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Enantioselective aldol addition to ketones has received
growing attention since the resulting tertiary aldols are valu-
able building blocks for many biologically active compounds.
Recently, several catalytic methodologies have been devel-
oped based on the activation of acceptor ketones and/or nu-
cleophile enolates, overcoming problems associated with the

lower reactivity and decreased steric discrimination of
ketones compared to aldehydes. This microreview presents
an overview of the progresses in the catalytic enantioselec-
tive aldol additions to ketones.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

1. Introduction

Chiral tertiary alcohols are important subunits fre-
quently found in biologically active compounds.[!l The cata-
lytic enantioselective construction of the tertiary alcohols
through carbon-carbon bond formation constitutes an im-
portant research objective in current organic synthesis.l”]
Recently, catalytic enantioselective aldol addition to
ketones (Scheme 1) has received growing attention since the
resulting tertiary aldols are valuable building blocks for the
subunits.

In the last decades, remarkable advances have been made
in the catalytic enantioselective aldol additions to alde-
hydes.’! In sharp contrast, the development of the aldol ad-
ditions to ketones was quite slow. The difficulty in the
ketone-aldol reaction is due to the lower reactivity of
ketones and the decreased steric discrimination compared
to aldehydes. Recently, several new methodologies have
been developed other than the classical chiral Lewis acid
catalyzed Mukaiyama-type reaction to overcome the prob-
lem.
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Scheme 1. Realization of aldol additions to ketones.

The activation of either electrophiles (ketones 1), nucleo-
philes (enolates 2), or both plays a key role in the realization
of the aldol additions to ketones. Activated ketones 1b (Z
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= OR, R) such as a-keto esters and a-diketones have a reac-
tivity comparable to aldehydes and employed in the chiral
Lewis acid catalyzed aldol reaction with enolsilanes 2a and
in organocatalytic aldol reaction with an enamine interme-
diate 2e. On the other hand, for the less reactive non-acti-
vated ketones, catalytic systems involving activated enolates,
such as silicate 2b, copper enolate 2¢, and zinc enolate 2d,
have been developed to realize the more difficult task.

The present review article summarizes the recent pro-
gresses in the catalytic enantioselective aldol additions to
ketones with an emphasis on how the inherent difficulties
in the ketone-aldol reactions have been overcome in each
approach.[

2. Activated Ketones as Acceptors

2.1 Lewis Acid Catalyzed Reaction with Enolsilanes

An adjacent electron-withdrawing group notably en-
hances the reactivity of ketone carbonyl groups such as
those in a-keto esters and o-diketones. In addition to the
increased reactivity, such dicarbonyl compounds can be co-
ordinated by a Lewis acidic metal atom in a bidentate man-
ner to form a rigid activated complex 4, ideal for enantiose-
lective reaction with the aid of well-designed chiral ligands
(Scheme 2). The resulting tertiary aldol products 5 bears an
additional carbonyl groups at the y position, thus serving as
building blocks for the asymmetric synthesis of biologically
active molecules.
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Scheme 2. Chiral Lewis acid catalyzed reaction with enolsilane.

The first successful example of this approach was re-
ported by Evans and co-workers in 1997.5] The aldol reac-
tion of methyl pyruvate and enolsilanes 2a were catalyzed
by Cu(box)(OTf), 6 (10 mol-%) to give a-hydroxy esters in
high enantioselectivity up to 99% ee (Scheme 3). Not only
silyl ketene S,0-acetals (2a; Y = SR) but also enolsilanes
derived from acetophenone and acetone (2a; Y = Ph, Me)
could be employed.

S:XV —I 22 +OTf

o tBu tBu HO Me O
-9 MeO '
+ 2a 6 (10 mol-%) e Y
COMe -78°C, THF o
Y = SR, Ph, Me
94-99% ee

Scheme 3. Cu'!(box)-catalyzed reaction of methyl pyruvate.
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Both E and Z isomers of silyl ketene acetal 7 reacted in
a stereoconvergent manner providing the syn product dia-
stereoselectively (Scheme 4). Interestingly, the reversed high
anti selectivity was obtained when Sn(pybox)(OTf), 8 was
used as a catalyst.[°]

; Cu(box)(OTf), 6 HO Me O
0 OSiMeg (10 mol-%) MeO ;
* Z>sBu (S StBu
Me™ "COM -78°C, THF O Me
(E)- or (2)-7 syn (>9:1)
99% ee
| Me OH O
& M 8
NTfO Sn\ N ~ €0 (R) StBu
Ph Ot Ph 278 °C, CH,Cl, 0 Me
Sn(pybox)(OTf), 8 )
(10 mol-%) anti (99:1)
96-99% ee

Scheme 4. Diastereo- and enantioselective aldol reaction.

A catalytic cycle depicted in Scheme 5 has been pro-
posed.’®l Although a stoichiometric reaction proceeded
more rapidly in CH,Cl, than in THF, the catalytic reaction
was faster in THF. The reaction was accelerated by the ad-
dition of Me;SiOTf (1 equiv.) as an external silylating
source. These results were rationalized by rate-determining
catalyst turnover steps (i.e., intermolecular silyl transfer and
decomplexation). THF would associate with the metal cen-
ter to facilitate silylation of Cu'" aldolate 9 and favour prod-
uct decomplexation from 10. THF would also accelerate the
catalyst turnover by reacting with 9 to form a more access-
ible silylating species 11.
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Scheme 5. Proposed catalytic cycle for Cu''(box)-catalyzed reac-
tion.

Recently, Bolm and co-workers reported C;-symmetric
amino sulfoximines 12a,b/! and oxazolinyl sulfoximine
12¢®1 as new ligands effective for the Cu'l-catalyzed enan-
tioselective aldol reactions between pyruvates and enolsil-
anes. The reactions were carried out by using 12/Cu(OTf),
(1-10 mol-%) in the presence of 2,2,2-trifluoroethanol
(1.2 equiv.) in THF or toluene, affording the corresponding
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tertiary aldol products with high enantioselectivity up to
98% ee. The alcoholic additive is thought to promote the
catalytic turnover step of the reaction.[’]

= HN—\ -S=N 0}
R 3 Ph L
) R d N_J ik
Me
12a: R' = Ph, R? = Me, 12¢

R® = 2,4,6-iPrgCgHy
12b: R = Me, RZ = 2-MeOCgHy,
R3 = 2,4,6-Me3CgH,

In the presence of a chiral Lewis acid catalyst, dienolsil-
anes 13a,b react with a-keto esters in a vinylogous manner
at the terminal position to give o,B-unsaturated d-hydroxy
diesters 15a,b with quaternary stereogenic centers
(Scheme 6). Although enantioselectivity was moderate for
Cu(box)(OTT), 6,'7 modified box ligand 14 (5 mol-%) in
combination with CuCl, exhibited high selectivity up to
98% ee.!!1 Chloride counterions were found to be superior
to triflate. Bolm’s sulfoximines ligand 12a also exhibited
high enantioselectivity in the reactions with dienolsilanes

13b and 13c.[12
0> s
S/N N
Ar ;7-\r
>< Ar = 2-MeO-5-1Bu-CgHs ><

oo 14/CuCly (5 mol-%) g20,c oH O 0
/I‘\/k 1>\)\/g0
Z > 0siMes THF, 20 °C R
13a ‘ 15a
OSi up to 98% ee

MOR?’
(e} . 13b; . . RZOZCWL
Si = tBuMe;Si, Me3Si R17: X OR3

CO,R2

15b
(S)-12a/Cu(OTf), Up to 99% ce
(10 mol-%) OH
o ) CF3CH,OH (1.2 equiv.) R20,C,,
@/OS'M% Et,0, r.t. or-78 °C 2R1J><i7?o
13c ey
15¢

up to 99% ee

Scheme 6. Vinylogous aldol addition of dienolsilanes to a-keto es-
ters.

