
SHORT COMMUNICATION

DOI: 10.1002/ejoc.201001356

Palladium-Catalyzed Enantioselective Ene and Aldol Reactions with Isatins,
Keto Esters, and Diketones: Reliable Approach to Chiral Tertiary Alcohols

Kohsuke Aikawa,[a] Shunsuke Mimura,[a] Yukinobu Numata,[a] and Koichi Mikami*[a]

Keywords: Ene reaction / Aldol reaction / Lewis acids / Palladium / Asymmetric catalysis

Chiral dicationic Pd-complex-catalyzed enantioselective ene
and aldol reactions with various isatin derivatives are shown
to produce the corresponding 3-hydroxy-2-oxindole products
in good yields with high enantioselectivities. These catalytic
processes are effective not only with isatins but also with
keto esters and diketones derivatives. Even with unprotected

Introduction

3-Substituted 3-hydroxy-2-oxindole derivatives are im-
portant synthetic intermediates for a variety of biologically
active alkaloids.[1] In recent years, these enantiomerically
enriched compounds have attracted much attention to di-
rectly synthesize their chiral backbones by asymmetric cata-
lysts.[2,3] In order to efficiently construct and sequentially
functionalize their carbon skeletons, we focused our atten-
tion on aldol[4,5] and ene[6,7] reactions with readily available
isatin derivatives[8] using chiral Lewis acid catalysts. These
catalytic asymmetric reactions with ketones are efficient
carbon–carbon bond-forming processes that give highly en-
antiomerically enriched tertiary alcohols; acetone silyl enol
ether (X = CH3) as a nucleophile is expected to produce
the corresponding ene products through a prototropic path-
way of the allylic proton (Scheme 1, Equation 1).[7a,7c–7e] On
the other hand, trimethylsilyl ketene thioacetal (X = StBu)
would lead to the aldol products by silatropic approach
(Scheme 1, Equation 2).[7b]

To produce highly functionalized α-hydroxy carbonyl
compounds, our laboratory has strived to develop an asym-
metric ene reaction with glyoxylate as an aldehyde or α-keto
ester as a ketone by using chiral Ti[7a,7b] or Pd catalysts.[7e,9]

In particular, chiral Pd complexes are air- and moisture-
stable Lewis acid catalysts,[7e,10] which are easily synthe-
sized, handled, and catalytically very active with high yield
and enantioselectivity. In this paper, we present a chiral pal-
ladium-complex-based catalyst system for the highly enan-
tioselective aldol and ene reactions with a variety of isatin
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isatin, high yields and enantioselectivities were obtained to
produce convolutamydine A as a naturally occurring com-
pound. Sequentially, α-oxidation by m-CPBA and α-fluorina-
tion by selectfluor of the ene product could be achieved to
give the corresponding α-hydroxy and α-fluoro ketones,
respectively.

Scheme 1. Prototropic ene and silatropic aldol reactions.

derivatives. The catalytic asymmetric aldol reactions are
also applicable to keto esters and diketones under similar
conditions.

Results and Discussion

The key features of the ene reaction optimized are sum-
marized in Table 1. At the outset, the prototropic ene reac-
tions were investigated with isopropenyloxy(triisopropyl)-
silane (3a) and N-benzyl-protected isatins 2a–j in the pres-
ence of chiral dication Pd complex 1a bearing (R)-
SEGPHOS. The Pd complex was simply activated by the
addition of AgSbF6 to the corresponding neutral dichloride
complex.[9,10] Indeed, the reaction of 2a with 3a could be
catalyzed by treatment of 1a to give a high level of enantio-
selectivity (97%ee; Table 1, Entry 1). Even the use of steri-
cally more demanding 2d (R1 = Br) led to almost enantio-
pure product 4d in spite of a slightly lower yield (72 %,
�99%ee; Table 1, Entry 4). Complex 1a also facilitated the
reactions with Br- or Cl-substituted isatins 2b, 2c and 2e in
other positions to afford high yields and enantioselectivities
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(84–93 %, 94–95%ee; Table 1, Entries 2, 3, and 5). In the
cases of 5-substituted (R2) isatins 2f and 2g with electron-
donating substituents, high enantioselectivities were main-
tained (95 and 98 %ee), but 2h and 2i with electron-with-
drawing substituents gave modestly decreased enantio-
selectivities (80 and 88% ee; Table 1, Entries 6–9). In con-
trast, the reaction with isatin 2j bearing an electron-with-
drawing 4,6-dibromo substituent was found to proceed in
high yield with almost complete enantioselectivity (96%,
�99% ee; Table 1, Entry 10).

