keto imides for Lewis acid cata-
lyzed asymmetric reactions. The catalytic asymmetric
[4þ 2] cycloadditions ofR-alkylidene β-keto imides afford
products bearing an all-carbon quaternary stereogenic
center at the ring junction with high yield and ee. The
imide groups in the products could be convertible to
different functional groups. For example, compounds
7ba and 7bb were easily transformed to the corresponding
methyl esters in 83% and 81% yields, respectively.20

Hence, the products obtained by catalytic asymmetric
reactions of R-alkylidene β-keto imides would be useful
for the enantioselective total synthesis of natural products.
Moreover, Hosomi�Sakurai reactions of R-alkylidene
β-keto imides, which are different types of reactions when
compared with [4 þ 2] cycloaddition, give products with
high yield and ee as well, suggesting the versatile utility of
R-alkylidene β-keto imides in asymmetric catalysis. Con-
sequently, further studies on asymmetric catalysis utilizing
R-alkylidene β-keto imides are now underway and will be
reported in due course.
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Table 3. Catalytic Asymmetric Hosomi�Sakurai Reaction of 3
and 6

entry 3 6 L*a
temp

(�C)
time

(h)

yield

(%)b
ee

(%)c,d

1 3a 6a L4 rt 22 87e �82

2f 3a 6a L4 0 36 94e �92

3 3a 6b L4 �30 7.5 95e �92

4 3b 6a L1 rt 20 68 50

5 3b 6a L4 rt 24 88 �88

6 3b 6a L4 0 71 39 �90

7f 3b 6a L4 0 47 80 �90

8 3b 6b L1 �30 36 93 77

9 3b 6b L4 �30 10.5 90 �97

a 10.1 mol % of ligand was used. b Isolated yields. cFor HPLC
conditions, see SI. dThe absolute structure was proposed based on the
X-ray structure of 5db. eYield after treatment of the initial products with
TBAF.SeeSI for thedetails. f20mol%ofL4�Cu(OTf)2 catalystwasused.

Figure 2. X-ray crystal structures of (a) 3d and (b) 5db.
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