Recently, an efficient Ag'-catalyzed!'*] aldol addition to
a-keto esters has been reported by Hoveyda, Snapper, and
coworkers (Scheme 7).['Y1 The amino acid-derived, pyridine
ligand 16 was discovered after the extensive screening of a
series of dipeptide ligands, such as those bearing a phos-
phane and a salicylic moiety, taking advantage of their rela-
tively simple preparation and the modification of dipeptide
backbone to fine-tune the steric and electronic properties
of the resulting catalysts.'>! The active catalyst is thought
to be a 16/Ag'F complex, produced in situ by the reduction
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of Agl'F, with enolsilanes. The reaction could be carried
out in air with undistilled solvent, applicable to sterically
hindered substrates (e.g. R! = iPr, Cy).

\N)\n/ \)J\NHBU
OH O
EtO,C.,
16 (10 mol-%) R1J\/U\R2

up to 96% ee

o} OSlMe3
J\ * )\ Me

R'” SCO,Et R2
AgF; (10 mol-%), THF, -30 °C

Scheme 7. Chiral Ag' complex catalyzed reaction of a-keto esters.

2.2 Direct Aldol Reaction by Organocatalysis

Since the seminal findings that L-proline catalyzes the
enantioselective direct aldol reaction,['®) many chiral organo-
catalysts have been discovered for the reaction.'”l Al-
though most studies focused on the aldol reaction of alde-
hyde acceptors, advances have been made recently in the
reaction of ketone acceptors.

In 2002, Jorgensen and co-workers reported the first di-
rect ketone-aldol reaction.!'8! In the presence of L-proline
(50 mol-%) in CH,Cl,, highly electrophilic diethyl oxoma-
lonate reacted with aldehydes to give the products in up to
90% ee (Scheme 8). The reaction is proposed to proceed
through transition state 17, in which the approach of the
keto-malonate is directed by the interaction of the incoming
carbonyl oxygen atom with the carboxylic acid moiety of
the enamine intermediate. Maruoka and co-workers applied
the L-proline-catalysis to the reaction of oxophenylacetate
and cyclohexanone (Scheme 9).[' DMSO was found to be
an optimal solvent, affording tertiary alcohol 18 in 96% ee
with high diastereoselectivity. Alcohol 18 was converted to
acid 19, a key intermediate for a widely prescribed musca-

rinic receptor antagonist (S)-oxybutynin.
Do
N

{P~coon

o o N
Koogt 2 omas Jop
EtO,C” “CO,Et H (50 mol-%) EtOZCYO"H
R g R
CH2C|2, r.t. CO,Et
OH O 17
Et0,C
Et020>1\fU\H
R

up to 90% ee

Scheme 8. Proline-catalyzed reaction of oxomalonate.
<—>\COOH

o N Eto2 Ho2
o]
ot
Ph”” “CO,Et ij

(50 mol-%)
Scheme 9. Proline-catalyzed reaction of oxophenylacetate.

DMSO, r.t.

96% ee ( dr >20:1)
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2-Aminopyridine has been widely used in self-assembly
and molecular recognition as a good site for the formation
of hydrogen bonds with a carboxyl group.?’ Recently,
Gong and co-workers have developed L-proline-amide cata-
lyst 20 with a 2-aminopyridine moiety for the aldol reaction
between a-keto carboxylic acids and acetone
(Scheme 10).1211 Consistent with the proposed assembly 21
wherein two hydrogen bondings cooperatively activate the
substrate, 20 exhibited a catalytic activity specifically for a-
keto carboxylic acids, but not for an ester derivative.

W\N \Nl S o
o N H NN
o H 20 (20 mol-%) b
N

)J\ + H H

R™ "COOH )I\ toluene, 0 °C o O
\

R =aryl, alkyl large excess S ) <\O
R

_ >

OH O
HOOC
R

92-98% ee

Scheme 10. L-Proline amide catalyzed reaction of a-keto carboxylic
acids.

Very recently, bispidine-based new amine organocatalysts
were reported for asymmetric aldol reaction of activated
ketones (Scheme 11).[221 Of these, phenylalanine derivative
22 showed a wide scope for activated ketones to give the
corresponding aldol products in high enantioselectivities.

A
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0]
HoN! -
Ph

)]\R 22

o o)

PN

A X (5-30mok%) xCOH @
X = COOMe, P(O)(OR), R =Me, Ar R
P(O)(NRy)z, Et HCOOH (1 equiv.)

0,
(4-NO,CgH4CH,0),CH, up to 98% ee

(4-NO,CgH40),CH

0°C

Scheme 11. Bispidine-based chiral amine catalyzed reaction of acti-
vated ketones.

3. Non-Activated Ketones as Acceptors

3.1 Lewis Base Catalyzed Reaction with Trichlorosilyl
Ketene Acetals

The first asymmetric aldol reaction of non-activated
ketones was reported by Denmark and co-workers in 2002
(Scheme 12).1231 The work is based upon their seminal find-
ing of a remarkable Lewis base catalysisi* by HMPA in
the aldol reaction of a ketone and a trichlorosilyl ketene
acetal.”* Ketene acetal 23 reacts slowly with acetophenone
at room temperature, but in the presence of a catalytic
amount of HMPA, a rapid addition takes place affording
3664
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the corresponding aldol product in high yield. After the ex-
tensive survey of chiral Lewis bases, axially chiral bis(N-
oxide) 24 was found to be an optimal catalyst. In the pres-
ence of 10 mol-% of 24 in CH,Cl, at -20 °C, simple aro-
matic ketones reacted smoothly with 23 to give tertiary al-
dol products enantioselectively (76-86% ee) in high yields.

o} OSiCl; B g OH O
+ BuO 2
Ar)kR OMe 24 (10 mol-%) Ar)\)J\OMe
R = Me, Et, 23 CH,Cl, -20 °C 76-86% ee
C=CH

Scheme 12.  Chiral
ketones.

base-catalyzed reaction of non-activated

A mechanism involving a highly reactive cationic silyl
enolate 25 has been proposed!>*! based on the previous
mechanistic study!®! on relevant phosphoramide-catalyzed
aldol reaction of an aldehyde (Scheme 13).[2426 Cationic si-
Iyl enolate 25 generated through the biding of bis-pyridine
N-oxide 24 to silyl ketene acetal 23 is highly electrophilic,
allowing the complexation and activation of a ketone car-
bonyl group to give a ternary complex 26. A dual activation
of the reaction components is anticipated in this com-
plex:4 Electron density is drawn away from the carbonyl
group, resulting in electrophilic activation of the ketone ac-
ceptor and nucleophilic activation of the enoxy moiety. Af-
ter aldolization, the catalytic cycle is completed by the re-
lease of 24 from the resulting aldolate 27 by the attack of
the chloride anion.

|C'C|

N*O OSiCl,
/v\/u\ N+O OMe
23
.
agn | ol T
(N—»O,,._S.\O/% cr < "'Si—o cr
* O [ N-’O
N0 (|;| Ar CI OMe
25
27
MeO " i
C A7 R
N—= O, S\ No) ’\ '
|
GN 071 0" Ar
cl
26

Scheme 13. Proposed catalytic cycle for chiral Lewis base-catalyzed
reaction.

