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Abstract

Various combinations of chiral ligands and transition metal sources have been used as catalysts in the enantioselective alkynylatiol
of aldehydes and ketones. The results of previous studies and current investigations are reviewed. The factors governing the yields ar
enantioselectivities are discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ketones, the alkynylation of aldehydes by organometallic
reagents has a strategic advantage because it forms a new
Optically active propargylic alcohols are versatile building C—C bond with concomitant creation of a stereogenic center
blocks for the synthesis of a wide range of natural products in a single transformation, while in the former approach the
and pharmaceuticalg]. Although the most common ap- C—C bond and the new chiral center are formed separately.
proach to these compounds is the direct reduction of alkynyl Among many organometallic nucleophiles, organozinc
reagents can tolerate the presence of many functional
groups that are reactive towards organolithium and Grignard

* Corresponding author. Tel.: +852 27665607; fax: +852 23649932. reagents. This property renders the organozinc species
E-mail addressbcachan@polyu.edu.hk (A.S.C. Chan). attractive useful alternatives to the highly active reagents.
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The scope of this review is focused on the asymmetric diastereoselectivity[6]. Baldoli et al. added lithium

alkynylzinc addition catalyzed by chiral transition metal acetylides and ethynyl magnesium bromide to chirého-

complexes. substituted benzaldehyde tricarbonylchromium complexes
and obtained alkynyl alcohols in good yields with excellent
diastereoselectivityX98% de)[7].

2. Enantioselective alkynylation of aldehydes Carreiraand co-workers reported an efficient system using
stoichiometric amount df-methylephedriné and Zn(OTf)»
2.1. Enantioselective alkylation of alkynyl aldehydes to promote the reaction of terminal alkynes with a variety

of aromatic or aliphatic aldehydes to give very high enan-
Seebach et al. obtained secondary propargylic alcoholstioselectivities (92—99% ees) (E¢)) [8]. Later on, these
of very high enantiopurity (up to 99% ee) via the addition investigators also successfully carried out the reaction using
of dialkylzinc to alkynyl aldehydes in the presence of chiral catalytic amounts of Zn(OT4)and 6. The catalyst system

Ti-TADDOLate 1 (Eq. (1)) [2,3]. was excellent for aliphatic aldehydes but was less effective
H’” A e for aromatic substratd9,10].
XT30S &
o e OH 1 L Zn(OTf),, L*, EtsN R1)\ ,
1 (Ar=2-Naphthyl) R'CHO + H——R R
R1/“ + ZnR, —morn R1/R 23°C, toluene up to 99% ee
Al b iiigpiogat Phy__ Me
R = Ph, R'= Et, 99% ee (S) L*= HS  NMe,
1) 6
Knochel and co-workers reported the reaction of 4)

disubstituted allylic phosphates with alkynyl aldehydes and
CrC1; in the presence of catalytic amount of Lil in DMPU.
Again, the reaction proceeded with high stereoselectivity (Eq.

More recently, Jiang et al. prepared a new chiral
amino alcohol ligand7 (1S29-2-N,N-dimethylamino-1-

) [4]. (p-nitrophenyl)-3-{-butyl-dimethylsilyloxy)-propane-1-ol
and used it stoichiometrically in asymmetric alkynylation
o reaction to give high yields and up to 99% [l]. Be-
2
RN OPOIOR o OO L /\\ﬁk sides Zn(OTf, ZnCh [12] and Zn(ODf} [13] were also

R DMPU Bu
86% yield, dr> 99:1

()

proved to be effective for this transformation, comparable
chemical yields and selectivities were obtained in most cases.

OH

v~ “OTBDMS
2.2. Enantioselective alkynylation of aldehydes with /©/jq/\\
other alkynyl organometallic reagents ON

7

Yamamoto et al. found that the reaction of a steroidal alde- ~ Corey and Cimprich described the use of chiral oxaz-
hyde2 with stannylacetylend produced the Cram isomér aborolidine8 as catalyst for the enantioselective addition of
with high diastereoselectivity (at least 85:15) (E3)). High alkynylboranes to aldehydes with up to 97% ee at low tem-
selectivity also occurred in the reaction dfvith allylstan-  Perature (Eq(5)) [14].
nane and allylsilangs]. Ph