Table 1. Catalytic enantioselective ene reaction with various isatin
derivatives.

Entry Comp. R1 R2 R3 R4 Yield [%][b] ee [%][c]

1[a] 2a H H H H 87 97
2 2b H H Br H 93 95
3 2c H H Cl H 84 94
4 2d Br H H H 72 �99
5 2e H H H Br 87 94
6 2f H OMe H H 88 95
7 2g H Me H H 96 98
8 2h H NO2 H H 97 80
9 2i H Br H H 98 88
10 2j Br H Br H 96 �99

[a] Reaction time was 24 h. [b] Isolated yield after desilylation to
the corresponding β-hydroxy ketone. [c] Enantiomeric excess was
determined by chiral HPLC analysis after desilylation to the corre-
sponding β-hydroxy ketone.

Even with unprotected 2k, high enantioselectivity was
obtained in the presence of 2.5 or 10 mol-% of the Pd com-
plex at high temperature (98–99% ee, Scheme 2). The ene
product was treated with 1 n HCl/CH2Cl2 at room tempera-
ture to produce convolutamydine A[11] as a natural com-
pound, which exhibits a potent inhibitory activity on the
differentiation of HL-60 human promyelocytic leukemia
cells at 0.1–25 μg/mL, in good yield. The absolute configu-
ration at the newly created center was determined to be R
by comparing the optical rotation data given in the litera-
ture.[11]

Scheme 2. Enantioselective synthesis of (R)-convolutamydine A.

The same method could be applied to the reaction of
isatin 2a with 3b bearing TBS instead of TIPS to obtain the
more reactive ene product 4a-TBS (96%ee), which is the
key structure featured in important natural alkaloids
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(Scheme 3). α-Oxidation of 4a-TBS with m-CPBA or α-flu-
orination with selectfluor could be achieved to give the cor-
responding product 5a or 5b in 62 or 55% yield, respec-
tively.[7c–7e]

Scheme 3. Reactions via the ene reaction. Reagents and conditions:
(a) m-CPBA, CH2Cl2, 0 °C, 1 h; b) selectfluor, CH3CN, 0 °C, 12 h.

With these successes in terms of the high yield and
enantioselectivity in the catalytic ene reactions, we then ex-
amined the aldol reaction[12] with isatin derivatives 2 and
trimethylsilyl ketene thioacetal 7; Table 2 summarizes the
representative results. Under the optimized conditions for
the ene reaction, reactions of isatins 2a–c with or without
electron-withdrawing Br and Cl substituents in the meta po-
sition of the amide proceeded in 81–89% yield to afford
aldol products 6a–c in good-to-excellent enantioselectivities
after desilylation by treatment with 1 n HCl/THF (85 to
�99%ee; Table 2, Entries 1–3). In sharp contrast to the ene
reactions, the aldol reactions are sensitive to both electronic
and steric effects of the substituents of isatins; aldol reac-
tions with isatins 2e, 2h, and 2i bearing electron-with-
drawing substituents in the ortho or para positions of the
amide did not produce the corresponding aldol products
(Table 2, Entries 5, 8, and 9). It is highly likely that a de-
crease in electron density of the amide oxygen prevents the

Table 2. Catalytic enantioselective aldol reaction with various isatin
derivatives.

Entry Comp. R1 R2 R3 R4 PG Yield [%][b] ee [%][c]

1 2a H H H H Bn 89 �99
2 2b H H Br H Bn 87 89
3 2c H H Cl H Bn 81 85

4[a] 2d Br H H H Bn trace –
5[a] 2e H H H Br Bn trace –

6 2f H OMe H H Bn 98 99
7 2g H Me H H Bn 92 99

8[a] 2h H NO2 H H Bn 0 –
9[a] 2i H Br H H Bn trace –
10 2j Br H Br H Bn 40 0

11[a] 2l H H H H H 0 –
12 2m H H H H PMB �99 99

13[a] 2n H H H H Boc 0 –

[a] At –20 °C for 24 h. [b] Isolated yield. [c] Enantiomeric excess
was determined by chiral HPLC analysis.
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chelation of isatins to palladium. Therefore, high-to-excel-
lent yields and enantioselectivities were obtained in the case
of 2f and 2g with electron-donating MeO and Me substitu-
ents (98 %, 99%ee and 92 %, 99%ee; Table 2, Entries 6 and
7). The reactions with 4-substituted (R1) isatins 2d and 2j
gave low reactivity due to steric hindrance (Table 2, En-
tries 4 and 10). Introduction of a Bn protecting group led
not only to an enhancement in reactivity but also to high
enantioselectivity (Table 2, Entry 1 vs. 11 and 13). N-PMB-
protected isatin 2m was also applicable under the same con-
ditions to give excellent results (Table 2, Entry 12).