Although being a non-asymmetric reaction, Ishihara and
co-workers recently reported the Lewis base catalyzed aldol
addition of trimethylsilyl ketene acetals to ketones.”’! In the

Eur. J. Org. Chem. 2009, 3661-3671
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presence of sodium phenoxide and 1,2-(O=PPh,),CsH, (<
1 mol-%, each), diaryl ketones reacted smoothly at —78 °C
in THF to give the corresponding aldol products high yield.

3.2 Cu'/Phosphane Complex-Catalyzed Reaction with
Enolsilanes: Chiral Copper-Enolate Intermediate

In 1998, a conceptually new approach to the catalytic
asymmetric aldol reaction of aldehydes was reported by
Carreira and co-workers (Scheme 14).1281 In the presence of
(S)-tol-BINAP (28) (2.2 mol-%), Cu(OTf), (2 mol-%), and
(BuyN)(Ph3SiF»,) (4 mol-%), the reaction of aldehydes with
silyl ketene acetal 12a proceeded at —78 °C to give the vi-
nylogous aldol product 29 in high enantioselectivity. The
reaction was demonstrated to proceed through a mecha-
nism involving Cu' dienolate 30 as a key intermediate
(Scheme 15).128®1  The Cu! salt reacts first with
(BuyN)(Ph;SiF,) to form (S)-tol-BINAP/CuF,, which is
then reduced by 12a to give (S)-tol-BINAP/CuF as the cata-
Iytically relevant species. The Cu' salt reacts further with
12a to generate copper dienolate 30. Aldolization followed
by silylation of the resulting copper alkoxide 31 by 12a gives
the silylated adduct 32 with simultaneous regeneration of

dienolate 30.
‘O PAr,

g
Ar = 4-Me-CsH4
(S)-28 (2 Mol-%), Cu(OTf), (2 mol-%),
j\ . o><o (BusN)(PhgSiF2) (4 mol-%)  opy o><o
R ZSosiMe;  THF,-78°C AN A
12a 29

Scheme 14. Cu'/phosphane complex-catalyzed aldol reaction.

1) (BugN)(Ph3SiF5)

(S)-tol-BINAP/Cu(OTf), (S)-tol-BINAP/CuF

2)12a 12a

|
hY%
o o
O><O M\OCU i
30

R ¢}

Me;SiO

X

12a OCu O™ 'O
, R NS0
Cu = (S)tol-BINAP/Cu 31

Scheme 15. Catalytic cycle for Cu'/phosphane complex-catalyzed
reaction.

Taking advantage of the high reactivity of copper enol-
ates, Campagne and co-workers successfully applied

Carreira’s (S)-tol-BINAP/CuF catalyst to the asymmetric
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vinylogous ketone-aldol reaction (Scheme 16).21 The reac-
tion with silyl ketene acetal 33 gave enantiomerically en-
riched lactone 34 with a tertiary carbinyl moiety via a cop-
per aldolate intermediate. High enantioselectivities (88—
93% ee) were reported for the reaction of aliphatic methyl
ketones. A formal asymmetric synthesis of taurospongin
A,B% a potent inhibitor of DNA polymerase and HIV re-
verse transcriptase, was accomplished from lactone 34 [R =
TBSO(CH,),] (88% ee).

o
_ (S)-28 (11 mol-%)
)oL . 0SiMes Cu(OTH), (10 mok-%) 0"
=
R Me =~ OBt (BusN)(PhsSiF3) (20 mol-%) CHaT:
2 THF, rt. 34

up to 93% ee

Scheme 16. Cu'/phosphane complex catalyzed vinylogous aldol re-
action of ketones.

Shibasaki, Kanai, and co-workers have developed an ef-
ficient catalytic aldol addition to ketones, involving a chiral
copper enolate intermediate, by using trimethylsilyl ketene
acetals (Scheme 17).3! The reaction was carried out with
Taniaphos ligand 35 (4 mol-%), CuF-3PPh;-2EtOH
(2.5 mol-%), (EtO);SiF (2 equiv.), and PhBF;K (0.1 equiv.)
in DME at —20 °C to room temp. High levels of enantiose-
lection were reported not only for aryl methyl ketones (83—
94% ee) but also so for alkyl methyl ketones (79-84%
ee).31l The reaction of silyl ketene acetals derived from
propanoate and hexanoate was also enantioselective. The
product diastereoselectivity was independent of the E/Z ra-
tio of the silyl ketene acetals.

BuN  PCy2

Fe PCyz [5
D

35 (4 mol-%)

o] OSiMe3 1) CuF-3PPhy-2EtOH (2.5 mol-%) Me/m
Joo+ %\OM , , RN 0OMe
Me e (EtO);SiF (2 equiv )

R2 PhBFK (0.1 equiv), DME
2) Et;N-3HF

R! 2

up to 94% ee

Scheme 17. Cu'/phosphane complex catalyzed aldol additions to
ketones.

A catalytic cycle shown in Scheme 18 has been proposed
based on the NMR studies of intermediates. (EtO);SiF was
used both for the generation of an active cationic Cu' cata-
lyst 36 and for the fluoride exchange of copper-aldolate 37,
leading to the formation of triethoxylsilyl aldolate 38 and
regeneration of the catalyst. For the ketone aldol reaction,
intermediate 37 is a copper tert-alkoxide, which is basic
enough to induce the undesirable enolization of a substrate
ketone. It was suggested that PhBF;K as an additive is ef-
fective in promoting the rate-determining catalyst-turnover
step by generating more electrophilic (EtO),SiF, and/or
(EtO)SiF; in situ.

3665

WWW.eurjoc.org



MICROREVIEW

S. Adachi, T. Harada

Cu—F + (EtO)3SiF

(EOBSiny l
Me., OSiMes
R/k/U\OMe cut
38 OMe
[(EtO)4.nSiF ps1l”
. 36
(EtO)sSiF Me;SiF
cu (EtO)4.,SiF,, Cu
PhBF3K
mIA A e T 3 OMe
37 (EtO)sSiF

P 0
Cu= G >Cu P§

=] R™ Me

Scheme 18. Proposed catalytic cycle for Cu'/phosphane complex-
catalyzed reaction.

3.3 Reductive Aldol Reaction

The conjugate reduction of an o,B-unsaturated carbonyl
compound by a metal-hydride species and subsequent ad-
dition of the resulting enolate to carbonyl functions as ac-
ceptors afford the a-substituted aldol product (Scheme 19).
The reaction sequence is commonly defined as a reductive
aldol reaction.! In this approach, enolate intermediates
are generated under the mild conditions without using
strong bases and asymmetric induction could be achieved
both at the a- and B-carbon centers of aldol products. The
catalytic enantioselective version of reductive aldol reaction
has been extensively studied recently for such benefits of
the approach.[32-33]

oM )iy OH O

o
2 3
Y -~y KR R Y
| aldol reaction
1 R1 H R1

Scheme 19. Reductive-aldol reaction.