OH OH Ph\R\O
- l 8

o ™ HN—
1)\ W/\ Me,BBr B\R (l)H

\>—CHO
st + R—=—SnBu; . st R + St R R'—==—snBy; R— \.RZ
2 3 4 (Cram) 5 (anti-Cram) -78°C, toluene R2CHO H
& 5)
St=
t-BuMe,Si0 2.3. Enantioselective alkynylation of aldehydes with
3) alkynylzinc reagents
Krause and Seebach preparedTROiPr)3 and used it Unlike the catalytic enantioselective addition of dialkyl-

in the alkynylation of aldehydes with only low to moderate and alkenylzinc compounds to aldehydes which are promoted
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by hundreds of catalysts, the current methods for asymmetricNOL ligand [21], probably due to the steric and electronic
alkynylation are still less developed due to either the require- modulations in the binaphthyl backbone.
ment of large (stoichiometric) amounts of catalysts, limited  The use of chiral Ti(@Pri-BINOL and Ti(GPr)-
source of reagents, or the formation of considerable amountsHgBINOL catalysts in asymmetric alkynylation was studied
of alkylated byproductglL5,16] Highly enantioselective cat-  [22]. Various aldehydes were converted to the correspond-
alytic alkynylmetal addition to aldehydes has been developeding propargylic alcohols with very good enantioselectivi-
only recently. ties (96% ee for the alkynylation of 3-nitrobenzaldehyde)
Soai and Niwa[l15], Tombo et al.[17], Ishizaki and and yields. The system was also applicable to aliphatic
Hoshino[18] and Li et al [19] have reported the asymmetric aldehydes and moderate to good ees were obtained in
alkynylzinc addition to aldehydes, respectively. Using chiral most cases. The reactions catalyzed IR)-Hg-BINOL
ligands9-16, only low to moderate enantioselectivities were gave significantly higher ees than those obtained from

obtained. (R-BINOL.
H
N Ph NR
~~_N OH O’J%P: H’Ji ]/"H CeHs/,, N(CH3), __
; <) L G2
Mé  Ph Me H CeHs™ "OLi NH N
9 (1S,2R)-DBNE 10 11a R =PhCH, 12 13
b R=iPr
=

|
" g Q Q
o N OH N OH

j<Ar ;—\

HO Ar Ph Ph Ph Ph
14a Ar = a-Naphthyl (1R,25)-15 (1S,2R)-16
b Ar = B-Naphthyl
¢ Ar=Ph

It was anticipated that introducing rigid binaphthyl group
into an amino alcohol might have some structural advantages
over traditional amino alcohol in asymmetric catalysis. Thus,
ligands17-20 with binaphthyl backbones were synthesized
and one of them, ®2S3R)-17, was found to be highly
effective in the asymmetric alkynylation of aldehyd26].

In the presence of dimethylzinc, various aromatic aldehydes
were converted to the corresponding chiral propargylic alco-
hols in 61-93% ees. This catalyst was found to work well in
the alkynylation of aromatic aldehydes using both aromatic
and aliphatic acetylenes as nucleophile, while aliphatic alde-
hydes were found to give low enantioselectivities (36% ee
for the alkynylation of cyclohexanecarboxaldehyde). Com-
pared with chiral ligand45 and16, (1R,253R)-17 showed
significantly superior efficacy under identical reaction
conditions.

R'" R?
OO > < (1R.2S,3R)-17, R' = Ph, R? = Ph
N OH (1R2R,35)-18, R' = Ph, R? = Ph
OO (1S,2S,3R)-19, R' = Ph, R?= Ph
(1R2R,35)-20, R' = CH; R?=Ph

The combination of chiral BINOL with various metal
salts have been widely used in asymmetric reactions. Pre-
vious studies revealed that chiral catalysts derived from
5,5,6,6,7,7,8,8-octahydro-1,tbi-2-naphthyl ligands (g
BINOL) exhibited higher efficiency and enantioselectivity
for many asymmetric transformations than those using BI- (R)-21

Moore and Pu also reported a similar system in this re-
action with up to 98% ee for aromatic aldehyd28]. To
avoid the side product of ethyl addition, they developed a
method involving the refluxing of phenylacetylene with di-
ethylzinc before the reaction. Later, they demonstrated that
the Ti(OPr)-BINOL catalyst was also efficient for the asym-
metric alkynylation of aliphatic aldehydes as well @$-
unsaturated aldehyd§4].

