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1. Introduction

Asymmetry is ubiquitous in every part of Nattiend has
a great impact in many fields, not only in chemistry but also
even in arts. In the pharmaceutical area, asymmetry plays
an important role, since both enantiomers of a determinate
drug do not necessarily have the same activity. The disastrous
incident of thalidomide, in which each enantiomer has a
totally different biological effect in humarfshas had an
impact on society. The public demands for avoiding similar
tragedies have been transferred first to the pharmaceutical
and related companiésmainly through the questions of
regulatory agencies, and second to the scientific community,
which in turn has to provide highly efficient and reliable
methods of asymmetric synthesis. In fact, these demands
have already had an important response, since the worldwide
sales of single enantiomer drugs are continuously growing.

Enantioselective synthesis defined as the transformation
of achiral reagents into only one of the two possible product
enantiomers, mainly through the use of chiral catalyst,
solvents, etc?,and avoiding the annoying attachment and
deattachment of chiral auxiliaries, typical of the related
diastereoselective approaches. Although the first example was
given in 1904 it is only in the last three decades that the
number and the quality of published reactions have under-
gone a true revolution, with the coronation being the
awarding of the 2001 Nobel Prize in Chemistry to Professors
Sharpless$,Knowles® and Noyor? for their work on enan-
tioselective synthesis.

Titanium is the seventh most abundant metal on Earth and
has been extensively used in a multitude of asymmetric reac-
tions (Figure 1), with the same position (fifth) being occupied
for this metal in either asymmetric or enantioselective
reactions in the ranking of metal$.However, the broad
spectrum of reactions in which it is involved makes this metal
uniquel* compared with other metals with higher score,
which are, in turn, more specific for some types of reactions.
Thus, for instance, palladium is intimately connected with
the nucleophilic allylic alkylation, rhodium and ruthenium
with hydrogenation, MeerweiPonndorfVerley, and Op-
penauer processes, and copper with Michael addition.

Titanium is one of cheapest transition metals, and its
products of hydrolysis, and even a lot of titanium compounds,
are nontoxic and environmentally friendly, strongly contrast-
ing with the high toxicity of many transition metals such as
Hg, Pb, Cr, Ni, Mn, eté? This low toxicity!® has permitted
the use of different titanium derivatives for medical purposes;
among them, the most outstanding ones are their use in
sunscreen¥, removal of toxic metal%® and prosthesés.
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All the mentioned facts, together with its relative inertness
toward redox processes and the possibility of adjusting its
reactivity and selectivity by different ligands, make titanium
the preferred candidate for any enantioselective reaction, even
employing stoichiometric amounts of the titanium compo-

nent.

The literature covered by this review begins mainly in
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Figure 1. 3D bar graph showing the number of papers on
asymmetric synthesis since 1999 classified by metal from the
periodic table, excluding actinides.

2. Enantioselective Oxidation Processes

Any oxidation process has an intrinsic value owing to the
preparation of new compounds but also serves as the starting
point for further functionality manipulation in order to get a
desired compound. In this section, we will present different
enantioselective oxidation processes as well as direct trans-
formations into final targets.

2.1. Sharpless Epoxidation

In 1980 a paradigmatic shift occurred with the introduction
of the enantioselective epoxidation of allylic alch&1g here
is no doubt that this reaction changed our vision of the
enantioselective synthesis, and nowadays it is rare to find a
total synthesis of a natural product in which it is not
involved?°

The enantioselective epoxidation of allylic alcohbl&zas
accomplished by reaction of an alkyl hydroperoxiein
the presence of titanium alkoxidand a chiral tartrate ester
4 (Scheme 1¥! The enantioselectivity depends strongly on

Scheme 1. Sharpless Epoxidation
Ti(OR%),
Rl 3a:R°=Pr R!

R® 3b: R® = But 0 )—R®
R24/€7 + RY-OH R%=
o
H
HO oj)kOR6 HO
1 2aR*=Bu OR® 5

2b: R* = C(Me,)Ph HO 11)/

4a: R® = Me
4b: R® = Et
4¢c: Ré = Py

1999 because research for previous years has been compre-

hensively compiled? although older works are commented different variables. Thus, the titanium tetraisopropoxig (
upon if necessary. The review is arranged by the type of is the titanium species of choice, although the use of the
general process and subdivided by the type of reaction, correspondingtert-butoxide has been recommended for
clearly separating the preparation of compounds with tertiary reactions in which the final epoxy alcohblis particularly
stereocenters from those with quaternary stereocenters, owingensitive to a ring opening process by the alkoxXfde.
to the higher difficulty of the preparation of this last class Concerning chiral tartrates conventionally used, such as

of products'®

dimethyl, diethyl, and diisopropyl derivatives, they are
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equally effective.tert-Butyl hydroperoxide is used as the catalyst seems to be the bimetallic spe@gwhich, after a
oxidant although for some specific alcohols other oxidants double exchange between two isopropoxide ligands and both
can give better resul8. Two aspects of the stoichiometry the hydroperoxid®aand the starting olefii, gave the real
are very important in order to get excellent enantioselectiv- catalytic specieg. The hydroperoxide must occupy both the
ity: one is the ratio of titanium to tartrate used, which should equatorial site and one of the two available axial coordination
have about 10% tartrate excess to guarantee the formatiorsites, with the allylic alcohol in the remaining axial site. To
of chiral titanium complexes. The second stoichiometry achieve the necessary proximity for transferring the oxygen
consideration is the ratio of catalyst (titanitttartrate atom to the olefin, the distal oxygen is placed in the
complex) to allylic alcohol. Although, at the beginning, the equatorial position. The axial site on the lower face of the
ratio was usually 1:1 (stoichiometric amounts), the introduc- complex7 is chosen for the more sterically demandieg-
tion of molecular sieves (zeolites) permitted the use of only butyl moiety, with the allylic alcohol binding to the remaining
5—10 mol % of catalyst, with the enantioselectivity being axial coordinating site. The enantioselective epoxidation takes
kept?* It should be pointed out that, due to the low place on this intermediate, in which the dihedral angle for
economical cost of both titanium compounds and tartrate the allyl moiety is very small (6C—C=C, ca. 30),
derivatives, the use of stoichiometric amounts is still very delivering its olefinic group in an appropriate space. In fact,
common. the bad enantioselectivity obtained #substituted substrate
After some controversie8the mechanism of the reaction (R®) is attributed to steric hindrance with the ligand. Also,
including kineticd® and catalytic speciés was finally the depression of results with bulky C2-substituted systems
accepted (Scheme 2). Comparison of the epoxidation ratesis caused by the vicinity of tartrate ligand with th&fRoiety,
which deforms the ideal reaction conformation. The inter-

Scheme 2. Proposed Catalytic Cycle for the Sharpless mediate7 suffers from steric hindrance wherf R H, and
Epoxidation the epoxidation of such a substrate is strongly retarded. This
0 model explains the kinetic resolution of racemic secondary
_ HO oM allylic alcohols (see section 7) as well as the poor reactivity
Ti(OPr), + © - : ; -
4 ... _OMe of tertiary allylic systems. It should be pointed out that this
3a HO lc]; type of catalytic cycle, as well as the presence of bimetéllic

titanium species, has become a general rule for other
reactions in which titanium derivatives are involved, as will
be presented later on in this review.
Previous to introducing the new results obtained from
PrOH 1999, it should be clarified that they do not include
epoxidations of chiral starting allylic alcohol3as well as
the use of chiral hydroperoxidéssince they must be noted,
in a strict sense, as diastereoselective reactions and are out
of the scope of this review.

4a

MeQ, OPI’i BU‘OH

P,iOET‘i'“\'“ """ "0 2.1.1. Preparation of Molecules Containing Tertiary
Oy Stereocenters

6 Somewhat surprisingly, relatively little effort has been
, exerted to introduce new chiral ligands or to improve the
. R ) Bu'O-OH already known tartaric acid derivatives. The main reason for
RWR 2a this is the relatively low cost and the high effectiveness of
OH R® these derivatives, which tolerate their loss during the workup.
1 PrOH Recently, the use of monodentate alcohols, such as menthol
(8), 1,2:3,4-di-isopropylidene-bp-galactopyranose9j, or
1,2:5,6-di-isopropylidene-p-glucofuranose 10), as chiral
ligands has been introduced. However, they gave very poor
MeOC  o~"Rré ) R? results, with the enantioselectivity for the epoxidation of
oPt of ‘_\o R3 allylic alcohol derivatives never being higher than 2.
T ¢

R5

PrO.,,
o~

CO Me -~
-I'.-I\~ 2 ’)0
0 X%& P o'\ 5n
.y But 1 o] 4«
Meo” © N ~"oH ol 5.0
7 sz{i PN /< 7]\
— OH 8 9 10

5 Another classical strategy for improving the properties of
known chiral ligands is their attachment to a polymeric
of several parasubstituted cinnamyl alcohols reveals that thematerial, since, in this way, their final isolation is very e&sy.
olefin acts as a nucleophile toward the activated peroxide Thus, different tartaric esters derived from a polystyrene
oxygen. The existence of different fast ligand exchanges is cross-linked with divinyl benzene and tetraethyleneneglycol
of fundamental importance, since it favors the incorporating diacrylate have been prepared from the corresponding
of the dichelating tartratda into the metallic complex. In  chloromethylated resins, with a large amount of the titanium
fact, and according to X-ray crystallograptfythe real source (25 mol %) and tartrate polymer (50 mol %) having
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to be usedf in order to obtain similar results to those of the glycol) derivatives of molecular weight either lower than 350
substoichiometric homogeneous version (5 and 6 mol %, or higher than 750, yielding the epoxidga or ent-ba,
respectively). Under these new conditions, the resins wererespectively. The change in the sense of the enantioselectivity
successfully used three times without changing any param-of the reaction was attributed to the existence of different
eters of the reaction. catalytic bimetallic species. Thus, the determination of
In comparison with the cases of the above organic molecular weight of the catalyst (the complex of titanium
polymers, the effectiveness of organiaorganic hybrid tetraisopropoxide and the tartrate derivative), by the isopiestic
materials obtained by grafting chiral tartaric acid derivatives Signer method, confirmed the presence of different species:
onto the surface of silicall@ and in the mesopores of for the ligand4d, as well as for others with lower molecular
MCM-41 (11b) material was higher. In fact, although the weight, the main complex is a bimetallic system bearing two
chemical yield was half that of the substoichiometric chiral ligands, as expected. However, for the liga®das
homogeneous version, the enantioselectivity was the samewell as others with higher molecular weight, the main
using similar amounts of chiral tartrate derivatives and complex is a bimetallic system bearing only one chiral ligand.
titanium isopropoxidé® The lower yield was attributed to a  All these facts could explain the opposite enantioselectivity
slower diffusion of substrate and product in the polymeric as well as the lower activity observed for the systéen
material. Most research done on the enantioselective Sharpless
epoxidation during the period covered in this review has been
focused on the use of this reaction as the main pillar for the

EtO o
HO NH\/\\Sifo ? creation of different chiral compounds. A comprehensive
o NH_~_Si0 1~ compilation of them follows.
HO™ i eg o— The first example came from the synthesis ofsau@it of
° 11a on SiO, hydroxy acid moietyl2 of polyoxypeptins, which exhibited
11b in MCM-41 potent apoptosis against human pancreatic adenocarcinoma

AsPC-1 cells and therefore attracted attention as potential

Tartaric derivatives have been attached not only to anticancer agents. The enantioselective epoxidation of the
heterogeneous but also to homogeneous polymeric materialsalcohol1b using the standard substoichiometric version gave
These chiral systems have the advantage of their easythe expected epoxid&b.®® Further crystallization of its
isolation by simple precipitation, thus avoiding the usual p-nitrobenzoic ester derivative gave an enantiomeric excess
diffusion problems of heterogeneous materials. In this case,of 99%. The epoxide opening by reaction wit)-2-meth-
different tartratestd,e derived from poly(ethylene glycol)  ylbutylmagnesium bromide followed by oxidation of the
monomethyl ether were prepared. The catalytic enantiose-primary alcohol and other transformations gave, finally, com-
lective epoxidation of the alcoh@kin the presence of these  pound12. In Scheme 4, the starting chiral C-5 unit incor-
ligands gave the expected epoxisiewith similar enantio- porated intol2 is circled.
selectivity and yield to those using simply diethyl tartrate o
(4b).% A more careful study showed the presence of an Scheme 4. Epoxidation of the Alcohol 1b

unusual reversal enantioselectivity depending on the molec- o Ti(OPr), oH
ular weight of the ethylene glycol moiety (Schemé?3jhe 3a, 5 mol %
\/\) +  Bu'OOH ( ) \/\)
Scheme 3. Reversal of Enantioselectivity in the Sharpless 1b 2a HO 2 ©
Epoxidation Depending on the Length of the Achiral j)kom‘ 5b
Polyethylene Glycol Moiety Ho™ OPr  (90%, ee 90%)
T g
N +  Bu'OOH (4c, 6 mol %)
1a 2a 4-A MS
CH,Cly, -20°C

Ti(OPr), 0

(3a, 5 mol %) Hoj)ko/(\/ O);
-, O

4-A Ms HO g/ \(/\O)fn

CH,Cly, -20°C (4, 6 mol %)

12

The chiral alcohobb has been employed in the preparation
of different pironetinsd 3.3° These lactones were isolated from

4d MPEGG the fermentation broths ofStreptomyces spand have
MPEGsso 750 different remarkable biological activities.
q.,
' o}
OH OH
5a ent-5a

(95%, ee 75%)  (66%, ee 67%)

The 15eptlipoxin A4 (14) is a new class of arachidonic
reactions were generally slower<8 h) than those using acid metabolite, and it has been discovered that aspirin
isopropyl tartrate4c, 2—3 h), but the results were similar. triggers a switch in the biosynthesis of lipoxins, initiating
The enantioselectivity can be improved using poly(ethylene its formation. This compound is more active than lipoxin
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A4 as an anti-inflammatory agent which in turn provokes Scheme 7. Preparation of the Amino Diol 18a

the blocking of the broncoconstriction of leukotrienes in Ti(OPr),
asthmatic subjects by inhalation. Its preparation has been oH (3a, 100 mol %) OH
initiated by epoxidation of the alcohtit to give the epoxide W + Bu'OOH W
5cwith an excellent enantiomeric ratio after recrystallization 1e 2 Q 70
(Scheme 5%° j)\oa 5e
., QOEt 0 o,
Scheme 5. Epoxidation of the Alcohol 1c HO™ i (81%, ee>95%)
_ o}
T 4
OH TiOPr, OH (4b, 120 mol %) 1 NaN
(3a, 10 mol %) o : 3
AN + ButOOH a CH20|2, -25°C 2. NaBH4
0 o
1c 2a HO
j)\OMe 5¢c NH,
-, -OMe (ee>98%)
HO™ i1 7 Y~ TOH
o OH
(4a, 15 mol %) 18a
4-A MS I
Scheme 8. Epoxidation of the Alcohol 1f
CH,Clp, -25°C .
Ti(OPr),
OH OH

(3a, 5 mol %)
W + Bu'OOH \r_\)
o} o
Posticlure 17) is a sex pheromone component of the 1f 2a

HO
f
tussock moth Qrgyia postica which has been easily j)\gg . ° .
prepared through the asymmetric epoxidation of the alcohol HO™ i (94%, ee>95%)
1d to yield the corresponding chiral epoxide alcohol with a =

moderated enantioselectivity (Scheme 6). The oxidation of oA\ 1™ (4b, 6 mol %)
. . e) 4-A MS
Scheme 6. Preparation of Posticlure Ph)_ CH,Cly, -20°C

19

Increasing the hindrance from secondary to tertiary groups

1.2a, 3a, 4b 9 ; ) , :
on the olefinic substituents did not give any appreciable de-
~ 2.PCC (15) crease of the enantioselectivity. For example, in the synthesis
1 Ph of 9-halog_enated prostaglandine F_(PG_F) analo@@eshe
|P:|:FP\ 17 (ee 59%) asymmetric key step was the epoxidation of the alcdlpl
3 (16) to yield the corresponding compousg with a very good

| result (Scheme 9% These analogues have been biologically

Scheme 9. Epoxidation of the Alcohol 1g

the primary alcohol to the corresponding aldehyde followed Ti(OPr),

by a Wittig-type reaction with the ylid&6 yielded directly OH . OH
the epoxidel 7.4 ~ + J\ _(3a, 20 mol%) .

Although the previous low enantioselectivity could be Ph(/ OOH o o
attributed to the presence of a long chain in the allylic 1 2b HO opyi 59
alcohol, the following examples show that this is not true. ., OPf (5%, ce 04%)
Thus, in the synthesis of four isomers of 3-hydroxy-4-meth- OH HO g/ > 0
yltetradecanoic acid, which is a constituent of the cyclodep- Xo)\g (4c, 24 mol %)
sipeptide W493, the enantioselective Sharpless epoxidation s LA MS
of (2)-tridec-2-en-1-ol using diethyl tartratdlf) and titanium CH.Clo. -20°C

212,

tetraisopropoxide3a) gave the corresponding epoxide with

enantiomeric excess higher than 8&Moreover, the

epoxidation of the allylic alcohdle using the same reagents

yielded the expected epoxidee with excellent resulté?

Fu_rther nucleophilic ring _opening _by reaction Wi_th sodium (X = H,ZFO, cl. Br)

azide, followed by reduction, led diastereoselectively to the

corresponding amino didl8a(Scheme 7). This system can evaluated due to their affinity to the mouse G-protein coupled

be considered as a sphingosine analogue. However, its inmembrane receptors (EP4) receptors and their ability to

vitro cytotoxicity against six solid tumor cell lines, as well increase the intracellular cyclic adenosine monophosphate

as its inhibition behavior of carrageenin-induced paw edema (cAMP) concentration, showing a significant affinity.

in rats, was not as high as expected. The tolerance for bulky alkyl groups has been used to
Instead of a simple chain as a substituent of the double advantage for the modular synthesis of different amino

bond, a more crowded system can be used. For example, imlcohols of type21. The epoxidation of alcohdlh yielded

the synthesis of an intermediate of)flactacystinl9, the the corresponding epoxidgh with an excellent enantiose-

enantioselective epoxidation of the alcohti gave the lectivity.*6 LiClO4-catalyzed nucleophilic ring opening with

corresponding epoxidsf with an excellent result (Scheme piperidine, followed by protection of the primary alcohol as

8).44 the trityl ether, led to the amino alcoh®l (Scheme 10). It

HO
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Scheme 10. Preparation of Chiral Ligand 21 Scheme 12. Epoxidation of the Functionalized Alcohol 1j

Ti(OPr' Ti(OPr'
oH (OPr')s oH oH (OPrY), o

(3a, 5 mol %) (3a, 100 mol %)
X~ + BU'OOH >(\/ X~ + Bu'OOH N
1h 2a HO i , ° OBn HO 7 Bno © .
oPrl 5h 1 2a OEt 5
o, OPT (81%, ee>95%) ., OBt (84%, ee 98%)

HO ”/ HO f/“/
(e} (e}
(4c, 7.5 mol %) (4b, 110 mol %)
4-A MS CH,Cl,, -18°C
CH,Cl,, -20°C

The use of the relatecis-olefinic systemlk seems to be
more interesting! since there is some important steric

Wo.ﬁ
N

Q 1. (CHy)sNH, LICIO, hindrance between both olefinic substituents (see structure
2. (Ph3C-py)BF4 7 in Scheme 2). Its epoxidation under stoichiometric condi-
21 tions gave the expected alcotsk with 88% enantiomeric

should be pointed out that this amino alcohol was evaluated excess (Scheme 13).
as promoter in the classical enantioselective addition of scheme 13. Epoxidation of the Functionalized Alcohol 1k

dialkylzinc reagents to aldehyd&sOther related systems Ticopr)
4

with different amino substituents, protecting groups, and PMBO ., \PMBO
bulky alkyl substituents gave worse results as promoters of UH s BYOOH (3a, 110 mol %) UH
the aforementioned addition. X o} &
Following the study of increasing hindrance in the starting HO Ot
allylic alcohol, the next step is the epoxidation of the alcohol 1k 2a . OEt 5k
1i to yield the corresponding alcohsi (Scheme 11), which HO g/ (75%, ee 88%)
Scheme 11. Preparation of Compound 22 (4b, 130 mol %)
oH Ti(OPri), 4-A Ms
OH CH,Cly, -24°C
3a, 8 mol % 2Clo,
)\/I+ ButOOH (32, 8 mol %) )\/I B ] ) ) )
i 2a o o The versatility of this chiral epoxide (as well as, in general,
Hoj)Lopri 5i all the related systems) may be exemplified by its use in the
Ho 0P (e6>99%) synthesis of different natural products. Thus, alcdiohas
g/ been successfully used in the syntheses of the macrocyclic

amphidilone A 23)°22and of the aminocyclitol moiety2@)52°

(4c, 10 mol %) of (+)-trehazolin, which is a powerful trehalase inhibitor

4-A MS . .
CH,Cly, -25°C isolated from a culture broth dflicromonospora
/?%)Oﬁ 1.TrCl
OH