O
M-H

conjugate reduction
R

Recently, asymmetric reductive aldol reaction of ketone
was reported from three groups. Lam and co-workersB4
used biphenylphosphane ligand 40/Cu(OAc), catalyst sys-
tem with tetramethylhydrosiloxane as a hydride source to
achieve an intramolecular reductive aldol reaction of keto-
unsaturated esters 39 (Scheme 20). The reaction provided
B-hydroxylactones 41 diastereoselectively with moderate
enantioselectivity. Riant and coworkersP>! achieved the
intermolecular reaction of methyl acrylate and acetophe-
none derivatives by employing Taniaphos 42/[CuF(PPhjs);]
2MeOH catalyst system with PhSiH; (Scheme 21). Even
with a 1 mol-% of the catalyst, anti products 43 were ob-
tained with high diastereo- and enantioselectivity. Shiba-
3666
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saki’s group®® reported the coupling of B-substituted en-
oates and diethyl ketone with tol-BINAP (R)-28/
[CuF(PPh3)s]FEtOH catalyst system by employing (EtO)s-
SiH as a hydride source (Scheme 22).

MeO PAr; Ar= 3,5-M6206H3,
) MeO PAry 3,5-iPr2C6H3 0
R0 ‘ 40  (5mol-%) R o)
Me% CU(OAC)-HyO (5 mol-%) e
I © oH
39 Me,Si(H)OSi(H)Me; (1 equiv.), a1
THF, r.t.

up to 83% ee

Scheme 20. Intramolecular reductive aldol reaction of keto esters.

Cy,P.
Cy,P” F
o V2P Fe OH O

D N, 42 (1 mol-%) AN

o]
Ar - OMe
Ar)l\ + ﬁOMe :
CuF-3PPhg-2MeOH (1 mol-%) 43
0,
PhSiH5 (1.4 equiv.), toluene, =50 °C ~ 82-95% ee
ds 4-24:1

Scheme 21. Reductive aldol reaction of methyl acrylate and
ketones.

OH ©O
JOL o (R)-28 (5 mol-%) R:
R ; OMe
R17ORT* ﬁOMe CuF-3PPh3-2EtOH (5 mol-%) :
R2 (Et0);SiH (2.3 equiv.), THF, =25 °C ~ R?
71-80% ee

Scheme 22. Reductive aldol reaction of conjugate enoates and
ketones.

A basis of these reactions was provided by a seminal
finding by Mori et al.l372-37%l and Hosomi et al.[*’l that con-
jugate reduction of a,B-unsaturated carbonyl compounds
proceeds using a hydrosilane and Cu' salts and by a subse-
quent progress in a catalytic asymmetric conjugate re-
duction.*® In a plausible catalytic cycle (Scheme 23), the
conjugate addition of copper hydride phosphane complex
44 generated from CuF/phosphane and a hydrosilane (Si—
H) gives copper enolate 45, which then undergoes the aldol-
ization with ketones to give copper alkoxide 46, as in the
reaction starting from silyl ketene acetals (Schemes 15 and
18). In the catalyst turnover step, Si-H reacts with 46 to
give silylated product 47 with concurrent regeneration of
copper hydride species 44.

When reductive aldol reaction is applied to allenic esters
48, the putative dienolate 49 may attack the ketone car-
bonyl group either at the y or a position to give adduct 50
and 51, respectively (Scheme 24). Thus, the control of the
regioselectivity becomes the additional issue. Recently, Shi-
basaki, Kanai, and co-workers reported a remarkable li-
gand effect in the regioselectivity of such reaction
(Scheme 25).1%1 While SEGPHOS (R)-52 alone with
Cu(OAc) gave a mixture the regioisomers (y/a = 32:18), ex-
clusive formation of y adduct 50’, with high ee and cis selec-
tivity, was obtained in the presence of the achiral phos-

Eur. J. Org. Chem. 2009, 3661-3671



Catalytic Enantioselective Aldol Additions to Ketones

Eur

si Cu—F + Si—H o
220 O
37N l OR?
R3* OMe |
— 1
w17 47 Cu—H R
a4
Si—H
.C
o/cq‘o o
4
R Zo
R3™* OMe
R' “H
R, 46 45
P
Cu= G >Cu
=] (6]
Si = Me,Si(H)OSi(H)Mey, PhSiH3 (EtO)sSiH RskR4

Scheme 23. Plausible catalytic cycle for reductive ketone-aldol reac-
tion.

phane additive (PCys). The reaction was demonstrated to
be applicable to various methyl ketones including aromatic,
aliphatic, and o,B-unsaturated ketones. In sharp contrast to
the reaction with SEGPHOS ligand, exclusive formation of
o adduct 51" was obtained with Taniaphos 53 in combina-
tion with CuF:3PPh;-2EtOH. In stead of hydrosilanes, pin-
acolborane (PinBH) was employed as a hydride source in
both reactions.

OH
e}
(0] Cu J\ R2’}\/\~”COZR1
Cu-H o RZ R R®
| OR! /b.,"/\OR1 50
|'| o OH

Y
49 2 CO.R!
48 + R Ri}/

Scheme 24. Reductive aldol reaction of allenic esters.

10
0 PAr,
Arp
Ar = 4-MeO-3,5-

O P,
<o ‘ tBUzCeHQ

(R)-52 (5 mol-%), PCy3 (5 mol-%)

Cu(OAc) (2.5 mol-%) OH
R2 )\/\
PinBH (1.6 equiv.), THF, 0 °C Me
5o COoE

R? = aryl, alkyl, PhCH=CH

o NR, PAr y:a = 3-30:1, up to 99% ee
ZJJ\ + 48 : B
R Me Fe PAr, NR3 = morpholyl

Ar= 3,5-M82C5H3 OH

. 1
53 (5 mol-%) Rz‘)\/COZR
CuF-3PPh3-2EtOH (2.5 mol-%) Me :

X

51
R2 = aryl; ds >7:1
up to 84% ee

PinBH (1.6 equiv.), THF, -20 °C

Scheme 25. Regioselective reductive aldol reaction of allenic esters.
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Very recently, Shibasaki’s group reported a mechan-
istically relevant asymmetric alkylative vinylogous aldol re-
action of ketones that assembles dialkylzincs, allenic esters,
and ketones to produce 8-lactones 55 (Scheme 26).[491 In
this reaction, Cu(OAc),/DIFLUORPHOS 54 system exhib-
ited high enantioselectivity. The use of a Lewis base addi-
tive, such as HMPA, DMSO, and Ph,SO, together with mo-
lecular sieves (4 A) was effective in suppressing the byprod-
uct formation of undesirable o adducts 56 to realize the
high yields of 55. Several control and crossover experiments
suggested that the addition of the Lewis bases facilitated
the retro-aldol reaction of the kinetically favoured copper
or zinc a-aldolates, leading to 55 through vinylogous aldol-
ization followed by the irreversible lactonization of the re-

sulting y-aldolates.
1D
F o PPh,

£ 0O PPh,
F>(o O

54 (6 mol-%), Cu(OAc), (5 mol-%)

R1

(0}
o]
JJ\ + |‘)kOEt+ RZZZn
Me |'| (

1.2equiv.)  HMmPA, DMSO, or Ph,SO

slow addition (20 mol-%), MS 4A,
THF, —20 °C
(0]
OH
0™ . Rﬁ\/COZEt
- Me :
1 2 z
Rve R RZTN
55 56

up to 98% ee

Scheme 26. Alkylative aldol reaction of allenic ester.