Further structural modifications on the BINOL ligand re-
vealed that though chiral catalyst®){21 and §)-22 gave
reasonable enantioselectivities (up to 92% ee) in the asym-
metric alkynylation, they were not as efficient as simple chiral
BINOL [25]. 1,2-Binaphthyl compoundS)-23 containing
more bulky 3,3aryl substituents catalyzed the reaction of
terminal alkyne with various aromatic aldehydes (80-94%
ees) even without the use of titanium compf2&].
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Table 1
Alkynylation of aldehydes using the combination 8-8INOL and sulfonamid@4*
OH
0 L* + Ti(OiPr) 3
OIPr * =109 | 0,
Ar)J\H ¢ H———pnh 4 AT L* =10%(S)-BINOL + 10%TsHN OH
ZnMe, / THF Ph 24
Entry Aldehyde Yield (%) ee (%)
1 Benzaldehyde 83 9B}
2 2-Nitrobenzaldehyde 83 a8)
3 3-Nitrobenzaldehyde 82 99R)(
4 4-Nitrobenzaldehyde 82 MR
5 4-Bromobenzaldehyde 85 F)(
6 3-Chlorobenzaldehyde 84 FRY(
7 4-Chlorobenzaldehyde 86 F(
8 2-Naphthaldehyde 81 2
9 4-Anisaldehyde 78 9IR)
10 4-Tolualdehyde 79 IR}

@ The ratio of ligands (BINOL + sulfonamid24) to Ti(OiPr), was 1.0:1.5; 0C; 24—-48 h.

The self-assembly of several components into a highly tiopure catalyst alone in the alkynylation of both aromatic
enantioselective catalyst for asymmetric reaction is a new and aliphatic aldehydg80]. Pu and co-workers also found
frontier in organic synthesis. Mikami et al. reported the that the addition of hexamethylphosphoramide (HMPA) in
self-assembly of several chiral ligand components into a the catalyst system helped to generate alkynylzinc reagent
highly enantioselective titanium catalyst for carbonyl-ene re- under milder condition (room temperature) and afforded
actions[27]. Following this work, we reported a chiral self- high enantioselectivity31].
assembled titanium catalyst forasymmetric alkynylation,and  Recent attempts to improve the activity and enantioselec-
the use of §-BINOL and chiral sulfonamid®4 proved to tivity of the asymmetric alkynylation led to the development
be the best combination in the reaction. Both the catalytic of other types of chiral ligand&5-33including sulfonamide,
activity and enantioselectivity (99.7% ee) were substantially N-terminal protected amino acid, cinchonidine, salen and fer-

better than all previously reported resultalle 1) [28]. rocenyl oxazoling32—40]
H _Z]
HO N
Bn D—COOH
Et OO %NHTS N ~
TSHN COO'Bu N/
25 28 29

98% ee [32] 95% ee [33] 98% ee [34] 77% ee [35] 85% ee [36]

/

>

28 ﬁ 5 oaes

33
60% ee [37] 97% ee [38] 93% ee [39] 98% ee [40]

Asymmetric catalytic reactions are often sensitive to 3. Enantioselective alkynylation of ketoesters
small changes in reaction conditions. Sometimes the ad-
dition of small (usually also catalytic) amounts of achiral Chiral tertiary a-hydroxyesters are important building
compounds can enhance the yields and enantioselectivitieblocks and synthetic intermediates for the preparation
[29]. We found that the activation of chiral Ti{Br),-BINOL of biologically active substances. The synthesis of this
complexes by achiral activators, e.g. phenol, provided higherclass of compound may be accomplished through the
levels of enantioselectivity than that attained by using enan- diastereoselective addition of organometallic reagents to
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chiral a-ketoesters. Obviously the development of catalytic
enantioselective addition of alkynyl species to prochiral
a-ketoesters is of even higher interest.

3.1. Chiral auxiliary directed stereoselective alkylation
of a-ketoesters

Sugimura and Watanabe reported the diastereoselec-
tive 1,2-additions of bromomagnesium triorganozincates

to prochiral ketoesters to afford the corresponding
hydroxyesters in good yieldd1]. Similarly, the addition of
MeZnl to thex-ketoesters of axially chiral 1binaphthalen-
2-ol derivatives34 gave 84% d¢42].

4O
)
oy

G. Lu et al. / Coordination Chemistry Reviews 249 (2005) 1736-1744

Shibasaki and co-workers prepared a series of multi-
functional compounds38a [47]. The 4-hydroxyl group
on the pyrrolidine ringcis- to the 2-carbinol functional
group was designed to react with dimethylzinc to form
a zinc alkoxide, which provided an additional Lewis
base site 38b). In the presence of chiral ligan88a
the addition of dimethylzinc toa-ketoester proceeded
smoothly, yielding the correspondinghydroxyl alcohol in

up to 96% ee.