: 2.LDA OH

OH 3. 2a, 3a, 4c HO

22 OH

i i ; HO OH

was accomplished with an excellent level of enantioselec-
tivity. This epoxide was relatively unstable and wassitu 24

derivatized as its trityl ether. On the other hand, the treatment ) _ -
of this compound with Lithium diisopropylamide (LDA) The.alcohoISk was also used as starting chiral building
gave the corresponding chiral secondary alcohol, which in b|OC|§3In the synthesis off)-FR66979 and)-FR900482
turn by a second diastereoselective Sharpless epoxidatiof22),”> Which are antitumor antibiotics obtained from the
gave (R 39-3,4-epoxy-3-methyl-1-(triphenylmethyl)oxybu- fermentation harvest (fﬁtrept_omyces sandaena_sd have
tan-2-ol @2), which is a substructure found in some naturally geen 3Sh°W” to form DNA interstrand cross-links at the
occurring bioactive molecules such as toxin produced by ° CPG® steps in the minor groove.
fungusAlternaria kikuchiang AK-toxins) and azinomycin& OCONH,

The oxidation of the epoxid®&i to the corresponding OH oH
aldehyde, followed by Wittig olefination using-methoxy- o
carbonyltriphenylphosphorane, has been used in the synthesis

NH
of methyl trans-chrysanthemat®. R
The scope of olefinic substrates for the Sharpless reaction 25a: R = CH.OH: FR66979
is very broad, and it tolerates the presence of ether function- 25§} R = CHO: FRO00482

alities. Thus, the epoxidation of the alcotglyielded the

expected epoxide with excellent enantioselectivity (Scheme The epoxidation of the functionalized alcoHdlwas the

12). This epoxide has been used in turn as starting materialkey step in the synthesis of the lactone moiety of quilla-
in the preparation of asymmetric tris(hydroxymethyl)methane jasaponins (Scheme 1#)Saponins fronQuillaja saponaria
derivatives, which are interesting building blocks in synthetic molina (rosaceae), have historically been used as commercial
organic chemistry? saponins, as well as foaming agents, in beverages, confec-
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Scheme 14. Epoxidation of the Functionalized Alcohol 1l chiral 3,4-epoxy alcohol, and then, mild oxidation led to the
Ti(OPr), OH correspondingy,3-unsaturated aldehyde with good y[é?d.
OH (3a, 5 mol %) Presumably, the expected epoxy aldehyde intermediate was
(\) + BU'OOH — G)\) very unstable and underwengeelimination reaction to yield
oBn Ho 9 OBn the corresponding unsaturated system. .
2a j)LOEt The enantioselective epoxidation of the relaiedlefin
1 HO~ rOEt 5l of type 1l was the key step in the preparation of different
g (93%, ee 94%) analogues of nucleosides homologated at theard 3
o (4b, 6 mol %) positions

- Oxido-functionalized longer chain allylic alcohols, such

I 4-A MS o L .
a CHACl. 20°C as compoundm, can be epoxidized under substoichiometric

HO' : 2Ll - . i ;

: standard conditions, to give in this case the expected epoxide
5m with a moderate yield but with an excellent enantiose-
lectivity (Scheme 15). This epoxide has been used in the
tioneries, baked goods, dairy desserts, and cosmetics, and

as potent immunological adjuvant agents. Despite the exist-Scheme 15. Epoxidation of the Functionalized Alcohol 1m

26

ence of 100 different saponin derivatives, one of the essential OH (3a, 14 mol %) OH
structural features in all of them is the lactoP@ isolated N + BUOOH ‘
by alkaline hydrolysis. Cofms (4c, 15 mol %) @(;MB
The epoxidation of a relatgemethoxybenzyl (PMB) ether 4-A MS
alcohol using diisopropy! tartratd€) has been proposed as im 2a CH,Cly, -15°C Sm
one of the asymmetry steps in the synthesis-9tgalantinic (52%, ee 92%)
acid 27,°5 which is a component of the peptide antibiotic Wo OH
galantine |, isolated from a culture broth dacillus — OH
pulvifaciens HO (j’
A starting alcohol similar toll but bearing atert- N "'IH/OH

butyldipropylsilyl (TBDPS) protecting group instead of a
benzyl (Bn) has been epoxidized under the reaction condi-
tions shown in Scheme 14, giving the corresponding alcohol 3 32
with excellent results. This silylated ether has been used in
the synthesis of the common €818 fragment Z8) of
pectenotoxing® which is responsible for the human intoxica-
tion caused by eating cultivated scallops. It has also been
used in the synthesis of amphidinolide X9,5” which is a
secondary metabolite &mphidinium spwith potent cyto-
toxicity against various cancer cell lines.

synthesis of {)-swainsonine 31)%! and transformed into
trans-3-hydroxypipecolic acid32).52 The former is a potent
inhibitor of o-pD-mannosidase and mannosidase I, as well
as an anticancer agent.

Some of the previously described epoxides could be easy
transformed into 2,3-disubstituted tetrahydrofura@simply
by reaction with the sulfoxonium ylid@4 (Scheme 16). The

OH OH
: QTEOPS e Scheme 16. Transformation of Epoxides 5 into
) 3-Hydroxyfurans 33
HO TBSO Mo O
07 “oH Bno Me H 6H opmB on 7\ HO,
4
27 28 X\/\) 3 X\”.-Z )
o DMSO, 80°C (o)
o 5c: X = (CHp)sMe 33c (17%)
5j: X = OBn 33j (78%)
o 5k: X = OBn (cis) 33k cis configuration (96%)
5: X = CH,0Bn 331 (85%)
HO 7 5m: X = (CH,),OPMB 33m (68%)

mechanism seems to begin as a Payne rearrangement; that
30 is, under the basic reaction conditions the primary alcohol

is deprotonated to the corresponding alkoxide, which in an

The aforementioned TBDPS ether (TBDPS instead of Bn intramolecular reaction with the 2,3-epoxide functionality

in 5I) was submitted to a regioselective opening reaction by leads to a 1,2-epoxide and a secondary alkoxide. The
treatment with benzyl alcohol and titanium tetraisopropoxide nucleophilic epoxide opening with the mentioned ylide at
to give the expected 1,2-diol, which was protected as an C1 leads to a new chiral sulfoxonium species, which can
acetonide. Deprotection of the silyl ether to yield the undergo &-exo-teting closure to yield the 2,3-disubstituted
corresponding primary alcohol, followed by final oxidation, tetrahydrofuran83, with the relative stereochemistry being
acid treatment, and catalytic hydrogenation, yielded the the same as that in the original epoxfde.
lactone30.58 This lactone has an important biological activity Chiral epoxides5 can be transformed into different

since it increased the-fosmRNA level, as does PGEand aziridines either by aminolysis with diphenylmethylamine
antagonized TPA-induced terminal differentiation, demon- followed by hydrogenolysis and final exhaustive tosylation
strating that30 mimics the PGE effects. (to yield the chiral aziridin®&5&) or by stereoselective ring

Finally, it should be pointed out that protection of alcohols opening by nucleophilic attack of sodium azide, followed
of type 5I, deprotection of the benzyl ether to yield a new by protection of the primary alcohol, reaction with BRto
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form the corresponding aziridine), and displacement of the
primary alcohol by iodine (leading to the chiral aziridine
35b%). These chiral aziridines can be stereoselectively
transformed into the corresponding allylamir3&seither by
reaction with reduced tellurium (for starting systeBsa,
yields around 80%) or by reaction with metallic indium (for
systems35b, yields around 90%). In both cases, the presence
of oxido functionalities did not have any influence on the
final results (Scheme 17).

Scheme 17. Transformation of Aziridines 35 into Allylic
Amines 36

Te, NaBH,4, DMF, 25°C

NHTs
NTs (for 35a)
=
R~ In, MeOH, 60°C R
35a; X = OTs (for 35b) 36
35b: X =1

The Sharpless epoxidation is also very efficient for allylic
alcohols with amino functionalities. Thus, the epoxidation
of the amino-functionalized alcohah yielded the expected
compoundbn with an excellent enantioselectiviéy Further
methylation of the primary alcohol followed by liberation
of the amino group by reaction with methyllithium and
intramolecular nucleophilic opening of the epoxide led to
the quinuclidine producB7 (Scheme 18).

Scheme 18. Synthesis of the 2-Hydroxymethylquinuclidine
Derivative 37

OH OH

Ti(OPri),
(3a, 12 mol %)
(0]

Hoj)\opri
.., OPr
HO™ I

o]
(4c, 15 mol %)

4-A MS
CH,Cly, -20°C

+ Bu'OOH

2a N
Bz
5n
(63%, ee>95%)

yAY

HO™

OMe 1. NaH, Mel

2. MeLi

3. Xylenes, reflux
37 (56%)

A very remarkable consequence of the presence of
proposed catalytically active speciéss the faster epoxi-
dation of a double bound in the 2 position than another one,
making it possible to monoepoxidize systems with several
double bonds and permitting its further transformation by
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Scheme 19. Epoxidation of the Diene Alcohol 10
Ti(OPr'),

(3a, 10 mol %)
o)

HOJ)LOPH

HO '| ]/OPr'
o]

(4¢c, 12 mol %)

3-A Ms
CH,Cl,, -20°C

OH OH

(\)

10

+ Bu'OOH

o
2a
50
(63%, ee 91%)
OH

HQ
31

Scheme 20. Epoxidation of the Diene Alcohol 1p
Ti(OPr),

OH OH
(3a, 10 mol %)
A + BU'OOH ™
) o
X 2a HO X
. OEt s
P ., OFEt P
HO™ 1 (86%, e 95%)
o)
(4b, 12 mol %)
4-A MS
CH,Cl,, -20°C
N NHAc
.ﬁ OAc
OH  MeO

38 39
trioxysugar derivative39,”! with a degrading ozonolysis of
the extra double bond being responsible for the aldehyde
formation.

The N-protected baikiaidO was prepared through the
enantiomerent5p, which was obtained with similar re-
sults to those for the epoxidg but using the corresponding
ent4b as chiral ligand? In this case, the carboxylic acid
functionality was obtained by a degrading periodate oxida-
tion, and the ring was constructed by a ring closing
metathesis, reducing in half the number of carbon atoms from
the starting monoepoxident-5p. It should be pointed out
that the catalytic hydrogenation of compoutfdlyielded the
corresponding pipecolic acid derivative.

The regioselective ring opening of the epoxete-5p with
p-methoxybenzylamine to yield an 3-amino-1,2-diol system
of type 18, followed by degrading oxidation of this diol to
an acid functionality, has been carried out for the synthesis
of the unsaturated amino acid derivatde”™ However, when

the presence of an extra double bound. Thus, the reaction ofthe epoxidesp was treated with benzyl isocyanate under a

the alcohollo gave the monoepoxidgo according to the
procedure depicted in Scheme ®9The epoxidelo has

strongly basic medium, the regioselective ring opening is
the opposite one, and it has been used in the synthesis of

been used in the key step in the asymmetric synthesis oferythro5-hydroxyglutamic acid derivativd2.7*

(—)-swainsonine31). However, from an atom economy or
efficiency?® point of view, this synthesis is less efficient than
that presented in Scheme 15, since the formation of the six-
membered ring was done by a ring closing metatligsis
which implies the loss of two carbon units.

The monoepoxidation of compountlp to yield the
epoxide 5p (Scheme 20) has been the key step in the
asymmetric synthesis of the bicyclic alkaloid epilupinine
(38),’%in which the bicyclic structure was constructed by a
double ring closing metathesis. The chiral epoXages also
the starting material for the synthesis of the 3-amino-2,3,6-

NHBoc OH O

NBoc - R
5 . O Meo™ X0 NHBoc
40 M1 42

SNF4435 C43) is an immunosuppressant and multidrug
resistance reversal agent isolated from the culturstcdp-
tomyces spectabillidn its biomimetic synthesis, the epoxi-
dation of compoundlq to yield the alcohol5q was the
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Scheme 21. Epoxidation of the Functionalized Triene
Alcohol 1q

Ramon and Yus

Scheme 23. Epoxidation of Diene Alcohols 1s,t

OH Ti(OPr),
OH Ti(OPri), OH N t (38, 9 mol %)
A (3a, 10 mol %) ( + BU'OOH —
+ Bu'OOH 0 | 28
2a i R HO OMe
AcO | HO OEt AcO  oMe
OEt 1s:n=1,R=nCpHy  HO™ [ 5s (94%, ee n.d.)
1q HO™ i 5q 1tn=2R=H o) 5t (79%, ee>94%)
0 (92%, ee 90%) (4a, 11 mol %)
(4b, 12 mol %) 4-A MS
4-A Ms CH,Cly, -15°C
CH,Cly, -20°C

45 HO ©OH
46

Junghuhnia nitidaand exhibits cytotoxic activity against
asymmetric key step (Scheme 21)This is an illustrative HL-60 and U-937 cells among other cell lines, has been

example of the possibilities of the Sharpless epoxidation asobtamed ;lfter |(”jnonc;epcr)1>.<|dat|to.n of tg.?. hlghlythconjuglalattid
well as of its tolerance to different functionalities including compoundlu under Stolchiometric conaitions with €xcetlen

double bounds, even with oxymethyl moieties enantioselectivity, after recrystallization from a mixture of
Another monoepoxidation of the multifunctionalized allylic hexane and chloroform at low temperature (Scheme’24).

alcohol 1r is the starting asymmetric step in the synthesis

: . h 24. Epoxidati f the Di Alcohol 1
of 2-methyl-19-nor-22 oxa vitamin analoguet4 (Scheme Scheme poxidation of the Diyne Alcohol 1u

22). The A-ring synthesis followed by a regioselective OH
=
Scheme 22. Epoxidation of the Diene Alcohol 1r I Ti(OPr),
OH Ti(OPFi), (3a, 130 mol %)
+ BU'OOH
A (3a, 20 mol %) | | 0
+ Bu'OOH 2a HO
OEt
2 Ho ~ 0 j)k OEt
OTIPS OEt OTIPS ~ HO™
o}
1r HO OEt ent-5r 1 0 \ \
o - o6 u (4b, 150 mol %) 5u (71%, ee>99%)
(ent-ab, 20 mol %) (78%, ee 96%) 4A MS
4-A MS CH,Cly, -20°C
CH,Cl,, -30°C I :
HO, The epoxidation of aryl substituted allyl alcohdls—x
has been performed with good to excellent results (Scheme
25). Thus, the enantioselective epoxidation of cinnamyl
HO
O OH Scheme 25. Epoxidation of Cinnamyl Alcohol Derivatives
1v—x
* oH 3a (10 mol %) on
a mol %
addition of methylmagnesium chloride, oxidation of the Ar/\) + BuOOH 4c (14 mol %) A'/S‘\)
0

primary alcohol to an aldehyde, a diastereoselective ene A= Ph 2a 4-A MS , .
reaction, and final Wittig olefination yielded compou#d, AW: Ar = 4 MeO-2-NO,CgHy CHzCla, -30°C :L((?O{; ZZZ%%{;))
which showed a significant activity in cell differentiation of 1x: Ar = 2,4,6-Me;CgH 5x (63%, ee 88%)
HL-60 myelocytic leukemid®
The acetogenid5 has been obtained by monoepoxidation OH
of alcohol1s (Scheme 23), followed by dihydroxylation of
the isolated olefin and a final cyclizatidh.The oxidation HO o NH NHB°(§
of the alcohollt seems to be more interesting since when /Eé(kf
only the chiral alcohobt was used, different leukotrines were 0 F OH
prepared?® As an illustrative example, lipoxin B(46) was OMe
prepared using 2 equiv of epoxidg# as the only chiral a7 48 49
component.
The presence of a triple bond in the substrate did not createalcohollv has been used as the key step in the synthesis of
any problem for the monoepoxidation reaction. Thus, altholactone47,%° which was isolated from variougonio-
(—)-nitidon (5u), which was isolated from the basidiomycete thalamous
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The presence of different functional groups did not have Scheme 27. Epoxidation of the Alcohol 1y

any effect on the enantioselectivity, as in the case of OH o HO
compoundLw, which has nitro and methoxy moieties. These Ti(OP ~1OH
functionalities in alcohobw permitted the straightforward N - (3a, 120 mol %) .
preparation of 1,2,3,4-tetrahydroquinolik3, just by a F " BUOOH o}
successive reduction of the benzylic epoxide, tosylation of 2a HO.
; ; i . HO OEt
the primary alcohol, and final reduction of the nitro group fkoa
to an amine, which by a nucleophilic ring closing yielded HO™ ™" F
the expected chiral compour#B. It must be pointed out Ty S 52 (65%, ee>95%)
that many derivatives of this type of compound have been (4b, 110 mol %)
found to elicit potent biological responses leading to 4-A Ms
analgesic, antiarrhythmic, cardiovascular, immunosuppres- CH,Cl,, -20°C
sant, antitumor, antiallergenic, anticonvulsant, and antifertility
aCtiVitieS?l from ent-52 from 52
The use of a much hindered aromatic compound such as

the mesityl derivativelx also did not have any significant F O
effect on the enantioselectivity (Scheme 25). The alcohol o
5x was easily transformed into the corresponding amino acid
49, using the same methodology as that for the aforemen-
tioned compound}1.82

The Lewis acid-catalyzed nucleophilic ring opening of
alcoholsbv and5x by different amines followed by protec-
tion of the primary alcohol as an ether led to the amino
alcohols 188 which were used as chiral ligands in the
enantioselective ruthenium-catalyZeileerwein-Ponndorf-
Verly reductiorf® of ketones with modest results.

Primary amines of typ&8 (R! = H) can be transformed
into the corresponding bis(oxazoline) derivatives using the
standard conditions: condensation with malonic acid deriva-
tives to yield the expected diamide derivatives, mesylation 2,.1.2. Preparation of Molecules Containing Quaternary
of the secondary alcohol, and cyclization under basic Stereocenters
conditions®® These bis(oxazoline) products were successfully
used for the classical palladium-catalyzed allylic alkylafion.

53

alcohol, and basic treatment gave the corresponding epoxide,
which is half of the molecule. The other half was pre-
pared using the same reaction but with the enantiomeric
ligand ent4b, yielding the expected enantioment-52,
which was tosylated as above, with the corresponding pri-
mary amine being prepared by nucleophilic substitution with
sodium azide and final reduction. The final reaction of the
amine part with the epoxide part yielded nebivab@®®

As was noticed by the proposed catalytic spedeis
Scheme 2, there are some steric hindrances when the allylic
NHR' system has substituents on tbis-double bond and when
the olefinic carbon atoms are fully substituted. Despite these

AT Y TOR? problems, and during the time covered by this review, there
oH are some examples of epoxidation of alcohols leading to
18 molecules with quaternary centers with a very high enanti-

R!=H, Alkyl oselectivity.