So far, a single example of the reductive aldol reaction of
ketones catalyzed by a chiral Rh complex has been reported
(Scheme 27).*11 Nishiyama and co-workers showed that,
even with 1 mol-% of Rh(Phebox)(OAc), (57), the reaction
proceeded efficiently and enantioselectively even under rela-
tively harsh conditions (no solvent at 50 °C). The robust-
ness and high enantioselection of the pincer ligand/Rh' cat-
alyst systeml*?l seems to be crucial to the aldol reaction of
unactivated ketone.

N'";Rhl”'N\_)
0 jAcO 10 O o OH
0] 0
a1 | OR? 57 (1 mol-%), 5
R Me /‘
Ar Ar

MePh,SiH (1.3 equiv.), up to 98% ee
no solvent, 50 °C

Scheme 27. Rh-catalyzed reductive aldol reaction of conjugate en-
oates and ketones.
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3.4 Reformatsky Reaction

The Reformatsky reaction is among the most useful
methods for the formation of B-hydroxy esters by the zinc-
induced reaction of o-halo esters and aldehydes or
ketones.[*3] The reaction is frequently used in organic syn-
theses as an alternative to the base-induced aldol reaction.
In spite of the synthetic potential and the significance of a
catalytic asymmetric version of the Reformatsky reaction,
its realization has been hampered by its heterogeneous na-
ture and by the in situ generation of reactive zinc enolate
species that needs to be tamed by a powerful ligand acceler-
ation. Quite recently, notable progresses have been made on
the asymmetric Reformatsky reaction!*d! based on the de-
velopment of the homogeneous Reformatsky-type reaction
by using Me,Zn or Et,Zn.[*4

In 2006, Cozzi reported the first example of catalytic
asymmetric Reformatsky reaction of  ketones
(Scheme 28).31 The reaction was carried out with ethyl
iodoacetate and Me,Zn in the presence of Mn(salen)Cl
complex 58 (20 mol-%) and 4-phenylpyridine N-oxide
(25 mol-%). Enantioselectivities in the range 69-86% was
reported for aromatic ketones. Although the highest ee of
96% was obtained for 2,2-dimethylcyclopentanone, simple
aliphatic ketones exhibited lower selectivity.

D

8 (20 mol-%)

4-phenylpyridine N-oxide (25 mol-%)
Me,Zn (2.0 equiv.), tBuOMe, r.t.

up to 96% ee

ji . o] s R2OH O
1vie.
R? I\)J\OEt OO on ’ R1M0Et

60
OO OH 59 (20-30 mol-%)
SiMes up to 91% ee

Me,Zn (8.0 equiv.), air, Et,0, r.t.
with/without PhzPO

Scheme 28. Catalytic reformatsky reaction to ketones.

Very recently, Feringa and co-workers have developed a
new catalytic system for the asymmetric Reformatsky reac-
tion of aldehydes®! and applied it to the reaction of
ketones (Scheme 28).47-481 The reaction was carried out by
slowly adding a substrate ketone for 30 min to a Et,O solu-
tion of ethyl iodoacetate (2 equiv.), Me,Zn (8 equiv.), and
BINOL derivative (5)-59 (20-30 mol-%) under air. The re-
actions of aromatic ketones gave moderate to high enantio-
selectivities (74-90% ee). Interestingly, benzophenone de-
rivatives bearing a substituent, such as Me, Cl, and Br, at
the ortho position are good substrates for the reaction, af-
fording B,B-diaryl aldol products of around 90% ee in the
presence of Ph;PO.[*7"1 Ag in the Mn(salen)Cl-catalyzed re-
action, lower ee was observed for non-aromatic ketones.
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The reaction was carried out under air to facilitate the
formation of zinc enolates. A radical chain mechanism de-
picted in Scheme 29 has been proposed for the oxygen-pro-
moted iodine/zinc exchange of the iodoacetate with
Me,Zn.*l Me,Zn and oxygen initiates the reaction by re-
leasing a methyl radical,’®® which abstracts an iodine atom
from the iodoacetate to generate (ethoxycarbonyl)methyl
radical 61. The zinc enolate intermediate is produced by the
reaction of 61 with Me,Zn. In support for the mechanism,
the reaction was completely suppressed by the addition of
TEMPO.

MeyZn + O, e}

' ozaMe R TR?

o)
Me -
'Qkoa )\OEt

60
59/MeyZn

O

Mel . AOEt

61

MeyZn

Scheme 29. Radical chain mechanism for the formation of zinc
enolates.

In the asymmetric Reformatsky reaction, reactive zinc
enolates generated in situ should be consumed rapidly by
the subsequent enantioselective reaction with ketones (or
aldehydes) since the accumulation of the enolates would not
only result in undesirable reaction with the starting iodo
estersP!l but also induce non-catalyzed background reac-
tion to form racemic products. To circumvent the problem,
reaction conditions, such as the rate of the addition of a
substrate ketone and the concentration of oxygen, were
carefully optimized in the successful reactions.[*> 48l

3.5 Lewis Acid Catalyzed Reaction with Dimethylsilyl
Ketene Acetal

A number of efficient Lewis acid catalysts have been de-
veloped for the asymmetric Mukaiyama aldol reaction of
aldehydes.’] However, for the reaction of ketones, successful
examples have been limited to those of highly reactive a-
keto esters and a-diketones until very recently. In 2008, the
first example of the asymmetric Mukaiyama aldol reaction
of non-activated ketones was reported by Adachi and Har-
ada (Scheme 30).°%1 The allo-threonine-derived oxazaborol-
idinone (OXB) 63 and its derivatives had been developed
for the enantioselective activation of acyclic a,B-unsaturated
ketones.>3] The OXB catalysts were reported to be effective
to the asymmetric Michael reaction® and Diels—Alder re-
action.’3 It was demonstrated that OXB 63 is also appli-
cable to the aldol addition to ketones.

The reaction was carried out simply by mixing a ketone,
dimethylsilyl ketene acetal 62a (1.5 equiv.), and OXB 63
(20 mol-%) in toluene at —20 °C. The use of dimethylsilyl
derivative 62a was critical to achieve catalytic reaction and
high selectivity.l’®) When the conventional trimethylsilyl de-
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Scheme 30. OXB-catalyzed asymmetric Mukaiyama aldol addition
to non-activated ketones.

rivative 62b was used, the reaction was impeded at about
20% conversion. A variety of acetophenone derivatives, in-
cluding those bearing ethoxycarbonyl and nitro groups at
the para position, gave the corresponding tertiary aldol
products in high enantioselectivity (91-98% ee). High selec-
tivity was also obtained in the reaction of 2-naphtho-
phenone while on the other hand the reactions of aliphatic
ketones resulted in lower selectivity.