The aldol product can be converted into carbon skel-
etons found in valuable natural products (Scheme 4). For
example, treatment of aldol product 6m (99% ee) with
MeNH2 in methanol followed by LiAlH4 afforded the cor-
responding alkaloid, N-protected alline 8.[1d,1e,13]

Scheme 4. Transformation into natural alkaloid structure.

On the hypothesis that the bidentate coordination of isa-
tin derivatives to the palladium center was significantly im-
portant not only to induce a high level of enantioselectivity
but also to increase the reactivity, we employed keto esters
9a and 9e and diketones 9b–d with a similar dicarbonyl
backbone (Table 3).[5] Reaction of ketene thioacetal 10
(Z/E = 97:3) with 9a efficiently afforded desired aldol prod-
uct 11a in good diastereoselectivity (syn/anti = 95:5) with
excellent enantioselectivity (�99% ee; Table 3, Entry 1). In
contrast, 10 (Z/E = 10:90) also produced syn-11a as a major
product but in lower yield and enantioselectivity (37%,
12% ee; Table 3, Entry 2). The use of 1 mol-% of the Pd
complex was sufficient to promote the reaction with 98 %ee,
although a longer reaction time was required (Table 3, En-
try 3). Additionally, dimethyl diketone 9b afforded desym-

Table 3. Aldol reaction with pyruvates or diketones.

Entry Comp. R 10 (Z/E) 11 (syn/anti) Yield [%][d] ee [%][e]

1 9a OMe 97:3 95:5 81 �99
2 9a OMe 10:90 72:28 37 12

3[a] 9a OMe 97:3 95:5 65 98
4 9b Me 97:3 �99:1 95 �99
5 9c Et 97:3 �99:1 87 �99
6 9d nBu 97:3 �99:1 93 99

7[b] 9e OEt –[c] – 86 99

[a] Reaction time was 48 h with 1 mol-% of Pd catalyst. [b] Reac-
tion time was 30 min. [c] Trimethylsilyl ketene thioacetal 7 was used
instead of 10. [d] Isolated yield. [e] Enantiomeric excess of syn
product was determined by chiral HPLC analysis.
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metrized product 11b in almost complete diastereo- and
enantioselectivity (syn/anti �99:1, �99% ee; Table 3, En-
try 4). The aldol products on the methyl ketone position
were only obtained with unsymmetrical diketones 9c and
9d, leading to almost complete diastereo- and enantio-
selectivity in good yields (Table 3, Entries 5 and 6). The re-
action of ethyl pyruvate 9e with 7 also proceeded to give
high yield and enantioselectivity (86%, 99% ee; Table 3, En-
try 7).

To explore the applicability of another electrophile, the
aldol reaction in the presence of complex 1b and 3 equiv. of
water as an additive[14] was tested using α,β-unsaturated
keto ester 12 with 7 (Scheme 5). Significantly, the corre-
sponding aldol product 13 was produced in almost com-
plete chemoselectivity and high enantioselectivity (83%,
98% ee).

Scheme 5. 1,2-Aldol reaction of α,β-unsaturated keto ester.

Conclusions

We have succeeded in the development of chiral dicat-
ionic Pd-catalyzed enantioselective ene and aldol reactions,
which construct highly optically active tertiary alcohols.
The catalytic process is effective with a wide range of sub-
strates such as isatins, keto esters, and diketone derivatives.
Further investigations of this reaction are currently in pro-
gress to construct more sterically demanding skeletons.