R? = Me, Bn, Tr

The Sharpless epoxidation of methylenepropane-1,3-diol
derivativelz was accomplished with excellent results to give
the alcohol5z, which was used as the starting material in
the synthesis of lactor@ (Scheme 28y This lactone is a

The epoxidebv can suffer a hydrofluorination through a
regioselective ring opening process by protection of the
primary alcohol as etheb0 and reaction with boron
trifluoride (Scheme 26). The reaction gave modest yields of scheme 28. Epoxidation of the Alcohol 1z

Scheme 26. Ring Opening Hydrofluorination Process from OH Ti(OPr)4 oH
Epoxyether Derivatives 50 (3a, 10 mol %) .
oR F  OR + Bu'OOH 5 &
/;\) BF3-OEt; ph/'\/l OTr HO oTr
Ph™ & CH,Cl, -35°C : 1z 2a OFt 5, (80%, ee>96%)
OH Ho - OFt
50 51 "
o)
fluorohydrins51 (around 60%), and it is limited to use of (4b, 2 mol %)
arylglycidyl ethers with non-electron-rich aromatic rirf§s, 4-A MS
with the ether moiety having a limiting impact on the results. But CH,Cl, -20°C

The last example of this section is depicted in Scheme 27
and came from the asymmetric synthesis of nebivda),(
which is a potent and selectiy&-adrenergic blocker with
antihypertensive activity. The enantioselective epoxidation
of the alcoholly gave the expected chiral epoxide, which
under the basic conditions of the workup suffered a cycliza-
tion process to yield the corresponding d@lwith excellent
enantioselectivity. The epimerization of the secondary alcohol potent competitive inhibitor of protein kinase C, displacing
through a Mitsunobu process, tosylation of the primary phorbol-12,13-dibutyrate, connected with signal transduction.
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(+)-Tanikolide 55 is a biologically active d-lactone
isolated from the lipid extract of the marine cyanobacterium
Lyngbia majusculewhich exhibits antifungal activity against
Candida albicans and has been synthesized through the
epoxidation of different 2-substituted allylic alcohols (Scheme
29). Thus, the epoxidation of the nonfunctionalized olefin

Scheme 29. Epoxidation of Alcohols laaac

R' OH
N + ButOOH
RZ
2a
1aa: R" = H, R? = C4oHy
1ab: R' = H, R? = (CH,)3CH=CH,
1ac: R' = CygHy4, RZ = (CH,),CO,Et
3a 3a 3a
(20 mol %) (7 mol %) (110 mol %)
4c ent-4b ent-4b
(30 mol %) (8 mol %) (120 mol %)
CaH, 4-A MS  |chact, -30C
3_A MS CH2C|2, -20°C
CH,Cl,, -20°C
OH OH
OH 0
=z
o)
bi/( EtO
o]
5aa 5ab 5ac
(82%, ee 96%) (94%, ee 94%) (99%, ee 94%)
from 5aa

from 5ab

55

Ramon and Yus

(+)-11,12-Epoxy-11,12-dihydrocembrert) is a novel
cembrene epoxide, first isolated from the Australian soft coral
Sinularia grayj which has subsequently been found in
various marine soft corals. Its synthesis was performed
through the enantioselective epoxidation of the 14-membered
ring alcohollad under stoichiometric conditions, leading to
the alcohobad (Scheme 30). The standard iodination, using

Scheme 30. Preparation of
(+)-11,12-Epoxy-11,12-dihydrocembrene

OH
+ BU'OOH
Z 2a
1ad
i
Ti(OPr), HO -"‘I\OEt
(32,100 mol %) | 1o OFt
4-A MS o]
CH,Cly, -20°C | (ent-4b, 120 mol %)

5ad: X = OH (85%, ee 95%)
56: X =H

iodine, PPh, and imidazole, and subsequent reductive
dehalogenation with NaB¥CN furnished the mentioned
compound56.%4

2-Furyl-derived hydroperoxid&c has been proposed as
an alternative oxygen donor in the enantioselective Sharpless
epoxidation. The reaction using different allylic alcohols,
such as geranidlag under stoichiometric conditions gave
the expected epoxidgae(Scheme 31) with similar resuffs

Scheme 31. Epoxidation of Geranyl Derivatives lae,af and

laa under substoichiometric conditions gave the expected Ring Opening by a Fluorination Reaction

alcohol5aawith an excellent resufft Further ring opening
by reaction with vinylmagnesium bromide, protection of the
primary alcohol, acylation of the secondary alcohol with
acryloyl chloride, and final ring closing metathesis yielded
the corresponding lactortb.

Another possibility is the monoepoxidation of polyolefin
lab, under substoichiometric conditions usiegt4b, to
yield the alcohol5ab with excellent enantioselectivity. Its
ring opening, by reaction with decylmagnesium bromide and
final degrading oxidation of the carbetwarbon double bond
using oxone and osmium tetraoxide, yielded compdeft

An alternative route is the epoxidation of the functionalized
alcohollac In this case the reaction was performed using
stoichiometric conditions anent4b, giving similar results
to those of the former as far as enantioselectivity is
concerned. The protection of the alcohol as its silyl deriva-
tive, reduction of both the epoxide and the ester moiety with
LiHBEt; (to the corresponding tertiary and primary alcohols,
respectively), and final oxidation of the primary alcohol,
lactonization, and deprotection yieldet)¢tanikolide 65).%2

OH R 3a OH
XN 4\ (100 mol %)
+ (e)
OOH ent-4b |
| 2a: R =Me (125 mol %)
:R= X
X 2cR= 2-furyl 4-A MS
CH,Cly, -20°C
1ae: X=H 5ae (80%, ee 95%)
1af: X = OBz 5af (ee 90%)

F,Ti(OPr), (58a)

Et,NF-HF
CHCl3, 0°C

57 (73%)

to those obtained using more classical oxygen donors, such
as cumyl 2b) andtert-butyl hydroperoxide Za). However,

the authors pointed out the possibility of recoverimg-
dimethyl-2-furyl alcohol by flash chromatography and
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recycling it as starting material through the synthesis of the
corresponding hydroperoxidec.

The former class of chiral epoxides can be regio- and
stereoselectively transformed into 3-fluoro-1,2-diols of type
57, just by a fluorinative ring opening using ammonium
fluoride in the presence of difluorotitanium diisopropoxide
(5849).%

The epoxidation of the benzoyloxy geraniol derivathaf
to lead to the corresponding epoxiéaf (Scheme 31) has

been proposed as the first step in the asymmetric synthesis

of chrysotricine59, which was isolated from the Chinese
herb medicinéHedyotis chrysotrichand exhibits an inhibi-
tory activity against the growth of HL-60 cells in vitfé.

Vibsanin F 60), which was isolated fromViburum
awabukj is a diterpene with an unusual carbon skeleton
(Scheme 32). Its synthesis was successfully carried out

Scheme 32. Epoxidation of the Triene Alcohol lag

OH Ti(OPr)
AN (3a, 12 mol %)
+ BU'OOH
0
« 2a Hoj)kOEt
.. OEt
1ag HO g/ 5ag (99%, ee 92%)
(4b, 10 mol %)
4-A Ms
CH,Cly, -35°C

starting with a Sharpless monoepoxidation of the allyl alcohol
lag(readily available from myrcene) to lead to epoxisiey
with excellent enantioselectivify.

The presence of a carbewcarbon triple bond in the
structure of the substrate does not have any important
influence on the enantioselectivity, as shown in Scheme 33.
The epoxidation of the alcohdlh under substoichiometric
conditions gave the expected compolgath with an excel-
lent enantioselectivity. In this case, the presence of a large
group in acis position related to the alcohol moiety is very
remarkable since, for this type of structure, the enantiose-
lectivity usually dropped? In turn, the alcohobah has been
used in the synthesis of taurospongin @1), isolated from
the marine spongeélippospongiasp., which inhibits DNA
polymerases and reverse transcriptase.

Different 2-aryl substituted oxiranylmethyl sulfonamide
derivatives possess a great herbicidal activity agdtiasi-
nochloa oryzicola among other plant species, with the
activity being different depending on the enantiomer used.
Thus, the chiral herbicid&@3 was prepared through a tandem
Sharpless epoxidatiefring opening variant since in the

Chemical Reviews, 2006, Vol. 106, No. 6 2137

Scheme 33. Epoxidation of the Enin Alcohol 1ah

Ti(OPr),
Il (3a, 18 mol %) Il
OH + BulOOH —— OH
X @ O
2a Hoj)LOEt R
Ho u,,l rOEt
o]

(4b, 15 mol %)
4-A MS
CH,Cly, -30°C

1ah 5ah (61%, ee 98%)

15

classical protocol the expected epoxie was unstable and
suffered a ring opening process. This variant implied the use
of an excess of dichlorotitanium diisopropoxide3b) as the
source of the epoxidation catalytic species, as well as the
nucleophile for the subsequent ring opening proé®ssying

the chlorohydrine62 with an excellent enantioselectivity
(Scheme 34). It is worthy of note that the process was not

Scheme 34. Epoxidation of the Functionalized Alcohol 1ai
and Preparation of Herbicidal 63

OH Cl,Ti(OPr), Gl OH
(58b, 200 mol %) 5
+ BU'OOH : OH
Z>N ﬁ\ Z "N
| 2a H R, |
N O Mokt N
HO OEt
1ai o 62 (54%, ee>90%)
(ent-4b, 100 mol %)
CH,Cl,, -20°C
0
O\\siN
| o 1. NaOH
cl = N 2. DHP
o]
N Osy
63 3. ’i""
cl
4. TsCl
5. K,CO;

7 N Lo
(0,
Cl

5ai

affected by the presence of the strongly basic nitrogen atom
of the pyridine ring, with the presence of an extra basic-
chelating atom in the starting material being responsible for
a decrease in the enantioselectivity in almost every titanium-
promoted process. The basic treatment yielded the expected
chiral epoxidebai, which after protection of the primary
alcohol suffered a nucleophilic ring opening process by the
amide. The regeneration of the epoxide was accomplished
by a standard tosylation process and final basic treatfent.
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The herbicidal activity of the chiral systef8 was almost

Ramon and Yus

Scheme 36. Preparation of Perdeuterated

10-fold higher than that of either the other enantiomer or (R)-Mevalonolactone (65)

the racemic mixture.
The enantioselective epoxidation of the related 2-benzyl-

propenol has been used as a starting point in the synthesis

of different 5®,-CpP-ruthenium complexé$

The enantioselective epoxidation &){3-phenyl-2-buten-
1-ol was accomplished by standard substoichiometric pro-
tocols, vyielding the corresponding $3S)-2,3-epoxy-3-
phenyl-1-butanol with 91% enantiomeric excé¥sThis
epoxide was further transformed intemethyl-a-phenyl-
glycine'®4 using the same strategy aforementioned for the
amino acid4l.

(20R)-Homocamptothecingd) is a potent anticancer agent
that acts on the so-called cleavable complex of DNA and

enzyme topoisomerase | (Scheme 35), with the asymmetric
epoxidation of the alcohdlam was the asymmetric step in
the synthesis of produ@7 (Scheme 37). In both cases, the

Scheme 35. Epoxidation of the Functionalized Alcohol 1aj

OH
T™MS SN
N__J__omom * BuOOH
OMe 2a
1aj
3a
0,
(80 mol %) ab
4-A MS (100 mol %)
CH,Cl,, -20°C

OMe

D 3a D
DL oy (10mol%) D~LP oy
p + Bu'OOH D
PhT 4c Ph I
D 2a (110 mol %) o'l D

D
4-A MS

5ak
1ak CH,Cl,, -25°C  (79%, ee>99%)

1. LIAID,

2. ACzo
3. RUC|3, NaIO4
5. K2003, MeOH

Scheme 37. Epoxidation of Alcohols 1am,al

2a
3a
(100 mol %)
R'O (11o4r:o| % RO
4-A MS
CH,Cly, -20°C

R2

RZ

1al: R' = CH,0Me, R? = OMe
1am: R' = Bn, R? = CH(OTBDMS)Me

HO
o
(1OH
o
|
67
66

5al (85%, ee 93%)
5am (86%, ee 95%)

results are quite similar, although the stoichiometric condi-
tions have been optimized.
64 Isofregenedol §8) is a diterpene isolated frorhlaplo-
pappus pawvifolius (Scheme 38). Its synthesis starts from
key step in its synthesis being the enantioselective epoxi- sclareol, which after different steps led to the allylic alcohol

dation of the polyfunctionalized alcohdlaj to yield the
expected epoxid&aj.10°
In the multigram scaled synthesis of perdeuterat®d (

lan. Its enantioselective epoxidation using the standard

Scheme 38. Preparation of Isofregenedol (68)

mevalonolactonesh), the Sharpless epoxidation of the alco- OH o
hol 1ak under stoichiometric conditions has been proposed X Ti(OPr),
as the asymmetric key step (Scheme 36). The further + putoop 2 100 mol %)
nucleophilic ring opening of the epoxideak with lithium 2a o}
aluminum deuteride, followed by protection of the corre- Hoj)\oEt
sponding chiral diol (as acetyl esters), the degradative . OEt
oxidation of the phenyl moiety to carboxylic acid, and final 1an HO™ I (90%. ce 87%)
hydrolysis, yielded the isotopic labeled compo6&f©® © ’

Other products with biological activity synthesized using (4b, 110 mol %)
the enantioselective epoxidation of an allylic alcohol are CHCly, -24°C
cordiachromené” (66, isolated from the acetone extract of
Cordia alliodora) and )-(2R,109-megapodiol®® (67,
isolated from plantBaccaris megapotamigawith high
activity in vivo against Bsg leukemia in mice and high 1. TsCl
cytotoxicity in vitro against KB cells. The epoxidation of % g”'A on

. 4N, AC

the starting materidlal led to the corresponding alcohedl,
which in turn was transformed into compou@@ while the
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stoichiometric conditions yielded the expected epoXida
with a good enantioselectivif? The tosylation of the

primary alcohol, followed by iodine substitution and final
reduction involving g-elimination process, gave the tertiary fin

alcohol 68.
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2.2. Thioether Oxidation

Chiral sulfoxides are important compounds, which are
ding increasing uses as chiral auxiliaries in asymmetric
synthesis and are also of interest in the pharmaceutical indus-

Finally, it should be pointed out that some of the try 111 Among the various ways to prepare this type of com-
aforementioned epoxides were transformed into the corre-pounds, the enantioselective oxidation of sulfides is one of

sponding ethers of typ&9, which were stereoselectively
converted into alcoholg0 by reaction with the allyltitanium
alkoxide 71.110 Although the yields were never higher than

the most attractive. For that purpose, different chiral ligands
as well as metals have been introdué¢ett?However, it was
in 1984 when two groups introduced independently the use

50%, Scheme 39 represents an interesting entry to moleculegys titanium complexes in the enantioselective oxidation of

Scheme 39. Ring Opening Allylation Process from
Epoxyether Derivatives 69

_~_Ti(OPh);
OR3 ) OH
R 6‘}{2 THF, -78°C R1/\{R2\/
R%0”
69 70

with a quaternary carbon stereocettatifficult to access
by other routes.

unsymmetric sulfide!® The used protocols were slight mod-
ifications of the standard Sharpless conditions. The so-called
Modena’s protocél2involves the use of titanium tetraiso-
propoxide and a large excess (usually around 4-fold) of a
chiral tartrate estet, whereas the so-called Kagan’s protocol
involves the use of titanium tetraisopropoxide and stoichio-
metric amounts of both the chiral estérand watefs?
Although both protocols gave excellent results for aryl alkyl
thioethersr2, for the related dialkyl derivatives the enantio-
selectivity usually dropped. To ensure a high enantioselec-
tivity and reproducibility, a very important parameter is the
premixing time of the titanium alkoxide and the chiral ligand,

Scheme 40. Proposed Mechanism Pathway for the Oxidation of Sulfides
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Table 1. Enantioselective Oxidation of Methylsulfanyl Arenes The drawback associated with the use of alkylsulfanyl
Ti(OPr), o alkanes78 has been overcome by a new strategy, which
SN Ph  (3a, 100 mol %) N ‘s( implied the highly enantiosglective oxidation of alkylsulfanyl
|// + /)\ | arenesr/2 to give the sulfoxider7 (for some examples, see
0 S~ A
X HOO HO X Table 1), followed by nucleophilic displacement of the aryl
72 2b j)\ggt 7 moiety by reaction with alkyl Grignard reagem8 (Scheme
HO /”/ t 41)
o] . . .
(4b, 200 mol %) Scheme 41. Synthesis of Chiral Methyl Alkyl Sulfoxides
H,0 C , RMgX
(50 mol %) SN (79,150mol %) O -
CH,Cly, -20°C ]/ > F—- SR
X
entry X no. yield (%) ee (%) 77 78
1 2-Br 77a 77 83 o ) _ )
2 3-Br 770 67 97 The substitution process occurred with full inversion of
j g-glr ;;3 gi gg configuration at the sulfur stereogenic center and with
c MeO T7e 86 88 practically no racemization on the final systéthlt should

be pointed out that, to ensure a high yield of prodifta

slight excess of Grignhard reagent must be added. These
as well as the temperature, which should be optimized for results seem to be independent of the nature of alkylmag-
each substrate. nesium reagents; similar yields are obtained for primary as

The addition of molecular sieves permitted the reduction We!l as secondary organometallics. .
of the amount of titanium tetraisopropoxid@aj and the Sulindac 80), which has been used therapeutically as a

tartrate ested up to 10 mol %; in this case it was necessary acemic mixture, is a nonsteroidal anti-inflammatory drug
to use 10 mol % 2-propanol instead of watérAlthough with some anticancer activity, chemopreventing chemically
the role of molecular sieves is still unclear, it seems to be INduced lung, mammary, and colon carcinogenesis and

connected with the increasing of the rate of ligand exchange €Nhancing the cytotoxicity of other anticancer drugs. How-
on the titanium complets Despite the obvious advantages ever, some other biological effects have been attributed to

of the aforementioned substoichiometric protocol, it has been ©N€ Of the two enantiomers. lts enantiomeric synthesis was
scarcely ever used. accomplished by the enantioselective oxidation of methyl-

_ . . . sulfanyl aren&2eusing a slightly modified Kagan protocol
Concerning the possible mechanism pathway, it should {4 give the chiral sulfoxident77ewith a good enantiose-

be pointed out that the amount of the tartrate derivative is |activity (Scheme 42). The reason for the modest yield was
critical in order to obtained good results. Thus, for example,

the standard Sharpless ratio of reagents (1:1 titanium Scheme 42. Synthesis of Chiral Sulindac (80)
alkoxide/tartrate derivative) gave racemic sulfoxides. In S SN
addition, an excess of tartrate, as well as the presence of O 2b 57
water, inhibits the classical allylic alcohol oxidation. These 3a (100 mol %) O
differences in reagent stoichiometries and in behavior prob- o
ably involve very different catalyst structures. On the ‘O Ho L
contrary, the similar results obtained by both Modena and . g:: ‘O
Kagan protocols seem to indicate that the reaction proceeds 72¢ HO .

in these cases through the same intermediates. Molecular 0 ent-T7e
weight measurements indicated a dimeric species, and (ent-4b, 200 mol %) (56%, ee 90 %)
XANES and EXAFS data confirmed a Ti@ore throughout H0
the reaction. Although the direct NMR examination of both (100 mol %)
systems gave confusing information (owing to fast ligand CH,Clz, -30°C
exchange processes), the same experiments performed in the N

o O

presence of 1,2-ethylenedisulfonamides permitted the direct s
observation of the tetrameric compl@g (Scheme 40), which O h HJ\WOH
is in equilibrium with the related dimeric systerd, with a o]
constant value of about® In fact, theses species, among |
others, were further observed in the mixture of Modena and HO ‘O
O F
80

BnNMe;OH

Kagan catalysts. In the former protocol, the excess of the
tartrate derivative forces the formation of dimeric species
bearing more than four chiral ligands, whereas, in the last
one, water is responsible for th_eirformation. The fin_al change not explained; this issue is of capital importance in order to
of ligands by the hydroperoxide gave the catalytic Species knoy if the process is a truly enantioselective reaction or a
75, which is responsible for the enantioselective oxidation inetic resolution one (vide infra, section 7), that is, oxidation

of the corresponding alkylsulfanyl arefe. of the sulfide to a sulfoxide and then a second asymmetric
A general comment refers to the most convenient oxidant oxidation of the racemic sulfoxide, to give the corresponding
agent, which usually is cumyl hydroperoxidzhj. However, achiral sulfone and the remaining chiral sulfoxide. The final

in some cases, other systems, sucheasbutyl derivative reaction with glyoxylic acid catalyzed by Triton-B yielded
2a, can give similar and even better resufs. the expected chiral drug. When the oxidation was performed
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using the enantiomeric chiral tartrath, the opposite
enantiomer77ewas obtained with similar results’

Another interesting example of the safety and robustness
of the aforementioned process came from the large scale

preparation (100 L) of the neurokinin antagonist candidate
drug81 (Scheme 43). In its synthesis, one of the asymmetric

Scheme 43. Oxidation of the Functionalized Methylsulfanyl
Arene 72f

OMe OMe

Ti(OPri),
(3a, 100 mol %)

o
P kol

2b OEt
H Oj\(OEt
o
(ent-4b, 200 mol %)
(100 mol %)

CH,Cly, -15°C

OOH

A/

(¢}
) HN
Cbz
72f
(10.85 g)

ent-77f
(88%, ee 94 %)

81

steps was the epoxidation of methylsulfanyl aré@agto yield
the corresponding deprotected sulfoxiti with an excellent
result'?® It is noticeable that the addition of the cumyl
hydroperoxide Zb), used as the oxidant agent, was very
exothermic and affected the final enantioselectivity. There-
fore, the addition rate of the oxidant had to be adjusted to
maintain the internal temperature of the reaction vessel. In
this way, the reaction could be scaled up with a high
reproducibility. The final basic hydrolysis gave chiral sul-
foxide ent-77f after removal of the protective group of the
amine with a high overall yield.