.
HQ R _ Lewis Acid
2 —N_
L 37 h
Ph o7
l > ,,|/ o 7<
, Lewis Base Z_, _Zn-R”
Bn R
38a 38b

SO

34
Using dehydromannitol as chiral auxiliary, the diastereos-

elective addition of organozinc reagents to phenylglyoxylates

35afforded, after saponification, the desirethydroxy acids

36 with 60-99% ees (Ec(6)) [43].

3.2. Enantioselective alkynylation of ketoesters

Recently, Jiang et al. reported the asymmetric addition
of terminal alkynes ta-ketoesters using inexpensive amino
alcohol7 in combination with Zn(OTf) as the catalyst, and
the corresponding tertiary propargylic alcohols were obtained

R'Q
o A .
212 o — 212% w2 >§)Oj\ in high yields and up to 94% ee (E@®)) [48].
o o‘%Ph 2) ZnCl + RPMgX T\>LPh R2 T OH
o o]
35 36 R'=Bn,R?=/Pr 0 . HO
53% yield, >99% de (S) R1)H]/OR2 + H— Zn(OTf)y, L*, EtsN R1>Q?z
6 5 toluene N R
(©) OH
A transition-state analysis on the alkylzinc addition to Lo Y~ "OTBDMS
aldehydes indicated that the presence of an additional Lewis h ON N
base coordinated to M&n significantly increased the nu- 7
cleophilicity of MeZn and led to a more efficient reaction
[44]. Indeed, DiMauro and Kozlowski found that bifunctional (8)

amino salen comple37 catalyzed the addition of diethylzinc

to a-ketoesters to give the correspondignydroxyester in

96% isolated yield with 78% ee (E(?)) [45,46] This re-

sult was attributed to the crucial role played by the piperidine 4. Enantioselective alkynylation of ketones
groups, which acted as an activating Lewis base.

Unlike the additions of dialkylzinc reagents to aldehydes,
which are promoted by hundreds of catalysts, only a few
catalysts are useful for the addition of alkyl groups to ketones,
and most of them required high catalyst loadings and long
reaction time.

0 Ho Bt
2 *
R1)H‘/OR +Etyzn 5 . R

le) (0]
R" = Ph, R? = Et, 99% conv, 56% ee (R)
R' = Ph, R? = Me, 99% conv, 78% ee (R)

R" = p-MeO-CgHg, R? = Et, 99% conv,

52% ee (R)

OR?

4.1. Enantioselective alkylation of ketones

The enantioselective addition of diphenylzinc to aromatic
ketones was first reported by Dosa and[#2]. They found
000 tBu that DAIB 39was an effective catalyst for the asymmetric ad-
dition of PhpZn to a variety of aryl-alkyl and dialkyl ketones,
and the quaternary stereocenters were created with good to
excellent stereocontrol.

L*=tBu

()
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Using camphorsulfonamide alcord0, Randn and Yus lithium or alkynylmagnesium; (4) alkynylation of ketones
achieved the first catalytic dialkylzinc addition to ketones by propargylic bromide using phase-transfer catalyst sys-
with up to 89% e¢50,51] A breakthrough came when Walsh tem such as KOH(s)/18-crown-6/benz€g68,66} (5) elec-
and co-workers reported the use of chiral bis(sulfonamide) trochemical propargylation of ketones with propargylic bro-
diol ligand 41 [52]. Excellent results (as high as 99% ee mides[67].
even in 2mol% catalyst loadings) were obtained for the  The synthesis of these compounds by the catalytic
addition of dialkylzinc to ketones. Later, this catalyst was asymmetric addition of carbon nucleophiles to ketones
proved by several groups to be highly efficient for a broad has achieved only limited success. A good example is
range of substrates, including aliphatic ketones, aromaticthe enantioselective synthesis of efavire#2 a potent
ketones and conjugated enon&8-57] The organozinc  nonnucleosidal HIV reverse transcriptase inhibitor that has
reagents included alkylzinc, arylzir{68,59] and allylzinc
[60] species.