Experimental Section
Typical Procedure for the Catalytic Enantioselective Ene Reaction:
To a solution of PdCl2[(R)-SEGPHOS] (7.9 mg, 0.01 mmol) in
CH2Cl2 (2 mL) was added AgSbF6 (7.6 mg, 0.022 mmol) at room
temperature. After stirring for 30 min at room temperature, to the
mixture was added 1-benzyl isatin 2a (23.8 mg, 0.1 mmol) in
CH2Cl2 (1 mL); silyl enol ether 3a (42.9 mg, 0.2 mmol) was then
added at –78 °C. The reaction mixture was stirred at –78 °C for
24 h. The reaction solution was passed through a silica-gel short
column (hexane/AcOEt, 1:1) and evaporated under reduced pres-
sure. To the solution of ene product 4a in CH2Cl2 (0.5 mL) was
added 1 n HCl/MeOH (2–3 drops). After stirring for 15 min at
room temperature, the mixture was directly loaded onto a silica-gel
column (hexane/AcOEt, 2:1) to give the corresponding β-hydroxy
ketone (87% yield, 97%ee; Table 1, Entry 1).

Typical Procedure for the Catalytic Enantioselective Aldol Reaction:
To a solution of PdCl2[(R)-SEGPHOS] (7.9 mg, 0.01 mmol) in
CH2Cl2 (2 mL) was added AgSbF6 (7.6 mg, 0.022 mmol) at room
temperature. After stirring for 30 min at room temperature, to the
mixture was added 1-benzyl isatin 2a (23.8 mg, 0.1 mmol) in
CH2Cl2 (1 mL); trimethylsilyl ketene thioacetal 7 (51.1 mg,
0.25 mmol) was then added at –78 °C. The reaction mixture was
stirred at –78 °C for 3 h. The reaction solution was passed through
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a silica-gel short column (hexane/AcOEt, 1:1) and evaporated un-
der reduced pressure. To a solution of the crude in THF (5 mL)
was added 1 n HCl (1 mL). After stirring for 2 h at room tempera-
ture, the mixture was poured into a solution of Et2O (10 mL) and
H2O (5 mL). The organic layer was washed with sat. aq. NaHCO3

and brine and dried with anhydrous Na2SO4. Purification by silica-
gel chromatography (hexane/AcOEt, 4:1) gave aldol product 6a
(89% yield, �99%ee; Table 2, Entry 1).

Supporting Information (see footnote on the first page of this arti-
cle): Experimental procedures and spectroscopic data for the ene
and aldol products.

Acknowledgments

This research was supported in part by a grant program “Collabo-
rative Development of Innovative Seeds” from the Japan Science
and Technology Agency. We are grateful to Takasago International
Co. for providing BINAP, tol-BINAP, and SEGPHOS.

[1] a) A. B. Dounay, L. E. Overman, Chem. Rev. 2003, 103, 2945;
b) C. Marti, E. M. Carreira, Eur. J. Org. Chem. 2003, 2209; c)
T. Kawasaki, M. Nagaoka, T. Satoh, A. Okamoto, R. Ukon,
A. Ogawa, Tetrahedron 2004, 60, 3493; d) T. Kawasaki, W. Tak-
amiya, N. Okamoto, M. Nagaoka, T. Hirayama, Tetrahedron
Lett. 2006, 47, 5379; e) O. R. Suárez-Castillo, M. Sánchez-Zav-
ala, M. Meléndez-Rodríguez, L. E. Castelán-Duarte, M. S.
Morales-Ríos, P. Joseph-Nathan, Tetrahedron 2006, 62, 3040.

[2] For recent catalytic enantioselective additions to isatin deriva-
tives by metal complexes, see: a) R. Shintani, M. Inoue, T. Hay-
ashi, Angew. Chem. 2006, 118, 3431; Angew. Chem. Int. Ed.
2006, 45, 3353; b) P. Y. Toullec, R. B. C. Jagt, J. G. de Vries,
B. L. Feringa, A. L. Minnaard, Org. Lett. 2006, 8, 2715; c) D.
Tomita, K. Yamatsugu, M. Kanai, M. Shibasaki, J. Am. Chem.
Soc. 2009, 131, 6946; d) J. Itoh, S. B. Han, M. J. Krische, An-
gew. Chem. 2009, 121, 6431; Angew. Chem. Int. Ed. 2009, 48,
6313; e) N. V. Hanhan, A. H. Sahin, T. W. Chang, J. C. Fet-
tinger, A. K. Franz, Angew. Chem. 2010, 122, 756; Angew.
Chem. Int. Ed. 2010, 49, 744.