Not only methylsulfanyl arenes can be successfully enan-
tioselectively oxidized but also compounds having larger
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Scheme 44. Oxidation of the Functionalized Ethylsulfanyl
Arene 729

|N\ SV
=
Ho'lL +  BUOOH
SOOI
729
(36.4 9)
i
Ti(OPr) LN
(3, 95mol%) | 1y~ OFt
ENP, 3
(120 mol %) | (ant.4b, 145 mol %)
0
CH,Cly, -20°C H,0
(100 mol %)
3,_ 0
IN\ S
=
o'l
ent-77g

(ee 93 %)

of N,N-diisopropylethylamine is of vital importance to obtain
excellent results, while either other amines or more basic
bases generally gave lower enantioselectivities.

T
MeO/Q/ N* ‘

X OMe

ent-77h

(Methylthio)methylphosphonates have been enantioselec-
tively oxidized to the corresponding chiral sulfoxides using

substituents gave excellent results, even on a pilot plant scaleKagan’s protocol. However, the enantioselectivity was never

This is the case for the candidate drug ZD3688H779),
which is an atypical antipsychotic agent for the treatment of
schizophrenia. The reaction of the sulfanyl derivatizy

higher than 80%, and this approach was abandoned by a
diastereoselective oriét

Not only can aryl sulfanyl derivatives be oxidized with a

using the standard conditions gave the expected sulfoxidehigh level of enantioselectivity, but 1,4-oxathiine derivatives
with a moderate enantiomeric excess (60% ee), which could82 have also been successfully used, as is shown in Table

be improved by crystallization. However, the addition of 1
equiv of Hinig's base improved the results, avoiding the
formation of the corresponding sulfone byproduct (Scheme
44). The role of this base is not very clear, but it has been
speculated that it forms a supramolecular structure by
hydrogen bonding with the substrate which favors the
reaction'?! Larger substituted alkyl chains did not raise the
previous level of enantioselectid#.

Esomeprazoleght-77h) is a potent gastric acid secretion
inhibitor which was obtained by enantioselective oxidation
of the corresponding benzylsulfanyl compou#tThe reac-
tion could be scaled up to 6.2 kg of the starting sulfide, giving
the sulfoxideent-77h with a 92% yield and 94% ee, which
could be raised to 99.5% ee just by recrystallization from

2. The reaction for the 6-monosubstituted syst8@e,bwas
performed using modified Modena conditions (200 mol %
titanium tetraisopropoxide and 400 mol % diethyl tartrate),
and the results were independent of the nature of substituent
R?. These chiral C-6 substituted 2,3-dihydro-4-oxo-1,4-
oxathiinesB2a,bwere practically quantitatively transformed
into the corresponding chirg@lketo allyl sulfoxides just by
treatment with lithium diisopropylamidé® On the contrary,

the benzocondensated syst@fc was oxidized using a
modified Kagan protocol (150 mol % titanium tetraisopro-
poxide, 300 mol % diethyl tartrate, and 150 mol % water),
and as in other cases, the presence of stoichiometric amounts
of N,N-diisopropylethylamine had a beneficial effect not only
on the enantioselectivity and yield but also on the sulfoxide

methyl isobutyl ketone. As in previous cases, the presenceisolation proces$?® It should be pointed out that the
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Table 2. Enantioselective Oxidation of 1,4-Oxathiine Derivatives Scheme 46. Oxidation of 1 5-Benzodithiepan-3-one

OBn b OBn o Ti(OPr),

rzx Ti(OPr')4 —
(Z\ ,z> Ph (3a) <;‘ ,:'> OOH (3a, 100 mol %)

‘N 4\ I VAR S s. s *
o S o s. Ph
R e, S 5 2ol
RZ R 2 j\rOR R2 R

HO 87

82 o) 8 % (82 %, ee 86 %)
(entd) (4b, 4oo mol %)
CH,Cly, -20°C
yield ee
enty R no. derivative R R? (%) (%) The general scheme of the aforementioned oxidation has
1 Et 83a 23-dihydro H Ph 90 98 suffered different modifications in order to improve its scope.
2 Et 83b 23-dihydro H BY 80 96 Thus, the use of a mesoporous silica MCM-41 doped with
3 Pr 83c benzo 3-BnO€Hs 4-IGHs 86 99 titanium has been proposed instead of using soluble com-

plexes of titaniumt3! In this case, the chosen silica possesses
a regular structure of hexagonal arrays of uniform channels,
whose diameters are controllable and large enough for both
the preparation of the active titanium site inside them and
for the diffusion of bulky molecules. However, the enantio-
selectivity found was very poor, even for simple methylsul-
fanyl arene derivatives (30% ee).
Another reported modification was the use of chi@al

symmetric 1,2-diols bearing tertiary alkyl groups instead of
tartaric derivatives. However, this change in the ligand gave

benzocondensated systé38c was used in the preparation
of an estrogen receptor modulator.

Other sulfur-containing heterocycles have been success-
fully oxidized. Thus, the 1,3-dithian-2-ylphosphonate deriva-
tive 84 has been doubly oxidized to give the chiral bis-
sulfoxide 85 (Scheme 45), which in turn has been used as

Scheme 45. Oxidation of the Dithiane Derivative 84

Ti(OPr)s very bad results (ee lower than 14983.
S__S QOH  (3a, 50 mol %) s 80 The results obtained using mandelic ac@8)(as chiral
1/ * oYY ligand were more interesting. In fact, this ligand was used
E10g “OEt Ph HO ‘_\\IJ\OEt Etog\oa in the key step for the synthesis of the potent inhibitor of
j\roa platelet adhesion OPC-290389in Scheme 47), giving
H
8 2 © o) (43 %,?e 98 %) Scheme 47. Use of Mandelic Acid in the Oxidation of the
(ent-4b, 200 mol %) Thioether 72i
H0 OH
(50 mol %) Ti(OPr), N
CHaCly, -20°C ( )\ OOH (33, 40 mol %) ( )\

+

starting material in the synthesis of cispentacin, a compound ﬁ\ J \
isolated fromBaciluss cereusvith a potent activity against HO%OH
Candida species?’” The whole process implied, first, an 2
enantioselective monooxidation to a chiral sulfoxide and, 72i (88, 60 mol %)
then, a second oxidation, which is a diastereoselective process (26.7 kg) aAms (74
controlled by the chiral titanium complex (which preferred CH,Clp, 25°C
an S configuration for the sulfur center) and the monosul-
foxide intermediate (which preferredians configuration). ~
These two effects control the final high enantioselectivity N
as well as the sulfur configuration. This hypothesis was 0 ¢ o NH
further confirmed by a careful study using the related ketene TN
dithioacetal derivative¥2 89

Other heterocycles containing two sulfur atoms have also
been doubly oxidized. Thus, the reaction of 1,5-benzodithi- better results than any other tartaric derivative or diol. It
epan-3-one&6) with cumyl hydroperoxide in the presence should be pointed out that the presence of water in the
of titanium tetraisopropoxide and a large excess of tartrate reaction medium did not have any significant influence on
derivative4b (Modena’s protocol) gave the expected disul- the enantioselectivity but the rate was slightly reduced.
foxide derivative87 (Scheme 46) with a lower enantiose- Another important point was the presence of a hydroxy group
lectivity compared with that of the above disulfi@é. The in the substrat&?2i, as well as the length of the carbon chain
chiral ketone87 has been used in the asymmetric desym- attached to it. These two facts could suggest that the substrate
metrization of mesediols through the formation of the forms a rigid bichelated complex with the titanium catalytic
corresponding ketal followed by ketal fission upon treatment species. The homogeneous results permitted scale-up of the
with potassium hexamethyldisilazide and final acetylation reaction in a pilot plant with good enantiomeric excess, which

%, ee 76 %)

of the resulting alcohaoi?® could be further improved up to 99.7 % simply by recys-
Other systems with more sulfur atoms, such as 6,10-diethyl tallization33
trithiolo[h]benzopentathiepin, have been monooxidi¥¥d, Since the introduction in 1992 of chiral binaphtf6B0a

giving a mixture of all possible sulfoxides with good and its derivative's® as ligands for the catalytic oxidation
enantioselectivities. of alkylsulfanyl arenes, many modifications on the general
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Table 3. Enantioselective Oxidation of Methylsulfanyl Arenes Table 4. Enantioselective Oxidation of Substituted
Using Binaphthol Thiomethylphosphonates
Q - Ti(OPr), o ,-
S< R ; 7 ¢ <
I/: . /)\ _ TiZYa 1O ©/ RN R’Sj /‘»’3” (3a, 2.5 mol %) R’Sj
- Pt g
X HOO OO X/ EtO 3 OEt Ph OO EtOB?\OEt
72 2 8: 77 91 2b OH 92
99 e
90a
(90a, 5 mol %)
yield ee H,O
entry R no. TiY2Z, no. X no. (%) (%) ref (50 mol %)
1 Me 2a TiOPf), 3a H 77 86 63 134 CCly, 25°C
2 Me 2a Ti(OPr), 3a 4-Me 77k 88 73 134 .
3 Me 2a TiCpCl 58 H 77 65 39 136 entry R no. yield (%) ee (%)
4 BuU 2a TiCpCl, 58c 4-Me 77k 95 45 136 1 Me 92a 85 >98
5 2-furyl 2c Ti(OPr); 3a H 77 69 85 137 2 Et 92b 83 91
6 2-furyl 2c Ti(OPf), 3a 4-Me 77k 75 61 137 3 Ph 92¢ 52 94

tion of the corresponding sulfone can be avoided by
controlling the amount of the oxidaritb and, therefore,
avoiding any kinetic resolution process. The enantioselec-
tivity is, in general, quite homogeneous, independent of the
nature of the substitution on the starting phosphofatk®
The chiral sulfoxide2 could be easily transformed into other
sulfoxides by displacement of the methylphosphonate moiety
just by reaction with organomagnesium reagents. This
e ; o o , ;
reaction occurred with inversion in the configuration at the
sulfur center and with retention of the enantiomeric excess
of the starting materia®2.

Other binaphthol derivatives have been proposed as
alternatives to the systefiDa Thus, the fluorinated systems
90b,chave showed a small increase in the enantioselectivity
when the reaction was performed at low concentratiéhs.

In fact, kinetic studies showed that the rate, using the system
90¢ was 5-fold faster than that when using compo90d
However, the opposite enantiomeric sulfoxide was obtained
when fluorinated system80b,c were used. The electron-
deficient nature of aromatic rings increases the oxidative

scheme have been performed (Table 3). Thus, dicyclopen-
tadienyltitanium dichloride 38¢) has been proposed as an
alternative titanium source to the original titanium tetraiso-
propoxide, with the enantioselectivity being remarkably
lower 3¢ Concerning the oxidant, the hydroperoxide derived
from furane2c can be used with similar results compared to
those of the original protocd¥” However, the reaction failed
when it was performed using the related ethylsulfanyl aren
and the reageric, indicating a strong dependence on the
substrate nature. Finally, it is worthy to note the presence of
a small positive nonlinear effectf)-NLE],**®which could
indicate the presence of a bimetallic titanium species bearing
two chiral binaphthol moieties in the catalytic cycle.
Despite the previously mentioned failure with ethylsulfanyl
derivatives using the 2-furyl hydroperoxide derivati2e
the simple change of this hydroperoxide system by the most
conventional cumene derivati permitted the successful
oxidation of larger substituted thioethers. In this way, the
chiral sulfoxidesent-77l,m were prepared using catalytic

amounts of the corresponding binaphtbat-90a Although stability, as well as the acidity of compour@@b,ccompared

in both cases the enantioselectivity was excellent, in the o that 0f90a and as a consequence. it is conceivable that
second case the result could be due to a double process: firs} a 4 ’

enantioselective oxidation to give the expected compound & different conflgurha!ugnal stability folr_(l:(ef a d|fferefnt aﬁ'
ent77m, followed by a partial kinetic oxidative resolution g{)egatm(rj] sr:ate, W 'Ch In_turn |s|a ikely cause for the
giving the corresponding sulforté? Compoundsnt-771,m 0 Sﬁrv?. ¢ dange n the enbant|ose eCt'V't%"" din th
are particularly interesting owing to their highly potent CC T e ligan 'ent-90(: as been succes&u y used In the
chemokine receptor 5 antagonistic activity. This receptor is oxidation of different methylsulfanyl areneSwith the level

; : : of enantioselectivity being similar to those obtained with
the entry point for macrophage-tropic HIV-1 into cells, and . : oo . ;
thereforé,gnt-ﬂl,m couldpbe%ctivepagainst this Virus. simple binaphthol. The advantage of this ligand resides in

the solvent used (THF), since other binaphthol systems
R = 0 required the use of chlorinated solvents, and, therefore, have

N il evident environmental problems.
) : |
Q 7 X"'N F
°v 90
& Sy e
0 o
N\ X OO OH
X

ent-771: R = Pr’f, X =N (84 %, ee 96%)
ent-77m: R = Bu', X = CH (45 %, ee 84%) X

The use of chiral binaphth@0a permitted, in this case, 90b: X = H ent-90d
the highly enantioselective oxidation of different substituted 90c: X =F
thiomethylphosphonate derivativ@$ (Table 4). The reaction The ligand 93 is something different compared to the
is a genuine fully enantioselective process, since the forma-previously reported systems since it can use a new oxidant
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source such as urea hydrogen peroxiieThe level of permitted a further improvement with the use of aqueous
enantioselectivity was excellent for alkylsulfanyl arenes (ee hydrogen hydroperoxide. The salen ligand derivatd/é

up to 99%) without any appreciable overoxidation to the formed an extremely robust titanium complex, and as the
corresponding sulfone; the electronic nature and the positionligand was attached to a Wang resin, the system could be
of substituents on the aromatic ring had a minimal effect on reused several times without erosion of either conversion or
the final result. Concerning the mechanism pathway, the enantioselectivity. No leaching was detected in the reaction
presence of the di-oxo complexd5 (according to FAB mass  solvent.

spectrum) should be pointed out. This species is in equilib-

rium with the monomeric specie®4, and its presence is

But
indicated by an important positive nonlinear effect. Thie & L
NMR data also corroborated this hypothesis and showed x | i i R KL R
equilibrium between &ais-f structure for the bimetallic o\,o |N oH AN
OH
97

species95 and a square planar monomeric structure for i l
complex94. The exchange of ligands with the bidentate i

peroxide gave a new monomeric species withcigf 98a: R = Me
structure96, which could be detected by NMR studies. The 98b: R = Ph
final oxidation of the sulfide72, followed by ligand

exchange, renews the starting spe@édgScheme 48). Despite the good results obtained using different chiral

salen ligands, the use of simple chifddalkyl 1,2-diphen-

Scheme 48. Catalytic Cycle for the Enantioselective ylethanol as chiral ligand did not give good resifsin all

Oxidation of Thioethers Using the Ligand 93 tested cases, a signif.ic.ant amount of §ulfone was isolated
and the enantioselectivity was never higher than 50%.
Q Finally, it should be mentioned that other diols can be used.
SNT Y This is the case of compounds wi@y symmetry of type
OO oH N 98, which could oxidize alkylsulfanyl arenes to the corre-
Ph HO sponding chiral sulfoxides with enantioselectivities up to 84%
O‘ Ph O and good turnover numbers (from 50 to 100). As in the
previous cases, although the presence of dimeric/oligomeric
O ‘ aggregates has been verified, the catalytic species seems to
‘ be a monomeric titanium complé%®
93
2.3. Miscellaneous Oxidations
TiCl, (3¢)/ Hy0 L . I
MeOH / Et:N Titanium complexes have been used in the oxidation of

other compounds different from allylic alcohols and sulfides.
Thus, the enantioselective oxidation of 3-substituted 1,2-
cyclopentanedione39 using titanium tetraisopropoxid8d)
and diethyl tartrate4b), as well as the hydroperoxida as

?Me oxidant agent, gave a mixture of products (Scheme 49). It
N, LN
o’Tl'*o Scheme 49. Enantioselective Oxidation of

OMe 1,2-Cyclopentanediones

o Ti(OPY)4 OH

(3a)
O, ButoOH )
o
H OH
R oj)kOEt
-, OEt
) 99 2a  HOT 100 101
(e}
(4b)
MeOH, -20°C

was possible to obtain preferentially one of them just by
playing with the amounts of the different reagetfsThus,
using stoichiometric amounts or a slight excess of all
reagents, the main product was the 2-hydroxy di@ag,
with yields never higher than 40% and excellent enantiose-
lectivities. However, when the reaction was performed using
a 2- or 3-fold excess of all reagents, the main product was
the lactonel0l, as well as the related acid derivative. In
this last case, the chemical yield reached up to 55% with
retention of the previous enantioselectivity. The scope of this
reaction seems to be very narrow since the reaction failed
The salen ligand derivativé7 can be used in the oxidation ~when it was performed using either 1,2-cyclohexanodiones
of alkylsulfanyl arenes with a very high chemical yield and or 1,3-cyclopentanodiones as starting materials. A similar
good enantioselectivities (around 65%). This system reaction using 2-hydroxymethyl cycloalkanones gave the

\
o
O

96
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corresponding oxidized 2-hydroxy-2-(hydroxymethyl)cyclo- Scheme 51. Enantioselective Hydrosilylation of Ketones 106

alkanones in very low yiel&'® o e
The final example of enantioselective oxidation processes A, ¢ Messio LS lsive
is depicted in Scheme 50. It comes from the synthesis of ROR e /A
Scheme 50. Enantioselective Oxidation of the Indole 102 106 (F;Il\%l-iaS)
. o
OH Ti(OPr), [ = %
3a,100mol %) HO={ NH r
NH 4 BlOOH — ) 6 () Fe¥is=F

0 N < 2:
2 Ho ; ( ol %) =
oPri ''| (105a, 1 mol %)

i 103
s "o ',,”/OPr 72 %, ee 99 % MeOH
o (72%, ee 99 %) (500 mol %)
(4c, 120 mol %) THE 15°C
CH,Cly, -20°C '
OH
R'" "R?
108
o (<90 %, ee<99 %)
104 enantioselectivity was a little bit lower than that in the former

case'>3 An important trend in this case was the continuous
(+)-madindoline A {04, which is a potent inhibitor of
the differentiation of osteoblast cells as well as interleukin
6, which is a multifunctional cytokine with a central regu- <~/ A.Cl
latory role in host defense mechanisms. The oxidation of S T"‘f!,
the indole 102 using stoichiometric amounts of titanium
tetraisopropoxide and the tartratefurnished the hydroxy-
furoindoline 103 with excellent enantioselectivity? The 105b
absolute configuration was determined in this case by X-ray

analysis. decrease in the enantioselectivity as the reaction proceeded,

which could indicate the presence of a secondary catalytic
3. Enantioselective Reduction Processes cycl_e_ modulated by the _final product (aut_opo_isoning). The
addition of water (1 equiv referenced to titanium complex)

The enantioselective reduction is another fundamental has a beneficial effect on the enantioselectivity, destroying
process in organic synthesf8,in which the use of titanium  practically the autopoisoning effect. Finally, it should be
complexes was very limited until the independent introduc- pointed out that the presence of electron-donating groups in
tion of chiral titanocenes as chiral precatalyst for the the aryl ring of the ketone has a beneficial effect both on
reduction of ketones by the Halterman and Buchwald the rate and on the enantioselectivity. This observation
groupst®! The use of chiral titanocend95 as precatalyst  suggests that in the key intermediate there is a secondary
[the real catalyst seems to be the related hydride titanium- interaction between the highly electropositive titanium atom
(1IN] gave different results depending not only on the nature and the electron-rich aromatic ring, which leads to a more
of the titanocene but also on other factors, such as (a) therigid transition state.
initial hydrogen source (Hor hydrosilane derivatives), (b) The use of titanocenes as chiral precatalyst has been
the activation procedure (addition of butyllithium, methyl- extended to the reduction of different imines (Table 5). Thus,
lithium, silanes), (c) the method of addition of the alkylating/ the complexl05awas able to reduce different imind99
reducting activator, (d) the maturation time, and, of course, to give the expected amin&40,'>4in general with excellent
(e) the presence of other additives such as water, alcoholsyresults. In this case, the reaction should be performed at
amines, etc. Despite these puzzling factors, there are severahigher temperatures, and fdaryl imines, the additive of
reduction protocols which have given excellent results. Thus, choice was isobutylamine. Under these conditions, the
the hydrosilylation of ketone&06 using the chiral titano-  reaction gave excellent results for dialkyl imines and very
cenel05aand polymethoxyhydrosiloxane (PMHB)73 has disappointing enantioselectivity for aryl imine derivatives
been successfully performed (Scheme 51). The slow addi-(Table 5, entry 4). However, a slight change in the standard
tion of methanol is compulsory, to obtain an excellent protocol of reduction, for instance the use of methanol as
enantioselectivity. In fact, this additive also enhances the additive instead of isobutylamiri&2improved the enantio-
reaction rate, which is consistent with a catalytic pathway selectivity, to as much as 97% ee (Table 5, entry 5). The
in which the enantioselective-determining step is different hydrochloride salt of the aminglOeactivates the calcium
from the rate-determining step. The level of enantioselectivity receptor in the parathyroid gland, and therefore, it is in phase
is significantly lower for dialkyl ketones (ee around 50%) Il clinical trials for the treatment of hyperparathyroidism.
than for either aryl or alkenyl alkyl ketones (ee around The (R)-isomer is 10- to 100-fold more potent than the
90%) 152 corresponding $-enantiomer.