OH
OH 50,
Me,N H %NH
SO,NHCH, HN
/
HO O 0,S
Me HO
39 (+)-DAIB 40 89% ee 41 99% ee

91% ee

The enantioselective addition of allylzinc reagents to

alkynyl ketones catalyzed by a bisoxazoline catahgstas been approved by the USFDA for the treatment of AIDS

reported by Nakamura et al. (ER)) [61]. High ee values [68].
were obtained in most cases. /A
ZnBr Fsc \\\é
al .
&WJ H &\KYJ 0 )\ )\ \Gf\j;
P 2) H* N (@)
42 up to 99.9% ee H
| 43 Efavirenz
(9) Thompson et al. realized the addition of lithium-

cyclopropyl acetylide top-methoxybenzyl-protected ke-

toaniline in 98—99% ee (E{10)) [69—72] However, the suc-
4.2. Enantioselective alkynylation of ketones with other cess of the reaction relies on the application of large amounts
organometallic reagents of catalyst and the protection of the aniline moiety.

The stereoselective formation of-C bonds is of great . /A
F

importance for the synthesis of enantiomerically pure natu- o 7 cl Lo P

ral products and pharmaceuticals. A broad repertoire of chiral CF3 =1 \©\>\OH

auxiliaries, reagents, and catalysts can be utilized for the re- NH T NH

liable generation of tertiary stereocenters. The synthesis of

organic compounds containing quaternary stereocenters i< K(j\

still a challenging task. OMe
Our research interest was focused on the synthesis of

chiral tertiary propargylic alcohols, a class of compounds ;

useful as pharmaceutical intermediates. There are severa -

methods for the synthesis of these compounds: (1) reac- <—7

tion of alkynyl halides with indiuni62] or CrCh, followed 44

by the reaction with ketones; (2) catalytic-B activation (10)

of alkynes with strong bases, such as cesium hydroxide

[63] or potassium-butoxide[64], followed by the reaction Tan et al. reported the direct alkynylation of ketoaniline

with ketones; (3) direct alkynylation of ketones by alkynyl- (up to 99.2% ee) using alkynyllithium or alkynylmagne-

OMe
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sium reagents with stoichiometric amounts of chiral zinc
aminoalkoxides (Eq.11)) [73]. The reaction has been
carried out successfully on a multi-kilogram scale and is
probably the most efficient synthesis of efavirenz to date.

o /A
o o, e F
CF3 \©f\OH
NH; NH,

(11)

Jiang and Feng also studied the asymmetric alkynylation

of PMB-protected ketoaniline. Excellent ee (99%) was
obtained using lithium cyclopropylacetylide as nucleophile
and G-symmetric diamino diold5 as chiral ligand74].

~N

-

45

4.3. Enantioselective alkynylation of ketones with
alkynylzinc reagents

G. Lu et al. / Coordination Chemistry Reviews 249 (2005) 1736-1744

activated simple ketones is still an important challenge. Un-
like the alkynylzinc addition to aldehydes, the asymmetric
alkynylzinc addition to ketones has been substantially less
developed, mostly due to the low reactivity of the reaction.
Recently, Cozzi found that the enantiomerically pure
salend6 (20 mol%) catalyzed the reaction of phenylacetylene
with acetophenone in the presence of Jde to give the
corresponding propargylic tertiary alcohol in 72% yield and
61% ee[75]. When these conditions were applied in the
additions of various alkynes to different ketones, ees up to

81% were achieved.

t-Bu =N N=

t-Bu
OH
t-Bu
46 (R,R)-salen
60% ee

At about the same time, we also reported the asymmet-
ric addition of alkynylzinc to aromatic ketones with catalytic
amount of chiral Cu(OTf-camphorsulfonamidé7complex
(Table 2 [76]. This catalyst system was highly efficient for
a variety of aromatic ketones, and substituents abttieo-

HO
t-Bu

High enantioselectivities have been achieved for the position of the substrate had afavorable effect on the enantios-

alkynylation of activated ketones with active organometallic
reagents, as described in Sectdbb Tan et al.'s asymmetric
alkynylation reaction is in fact a stoichiometric alkynylzinc
(prepared in situ from alkynylithium or Grignard reagents)
addition to activated ketond$3]. The alkynylation of un-

Table 2
Alkynylation of ketones catalyzed by Cu(O%#7 complex

electivity. The best enantioselectivity (97%) was observed in
the alkynylation of 2chloroacetophenone. It was possible
that the proper steric hindrance of tbheho-substituents re-
stricted the orientation of the substrates and thus resulted in
higher enantioselectivities for the alkynylation of such ke-