A catalytic cycle involving a stepwise silyl group mi-
gration was proposed (Scheme 31). The attack of 62a.b to
a substrate-OXB complex 64 first generates unstable inter-
mediate 65, which is converted silyl ester intermediate 66.
While 66 (Si = SiMes) serves as a catalyst sink in the reac-
tion using trimethylsilyl derivative 62b, the second silyl
group migration takes place slow but steadily for 66 [Si =
Si(H)Me,] to give silyl aldolate 67 with regeneration of
OXB 63. The absolute stereochemistry of the tertiary aldol
products was rationalized by an activated complex model
64,571 being similar to those proposed previously for the
reaction of a,[?)-unsaturated ketones.[34-33]

R 0Si O

0
>\)\ SBu B Ph AR

R= PhCOZCH (Me) Y

NS0 ®_Sij
T /;'QR)O'\ )\StBu
Ar StBu 62a; Si = Si(H)Me,
65 62b; Si = SiMe3

Scheme 31. Proposed catalytic cycle for OXB-catalyzed aldol reac-
tion.

4. Conclusions

This review describes recent progresses for the catalytic
asymmetric aldol reaction of ketone acceptors. The diffi-
culties associated with the lower reactivity and the de-
creased steric discrimination of ketones have been overcome
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by catalytic methodologies based on the activation of ac-
ceptor ketones and/or nucleophile enolates. Most of them
were developed originally for the aldol reaction to alde-
hydes. However, significant improvements and sophistica-
tion have been made in applying them to the ketone-aldol
reaction, thus leading to the development of the more ro-
bust catalytic systems. In these studies, a precise view on
the catalytic cycle often played a crucial role as exemplified
by the remarkable acceleration by additives which promote
a rate determining catalyst turnover step. The accumulation
of such knowledge would provide feedback in the future
development of catalytic asymmetric reactions in general.

In spite of the recent advancement, the catalytic asym-
metric aldol reaction of unactivated ketones still remains a
challenging task. Generally, high enantioselectivities were
reported only for aromatic ketones. The scope of the reac-
tions needs to be expanded to be applicable to non-aro-
matic ketones. In most cases, relatively high catalyst load-
ings are required to obtain satisfactory product yields and
selectivities. More efficient ligands and catalytic systems
need to be developed in the future.

[1] Representative examples: a) Camptothecin: M. E. Wall, M. C.
Wani, C. E. Cook, K. H. Palmer, A. T. McPhail, G. A. Sim, J.
Am. Chem. Soc. 1966, 88, 3888-3890; b) Fostriecin: J. B. Tunac,
B. D. Graham, W. E. Dobson, J. Antibiot. 1983, 36, 1595-1600;
¢) Amphidinolide B: M. Ishibashi, Y. Ohizumi, M. Hamash-
ima, H. Nakamura, Y. Hirata, T. Sasaki, J. Kobayashi, J. Chem.
Soc., Chem. Commun. 1987, 1127-1129; d) Spongistatin 1:
G. R. Pettit, Z. A. Chicacz, F. Gao, C. L. Herald, M. R. Boyd,
J. M. Schmidt, J. N. A. Hooper, J. Org Chem. 1993, 58, 1302—
1304; e) Apoptolidin: Y. Hayakawa, J. W. Kim, H. Adachi, K
Shinya, K. Fujita, H. Seto, J. Am. Chem. Soc. 1998, 120, 3524
3525.

[2] a) 1. Denissova, L. Barriault, Tetrahedron 2003, 59, 10105~
10146; b) P. G. Cozzi, R. Hilgraf, N. Zimmermann, Eur. J. Org.
Chem. 2007, 5969-5994; c) B. Schetter, R. Mahrwald, in: Qua-
ternary Stereocenters. Challenges and Solutions in Organic Syn-
thesis (Eds.: J. Christoffers, A. Baro), Wiley-VCH, Weinheim,
Germany, 2006, chapter 3; d) O. Riant, J. Annedouche, Org
Biomol. Chem. 2007, 5, 873-888.

[3] a) S. G. Nelson, Tetrahedron: Asymmetry 1998, 9, 357-389; b)
E. M. Carreira, in: Comprehensive Asymmetric Catalysis (Eds.:
E. N. Jacobsen, A. Pfaltz, H. Yamamoto), Springer-Verlag,
Berlin, 1999, vol. 3, chapter 29.1; ¢) E. M. Carreira, in: Cata-
Iytic Asymmetric Synthesis; 2nd ed. (Ed.: 1. Ojima), Wiley-
VCH, Weinheim, Germany, 2000, chapter 8B2.C; d) E. M. Car-
reira, in: Modern Carbonyl Chemistry (Ed.: J. Otera), Wiley-
VCH, Weinheim, Germany, 2000, chapter 8; ¢) C. Palomo, M.
Oiarbide, J. M. Garcia, Chem. Soc. Rev. 2004, 33, 65-75; f) R.
Mahrwald (Ed.), Modern Aldol Reactions, Wiley-VCH,
Weinheim, Germany, 2004.

[4] For relevant reviews on each approach, see a) Lewis base catal-
ysis: S. E. Denmark, G. L. Beutner, Angew. Chem. 2008, 120,
1584-1663; Angew. Chem. Int. Ed. 2008, 47, 1560-1638; b) Cu-
catalyzed reactions to ketones and ketimines: M. Shibasaki, M
Kanai, Chem. Rev. 2008, 108, 2853-2873; c¢) Reductive aldol
reaction: H. Nishiyama, T. Shiomi, Top. Curr. Chem. 2007, 279,
105-137; d) Asymmetric Reformatsky reaction: P. G. Cozzi,
Angew. Chem. 2007, 119, 2620-2623; Angew. Chem. Int. Ed.
2007, 46, 2568-2571.

[5] a) D. A. Evans, M. C. Kozlowski, C. S. Burgey, D. W. C. Mac-
Millan, J. Am. Chem. Soc. 1997, 119, 7893-7894; b) D. A. Ev-
ans, C. S. Burgey, M. C. Kozlowski, S. W. Tregay, J. Am. Chem.

3669

WWW.eurjoc.org



MICROREVIEW

S. Adachi, T. Harada

Soc. 1999, 121, 686-699; c) J. S. Johnson, D. A. Evans, Acc.
Chem. Res. 2000, 33, 325-335.

[6] D.A. Evans, D. W.C. MacMillan, K.R. Campos, J Am.
Chem. Soc. 1997, 119, 10859-10860.

[71 a) M. Langner, C. Bolm, Angew. Chem. 2004, 116, 6110-6113;
Angew. Chem. Int. Ed. 2004, 43, 5984-5987; b) M. Langner, P.
Rémy, C. Bolm, Chem. Eur. J. 2005, 11, 6254-6265.

[8] J. Sedelmeier, T. Hammerer, C. Bolm, Org. Lett. 2008, 10, 917
920.

[9] For the applications of fluorinated alcohols in Mukaiyama-
type reactions, see: a) D. A. Evans, D. S. Johnson, Org Lett.
1999, 7, 595-598; b) D. A. Evans, M. C. Willis, J. N. Johnston,
Org. Lett. 1999, 1, 865-868; c¢) D. A. Evans, T. Rovis, M. C.
Kozlowski, J. S. Tedrow, J. Am. Chem. Soc. 1999, 121, 1994—
1996.