In the hydrosilylation of ketoned406 using the chiral The related titanoceneBd5¢c-e have been used as pre-
titanocenel05b, the more reactive phenylsilan&Q7b) as catalyst in the reduction of acetophenoNebenzylimine
initial hydrogen source, and butyllithium as activator, the (109f R* = Ph, R = Me, R® = Bn) with different results.
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Table 5. Enantioselective Hydrosilylation of Imines Table 6. Enantioselective Reduction of Ketones
{ \ Ti(OPr),
R3 N j\ Q (3a, 10 mol %) OH
JN|\ (5 mol %) NHR? RORE T L RIOR2
R1 R2 + PMHS R‘I/\RZ \E/ 108
109 107a FETismF 110 106 14 OMe OH  OH
(113, 10 mol %)
(105a, 5 mol %) 4A MS
BuNH, Bu'OMe, -20°C
(500 mol %) entry R RE  no. yield (%) ee (%)
THF, 60°C 1 Ph Me 108a  >99 96
yield ee 2 1,2-GH4(CHy)s 108b >99 96
> 3 0 o 3 4-MeOGH.4 Me 108c >99 94
entry R R R no. (%) (%) 2 Bu Me  108d 80 85
1 c-CgH11 Me Ph 110a 63 99 5 Ph(CH). Me 108e >99 56
2 c-CeHux Me 4-MeOGH4 110b 79 99
3 n-CgH Me 4-MeOGH 110c 70 88 .
2 pn " Me 4-MeOGH, 110d 100 13 different ketones106 by catecholborane1(4) gave the
5 3-MeOGH, Me 2-CIGH4CH,); 110e 83 97 expected alcohol$08 with excellent results (Table 6). The

enantioselectivity is very good for alkyl aryl ketones
¢independent of size and substitution. The results are slightly
lower for dialkyl ketones. Concerning the mechanism, the
presence of a pronounced positive nonlinear efféetas
attributed to the existence of bimetallic species bearing two
chiral ligands. This fact was further corroborated by NMR
experiments, in which the presence of auedxo complex
(Ti—O—Ti—0) was clearly identified. A computational study
(at the BP86/LACVP* level) discriminated energetically

In all cases, hydrogen (150 bar, used as initial source o
hydrogen) and toluene at 8C were chosen as the reduction
conditions. The enantioselectivity was good (76% ee) for
the titanocenel05¢!%® However, for complexe405d,e%6

the ee of the final amin&10f was never higher than 55%.

TNTiRG ssin e between the three possible complexes bearingo bridges,
0 Phﬂ cl formed by two isopropoxide groups or by an isopropoxide
\—ph ligand and either form of the BODOL-hydroxy moieties, with
105 1054 1050 the dimer withu-oxo bridges of one isopropoxide and the

6-BODOL-oxygen having the lowest energy level.

Ligands 115 and 116 have been used in the former
approach, with the initial reducing agent being in both cases
triethoxysilane {079. However, whereas for ligantil 5+>°

The titanocend 05f has been used as the chiral catalyst
in hydroamination/hydrosilylation sequences of alkylamines
111to yield the cyclic amine412 (Scheme 52). Although

Scheme 52. Enantioselective Hydroamination/ &Ph O\K\ro
Hydrosilylation of Alkynes 111 OH ol 0
Fe o Ph @N I —pn
» =g ah
N
H 115 116
(o ' (40 mol %) s
| N + PhSiHs " the starting titanium complex was titanium tetraisopropoxide
107b % Ar (3a) and the enantioselectivity found for the hydrosilylation
Ar Me—<r>—|v|e 112a of acetophenonel(6g was negligible, for ligand 16%°the
(46 %1, 1e§b66 %) starting titanium complex was titanium tetrafluoricgall and
s (105f, 10 mol %) (36 %, e 60 %) the enantioselectivities found for different alkyl aryl ketones
(Ar = 4-MeCgHy) were in the range 8565%. In the later case, a broad study
MeOH on the mechanism and reaction conditions was performed,;
(40 mol %) the reaction that gave the best results used triethoxysilane
PhMe, 105°C compared to other silanes. The ligarid6 should be

deprotonated at the position by addition of butyllithium

the results are not yet satisfactory, this sequential reactionin order to obtain the chiral titanium complex; other bases
opens up the field for using other ligands and substrfdfes. assayed gave worse results. Titanium tetrafluoridd) (

Instead of titanocene derivatives, which drive the reduction emerged as the best component for the initial complex from
reaction through a titanium(lll) hydride derivative, it is a series of different compounds. The reason for this is not
possible to use a chiral titanium complex as Lewis acid to very clear, but it seems to be related to the hydregen
activate the ketone by coordination. In this way, the fluorine exchange between the chiral titanium complex and
nucleophilic addition of the reducing agent gave enantiose- the silane derivative. MP2 computations on the DFT-
lectively the corresponding secondary alcohol derivative. optimized structures showed that a titanium(lV) hydride
Following this idea, the dioll13 (2,6-BODOL) has been  complex was preferred to the related titanium(lll) hydride,
introduced as an effective chiral ligad.The reduction of even when the solvent effect was taken into account. The
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absence of paramagnetic species (NMR studies) mightScheme 53. Proposed Catalytic Cycle for the

confirm the calculations. Enantioselective Alkylation of Aldehydes Using TADDOL
(118a)
4. Enantioselective Nucleophilic Addition R2H Ph PgH

compared to group conversion on a given carbon skeléton.

The simplest approach for this process is the 1,2-nucleophilic
addition of organometallic reagettsto a carbonyl com- M 5.0, ¢
pound derivative to give either a secondary or a tertiary C o T OPr

THOPY)
. L . R o] OoPr'
alcohol (or an amine from imines), depending on the starting H 0T|(0Pr A
R2Ti(OPr')3 123

Processes o
Among the enantioselective catalytic transformations, those PiOH O "y-OH

involving carbor-carbon bond formation are, without any ' Ph Ph

kind of doubt, of paramount importance in organic synthesis 118a

electrophile. The Michael-type addition is closely related to
the aforementioned addition, and it is also a straightforward
method for the formation of carbercarbon bond&%® The

following sections are classified first according to the nature

122

of the transferred nucleophilic group and second according /k Y
to the nature of the electrophilic carbonyl compound used. 0.9 o OFf 09 o _oPr
The reactivities of aldehyde and ketone derivatives are quite Q N o/T'(;g ; R ( O/T"o”T'gEr‘
different from an electrophilic point of view (ketones are © )\ T )\
less electrophilic), as well as considering steric hindrance 127 124 O
(the difference between the two substituents around the car- R1J\H
bonyl moiety is always higher in aldehydes than in ketones). ’ 121
All these facts make more difficult the addition of any Bh
nucleophile to a ketone derivative than to an aldehyde'®ne. \< \( Ph ?ri
00 4 OFf 0 0, 0. OPr

4.1. Alkylation Reactions {O,T' 0 T'Ogrpf 7(0 A AT o/T'\;Er.

Since 1989, when the Yoshiok®©hno grouf®introduced H‘i\RZ Py, O P
the use of chiralrans-1,2-bis(trifluromethanesulfonylamino)- R R
cyclohexane X179 as ligand for a new variant of the 126 125

classical enantioselective addition of dialkylzinc reag€hts

to aldehyde¥ in the presence of titanium tetraisopropoxide,
many other chiral dipodal systems have been introduced:;
some prototypes are TADDOL11849),'¢” BINOL (904),'3®

and N-substituted isoborneolsulfonamidelsl 9g.68

exchange, which is due to the bulkiness of the ligand
compared to isopropoxide groups. The catalytically active
species seems to be the bimetallic compl26. It should

be pointed out that in this complex, and in general in all
TADDOL compounds, the two phenyl substituents are placed

Ph Ph in different conformational positions. The aryl groups placed
o OH in a pseudoaxial position are responsible for the enantiose-
FiG, Q CFs . oH lectivity (range and sense) while the pseudoequatorial aryl
0,8-NH HN-SO, 0™ " -OH S—NH groups are necessary for a fast exchange between the
PH Ph 02 \—pn aldehyde and the isopropoxide group or between the final
117a 118a 119a chiral bulky alkoxide (RR?HCO) and isopropoxide. The fact

that saturated, unsaturated, and aromatic aldehydes gave the
Albeit the exact mechanism of the enantioselective addi- same level of enantioselectivity, as well as topological
tion of dialkylzinc reagentsl@0) to aldehydesX21) in the reaction sense, seems to indicate that there is+sticking
presence of an excess of titanium tetraisopropoxX3aggnd or charge transfer interactions between the aldehyde sub-
substoichiometric amounts of chiral ligands is so far not well- strates and the aryl group on the TADDOL ligand, cor-

known, a great effort has been done to eluciddfg itsing roborating that only van der Waals interactions between
TADDOL derivatives (Scheme 53). The starting point is the pseudoaxial aryl groups and the aldehyde chain control the
alkyl exchange of the zinc reagerdi20 with titanium stereochemical outcome of the addition. Moreover, a hy-

isopropoxide 8a) to generate a new alkyl titanium complex drogen bond between the oxygen atom of the ligand and the
122, which was detected by NMR studies. The role of hydrogen atom of the carbonyl moiety can favor this
titanium is not only for the preparation of the complEx2 complexation proces<? The final fast exchange of ligands
but also for the formation of the bimetallic complé23 liberates the chiral secondary alkoxide and regenerates the
bearing only one chiral ligand. Thig-oxo complex was starting bimetallic complex24.

assumed to be formed by two isopropoxide groups in the Although Scheme 53 shows the general picture for the
bridge, according to the symmetry of NMR spectra. The alkyl enantioselective addition of dialkylzinc to aldehydes in the
exchange between the compl&3 and either the alkylti- presence of titanium alkoxides and any other chiral ligand,
tanium intermediatd 22 or the starting dialkylzinc reagent depending on the ligand and the optimized reaction condi-
gave the new complek24. In this complex the coordination  tions, other factors and reaction pathways must be taken into
of aldehyde takes place, and although there are two possibleaccount’® Thus, for example, in the case of using the
coordinating titanium atoms, the titanium atom coordinated disulfonamidell17a the dialkylzinc seems to deprotonate
to the chiral ligand is more active owing to a faster ligand the chiral compound (prior to the formation of the chiral
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ligand—titanium complex) instead of the liberated 2-propanol transformation into the corresponding amine followed by an

(Scheme 53). organosamarium-catalyzed hydroaminati@gclization pro-
) cess and final hydrogenation yielded the alkalb&0.
4.1.1. Aldehydes as Electrophiles The multigram scale enantioselective addition of dipen-

The sulfonamidel17a has shown previously its great tylzinc to 5-hexenal using the chiral sulfonamitit7aunder
versatility in the enantioselective alkylation of aldehydes, Standard conditions has been reported as the starting point
using a broad range of different functionalized aldehydes for the aglycon synthesis of different glycolipids with
and organozinc reagents, including the assembly of key interesting activities against human breast cancer cell lines
intermediates in natural produéfé Despite the glorious past ~ and severe immune disordéf$.On the other hand, the use
of systems of typd 17, many other applications as well as of chiral organozinc reagents in this addition has been
mechanism clarifications have been reported during the d_emc_mstrallsgd in the synthesis of antiviral glycolipid cyclo-
period covered in this review. viracin By. _ _ _ .

One methodological example of using the ligariais A special case appeared in the synthesis of different amino

outlined in Scheme 54. The enantioselective addition of &lcohol derivatives isolated from marine sporgelhe key
step for their syntheses was the enantioselective addition of

dimethylzinc (1209 to the dialdehydetricarbonyliron com-
Epoxidation of a,8-Unsaturated Aldehydes plex 133 to yield the alcohol134 with excellent results.
o oH Besides the obvious stereogenic center due to the nucleophilic

R’ 1. ( Ti(OBu')s R addition, a new axial stereogenic element was created in the
| H, Me,Zn ﬁ

Scheme 54. One-Pot Asymmetric Methylation and

3b. 120 mol %) process (Scheme 56).

R?" RS R2 IJR3 . . . .
Scheme 56. Enantioselective Methylation of Dialdehyde 133

128 120 FiC ) CFy 129 hoo Ho o
_ — 0, 0, R
0,8-NH HN-SO, (<89%, ee<99%) Ti(OPr),
(117a, 4 mol %) 0C. X (3a,180 mol %) 0OC. Xy
R OC-Fe— | + MeyZn OC-Fe=
PhMe, -20°C oc -~ z 0.5-CF3 oc ~
2
. 0p(1at ' .
2. Oy (1 atm) n o HNO ‘OH
dimethylzinc (209 to a,-unsaturated aldehydég8usin 133 120a HIN™ 134
(71%, ee 96%)
titanium tetratert-butyloxide @b), followed by a one-pot O28~cF, > °
diastere_osele(_:tive oxidation of the in situ g_enerated allylic (ent-117a, 3 mol %)
alcohoxide using an oxygen atmosphere, yielded the corre- PhMe, 0°C

sponding chiral epoxy alcohol9, after hydrolysis’3 The
chemical yield and enantioselectivity of the main isomer were ~ One of the typical drawbacks of this reaction is that only
good, and the diastereomeric ratio was excellent (never lowerone of the two dialkyl groups in the zinc reagents is

than 95%). transferable to the aldehyde. While the problem for simple
The enantioselective synthesis af)¢xenovenine 130), dialkylzinc reagents is negligible, the problem for function-
a venom isolated from the amblenopsis xen@neumis a alized alkyl moieties can be very important. This drawback

typical example of the application of this reaction to natural has been overcome elegantly by the introduction of neopentyl
product synthesi¥* Thus, the enantioselective addition of and neophyl groups as nontransferable alkyl moieties in
the organozinc reagerit20c to the allenic aldehydd 31 mixed organozinc reagent85(Table 7)"8 The organozinc

yielded the expected alcoh@B2 (Scheme 55). Its further _ _ . . :
Table 7. Enantioselective Addition of Mixed Zinc Reagents

Ti(OPri),
(3a, 60 mol %) /?\H
Ph

R2
o} OH
H _zn Ti(OPr)s ‘ 135 RGO SFs 136
(3a, 200 mol %) 121a 0,5-NH HN-SO,
| * 1) ] (117a, 8 mol %)
Y 209
" o §) o
4 0,5-NH HN-S0, T
131 132

Scheme 55. Synthesis of{)-Xenovenine (130) through an o ZnR!
Enantioselective Alkylation Process Ps

+ R1

120¢ (ont117a, 8 mol %) entry R no. R yield (%)  ee (%)
o 36%, ee 94% 1 Me 136a Me 92 93
Phve, 20°C ) 2 Ph 1362 Me 69 94
3 Me 136b Et 91 96
4 Me 136¢c  (CH.)4OCOBU 82 89
H 5 Ph  136c  (CH.)4OCOBU 71 89
1. Ph,PONj3, PhsP, DEAD
N 2. LiAlH, reagentsl35 were prepared by simple mixture of equimo-
5 lecular amounts of either bis(neopentyl)zinc or bis(neophyl)-
130 k?g\ zinc with the corresponding dialkylzinc intermediate. The
3 SN results are quite homogeneous, independent of the nature of

ZN‘S”LN(T.\AS)2 the nontransferable group {R= Me or Ph in135 and of

the nature of transferable moiety. Moreover, while the
4. Pd(OH),, Hy reaction with dimethylzinc and benzaldehyde using the chiral
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ligand 117agave poor results due to the small size of the
organozinc reagent (23% ee fdB6g, when the reaction
was performed with the related mixed organozincs, the
enantioselectivity reached over 90%, showing that the
nontransferable groups play an important role in the reaction.
Concerning the mechanism using ligands of tyds, it

should be pointed out that several aspects give a more
complete and complicated picture of the simple mechanism
shown in Scheme 53. The X-ray crystal structures of different
bis(sulfonamide}-titanium complexe4.37 showed that the

1

Ty

R!
X

R R2

O
NS
s
A
-N
N-1

137
R'=H, Me, Pri
R? = Me, Pr
X = OPr', NMe,

sulfonamide of typel17is bonded to the titanium atom by

a * mode for no bulky aryl groups: two FN and two
Ti—O bonds are formed with the sulfonyl moiety. However,
this general coordination mode can be changed drastically
just by simple small modifications. Thus, the X group would
affect the Lewis acidity of the titanium center and have an
influence on the coordination of the sulfonyl oxygens.
Moreover, the X-ray structure of complé87a(R! = R? =

Me, X = NMe,) showed a different arrangement depending
on the optical activity of the starting bis(sulfonamide): the
hapticity is #* when the racemic bis(sulfonamide) is used
whereas it ig;® for the same resolved bis(sulfonamide). These
unexpected differences were explained by considering the
interactions in the solid state, with the lattice energies varying
depending on the way the molecules must pack in the
crystall” Finally, the structure for the bulky systeh87b
(R'= R? = Pr, X = NMe,) consisted of a five-coordinated
titanium atom with the fifth position occupied by only one
of the sulfonyl oxygen atoms.

The X-ray structures of complexes37 revealed the
possible origin of the topological outcome of the reaction.
In the TADDOL ligand, the pseudoaxial aryl groups were
responsible for the discrimination, and according to the X-ray
structure of complex137, both aryl substituents of the
sulfonamide were also placed amti pseudoaxial positions,
similar to the case for TADDOL. To confirm that thasnti
conformation was responsible for the outcome of the reaction,
different sulfonamide417b—d were prepared in which, due
to the length of the tether, thenti conformation was not
allowed (Table 8). Thus, when the enantioselective reaction
of diethylzinc (L20b) with benzaldehydel19 to yield the
expected alcohdl36was conducted using the flexible ligand
1170 the reaction was finished in gnl h with an excellent
result. When the reaction was performed with the cyclic
ligand 117¢ in which the methylene chain is long enough
to permit ananti conformation of the aryl moieties in the
titanium complex, the enantioselectivity was slightly lower
but the rate similar to the previous case. However, when the
reaction was performed using ligadd.7d in which the
length of the methylenic chain is too short for permitting
theanti conformation of the aryl moieties, the chemical yield
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Table 8. Probing the anti Conformation for the Origin of the
Enantioselectivity in Ligands 117

Ti(OPr'),

j\ (3a, 120 mol %) OH
Ph”H * ELZn Ph
121a 120b N 136b
0,S-NH HN-S0,
R'O OR?
(117, 2 mol %)
PhMe, -45°C
ligand product
entry no. R R? t(h) vyield (%) ee (%)
1 117b  Me Me 1 100 98
2 117¢  -(CHp)zrr 3 100 89
3 117d  -(CHp)e 3 57 10R

and the enantioselectivity were totally different. Even the
specific rotation of the main producR( was contrary to
that obtained with the other related bis(sulfonamide) ligands,
proving that the origin of the outcome of the reaction is the
anti pseudoaxial position of the substituents of the sulfonamyl
moiety in the titanium comple¥°

More aspects of the aforementioned reaction should be
addressed in order to get the possible mechanism picture.
For example, depending on the order of the addition of re-
agents, the reaction presents a significative nonlinear éffect.
Thus, when the enantioselective ethylation of benzaldehyde
was performed using the ligadd 7aand the order of reagent
addition was (1) titanium tetraisopropoxide, (2) ligakid’a
and then (3) diethylzincl@0b) followed finally by (4) the
addition of benzaldehydel 214, a clear positive nonlinear
effect was found, whereas when the addition was (1)
diethylzinc (L20b), (2) ligand1173 and then (3) titanium
tetraisopropoxide, the nonlinear effect disappeared. This
positive nonlinear effect was influenced by the temperature
and the time of catalyst maturation previous to the organozinc
addition; the higher temperature and the longer time pro-
voked the highest positive nonlinear effect. This behavior
was attributed to the existence of an equilibrium between
the complexesl38 and 139 which is not present when
diethylzinc is added at fird€? When the reaction is
performed with ligands of different enantiomeric ratios, two
types of dimeric complexes can be formed; the homochiral
dimer 139is usually more unstable than the related hetero-
chiral complex, and this difference is responsible for the
elimination of the minor enantiomer of the ligand from the
reaction media (reservoir effect). The intermedia88 is
the complex working in the catalytic cycle (see Scheme 53;
complex138is the equivalent td23), and therefore, this
equilibrium has a great impact on the enantioselectivity.