OH HN
* |
)OL + pHe—_pp 10%L*+10% Cu(OTf); AT _ S0,
Ar” TR ZnMe, / CH,Cly Ph L= OH(+) 47
Entry Ketone Yield (%) Ee (%)
1 Acetophenone 92 88(+)
2 2-Bromoacetophenone 65 96)
3 2-Chloroacetophenone 94 97
4 2-Fluoroacetophenone 91 96)
5 2-Methylacetophenone 49 96]
6 3-Bromoacetophenone 80 82(+)
7 4-Bromoacetophenone 75 91(+)
8 3-Methylacetophenone 83 86(+)
9 4-Methylacetophenone 77 92(+)
10 4-(Trifluoromethyl)acetophenone 82 93¢+)
11 2-Naphthacetophenone 75 85(+)
12 Propiophenone 57 71(+)
13 4-(Ferrocenyl)acetophenone 62 9IR+)
14 3-Methyl-2-butanone 90 88
15 trans-4-Phenyl-3-buten-2-one 95 85

a Ketone:ligand:Cu(OTH:MepZn = 0.4:0.04:0.04:1.2 (molar ratio), GBI, as solvent, OC for 48 h.

b Unpublished work.
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tones. To the best of our knowledge, this is the highest result[24] G. Gao, D. Moore, R.-G. Xie, L. Pu, Org. Lett. 4 (2002) 4143.

for the asymmetric addition of alkynylzinc reagents to ke-
tones.

5. Conclusions

In summary, the study on the synthesis of optically active

[25] D. Moore, W.S. Huang, M.H. Xu, L. Pu, Tetrahedron Lett. 43 (2002)
8831.

[26] M.H. Xu, L. Pu, Org. Lett. 4 (2002) 4555.

[27] K. Mikami, S. Matsukawa, T. Volk, M. Terada, Angew. Chem. Int.
Ed. 36 (1997) 2768.

[28] X. Li, G. Lu, W.H. Kwok, A.S.C. Chan, J. Am. Chem. Soc. 124
(2002) 12636.

[29] E.M. Vogl, H. Groger, M. Shibasaki, Angew. Chem. Int. Ed. 38
(1999) 1570.

propargylic alcohols is of great importance, and significant [30] G. Lu, X.S. Li, G. Chen, W.L. Chan, A.S.C. Chan, Tetrahedron:
advancement has been achieved inrecentyears. Itis expected Asymmetry 14 (2003) 449.
that more and more chiral catalysts will be developed to ex- [31] G. Gao, R-G. Xie, L. Pu, Proc. Natl. Acad. Sci. 101 (2004) 5417.

pand the scope of these reactions and to facilitate the practica[gz]
applications of these methods for the synthesis of high—valued[33]

pharmaceutical products.

Acknowledgements

We thank the Hong Kong Research Grants Council
(Project number PolyU 5001/03P), the University Grants
Committee Areas of Excellence Scheme in Hong Kong
(Project AoE P/10-01), and the Hong Kong Polytechnic Uni-
versity ASD Fund for financial support.

References

[1] L. Pu, Tetrahedron 59 (2003) 9873 (and references therein).

[2] D. Seebach, A.K. Beck, B. Schmidt, Y.M. Wang, Tetrahedron 50
(1994) 4363.

[3] B. Weber, D. Seebach, Tetrahedron 50 (1994) 7473.

[4] C. Jubert, S. Nowotny, D. Kornemann, |. Antes, C.E. Tucker, P.
Knochel, J. Org. Chem. 57 (1992) 6384.

[5] Y. Yamamoto, S. Nishii, K. Maruyama, J. Chem. Soc. Chem. Com-
mun. (1986) 102.

[6] N. Krause, D. Seebach, Chem. Ber. 120 (1987) 1845.

[7] C. Baldoli, P.D. Buttero, E. Licandro, S. Maiorana, A. Papagni, M.
Torchio, Tetrahedron Lett. 34 (1993) 7943.

[8] D.E. Frantz, R. Fassler, E.M. Carreira, J. Am. Chem. Soc. 122 (2000)

1806.

[9] D. Boyall, F. Lopez, H. Sasaki, D. Frantz, E.M. Carreira, Org. Lett.
2 (2000) 4233.

[10] D.E. Frantz, R. Fassler, C.S. Tomooka, E.M. Carreira, Acc. Chem.
Res. 33 (2000) 373.

[11] B. Jiang, Z.L. Chen, W.N. Xiong, Chem. Commun. (2002) 1524.

[12] B. Jiang, Y.G. Si, Tetrahedron Lett. 43 (2002) 8323.

[13] Z.L. Chen, W.N. Xiong, B. Jiang, Chem. Commun. (2002) 2098.