[10]H. L. van Lingen, J. K. W. van de Mortel, K. F. W. Kekking,
F. L. van Delft, T. Songinke, F. P.J. T. Rutjes, Eur. J Org
Chem. 2003, 317-324.

[11]J. C.-D. Le, B. L. Pagenkopf, Org. Lett. 2004, 6, 4097-4099.

[12]a) P. Rémy, M. Langner, C. Bolm, Org. Lett. 2006, 8, 1209; b)
M. Frings, I. Atodiresei, J. Runsink, G. Raabe, C. Bolm, Chem.
Eur. J 2009, 15, 1566-1569.

[13] M. Naodovic, H. Yamamoto, Chem. Rev. 2008, 108, 3132-
3148.

[14] L. C. Akullian, M. L. Snapper, A. H. Hoveyda, J Am. Chem.
Soc. 2006, 128, 6532-6533.

[15] A. W. Hird, M. A. Kacprzynski, A. H. Hoveyda, Chem. Com-
mun. 2004, 1779-1785.

[16]a) Z. G. Hajos, D. R. Parrish, J Org Chem. 1974, 39, 1615-
1621; b) U. Eder, G. Sauer, R. Wiechert, Angew. Chem. 1971,
83, 492-493; Angew. Chem. Int. Ed. Engl. 1971, 10, 496-497;
c) B. List, R. A. Lerner, C. E. Barbas III, J Am. Chem. Soc.
2000, 722, 2395-2396; d) W. Notz, B. List, J Am. Chem. Soc.
2000, 722, 7386; e) K. Sakthivel, W. Notz, T. Bui, C.F
Barbas 111, J. Am. Chem. Soc. 2001, 123, 5260-5267.

[17] For reviews, see: a) B. List, Synlett 2001, 1675-1686; b) B. List,
Tetrahedron 2002, 58, 5573-5590; ¢) B. Alcaide, P. Almendros,
Angew. Chem. 2003, 115, 884-886; Angew. Chem. Int. Ed. 2003,
42, 858-860; d) B. List, Acc. Chem. Res. 2004, 37, 548-557; e)
W. Notz, F. Tanaka, C. F. Barbas III, Acc. Chem. Res. 2004,
37, 580-591.

[18] A. Bogevig, N. Kumaragurubaran, K. A. Jergensen, Chem.
Commun. 2002, 620-621.

[19]1O. Tokuda, T. Kano, W.-G. Gao, T. Ikemoto, K. Maruoka,
Org. Lett. 2005, 7, 5103-5105.

[20]a) F. Garcia-Tellado, S. Goswami, S. K. Chang, S.J. Geib,
A. D. Hamilton, J Am. Chem. Soc. 1990, 112, 7393-7394; b)
J. Yang, E. Fan, S. Geib, A. D. Hamilton, J Am. Chem. Soc.
1993, 715, 5314-5315; ¢) S.J. Geib, C. Vicent, E. Fan, A. D.
Hamilton, Angew. Chem. 1993, 105, 83-85; Angew. Chem. Int.
Ed. Engl 1993, 32, 119-121; d) M. S. Goodman, A. D. Hamil-
ton, J. Weiss, J. Am. Chem. Soc. 1995, 117, 8447-8455.

[21]Z. Tang, L.-E. Cun, X. Cui, A. Q. Mi, Y.-Z. Jiang, L.-Z. Gong,
Org. Lett. 2006, 8, 1263-1266.

[22]J. Liu, Z. Yang, Z. Wang, F. Wang, X. Chen, X. Liu, X. Feng,
Z. Su, C. Hu, J. Am. Chem. Soc. 2008, 130, 5654-5655.

[23]a) S. E. Denmark, Y. Fan, J Am. Chem. Soc. 2002, 124, 4233~
4235; b) S. E. Denmark, Y. Fan, M. D. Eastgate, J. Org. Chem.
2005, 70, 5235-5248.

[24]S. E. Denmark, S. B. D. Winter, X. Su, K.-T. Wong, J. A4m.
Chem. Soc. 1996, 118, 7404-7405.

[25]a) S. E. Denmark, S. M. Pham, Helv. Chim. Acta 2000, 83,
1846-1853; b) S. E. Denmark, X. Su, Y. Nishigaichi, J Am.
Chem. Soc. 1998, 120, 12990-12991.

[26]S. E. Denmark, R. A. Stavenger, Acc. Chem. Res. 2000, 33,
432-440.

[27] M. Hatano, E. Takagi, K. Ishihara, Org. Lett. 2007, 9, 4527
4530.

[28] a) J. Kriiger, E. M. Carreira, J. Am. Chem. Soc. 1998, 120, 837,
b) B. L. Pagenkopf, J. Kriiger, A. Stojanovic, E. M. Carreira,

3670

WWW.eurjoc.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. 1998, 110, 3312-3314; Angew. Chem. Int. Ed.
1998, 37, 3124.

[29] X. Moreau, B. Bazan-Tejeda, J.-M. Campagne, J. Am. Chem.
Soc. 2005, 127, 7288-7289.

[30]a) H. Ishiyama, M. Ishibashi, A. Ogawa, S. Yoshida, J. Kobay-
ashi, J Org. Chem. 1997, 62, 3831-3836; b) H. Lebel, E. N.
Jacobsen, J Org. Chem. 1998, 63, 9624-9425.

[31]a) K. Oisaki, Y. Suto, M. Kanai, M. Shibasaki, J. Am. Chem.
Soc. 2003, 125, 5644-5645; b) K. Oisaki, D. Zhao, Y. Suto, M.
Kanai, M. Shibasaki, Tetrahedron Lett. 2005, 46, 4325-4329;
¢) K. Oisaki, D. Zhao, M. Kanai, M. Shibasaki, J. 4m. Chem.
Soc. 2006, 128, 7164-7165.

[32] For asymmetric reductive aldol reactions of aldehydes, see: a)
S.J. Taylor, M. O. Duffey, J. P. Morken, J Am. Chem. Soc.
2000, 122, 4528-4529; b) C.-X. Zhao, M. O. Dulffey, S. J. Tay-
lor, J. P. Morken, Org. Lett. 2001, 3, 1829-1831; c) A. E. Rus-
sell, N. O. Fuller, S.J. Taylor, P. Aurriset, J. P. Morken, Org.
Lett. 2004, 6, 2309-2312; d) N. O. Fuller, J. P. Morken, Synlett
2005, 1459-1461; e) H. Nishiyama, T. Shiomi, Y. Tsuchiya, 1.
Matsuda, J Am. Chem. Soc. 2005, 127, 6972-6973; f) T. Shi-
omi, J. Ito, Y. Yamamoto, H. Nishiyama, Eur. J Org. Chem.
2006, 5594-5600.

[33] For non-asymmetric reductive aldol reactions of ketones, see:
a) A. Revis, T. K. Hilty, Tetrahedron Lett. 1987, 28, 4809-4812;
b) R. R. Huddleston, M. J. Krische, Org Lett. 2003, 5, 1143—
1146; c¢) P. K. Koech, M. J. Krische, Org Lett. 2004, 6, 691
694; d) H.-Y. Jang, M. J. Krische, Acc. Chem. Res. 2004, 37,
653-661; e) P. M. Joensuu, G.J. Murray, E. A. F. Fordyce, T.
Luebbers, H. W. Lam, J. Am. Chem. Soc. 2008, 130, 7328-7338.