[3] Catalytic enantioselective hydroxylation and aminooxygena-
tion of oxindoles: a) T. Ishimaru, N. Shibata, J. Nagai, S. Nak-
amura, T. Toru, S. Kanemasa, J. Am. Chem. Soc. 2006, 128,
16488; b) T. Bui, N. R. Candeias, C. F. Barbas III, J. Am.
Chem. Soc. 2010, 132, 5574.

[4] a) T. Mukaiyama, Org. React. 1982, 28, 203; b) M. Sawamura,
Y. Ito in Catalytic Asymmetric Synthesis, 2nd ed. (Ed.: I.
Ojima), Wiley-VCH, New York, 2000, pp. 493–512; c) E. M.
Carreira in Catalytic Asymmetric Synthesis, 2nd ed. (Ed.: I.
Ojima), Wiley-VCH, New York, 2000, pp. 513–542; d) E. M.
Carreira in Comprehensive Asymmetric Catalysis (Eds.: E. N.
Jacobsen, A. Pfaltz, H. Yamamoto), Springer, Berlin, 1999, vol.
3, pp. 998–1059.

[5] For selected examples of catalytic asymmetric aldol reactions
using chiral Lewis acid, see: a) D. A. Evans, M. C. Kozlowski,
C. S. Burgey, D. W. C. MacMillan, J. Am. Chem. Soc. 1997,
119, 7893; b) D. A. Evans, D. W. C. MacMillan, K. R. Campos,
J. Am. Chem. Soc. 1997, 119, 10859; c) D. A. Evans, M. C.
Kozlowski, J. A. Murry, C. S. Burgey, K. R. Campos, B. T.
Connell, R. J. Staples, J. Am. Chem. Soc. 1999, 121, 669; d)
D. A. Evans, C. S. Burgey, M. C. Kozlowski, S. W. Tregay, J.

Eur. J. Org. Chem. 2011, 62–65 © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 65

Am. Chem. Soc. 1999, 121, 686; e) J. C.-D. Le, B. L. Pagenkopf,
Org. Lett. 2004, 6, 4097; f) M. Langner, C. Bolm, Angew.
Chem. 2004, 116, 6110; Angew. Chem. Int. Ed. 2004, 43, 5984;
g) M. Langner, P. Rémy, C. Bolm, Chem. Eur. J. 2005, 11, 6254;
h) L. C. Akullian, M. L. Snapper, A. H. Hoveyda, J. Am.
Chem. Soc. 2006, 128, 6532; i) J. Sedelmeier, T. Hammerer, C.
Bolm, Org. Lett. 2008, 10, 917; j) S. Adachi, T. Harada, Org.
Lett. 2008, 10, 4999; k) M. Frings, I. Atodiresei, Y. Wang, J.
Runsink, G. Raabe, C. Bolm, Chem. Eur. J. 2010, 16, 4577.

[6] a) B. B. Snider in Comprehensive Organic Synthesis, Pergamon,
London, 1991, vols. 2 and 5; b) K. Mikami, M. Shimizu, Chem.
Rev. 1992, 92, 1021; c) M. L. Clarke, M. B. France, Tetrahedron
2008, 64, 9003.

[7] a) K. Mikami, S. Matsukawa, J. Am. Chem. Soc. 1993, 115,
7039; b) K. Mikami, S. Matsukawa, J. Am. Chem. Soc. 1994,
116, 4077; c) R. T. Ruck, E. N. Jacobsen, J. Am. Chem. Soc.
2002, 124, 2882; d) R. T. Ruck, E. N. Jacobsen, Angew. Chem.
2003, 115, 4919; Angew. Chem. Int. Ed. 2003, 42, 4771; e) K.
Mikami, Y. Kawakami, K. Akiyama, K. Aikawa, J. Am. Chem.
Soc. 2007, 129, 12950.

[8] For catalytic asymmetric aldol reactions to isatin derivatives,
see: a) G. Luppi, P. G. Cozzi, M. Monari, B. Kaptein, Q. B.
Broxterman, C. Tomasini, J. Org. Chem. 2005, 70, 7418; b) G.
Chen, Y. Wang, H. He, S. Gao, X. Yang, X. Hao, Heterocycles
2006, 68, 2327; c) G. Luppi, M. Monari, R. J. Corrêa, F. A.
Violante, A. C. Pinto, B. Kaptein, Q. B. Broxterman, S. J. Gar-
den, C. Tomasini, Tetrahedron 2006, 62, 12017; d) A. V. Mal-
kov, M. A. Kabeshow, M. Bella, O. Kysilka, D. A. Malyshev,
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