[14] E.J. Corey, K.A. Cimprich, J. Am. Chem. Soc. 116 (1994) 3151.

[15] K. Soai, S. Niwa, Chem. Rev. 92 (1992) 833.

[16] L. Pu, H.-B. Yu, Chem. Rev. 101 (2001) 757.

[17] G.M.R. Tombo, E. Didier, B. Loubinoux, Synlett (1990) 547.

[18] M. Ishizaki, O. Hoshino, Tetrahedron: Asymmetry 5 (1994) 1901.

[19] Z. Li, V. Upadhyay, A.E. DeCamp, L. DiMichele, P. Reider, Syn-
thesis (1999) 1453.

[20] G. Lu, X.S. Li, Z.Y. Zhou, W.L. Chan, A.S.C. Chan, Tetrahedron:
Asymmetry 12 (2001) 2147.

[21] T.T.L. Au-Yeung, S.S. Chan, A.S.C. Chan, Adv. Synth. Catal. 345
(2003) 537.

[22] G. Lu, X. Li, W.L. Chan, A.S.C. Chan, Chem. Commun. (2002)
172.

[23] D. Moore, L. Pu, Org. Lett. 4 (2002) 1855.

Z. Xu, R. Wang, J. Xu, C.-S. Da, W.-J. Yan, C. Chen, Angew. Chem.

Int. Ed. 42 (2003) 5747.

Q.-Z. Liu, N.-S. Xie, Z.-B. Luo, X. Cui, L.-F. Cun, L.-Z. Gong,

A.-Q. Mi, Y.-Z. Jiang, J. Org. Chem. 68 (2003) 7921.

[34] Z. Xu, C. Chen, J. Xu, M. Miao, W. Yan, R. Wang, Org. Lett. 6
(2004) 1193.

[35] Y.-F. Zhou, R. Wang, Z.-Q. Xu, W.-J. Yan, L. Liu, Y.-F. Gao, C.-S.
Da, Tetrahedron: Asymmetry 15 (2004) 589.

[36] R.M. Kamble, V.K. Singh, Tetrahedron Lett. 44 (2003) 5347.

[37] A.L. Braga, H.R. Appelt, C.C. Silveira, L.A. Wessjohann, P.H.
Schneider, Tetrahedron 58 (2002) 10413.

[38] z-B. Li, F. Pu, Org. Lett. 6 (2004) 1065.

[39] M. Li, X.-Z. Zhu, K. Yuan, B.-X. Cao, X.-L. Hou, Tetrahedron:
Asymmetry 15 (2004) 219.

[40] S. Dahmen, Org. Lett. 6 (2004) 2113.

[41] H. Sugimura, T. Watanabe, Synlett (1994) 175.

[42] Y. Tamai, T. Nakano, S. Miyano, J. Chem. Soc. Perkin Trans. 1
(1994) 439.

[43] A. Loupy, D.A. Monteux, Tetrahedron 58 (2002) 1541.

[44] M. Kitamura, S. Okada, S. Suga, R. Noyori, J. Am. Chem. Soc. 111
(1989) 4028.

[45] E.F. DiMauro, M.C. Kozlowski, Org. Lett. 4 (2002) 3781.

[46] E.F. DiMauro, M.C. Kozlowski, J. Am. Chem. Soc. 124 (2002)
12668.

[47] K. Funabashi, M. Jachmann, M. Kanai, M. Shibasaki, Angew. Chem.
Int. Ed. 42 (2003) 5489.

[48] B. Jiang, Z. Chen, X. Tang, Org. Lett. 4 (2002) 3451.

[49] P.I. Dosa, G.C. Fu, J. Am. Chem. Soc. 120 (1998) 445.

[50] D.J. Ranbn, M. Yus, Tetrahedron Lett. 39 (1998) 1239.

[51] D.J. Randn, M. Yus, Tetrahedron 54 (1998) 5651.

[52] C. Garcia, L.K. LaRochelle, P.J. Walsh, J. Am. Chem. Soc. 124
(2002) 10970.

[53] J.M. Betancort, C. Carcia, P.J. Walsh, Synlett (2004) 749.

[54] S.-J. Jeon, P.J. Walsh, J. Am. Chem. Soc. 125 (2003) 9544.

[55] M. Yus, D.J. Ramon, Tetrahedron: Asymmetry 13 (2002) 2291.

[56] M. Yus, D.J. Ramon, O. Prieto, Tetrahedron: Asymmetry 14 (2003)
1103.