When the reaction was performed using ligakid7e or
117fand adding first the diethylzinc, a continuous increase
of the enantioselectivity was observed (autoinduction effect).
However, when the ligands used were of different enantio-
meric ratios, the enantioselectivity decrea¥&dvioreover,
a significant negative nonliner effect appeared under these
conditions, with the deviation being small at low conversion
but increasing as the reaction progressed. This behavior is
due to the exchange of titanium alkoxide ligands between
complexes of typd40and the excess of titanium tetraiso-
propoxide to form intermediates of tyd&8 renewing the
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Scheme 57. Alternative Catalytic Species for Ligands of
Bis(sulfonamide) Type

Ph.  Ph X X
R R R 2 R SO, $0,
0,8-NH HN-SO, 028-NH HN-SO, N NH
H;a: g: g|;3M o 142a: R = 4-Bu'CgH; U Q
e: R =2,0-Me 142b: R = 2,4-M H K
117f. R = 2,4-Me,CoHs b: R =2,4-MeCeHa NH NH
o SO SO,
Ti(OPr 2
2 R R oS R
0.5-N N-go 0,8-N__ _N-SO; 143a: X =0 144a: X =0
2 g o2 pro-Ti.__py 143b: X = CH, 144b: X = CH,
Pro=T,__py -0, 0"
pri-0_° T yi-OPr L : P
i /‘}'i\ i 0,5-N" “N-S0, binding reversibly to the active site of the catalyst and, thus,
Proig O R . R a mixture of diastereomeric ligands can be used without
138 isolation of the pure ligand.
- The great success found in the enantioselective addition
TP 139 of dialkylzinc to aldehydes using titanium tetrai id
3a ( ylzinc to aldehydes using titanium tetraisopropoxide
in the presence of substoichiometric amounts of bis(sulfon-
amide) ligands alerted many authors to the development of
new systems of this type. Ligandd5emerged from a small
R Q R R R library of peptidosulfonamide tweez€ef®;the enantioselec-
won Nod 0,5-N__ _N-S0, tivity for the ethylation of benzaldehyde using the homoge-
0,5-N___N-S0, Ti . _
T - . Ph d Do neous ligands was not good (568% ee forl36b), but it
| . .
PrO/'\/ {‘ }_/ was superior to that of the heterogeneous ligdadbc
Ph PH However, the same reaction using aliphatic aldehydes as
140 141 electrophile gave a nearly racemic mixture.

precatalyst system of the addition (Scheme 57). It is assumed

that this exchange is usually much faster than the corre- il
sponding one to form the compleddl However, this is B B | s R R2 -

not true for ligands in which complexes of tyd«0 and >\_ND\ NHSO,CF,
141 evolve very slowly to give the syste88 The higher R NH NHBoc PH HHBO-0F5
activity and enantiodiscrimination of complexie40and141 0,8

are responsible for this nonlinear effect. The incorporation

of the chiral alkoxide product into the catalyst of the TanalE e el e
enantioselective addition and its higher activity have also 145b: R = MeNHCO(CH), 146b: R'= Me, RZ= H
been observed for the ligaridi2183 145¢: R = (Q—NHCO(CH,), 146c: R' = H, R* = Me

The aforementioned findings inspired the use of stoichio-
metric amounts of chiral Ti§)-OCH(Ph)Et} (3€) and sub-

Chiral sulfonamides of typ&46, obtained easily from the

stoichiometric amounts of a anachiral bis(sulfonamide) ligand corresponding chiral aziridines, seemed to be better catalysts,
in the enantioselective addition of diethylzinc to 4-methyl- since the enantioselectivity for the ethylation of benzaldehyde
benzaldehyd&* Although the enantioselectivity was not very was raised slightly®” From 23 different ligands tested, the
high, it was modulated by the achiral ligand, and the results best results were obtained using the benzylic systbts
could drive the attention to the possible effect of achiral and in three cases the results were practically the same
impurities on the enantioselective reaction. The further idea (72—76% ee forl36b), indicating that even when the benzyl
was the design of chiral ligands with extra functionalities moiety is far away from the reaction center, it has an
able to modulate the enantioselective addition. So, chiral important role due to the nitrogen chelation capacity. On
systemsl43—144 were prepared to check this hypothesis. the other hand, the addition of extra additives did not have
The enantioselective addition of diethylzinc to benzaldehyde any positive influence on the enantioselectivity.

in the presence of titanium tetraisopropoxide (to yield the  More successful results were obtained whenG@asym-
expected alcohdl36b) gave similar enantioselectivity using  metric bis(sulfonamide)47derived from ¢)-verbenone was
both diastereomeric ligandgt3aand144g while changing used as the chiral ligand (Table 9y.The enantioselectivity
only the main enantiomer, which implies that the cyclo- was excellent for any kind of aldehydes, either for the
hexylamine core is responsible for the stereooutcome of theclassical aromatic or the less reactive aliphatic ones. How-
reaction. However, the reaction rates for the two ligands were ever, the ee was moderate for the case of cinnamaldehyde
very different; after 15 min the yields were 75 and 16% for (Table 9, entry 2), and this bad result was attributed to the
ligands143aand144a respectively& On the contrary, when  coplanarity of thex- andf-trigonal carbon centers with the
the same reaction was performed using methylenic ligandscarbonylz-bond, which must have diminished the energy
143b and 144b, the results were comparable not only in differences between both planar conformations in the active
enantioselectivity but also in reaction rate. All these facts catalytic complex.

seem to point to the conclusion that the carbonyl oxygen The bis(sulfonamide) derived from campHa@t8has been
atom of the camphor unit acts as a competitive inhibitor tested as chiral ligand in the ethylation and methylation of
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Table 9. Enantioselective Ethylation of Aldehydes Using Ligand Table 10. Enantioselective Ethylation of Aldehydes Using
147 Phosphoramides 150
Ti(OPr'), Ti(OPr'),
j\ (3a, 130 mol %) OH )o]\ (3a, 180 mol %) OH
R™>H * EtZn RN R”>H t EtZn R/'\/

121 120b Q 136
121 120b ent-136 X X

\ ~ /
; x-P=NH HN-P—y
NH HN
N\,

F3C0,8~ SO,CFs3 150a: Z= O, X = Ph
0 C:L=0€, XK=
(147, 1 mol %) 150d: Z = O, X = OEt
PhMe, -40°C 150e: Z = S, X = OEt
' (20 mol %)
entry R no. yield (%) ee (%) -20°C
1 Ph ent-136b 93 98 - -
2 (E)-PhCH=CH ent-136d 81 72 entry ligand R no. yield (%) ee (%)
3 Ph(CH). ent-136e 86 97 1 150a Ph ent136b 82 81
4 n-CsHiy ent-136f 87 98 2 150a (E)-PhCH=CH ent-136d 94 70
5 c-CeH11 ent-136g 65 96 3 150a n-C4Ho ent-136h 92 62
4 150b Ph 136b 80 40
5 150b -PhCH=CH 136d 91 41
aldehydes, and although the results were modest for aren- g 150b ﬁ;AHg 136h 92 32
ecarbaldehydes, the enantioselectivity was excellent (96% 7 150c  Ph ent-136b 93 61
ee) for using aliphatic aldehydes as electrophilic partners of 8 150c  (E)-PhCH=CH ent-136d 94 63
the reaction, with this behavior being quite unusual: The 20 iggg g—r?thg «iggt%h g(z) gg
best results are generally obtained with aromatic systems, 77 1506 pnh ent-136b 82 18

or the enantioselectivity is independent of the nature of the
aldehyde. Another interesting observation is that the absolute
configuration of the secondary alcoheht-116 was R.1%°
However, when the reaction was performed with the related
isobornylsulfonamide of typ#19a the main enantiomer was
S1%1This change in the main enantiomeric product, keeping
in both ligands the same stereogenic centers, reveals the gre
importance of the active complex conformation, which seems
to be different for ligand448 and119a

of the amine partner from chiral cyclohexyldiamine to'4,1
binaphthyl-2,2-diamine in ligands150 did not have any
positive change on the enantioselectivity of the reactién.
Now that the results using different diamide systems have
é}een shown, another important class of ligands, such as diols,
will be considered. Among them, probably the most popular
is the TADDOL systeni1817 The first modification of the
standard protocol for the enantioselective addition of dialkyl-
zinc reagents to aldehydes in the presence of titanium
{j tetraisopropoxide using TADDOL as chiral ligand was the

@__L replacement of dialkylzinc reagents by the related trialkyl-
SOMe re N-SO, aluminum derivative (Table 11). Some aspects should be
S0, H
S_NHNH Q—LN—SOZ Table 11. Enantioselective Addition of Triethylaluminum to
0, \_pp H Q Aldehydes Using TADDOL 118a
o Ti(OPri), . OH
148 149 R)J\H + EtAl Ga Zf:hmt:hb) R/'\/
The ligand149showed very disappointing behavior since 2 151b 0_~0H 136
only in the ethylation of benzaldehyde to yield alcoth@bb > ]
was the enantioselectivity excelleli; for functionalized O "—OH
arenecarbaldehydes as well @@-unsaturated derivatives, Ph Ph
the enantioselectivity was very low, even leading to racemic (118a, 20 mol %)
mixtures. THE, 0°C
Not only sulfonamides but phosphoramides have been used
as catalysts for the 1,2-addition (Table 10), with the results entry R no. yield (%) ee (%)
depending extremely on the ligand used. Thus, the reaction 1 Ph 136b 94 84
with diphenylphosphoramidd50a gave homogeneously 2 (E)-PhCH=CH 136d 100 78
moderated results for the ethylation of aldehydes independent 3 4-MeOGH, 136i 91 79

of the nature of the aldehyde. The same reaction using the

related diphenylthiophosphorami@BObgave always lower  pointed out, such as the role of solvent: The reaction gave
enantioselectivities, and although the stereogenic centers werghe best results using THF as solvent; the reason for this
the same for both catalysts, the main enantiomer of the fact is not very clear but seems to be connected with the
reaction was the opposite o8 The reaction using diphen-  coordinating activity of THF, which could coordinate the
ylselenophosphoramidis0cdid not improve the results? triethylaluminum reagent, lowering its Lewis acid character
the topological outcome of the reaction was the same as thatand therefore suppressing the uncatalyzed direct addition of
for the ligand150a The reaction with the related diethoxy- the organoaluminum reagent to aldehydes. Another curiosity
phosphoramidd50d and diethoxythiophosphoramid&0e is the excessive amount of titanium complex used. And
systems gave the worst results of the sefie§he change  finally, the temperature is a little bit higher compared to the
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standard protocols; this fact is probably the reason for the tivity was the same (96%) and a little bit lower than that for
lower enantioselectivity fount? the original TADDOL 118a(98% ee forl36h). However,
Another modification has been the preparation of new when the generation number was further increased, a
complexes with an extra achiral dicoordinating ligand, such continuous decrease in the enantioselectivity was detected
as the complex52a% with C, symmetry according to the  (for 136kr 91% ee withl18eand 89% ee witli18f). When
the reaction rates were compared, a decrease in ee values

Ph PR was obtained when the generation increased, which could
><0])L°\?_,',«N explain the loss in the enantioselectivity when the ratio of
o, O/TE’I:T‘N § catalyzed pathwayersusuncatalyzed reaction decreaséd.
ph/Eh L Another interesting modification of the TADDOL structure

is its immobilization on different materials. There are two
152a main ways to support a chiral ligand: (a) the copolymeri-

zation of a suitable functionalized ligand with polymerizable
X-ray structure®® In the aforementioned addition of dieth- monomers and cross-linkers, and (b) the grafting of the
ylzinc reagent to benzaldehyde using a substoichiometric desired ligand onto a preformed support containing reactive
amount of this complex, the alcohbB6bwas obtained with  groups. While the former one offers many possibilities for
a poor enantioselectivity (31% ee). However, the enantiose-generating and controlling a specific environment around the
lectivity reached up to 85% when the same reaction was ligand within the polymer matrix (needing more synthetic
performed in the presence of titanium tetraisopropoxide. In efforts), the latter is often preferred since many suitable
the last case, titanium tetraisopropoxide reacts with the polymeric supports are commercially available. The main
starting complexi52ato form the bimetallic specie$23 drawback of supported ligands is their reduced activity
(see Scheme 53) and therefore conducts the reaction as itompared to those of their soluble analogues used under
the classical protocols. homogeneous conditions, owing either to diffusion problems
To improve some aspects of the classical protocols, andor to the fact that the preferred conformation of the catalyst
besides the aforementioned examples, the greatest effortgannot be adopted in the polynt&f.
have been focused on the modification of the TADDOL  pifferent polymers have been created by radical copo-

structure itself. The first example was the use of compound |ymerization of stiryl-TADDOL derivatives with styrene to

118b, which catalyzed the enantioselective addition of form the corresponding polystyrer@ ADDOL beads
dimethyl- and diethylzinc to different arenecarbaldehydes 11gg-j 204y some cases, divinylbenzene was used as cross-

with enantiomeric excess never higher than 2%. linker while for dendritic derivatives the TADDOL com-
pound itself acts as the cross-linker. All theses polymeric

Ph_Ph materials were tested as chiral ligands for the ethylation of
ButhéN OH benzaldehyde, giving practically the same results as far as
0N, _on enantioselectivity is concerned (986% ee). The lowest
7( Ph/gh result obtained with ligandl18h can be interpreted as

resulting from the high degree of cross-linking achieved with
118b the corresponding second-generation TADDOL cross-linker.

. It shout be pointed out that the enantioselectivity obtained
The TADDOLérH0|ety has been used as the core for & it the polymeric material18gwas kept over 20 cycles
dendritic structur®® such as dendrimerkl8c—f. Their use  \yhereas other polymeric materials were losing activity over

0Bn BnO the cycles. In fact, the reaction kinetics declined during the

reuse except for the case of ligad8g These behaviors
OBn were attributed to the constant blocking of polymeric pores.
BnO Moreover, the swelling factor in toluene remained unchanged

G
o} 0 G during 20 recycling steps for beatil8g which called
O O attention to the constant accessibility for the substrates. The
degree of loading has an important role on the kinetics: The
o] OH higher loaded the polymer, the slower the reaction rate, due
X ; to a restricted diffusion. Thus, polym&i8gwith a diameter
O™ OH of ~400 um gave rise to a faster reaction rate than that of
O O polymer with a diameter of~800 um, with the unstirred
suspension giving the same rate as the stirred one and,
o therefore, avoiding the abrasion phenomena.

0Bn TADDOL derivatives have also been grafted to different
s materials. Thus, the polymer fibeid 8k were obtained by
OBn BnO preirradiated polyethylene fibers and radical copolymeriza-
tion of the corresponding stiryl-TADDOL derivatives with

BnO

eeIs styrene?%® Although the enantioselectivity found for the
112515:3 ethylation of benzaldehyde using this ligand was excellent

(94% ee forl36h), the reaction rate was very slow.

as chiral ligands for the ethylation of benzaldehyde gave the TADDOL derivatives have been grafted not only on
expected alcoholl36b with different enantioselectivities  polyethylene fibers but also on silica gel of controlled-pore
depending on the achiral generation structure (G). Thus, for glass. The enantioselective ethylation of benzaldehyde using
the first generations (ligandsl8candd), the enantioselec-  ligand 118l gave excellent results (96% ee fb86b). The
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Table 12. Electronic Effects on the Ethylation of Substituted
Benzaldehydes Using Ligand 153

1% OH
X H Et,Zn  (120b) X
| ) O/'\/
\ Ti(OPri), \
X (3a, 150 mol %) X
136

121

(153, 5 mol %)
PhMe, 25°C

entry X no. yield (%) ee (%)
1 H 136b 67 91
2 3-MeO 136j 75 83
3 3-Cl 136k 96 98
4 3-NG, 136l 21 >99
5 2-MeO 136m 79 6
6 2-Cl 136n 96 98
7 2-NO, 1360 13 3
8 4-MeO 136i 70 91
9 4-Cl 136p 54 7
10 4-NG 136q 24 47

The diol 154 has been used as chiral ligand in the enan-
tioselective addition of diethylzinc to arenecarbaldehydes
with moderate success (ee never higher than 88%h).this
case, a NMR study, as well as FAB mass spectroscopy ex-
periments, showed the presence of bimetallic species of type
123(see Scheme 53) bearing only one chiral dialkoxide de-
rived from compound.54 and the dix-oxo complex being
formed by two isopropoxide groups, thus confirming the gen-
eral character of the catalytic cycle presented in Scheme 53.

118i: R=H

118f: R = 4-CeHy(CH)m— QD
118k: R = Me

enantioselectivity of the reaction had somewhat decreased
after 10 cycles, but the catalytic activity could be fully
restored just by washing the silica gel successively with HCI,
H,0, and acetone and reloading it with titanium tetraiso-
propoxide B8a).2%

154 156a: R = CF,
156b: R = n-C;F 45
O Q The enantioselectivity found for the aforementioned ethy-
lation using ligandl55°° or 156°*°was slightly superior (ee’s

S o} OH up to 96%), but it was very influenced by the presence of

\—Q—( . functionalities on the aromatic ring and their relative position.
sl i Other alcohols have also been tested as chiral ligands for

the enantioselective addition of diethylzinc to aldehydes. The

selectivity using simple alcohols with an extra donating

1181 group, as is the case of chiral thiolan-2-yldiphenylmethanol

(157, was somehow lowA! with the enantioselectivity for

The ligand153is an interesting diarylmethanol system, the productl36b being 74%. The use of the tridl58 was
which has been used as chiral promoter in the ethylation of clearly more disappointing since, under similar reaction
different substituted benzaldehydes (Table 12). In this case,conditions, it gave the alcohdl36b with a very low 10%
a systematic study on the influence of electronic effects on ee?'?Besides these results, tlig symmetric tripodal ligand
the enantioselectivity has been done. The correlation of 159was shown to be a good chiral ligand for the ethylation
Hammett substituent constants and enantiomeric excess foof different substituted benzaldehydes, with enantiomeric
the ethylation ofmetasubstituted benzaldehydes was very excess around 90%2 An interesting fact in this reaction is
good (the stronger the electron-withdrawing moieties, the the temperature, which must be 4G in order to get the
higher the enantioselectivity found), whereas the related onebest enantioselectivity. This behavior is very strange since
for para- andortho-substituted benzaldehydes was not very the normal protocols use low temperature (aroat@d °C)
clear?%7 in order to avoid the uncatalyzed reaction.
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Ph OH
pes
Ph
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aforementioned BINOL903), the dihedral angles between
the aryl rings are larger for syste@i®eand are the largest
in the series foRO0f. These differences are responsible for
the different enantioselectivities found. Thus, the ethylation
of benzaldehyde to yield alcohbB6bgave 85% ee f080a,
91% ee for90€'® and 98% ee ford0f, with the larger
dihedral angle generating the higher enantioselectivity.