[34]H. W. Lam, P. M. Joensuu, Org. Lett. 2005, 7, 4225-4228.

[35]J). Deschamp, O. Chuzel, J. Hannedouche, O. Riant, Angew.
Chem. 2006, 118, 1314-1319; Angew. Chem. Int. Ed. 2006, 45,
1292-1297.

[36] D. Zhao, K. Oisaki, M. Kanai, M. Shibasaki, Tetrahedron Lett.
2006, 47, 1403-1407.

[37]a) A. Mori, A. Fujita, Y. Nishihara, T. Hiyama, Chem. Com-
mun. 1997, 2159-2160; b) A. Mori, A. Fujita, H. Kajiro, Y.
Nishihara, T. Hiyama, Tetrahedron 1999, 55, 4573-4582; ¢) H.
Ito, T. Ishizuka, K. Arimoto, K. Miura, A. Hosomi, Tetrahe-
dron Lett. 1997, 38, 8887-8890.

[38]a) D. H. Appella, Y. Moritani, R. Shintani, E. M. Ferreira,
S. L. Buchwald, J Am. Chem. Soc. 1999, 121, 9473-9474; b)
B. H. Lipshutz, J. M. Servesko, Angew. Chem. 2003, 115, 4930~
4940; Angew. Chem. Int. Ed. 2003, 42, 4789-4792; c) G.
Hughes, M. Kimura, S. L. Buchwald, J. Am. Chem. Soc. 2003,
125, 11253-11258; d) B. H. Lipshutz, J. M. Servesko, B.R.
Taft, J Am. Chem. Soc. 2004, 126, 8352-8353.

[39] D. Zhao, K. Oisaki, M. Kanai, M. Shibasaki, J Am. Chem.
Soc. 2006, 128, 14440-14441.

[40] K. Oisaki, D. Zhao, M. Kanai, M. Shibasaki, J Am. Chem.
Soc. 2007, 129, 7439-7443.

[41] T. Shiomi, H. Nishiyama, Org. Lett. 2007, 9, 1651-1654.

[42] H. Nishiyama, Chem. Soc. Rev. 2007, 36, 1133-1141.

[43]a) A. Fiirstner, in: Organozinc Reagents (Eds.: P. Knochel, P.
Jones), Oxford University Press, New York, 1999, pp. 287-305;
b) E. Nakamura, in: Organometallics in Synthesis: A Manual
(Ed.: M. Schlosser), Wiley, New York, 2002, pp. 579-664; ¢) J.
Podlech, T. C. Maier, Synthesis 2003, 633-655; d) F. Orsini, G.
Sello, Curr. Org. Synth. 2004, 1, 111-135; ¢) R. Ocampo, W. R.
Dolbier Jr., Tetrahedron 2004, 60, 9325-9374; ) A. Furstner,
Synthesis 1989, 571-590.

[44] a) K. Kanai, H. Wakabayashi, T. Honda, Org. Lett. 2000, 2,
2549-2551; b) K. Kanai, H. Wakabayashi, T. Honda, Hetero-
cycles 2002, 58, 47-51; c¢) J. C. Adrian Jr., M. L. Snapper, J.
Org. Chem. 2003, 68, 2143-2150; d) A. Dondoni, A. Massi, S.
Sabbatini, Chem. Eur. J. 2005, 11, 7110-7125.

[45]P. G. Cozzi, Angew. Chem. 2006, 118, 3017-3020; Angew.
Chem. Int. Ed. 2006, 45, 2951-2954.

Eur. J. Org. Chem. 2009, 3661-3671



Catalytic Enantioselective Aldol Additions to Ketones

Eur|OC

[46] M. Fernandez-lbaiez, B. Macia, A.J. Minnaard, B. L. Fer-
inga, Angew. Chem. 2008, 120, 1337-1339; Angew. Chem. Int.
Ed. 2008, 47, 1317-1319.

[47]a) M. A. Fernandez-Ibanez, B. Macia, A.J. Minnaard, B. L.
Feringa, Chem. Commun. 2008, 2571-2573; b) M.A.
Fernandez-Ibanez, B. Macia, A.J. Minnaard, B. L. Feringa,
Org. Lett. 2008, 10, 4041-4044.

[48] For chiral amino alcohol catalyzed reaction for aldehydes, see:
a) P.G. Cozzi, F. Benfatti, M. G. Capdevila, A. Mignogna,
Chem. Commun. 2008, 3317-3318; b) P. G. Cozzi, A. Mig-
nogna, P. Vicennati, Adv. Synth. Catal. 2008, 350, 975-978.

[49] P. G. Cozzi, Adv. Synth. Catal. 2006, 348, 2075-2079.

[50]a) K. Yamada, Y. Yamamoto, K. Tomioka, Org. Lett. 2003,
5, 1797-1799; b) K. Yamada, Y. Yamamoto, M. Mackawa, T.
Akindele, H. Umeki, K. Tomioka, Org Lett. 2006, 8, 87-89,
and references cited therein.

[51]M. M. Hansen, P. A. Bartlett, C. H. Heathcock, Organometal-
lics 1987, 6, 2069-2074.

[52]S. Adachi, T. Harada, Org Lett. 2008, 10, 4999-5001.

[53] T. Harada, T. Kusukawa, Synlett 2007, 1823-1835.

Eur. J. Org. Chem. 2009, 3661-3671

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Organic Chemistry

[54] a) T. Harada, H. Iwai, H. Takatsuki, K. Fujita, M. Kubo, A.
Oku, Org Lett. 2001, 3, 2101-2103; b) X. Wang, S. Adachi, H.
Iwai, H. Takatsuki, K. Fujita, M. Kubo, A. Oku, T. Harada,
J Org. Chem. 2003, 68, 10046-10057; ¢) T. Harada, S. Adachi,
X. Wang, Org. Lett. 2004, 6, 4877-4879; d) T. Harada, T. Ya-
mauchi, S. Adachi, Synlett 2005, 2151-2154.

[55]a) R. S. Singh, T. Harada, Eur. J. Org. Chem. 2005, 3433-3435;
b) R. S. Singh, S. Adachi, F. Tanaka, T. Yamauchi, C. Inui, T.
Harada, J Org. Chem. 2008, 73, 212-218.

[56] For the advantageous use of dimethylsilyl enolates, see ref. 54c
and a) K. Miura, H. Sato, K. Tamaki, H. Ito, A. Hosomi,
Tetrahedron Lett. 1998, 39, 2585-2588; b) K. Miura, K. Ta-
maki, T. Nakagawa, A. Hosomi, Angew. Chem. 2000, 112,
2034-2036; Angew. Chem. Int. Ed. 2000, 39, 1958-1960; c) K.
Miura, T. Nakagawa, A. Hosomi, Synlett 2003, 2068-2070.

[57] T. Harada, Y. Yamamoto, T. Kusukawa, Chem. Commun. 2005,
859-860.

Received: February 17, 2009
Published Online: May 13, 2009

3671

WWW.eurjoc.org