[57] H. Li, C. Garcia, P.J. Walsh, Proc. Natl. Acad. Sci. 101 (2004) 5425.

[58] O. Prieto, D.J. Ramon, M. Yus, Tetrahedron: Asymmetry 14 (2003)
1955.

[59] C. Garcia, P.J. Walsh, Org. Lett. 5 (2003) 3641.

[60] H. Li, P.J. Walsh, J. Am. Chem. Soc. 126 (2004) 6538.

[61] M. Nakamura, A. Hirai, M. Sogi, E. Nakamura, J. Am. Chem. Soc.
120 (1998) 5846.

[62] J. Auge, N. Lubin-Germain, L. Seghrouchni, Tetrahedron Lett. 43
(2002) 5255.

[63] D. Tzalis, P. Knochel, Angew. Chem. Int. Ed. 38 (1999) 1463.

[64] H. Miyamoto, S. Yasaka, K. Tanaka, Bull. Chem. Soc. Jpn. 74 (2001)
185.

[65] E.V. Vasileva, E.M. Auvinen, I.A. Favorskaya, Zh. Org. Khim. 19
(1983) 1411.

[66] E. Abele, R. Abele, Y. Popelis, I. Mazheika, E. Lukevics, Chem.
Heterocycl. Compd. 35 (1999) 436.

[67] N. Kurono, K. Sugita, M. Tokuda, Tetrahedron 56 (2000) 847.



1744 G. Lu et al. / Coordination Chemistry Reviews 249 (2005) 1736-1744

[68] J.W. Corbett, S.S. Ko, J.D. Rodgers, S. Jeffrey, L.T. Bacheler, R.M. Tillyer, L. Frey, L. Tan, F. Xu, D. Zhao, A. Thompson, E.G. Corley,
Klabe, S. Diamond, C.M. Lai, S.R. Rabel, J.A. Saye, S.P. Adams, E.J.J. Grabowski, R. Reamer, P.J. Reider, J. Org. Chem. 63 (1998)
G.L. Trainor, P.S. Anderson, S.K. Erickson-Viitanen, Antimicrob. 8536.

Agents. Chemother. 43 (1999) 2893. [72] F. Xu, R.A. Reamer, R. Tillyer, J.M. Cummins, E.J.J. Grabowski,

[69] A. Thompson, E.G. Corley, M.F. Huntington, E.J.J. Grabowski, P.J. Reider, D.B. Collum, J.C. Huffman, J. Am. Soc. Chem. 122

Tetrahedron Lett. 36 (1995) 8937. (2000) 11212.

[70] A. Thompson, E.G. Corley, M.F. Huntington, E.J.J. Grabowski, [73] L. Tan, C.-Y. Chen, R.D. Tillyer, E.J.J. Grabowski, P.J. Reider,
J.F. Remenar, D.B. Collum, J. Am. Chem. Soc. 120 (1998) Angew. Chem. Int. Ed. 38 (1999) 711.
2028.

[74] B. Jiang, Y. Feng, Tetrahedron Lett. 43 (2002) 2975.

[71] M.E. Pierce, R.L. Parsons Jr., L.A. Radesca, Y.S. Lo, S. Silverman, [75] P.G. Cozzi, Angew. Chem. Int. Ed. 42 (2003) 2895.
J.R. Moore, Q. Islam, A. Choudhury, J.M.D. Fortunak, D. Nguyen, [76] G. Lu, X.S. Li, X. Jia, W.L. Chan, A.S.C. Chan, Angew. Chem. Int.
C. Luo, S.J. Morgan, W.P. Davis, P.N. Confalone, C.-Y. Chen, R.D. Ed. 42 (2003) 5057.



	Synthesis and application of new chiral catalysts for asymmetric alkynylation reactions
	Introduction
	Enantioselective alkynylation of aldehydes
	Enantioselective alkylation of alkynyl aldehydes
	Enantioselective alkynylation of aldehydes with other alkynyl organometallic reagents
	Enantioselective alkynylation of aldehydes with alkynylzinc reagents

	Enantioselective alkynylation of ketoesters
	Chiral auxiliary directed stereoselective alkylation of alpha-ketoesters
	Enantioselective alkynylation of ketoesters

	Enantioselective alkynylation of ketones
	Enantioselective alkylation of ketones
	Enantioselective alkynylation of ketones with other organometallic reagents
	Enantioselective alkynylation of ketones with alkynylzinc reagents

	Conclusions
	Acknowledgements
	References