157 HO

" e 0. 0
OH OH
OH O OH
w0 LI ()
90f
as a new nucleophile, and the enantiomeric excess found

O 90e
D o | ®
OH _\_HO
T
159 . . .
for this alkylation is modest (e 72%)2%°

Another important class of |igands for the mentioned More work has focused on the modification of the initial
standard addition are phenol derivatives, with the most BINOL structure. Thus, the introduction of an oxazolyl
representative being BINOBand salen derivativéd?Since ~ moiety in the general structusnt-90gdid not introduce any
1997 when the groups of Nakai and Chan used BIN@Qa( additional advantage, and the enantioselectivity was very
as substoichiometric chiral ligand for the classical enantio- Sensitive to the presence of different additives, as molecular
selective addition of diethylzinc to aldehydd&many studies ~ Sievesi?® The use of the steroidal derivatieat-90h did not
on the modifications of the phenol structure have been Produce any important change in the enantioselectivity. In
performed, including mechanistic aspects. fact, the steroid structure did not have any influence on the

Concerning the possible mechanism, a broad study hasenantioselectivity, since using a diastereomeric ligand con-
been done in which the catalytic cycle described in Schemetaining the enantiomeric steroid and the same BINOL
53 has been confirmed for the BINOL ||ga|3&§|:|rst’ the structure gave the same main enantiomer and similar enan-
enantioselective ethylation of benzaldehyde using stoichio- tiomeric exces$
metric amounts of both BINOL and titanium derivatives
showed a small negative nonlinear effect, which is indicative
of the presence of bimetallic species. When the reaction was 01
performed using stoichiometric amounts of titanium and
substoichiometric amounts of the chiral ligand, the negative

In the case of BINOL derivatives, and during the period
covered by this review, a very small amount of effort has
been expended in order to use other nucleophilic alkylating
agents different from commercial dialkylzinc reagents. Only
1-ethoxy-1-trimethylsilylcyclopropane has been introduced

nonlinear effect disappeared. Moreover, the reaction rates OH

using stoichiometric and substoichiometric amounts of chiral OO

ligand were quite different. The following question concerns /b.»Ph

the binding mode of BINOLtitanium, and it was analyzed 0

by the preparation of different BINOL monoethers, which o

showed a totally different enantioselectivity as well as ent-90g ent-90h

turnover frequencies. These facts can indicate that each
BINOL unit is double bonded to only one titanium atom.
The NMR study using a double amount of titanium tetra-
isopropoxide with respect to BINOL showed that tg
symmetry of BINOL was lost, as well as the presence of
one isopropoxy group different from the other five. The
X-ray structure of this compourib0showed that thg-oxo
complex was formed by one isopropoxide and one phenol
oxygen atom (compare with23in Scheme 5337

The reaction using the quinoline derivati96j (BIQOL)
showed some higher enantioselectivity (Table 13). The ligand
obtained by oxidative coupling catalyzed by copper salts
followed by HPLC preparative resolution behaved unusu-
ally.??? It seems that the enantioselectivity is independent of
the electronic character of substituents, and even independent
of the nature of the aldehyde, which is in contrast to the
phenomenon observed in the BINOL-catalyzed reaction,
where arenecarbaldehydes usually gave better results than
aliphatic derivatives, with naphthyl aldehydes giving even

prio OPr aen
OO r Ti-oPr better results than benzaldehyde derivatives.
O\’._,\O\Pri The presence of a bimetallic structure of tyj@0in the
HN<opri catalytic cycle of the standard addition inspired the prepara-
gL o

O‘ OPr! tion of different BINOL compounds, which were able to
chelate two titanium atoms at the same time. Thus, ligands
160 90k and | were prepared through a double Sonogashira
coupling reaction with the hope of improving the results.
Although structural features of tetrahydro- and octahy- The'H NMR study of ligand90k in the presence of different
drobinaphthol derivative80e,fare similar to those of the amounts of titanium tetraisopropoxide did not show any
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Table 13. Enantioselective Ethylation of Aldehydes Using Table 14. Enantioselective Ethylation of Aldehydes Using Ligand
BIQOL 90; 90m
o Ti(OPr'), oH o Ti(OPr), oH
(3a, 100 mol %) o (3a, 400 mol %)
RJ\H +  EtpZn N R/\/ R/U\H +  EtyZn R/'\/
-
121 120b A | OH ent-136 121 120b Et3P\P{PEt3 136

oo ~
NS
y LI 9%
OH HO
(90j, 20 mol %)

OH HO
0" D

entry R no. yield (%) ee (%) (ent-90m, 10 mol %)
1 Ph ent-136b 100 90 CHCly, 25°C
2 4-MeOGH,  ent-136i 99 87
3 2-naphthyl ent136r 100 84 entry R no. yield (%) ee (%)
4 N-CeHas ent136s 62 83 1 o 360 o5 "
2 4-MeGHa 136t 99 91
change of the signals from ratio 1:2 to 1:10 ligand/titanium. 3 4-CRCeHa 136u 100 79
4 1-naphthyl  136v 100 88

When the aforementioned ratio was 1:1, two groups of

ent-900, which has more structural flexibility, recovered the
initial broad substrate scope of systemt-90m.

EtsR PEts
Pt
Z N\
A .,
hes sop
. : . _Z
signals in thelH NMR spectra were detected, one from the P
free ligand90k and another from the bimetallic aggregate. EtsP PEt
These observations were interpreted as proof of the high ent-90n

stability of the bimetallic aggregate with th@tho-phen-
ylenebis(ethynyl) tether. For ligar@Dl, a similar NMR titra-

tion experiment showed a change of the aggregate as a func-
tion of the amount of titanium tetraisopropoxitfé Besides
these behavior differences, when they were tested as chiral
promoters in the enantioselective ethylation of different
aldehydes, both gave similar enantioselectivities, which were
also similar to those found using simple BIN@Da

Instead of the aforementioned phenyl tether, it is possible
to use a platinum complex, as is the case of the ligand
ent90m. Its use as chiral ligand in the classical ethylation
of different aromatic aldehydes gave satisfactory results
(Table 14%2* but not superior results to those achieved with
simple BINOL. In this case, the same tendency was ob-
served: the electron character of the substituent on the phenyl
ring had a moderate impact on the enantioselectivity, while ent-900
naphthyl aldehydes gave better results than benzaldehyde.

The use of organometallic structures permitted the prepa- Different strategies have been followed in order to facilitate
ration of the metallacyclopharent90r??°> and the organo-  the recovery of the expensive chiral BINOL ligand. The first
metallic triangle ent9002?¢ When the enantioselective one is the introduction of fluorinated side chains on the
ethylation of different aldehydes was performed using the BINOL structure, allowing the ligand to be isolated just by
metallacyclophane liganent-90n, the results obtained were  organic—fluorous extraction. It is well-known than perflu-
slightly poorer than those obtained with the open chain ligand orinated side chains alter the electronic properties of an
ent90m. However, for the case of 1-naphthaldehyde, the attached system by a strong electron withdrawing effect. For
enantiomeric excess of produt86v reached 94%. These this reason, the ligan80p was designed with fluorinated
differences were attributed to the rigid structure of the lig- chains bounded to a dimethylensilyl group, which is a blind
and, which maintains the dihedral angle of the naphthyl for the naphthyl moiety. In this way the ligar@Dp was
ring of BINOL moieties in the titanium complex, im-  soluble in the fluorous phase, keeping the electronic proper-
peding its variation and, therefore, the good accommodationties of BINOL. In fact, the enantioselectivities found for the
of aldehydes with a smaller ring than naphthyl. The system addition of dialkylzinc reagents to aldehydes in the presence
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of titanium tetraisopropoxide were practically the same as
those for BINOL Q0a), with the ligand90p being recovered
up to 100%, depending on the fluorinated phase d%ed.

Rf

Rf
\L Rf
T 0
Rf OH OH

[Rf OH O O OH
si g g Rf
\ Rf

Rf
90p: Rf = n-CgF 3 90q: Rf = n-CgF 47

The enantioselectivities found for the addition of dieth-
ylzinc to aldehydes using ligan80q were significantly
inferior (around 55%), probably due to the direct connection
of the perfluorinated side chains to the BINOL céf&ln
this case, the change of source of the nucleophile from
diethylzinc to triethylaluminum had a favorable impact,
improving the enantiomeric excess (around 75%). In addition,
the ligand could be reused up to nine times without any
change in the selectivity or activity.

Another possibility to facilitate the recuperation of ligand
is the attachment of an ionic tag. In this way the enantiose-
lective ethylation of benzaldehyde using an excess of titanium
tetraisopropoxide and the ligamat-90r in dichloromethane
yielded the expected alcohbB6bwith 82% ee and quantita- ent-90s
tive yield. The hydrolysis using hydrochloric acid (0.1 M),
extraction with diethyl ether, and rapid filtration of the systems90v—x did the generation (that is the size) have a
resulting heterogeneous aqueous phase afforded the pureninimal positive influence on the enantioselectivity: 85, 87,
ligand ent-90r, which could be reused five times without and 86% for first 0v), second 90w), and third generation
loss of activity and selectivit§?° ligands Q0x), respectively?*! These results seem to indicate

that the dihedral angle in the homogeneous titanium complex

HN OO is very similar in the three generations.
H OH

g > L 9%
(CF3SOz1N - @ OO OH OH
- 99¢ ™
ent-90r
El
BnO OBn
90u

development of chiral dendriméf$ able to catalyze the

ethylation of benzaldehyde using titanium tetraisopropoxide.

The reaction promoted by ligareht90sgave the expected

alcohol 136b with quantitative yield and enantioselectivity 90t

similar to those using BINOL. Here, the dendritic ligand

ent-90scould be easily recovered from the reaction mixture

by precipitation with methanol, owing to the large size differ-

ences between the ligand, reaction products, and reatjénts. Ph
The classical Fehet dendrons have been anchored to the

The BINOL structure has also been used as a core for the
BnO OBn

®

I,

BINOL unit to form a different generation of dendritic OH
ligands 90t—x. These ligands have been tested in the PH o OO
enantioselective ethylation of benzaldehyde to yield the

compoundl36b, with the results being strongly dependent Ph

O. % o O ; O
L J L J
o

on the position of the Fhet dendron. Thus, the enantiose- ¢

lectivity was 82% for ligand90t; the increase of the

. . ' 9v: G =1
generation, as well as the use of symmetrically’-3,3 90w: G =2
disubstituted derivatives, did not have any impact on the 90x:G =3
enantiomeric excess of the final secondary alcohol. In the
case of a 6-substituted system, liga®@u gave a similar As in the case of TADDOL derivatives, the BINOL system

enantiomeric excess (83%). Only for Bgsubstituted has been attached to a large number of suppg®ttarting
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from those in which both the chiral moiety is bonded to the
polymer and the polymer is formed simultaneously. @ @
The first example is the polystyrene resins incorporating

Q"'.3

BINOL units 90y, which was prepared by radical poly- 0= p~0
merization of styrene and the corresponding 6,6-divinyl- O
binaphthol. Its use as chiral catalysts for the enantioselec- Q O
tive addition of diethylzinc to benzaldehyde in the pres- O Q
ence of titanium tetraisopropoxide gave different enantio- / N Q Q
selectivities depending on the amount of cross-linker (6,6-
divinylbinaphthol) used in the preparation, as well as on 0 Q HO OH
the loading?®? with the best enantiomeric excess being Q
78%.

The previous modest result was attributed to diffusion HO OH i ;':f{
problems of reagents from the solution to the surface of the 90ac 90af:n=5

polymer (15 h was necessary to form the titanitBINOL
complex). To avoid this problem, maintaining the recover-
ability of system, the soluble polystyrene derivat®@z was

Another possibility is the monolayer BINOL-functional-
ized gold cluster§0ad—af.?%® These clusters with a diameter

prepared. However, the enantioselectivity found in the €SS than 5 nm were prepared by reductive precipitation of
classical preparation of secondary alcoi8Bb was only gold salts in the presence of the corresponding sulfanyl

84%23in th fth ; | BINOL d_erivati\_/e. The enantioselect_ivity found in the addition of
(90;)_ N INE Same range ot the previous polymer of diethylzinc to benzaldehyde in the presence of these gold

clusters was dependent on the alkyl chain spacers, reaching
80, 86, and 72% foB0ad 90ae and90af, respectively. It

> should be pointed out that in a further reuse the selectivity
OG Oe dropped substantially.

The problems in the enantioselectivity and reproducibility

OO gg of results using prepared chiral polymers were attributed to

O the badly defined microenvironment, which made it very

difficult to systematically modify this microenvironment and,
therefore, to improve the selectivity. For strictly controlling
this environment®’ different rigid and regular binaphthyl
Another possibility assayed was the use of different polymers90ag,ahwere prepared by condensation of 1,2- or
dendrimeric systems as cross-linkers, with the polymers 1 4-diaminobenzene with the corresponding binaphthol al-
90aa,abbeing prepared by a usual radical styrene polym- dehyde derivativé® The enantioselectivity found for the
erization. In these cases, the enantioselectivities (86%) andethylation of benzaldehyde was 64 and 80% 36agand
the reaction rates were as good as those obtained withgoah respectively. The further preparation of the related
BINOL. As in the previous case, the loading of polymer had polymer using a R)-5,5-diamino BINAP derivativé®
an important impact on the results; the decrease of loadinginstead of diaminobenzene did not improve the previous
increased slightly the enantioselectivi§.These polymers  results?4° but it indicates that the synthetic route for this
could be reused 20 times with a minimum loss of selectivity. chiral polymer could be a good choice for the development
of any other related system.

N
: . - NN 0 O Nl SN
o
oC o o n
O G OH
= = 90ag: orth
O gg OH 90:!91: garao
qﬁ Qo An interesting approach to the synthesis of materials
Lo s bearing BINOL units uses the chiral naphthol derivative
B . 90ai.?*! The crystallization of CdGland 90ai in MeOH/
cl cl
t-90aa: G = 1
e S8
7\
N
Not only can organic supports be used, but also BINOL — Q O
units have been attached to some inorganic supports. Thus, HO OH
the BINOL zirconium oxide materidd0acwas obtained by 90ai

butanol reflux of zirconium tetrabutoxide and the corre-

sponding diphosphoric-BINOL derivative. The precipitated DMF by slow diethyl ether diffusion gave colorless crystals
material90ac was used as a chiral ligand in the standard of [Cds;Clg90ail-4DMF-6MeOH3H,0. This crystal is a
ethylation of benzaldehyde, and the enantioselectivity was porous metatorganic framework analogous to zeolites, in
modest (59%%3° which octahedrally coordinated Cd centers are doubly
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bridged by the chlorine atoms to form zigzag chains. Each Scheme 58. Enantioselective Addition Promoted by the
Cd center in these chains further coordinates to two pyridyl Bifunctional Catalyst 161
groups of two90ai ligands to form a noninterpenetrating o) PhMe. -30°C OH
tridimensional network with very large chiral channels (1.6 )LH +  EtyZn ’ Ph)\/
nm x 1.8 nm cross-section). The use of this crystal as chiral
ligand in the enantioselective addition of diethylzinc to 121a 120b
benzaldehyde gave the expected secondary ald@ediwith =N_ N=
similar results compared to the homogeneous version of the But o//Tl\\o Bt
reaction using BINOL90a Pro OPF

The BINOL unit has also been grafted to different poly-
meric materials. Thus, the micelle-derived polyragt90aj (—N <“_—>

O—) (¢}

0
lo} (161, 10 mol %)
0, QO
OH OH the nitrogen atom is a Lewis base chelating the zinc &fom,
OH OH activating in this way both the nucleophile and the electro-
OO gg H\/O phile as well as approximating both reagents.
o}

The phenol derivativd62 has been used as chiral ligand
for the enantioselective addition of different organogallium
reagentsl63 to aldehydes in the presence of substoichio-
metric amounts of titanium tetrachloridadj (Table 15)?48

Ph

136b
(100%, ee 55%)

ent-90aj ent-90ak

4 H 6
O_©_<O'-- (o] OH Table 15. Enantioselective Addition of Organogallium Reagents
o)

i OO it 0 (3¢, 1Ttl)cr:?o| %) /?\H
R1J\H + R%Ga R OR2
90al
121 163a: R2 = Me Q 136

was prepared in a two steps synthééisThe first step was 163b: R” = Et NN
the photo-copolymerization of styrene and the related tri- C§:OH Hoi@
ethyleneglycol styryl derivative in water to form spherical
polymers possessing free hydroxy groups at the periphery (162, 10 mol %)

(M, = 2.8 x 10% diameter= 3.2 nm). The second step was
to graft the 6-chloromethyl binaphthol protected derivative
by a simple {2 reaction and final acid deprotection. Its use — gnyry no. R R2  yield (%) ee (%)
as catalyst for the enantioselective addition of diethylzinc 1 136a Ph Me 50 =0
to benzaldehyde to yield the secondary alcob®tb was > 136b  Ph Et 55 54
moderately successful (60% vyield, 81% ee). 3 136p  4-CICH, Et 60 54

The BINOL unit has been grafted to aminomethylated 4 136q  4-ONNCeH,  Et 75 81
polystyrene using the corresponding'3j&arboxilic BINOL
derivative and classical peptide coupling protocols. Surpris-
ingly, in most cases, the polymer-supported catapsB0ak
was found to be substantially more effective than the
homogeneous version using BINQOa in the addition of
diethylzinc to different aldehydesl86b 97% ee;136d
93% ee; andl36r: 94%)2* On the other hand, the use of
a related polymer, obtained from the corresponding mono
3-carboxilic BINOL derivative, gave worse results.

The last grafted example is the polystyrene-bound cyclo-
BINOL 90al, which was prepared from formylated polysty-
rene beads. This polymeric material gave excellent results
when it was used as chiral ligand for the addition of
diethylzinc to benzaldehyde in the presence of titanium
tetraisopropoxidel(36kx 95% eef**

Chiral salen ligand3* have also been used as promoters
in the enantioselective addition of diethylzinc to aldehydes.
Thus, the complex161,24° obtained by simple mixing of
equimolecular amounts of the salen derivative and titanium 164
tetraisopropoxide, is able to catalyze this addition (Scheme
58). It is difficult to get the structure of this catalyst since,  To finish the subject of phenol derivatives as promoters,
in its crystallization, the complex evolves geoxo-titanium it should be pointed out that some achiral ligands can
dimeric species due to the presence of traces of wéter. improve the enantioselectivity of the reacti®d Thus, the
However, its role as a bifunctional catakfétcan be very flexible achiral bisphendl66 (20 mol %) could drive
rationalized considering that the titanium center is a Lewis the enantioselective addition of diethylzinc to benzaldehyde
acid chelating the basic oxygen atom of the aldehyde, andin the presence of a slight excess of chiral $ifOCH(4-

GCH,Cl,, -60°C

Although the reaction did not reach excellent levels of
enantioselectivity, it shows the possibility to use other
nucleophilic reagents different from the classical dialkylzincs.
The planar-stereogenic methylene bridge biphéed)?+°
which is based on the [2.2]paracyclophane skelétbhas
been used as chiral ligand for the enantioselective addition
of diethylzinc to benzaldehyde in the presence of titanium
tetraisopropoxide with very modest results. On the contrary,
the spiro phenoll65 has proven to be more effective for
this addition?®* with the enantioselectivity found for a series
of 4-substituted benzaldehydes being nearly constant at 85%.
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MeGCsHs)Et], (3f) from 9% ee R) with no additive to 79% In this way, these ligands could lodge two titanium atoms
ee . The reason might be related to the existence of at the same time and, by playing with the length between
different complexes in which the achiral ligand takes a them, the synergistic effect could be detected. The ethylation
transitory chiral conformation although only one of these of benzaldehyde using ligand$9a,band 170 under the
complexes has a very high activity, with the addition being same conditions gave totally different results. Whereas
catalyzed practically only by this complé%. ligands169aand170(with the smallest and largest distance
between both sulfonamide moieties, respectively) yielded the
OMe alcohol 136b with modest results (56%, 50% ee, and 30%,
O oH 50% ee, respectively) after 1 day of reaction, ligd&®b
oH gave alcoholl36bin only 8 h with quantitative chemical
O yield and 84% ee. These facts were the first indirect evidence
OMe that the general picture of the catalytic cycle describe in
167 Scheme 53 was also applicablefdnydroxy sulfonamides.
The use of the ligand69cwith more crowded substituents
improved the enantioselectivity up to 9293.

OH OH
But l ‘ Bu!

166

A little bit more elaborated is the use of the bisphenol
167, which was combined with equimolecular amounts of A broad study using the liganti8a confirmed that the
titanium tetraisopropoxide and the TADDOL ligadd8to catalytic cycle described in Scheme 53 could also be applied
yield a titanium complex. This new complex has two for ligands of typg3-hydroxy sulfonamide, as was previously
diastereomeric structures, according to the presence of gpresented for bis(sulfonamide) and binaphthol derivatives.
stereogenic ax in compourd@7, and the energetic difference  The treatment of ligandl68a with a titanium alkoxide
between both complexes is 3.6 kcal/mol (molecular mechan-derivative gave a crystalline complex with a bimetallic
ics 2 calculations). In fact, the TADDOL unit forces the structurel71 (Scheme 59). The most interesting feature of
generation of only one chiral conformation of ligath@?7,
giving a very active catalyst, which is able to catalyze the Scheme 59. Bimetallic Species Detected Using Ligand 168a
enantioselective addition of methyltitanium triisopropoxide

XTi(OPF

(1223 to benzaldehydes with enantiomeric excess higher 3a:;=o§,s Ph
than 999¢#% o o 122a: X = Me

Since 1992, when the Katsuki group introduced chiral Ar—“§/-Tli/°P" l Ph | gf,o
ﬂ-hydroxy sulf_onamld_e_s as Ilga}nds fo_r the nowadays classmal o —/ﬂg—b!’?_ 95’1 - P_\T 2o
enantioselective addition of dialkylzinc to aldehydes in the PH , ,Tlfoi/Ph o opr
presence of an excess of titanium tetraisopropoxide, many 0 Mo oy
examples have been report&dl. These compounds are o:S\Ar Pro” T' OPr
interesting ligands for titanium complexes because they Pro
contain two different functionalities, which can transform 17 172a: X = OPF
the titanium atom into a new stereogenic center, as well as 172b: X = Me

for the great amount of different available building blocks,

which permitted a very highly modular approach to their this structure is the nonequivalence of the two titanium atoms
synthesis. The first example is the use of compoli68a owing to the different bonding modes of the sulfonamide in
in the ethylation of benzaldehyde, which gave an excellent both chiral ligands. In solution and B{# NMR studies, at
result €nt-136h, 96% ee}>¢ The use of other amino alcohols least four different species were detected, which implies the
showed that the presence of two stereogenic centers was opresence of different equilibriums. Moreover, the reaction
capital importance and that the enantioselectivity relied of diethylzinc with benzaldehyde did not proceed when it
mainly on the substituents of the carbon atom adjacent towas performed in the presence of the bimetallic complex
the hydroxy group. In fact, the aforementioned ethylation 171, which means that it is not included in the catalytic cycle.

using the ligandl68b gave the final produci36b with a
very modest enantiomeric excess (4%), with the main
enantiomer beingR).

Ph
R Ph HO N
Ph NH
R 0,5-NH OH 0.8
0,S-NH OoH ( \\
Q 0,S—NH OH  \-S0:
R Ph o O
Ph
168a: R = Ph 169a: ortho, R = Me 170
168b: R = c-CgH4 169b: meta, R = Me

169c: meta, R = Ph

Bis--hydroxy sulfonamided69 and170were designed
supposing that the catalytic cycle described in Scheme 53
could be similar fo3-hydroxy sulfonamides, and therefore,
the key complex would be a bimetallic system of tyi8

However, if the aforementioned reaction usidgl is
performed with an equimolecular amount of titanium tetra-
isopropoxide, the results are excellent. When the liges&h
was crystallized in the presence of a double amount of
titanium tetraisopropoxide, the compléY2awas isolated
(compare with structurd23 in Scheme 53). The X-ray
analysis of this structure clearly revealed a pocket on the
same side of the sulfonyl oxygen bond. Since the@ibond
(from the sulfonyl moiety) is very weak, the aldehyde was
expected to access the six-coordinated metal center from this
side, replacing the sulfonyl oxygen donor. However, a
mixture of complexes was detected in solution, with the main
one beingl71 The composition of this mixture is a function
of the temperature and of the solvent, with the comfléa
being the major one at high temperatures and in apolar
solvents. In any case, the addition of diethylzinc to benzal-
dehyde using complek72agave an excellent result. Finally,
the reaction of complet71with 2 equiv of methyltitanium
triisopropoxide {223 gave the new complek72b(Scheme

59, compare with the intermediate24 in Scheme 53),
according to NMR studies. The reaction of complEz2b
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with benzaldehyde gave the same results as the reaction ofliethylzinc to aldehydes in the presence of titanium tetra-

dimethylzinc, titanium tetraisopropoxide, and the ligand isopropoxide. Thus, ligand$76, which are able to lodge

168a%%8 All these facts confirm that the catalytic cycle two titanium atoms, were easily prepared and tested in this

described in Scheme 53 is a general picture for any ligand reaction. As expected, the enantioselectivity depended strongly

in this type of addition, with it only being necessary to on the relative position of both metals; the best results were

modify some aspects due to the differences in the aggregatiorobtained with themetasubstituted compound 86k 40%

constants of the generated complexes. ee for176aand 66% ee fol 76h).262 However, these results
Otherf-hydroxy sulfonamides, used substoichiometrically were slightly inferior to those obtained with the isoborneol-

as chiral ligands for the enantioselective addition of dieth- sulfonamidel19g which can only lodge one titanium atom

ylzinc to aldehydes, are compountg®>® and174.25° While (72% ee for136h).1%1

the results using ligand73 were good and practically

constant independent of the nature of the aldehyde, the

enantioselectivity using liganti74depended strongly on the

nature of the substituents of the aldehyde, yielding good = OH
results for arenecarbaldehydes and very modest results for / / S—NH
aliphatic derivatives. ﬁg—NH HN_S% 0 )
2
(B
OH @ TN
—0,
176a: orth 119b
O )—Ph 0 176b: meta
MeO o $0;
Ts—NH OH Ph/j"‘NH The isolation of the mentioned isoborneolsulfonamide
ligands can be facilitated by the incorporation of an ionic

Ph” OH liquid tag, as in compoun@19b, which in the ethylation of

173 174 benzaldehyde under standard conditions gave the secondary
alcohol136bwith 65% ee. The final hydrolysis of reaction
media usig 1 M HCI, followed by successive extraction
with ether (to remove reagents and product) and with meth-
ylene chloride, recovered the pure compouri®h, which

The tridentate ligand 75 has been used in the enantiose-
lective addition of trialkylaluminum reagents to aldehydes
in the presence of titanium tetraisopropoxide (Table 16), with

Table 16. Enantioselective Addition of Trialkylaluminum to could be reused four times without loss in the enantioselec-
Aldehydes Using the Ligand 175 tivity. 263
Ti(OPri), Chiral 2-triflamidomethyl-2hydroxy-1,1-binaphthyl177
o} . OH .
) ) (3a, 180 mol %) . has been successfully used as promoter for the classical
R7H * ROGA Ph R "R? ethylation of aldehydes (Table 17), with the enantioselectivity
T \ Table 17. Enantioselective Ethylation of Aldehydes Using the
0,S-NH  OH Ligand 177
cl OH Ti(OPri),
Q j\ (3a, 120 mol %) OH
Cl R H + EtZZn R/\/
(175, 10 mol %) 121 120a OO 3320F3 ent-136
THF, 0°C
OH
entry no. R R?  vyield (%) ee (%) CO
1 ent136a Ph Me 100 98
2 entl3b Ph Et 98 96 (177, 3 mol %)
3 ent136d (E)-PhCH=CH Et 100 88 CH,Cl,, -25°C
4 ent136g c-CeHix Et 54 91
5 ent136p  4-CICH, Et 100 94 entry no. R yield (%) ee (%)
6 ent136v  1-naphthyl Et 94 92 1 ent136b Ph % 9
_ _ . . 2 ent136d  (E)-PhCH=CH 97 99
the reaction being performed in THF as solvent in orderto 3 ent136g  c-CeHu 91 99
reduce the aluminum activity. The enantioselectivity seems ‘51 en:—igg' f“c"fé?n?m gg gé
; i ent136p - 4
to be nearly constant and independent of the nucleophile o ent136y  1-naphthyl o5 08

(trimethyl- or triethylaluminum reagent) and the electrophile
used, with arenecarbaldehydes giving a slightly higher
enantiomeric excess than aliphatiogf-unsaturated oneé8t being excellent for any kind of aromatic, aliphatic, ang-
The presence of a phenol moiety on the ligakkb is of unsaturated aldehydé¥.The acidity of the triflamido group
vital importance to obtain good enantioselectivities, and the is crucial to get this level of enantioselectivity, so the reaction
relative configuration of both stereogenic centers is also very with the related methanesulfonyl pitoluenesulfonyl amides
important; any change in these two positions has a significantinstead of trifluoromethanesulfonyl gave a miserable enan-
detrimental effect. tioselectivity. The correlation of the enantiomeric excess of
Not only 5-hydroxy sulfonamides but also other hydroxy the ligand177 with the enantiomeric excess of the product
sulfonamides such as isoborneol sulfonamides have also beeent-136b showed a small negative nonlinear effect, similar
used as chiral promoters for the enantioselective addition of to that found for bis(sulfonamides).
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Other systems used as chiral ligands for the enantioselec-hypothetical mechanism should involve the-B activation

tive addition of dialkylzinc reagents to aldehydes in the
presence of titanium alkoxides wesehydroxy carboxylic
acids. In fact, mandelic aci®®) emerged as the best chiral
ligand from a screening of nine different-hydroxy car-
boxylic acids, with the enantioselectivity being always lower
than 85%2% However, when the source of the nucleophile
was changed from diethylzinc to triethylaluminum, the best
hydroxy acid was compourtZ8, with the enantioselectivity
being similar to that using diethylzirf€¢

The relatedN-benzyl mandelamid&79has also been used
for the enantioselective addition of dimethylzinc to aldehydes

in the presence of titanium tetraisopropoxide. The enantio-

selectivity was never higher than 90%, showing a strong
dependence on the nature of the aldehydes, with the aliphati
ones giving lower results (around 60% &€).

(o] (e}
HO. HO.
fLOH A
Ph

Ph
178

NH

N

Ph
179

Other carboxamides witlC, symmetry have also been

of tert-butoxide to condense with a first molecule of aldehyde
to give a 1,3-diol which after a similar second condensation
process yielded the corresponding tABl.Although the
enantioselectivity was strongly dependent on the aldehyde
(the best result was found for benzaldehyde), this procedure
opens up the field for other ligands as well as for conditions
to improve the results.

4.1.2. Ketones as Electrophiles

The enantioselective addition of organometallics to ketones
is much more difficult than the related one to aldehydes for
obvious reasons previously mentioned, and the difficulty is

Jreatest when the reaction is performed using catalytic
amounts of the promoters. On one hand, the use of poorly
reactive organometallics, such as organozinc and tin reagents,
is compulsory for promoting addition protocols, and on the
other hand, the poor electrophilic ketone makes this reaction
very difficult.?’* In fact, the addition of dialkylzinc reagents

to normal simple ketones failéd until the introduction in
1998 of the use of isoborneolsulfonamiti®dcas the chiral
promoter?”® To learn more about this new enantioselective
addition, a short mechanistic study was done, with the more

tested for the enantioselective addition of diethylzinc to remarkable facts being the presence of a small positive
aldehydes. For instance, the aforementioned addition per-nonjinear effect when the reaction was performed using
formed in the presence of substoichiometric amounts of the gtgichiometric amounts of ligandi19c and titanium tetra-

of the aldehyde uset®

The chiral 2-(aminomethyl)oxazoline derivatives of type
181did not produce any spectacular change in the enantio
selectivity, compared with the cases of acid derivatives
previously shown. It should be pointed out that ligai&i
gave the best results95% ee) from a selection of 12 other

carried out using stoichiometric amounts of titanium tetra-
isopropoxide and substoichiometric amounts of ligand. This

-“fact denotes the presence of a bimetallic complex in the

catalytic cycle. Moreover, the enantioselectivity was ir-
respective of the chemical yield (no autoinduction) and of
the electronic nature of the substituents on the aromatic ring

related compounds, bearing different substituents or stereo-of the ketone, but it was strongly dependent on the size of

genic centers®®

Q 0
P, >4 Ph Prl,, _NH HN._Pr
—NH HN Ji
Ph7<_ Ph SN NP
P OH HG Ph Q P

180
181

The last example of this section comes from an unusua

alkylation of aldehydes where the source of the nucleophile

is the titanium alkoxide (Scheme 60). The reaction of

Scheme 60. Unusual Alkylation of Aldehydes

)OL LiCIO, OH - OH OH
. t T -
Ry *+ TiOBUY, S R R
121 3b HO 182
%OH (ee<84 %)
Ph
(88, 100 mol %)
25°C

different aldehydes with equimolecular amounts of titanium
tert-butoxide Bb) in the presence of lithium perchlorate and

mandelic acid as chiral ligand gave the chaati-triol 182

A careful study showed that in the beginning (under kinetic

substituent around the carbonyl group. The use of methylti-
tanium triisopropoxide as the source of the nucleophile
yielded the tertiary alcohol as a racemic mixture, showing
the importance of the transmetalation equilibrium in this
reaction. All theses facts fit perfectly with a catalytic cycle
similar to that shown in Scheme 53, with the only changes
being the chiral promoter and the carbonyl compotiftive
introduced the zwitterionic comple485 as the catalytic
active species (compare with the complE25), in which

the cationic titanium cent&® carried the chiral ligand and

| strongly activated the ketone, while the anionic titanium
center carried the alkyl moiety, increasing its nucleophilic
character. The preference for the ketone complexation is
determined by a possible-stacking between the naphthyl
moiety of the ligand and the aromatic group of the ketone,
as well as by a hydrogen bond between the oxygen of the
ligand and thex-hydrogen of the ketordé® (Scheme 61).

With the aim of favoring the hypothetical active species
of type 185 different bis(isoborneolsulfonamides) were
prepared. In this way, by playing with the length and angles
of the diamine tether, the flexible isopropoxy bridge might
be eliminated and the synergetic effect due to the proximity
of the two boarder titanium atoms might be increased. The
first attempt was the xylylenediamine derivativie36, which
gave different enantioselectivities depending on the relative
position of the substitution. The enantiomeric excess of the
tertiary alcoholl90aobtained by the addition of diethylzinc

control) the first reaction product detected was the related to acetophenone catalyzed by titanium tetraisopropoxide was

syntriol, which is ameseform. However, this compound
equilibrated after 2 days to give the chiral tribB2 The

78%, 86%, and 81% using ligand863a b, andc, respec-
tively. It is notable that the enantioselectivities of the ligands



2162 Chemical Reviews, 2006, Vol. 106, No. 6 Ramon and Yus

Scheme 61. Enantioselective Alkylation of Ketones Using the  Table 18. Enantioselective Alkylation of Ketones Using
Ligand 119c HOCSAC

Ti(OPri), o
o (3a, 120 mol %) HO R? )y
+ R%,Zn A R!

R1 120 R 106 120 190

OH S—NH HN—SO,
SN 0,
2
O HO HOCSAC OH
O (189, 10 mol %)

0,
(119¢, 20 %) PhMe, 25°C

Ti(OPr'),
(3a, 120 mol %) HO, R3
+ RsZZn R1 RZ

Ar R?

Ph;:Hioc entry  no. R R R® yield (%) ee (%)
- ' — 1 entl90a Ph Et  Me >95 98
2 190a  Ph Me  Et 80 98
i 3 190b  4-MeGH, Me  Et 90 95
o + & opr 4 190c  4-CRCeHa Me  Et 90 93
sonm—Ti il 5 190d Ph CHBr Et 70 50
07 | Nopy 6 190e 2-naphthyl Me Et >95 86
., OPr R? 7 190f (E)}-PhCH=CH Me  Et 90  >99
H ( 8  190g PhC=C Me Et >95  >99

Ar
ketoned’® and for cyclica,S-unsaturated ketoné% In the

- - last case, the authors followed a previously reported strategy
185 (Scheme 54): the diastereoselective epoxidation using
] ) o oxygen of the in situ formed chiral allylic alcohol to form
186¢ (large distance between both isobornyl moieties) and e corresponding chiral epoxides.
186a(small distance between the isobornyl moieties) gave  The enantioselective alkylation of simple ketones has
similar results while ligand 86bgave better results, not only permitted the synthesis of-{-frontalin 193281 which is an
in enantic')selectivity'but also in chemical'yielc'i and reaction aggregation pheromone secreted from different pine beetles.
rate?’’ This synergetic effect was also noticed in the classical |ig synthesis started with the naphthalene-catalyzed lithia-
addition of diethylzinc to benzaldehyde. tion?é2 of the chlorinated dioxolan&91 to give the corre-
S sponding bishomoenolate, which was successively transmet-
| alated with zinc and copper, and finally trapped by reaction
// with cinnamyl chloride, to yield the keton@92 The
§—NH HN_S{)%( enantioselective addition of dimethylzinc to this ketone
2 o catalyzed by HOCSAC 189 gave the expected tertiary
o}

OH
}ggﬂ; ‘,’n’g;g Scheme 62. Preparation of )-Frontalin through an
186¢: para Enantioselective Alkylation of the Ketone 192 Using

HOCSAC
O - O
o_ O 1. Li, C4gHs (cat.)
S—NH HN—SO, o]
2 2.ZnBr, A
HO 187 OH cl 3. CuCN-2 LiCI Ph
4. PhCH=CHCOCI
191 192
HO o
R Ti(OPr),
g—NH HN—SO, (3a, 120 mol %)
2 Me,Zn
188 (120a)

To improve the synergetic effect of these types of ligand,
1,2-diamines were tested, since they are conformationally
more stable, so ligand€887and188were prepared. However, R
the enantioselectivity shown was disappointit§@a 24% w&\ g, NH HN=S0,
and 36% usind 87and188 respectively). Finally, the chiral HO OH
exadiol derived fromtrans-camphorsulfonamido cyclohex- (13';,01%%3 %)

ane (HOCSAC189) gave the best results (Table 28 The

reaction worked fairly well for dimethyl or diethylzinc. The PhMe, 25°C

presence of substituents of different electronic nature as well M
as the size of aromatic moiety seems not to have any o_ 0
significant impact on the results; the best ones are obtained oj( 1.0s HO. ©

for a,f-unsaturated ketones. WO % H?:?H“ o <

The enantioselective addition of diethylzinc using 193
HOCSAC189as promoter worked equally well for dialkyl 190h (ee 89%)



Titanium Complexes in Enantioselective Synthesis Chemical Reviews, 2006, Vol. 106, No. 6 2163

alcohol 190h with 89% ee. The ozonolysis to cleave the intermediates in synthesi® Thus, during the period covered
double bond, followed by reduction and acid aqueous by this review a great number of applications have ap-
hydrolysis, gave the expected)-frontalin (193 without pearec’® The first example is depicted in Scheme 64, in
racemization (Scheme 62).

The substrate scope of the aforementioned reaction usingScheme 64. Enantioselective Synthesis off-Centrolobine
HOCSAC 189 seems to be very broad, since different (203)

functionalized dialkylzinc reagerif§1"2can be used as the o PR PR 2
source of the nucleophile, giving excellent enantiomeric 00, J/ Et,0
excess, as in the case of commercially available dimethyl- Ho+ ><o ,Tiﬁ 78°C on
and diethylzin@83 ©
The related cyclopentane derivatii®4 has also been o8 P Ph OB
n ent-200a n

prepared and tested in the new enantioselective addition of 201a
dialkylzinc to simple ketones using titanium tetraisopro- 199a (61%, ee 95%)
poxide?®* However, the enantioselectivity found was some-

what lower, being 91% fol90aand 78% for190f.

HO Q OH O o 1. CHy=CHCO,H
S—NH H'N—s%( Me c|
3, OH C }&@

194 OMe MOl D
The complex161 has been used as substoichiometric 203 202
catalyst for the enantioselective addition of diethylzinc to g :'Zh’,,:g/g H.MaB
a-ketoesters, yielding the expected substitutetlydroxy aEnsH

esters with enantiomeric excess never higher than 78%,
which could be improved by successive recrystallizations up \yhich the synthesis of)-centrolobine started with the enan-
to 98%?%> The main handicap of this addition is the reagents’ tjpselective addition of allyltitanium TADDOLatent200a
scope, since it only worked with very highly electrophilic g the aldehydd 993 yielding the homoallylic alcohd01a
ketones, such as-ketoesters. _ with good enantioselectivit$?® The metathesis with acrylic
The last process of this section is a typical e_xample_of a acid using the catalys202, followed by hydrogenolysis,
modulated reactioff* In this case, the enantioselective aqdition ofp-methoxyphenylmagnesium bromide (to the in
addition of methylmagnesium bromidé9@) to the meta-  g;y, formed lactone), and final reduction of the corresponding

loimines 195 prepared by addition of the corresponding |actol, yielded the antiprotozoal compoud@3isolated from
alkylmagnesium bromide to benzoxyacetonitrile, is modu- the heartwood ofentrolobium robustum

lated by the complex197 (Scheme 63j* Although the The pyranon&06, isolated fromRaimondia cf monoica
Scheme 63. Enantioselective Addition of Methyl Magnesium ~ POSSesses an interesting leishmanicide activity and was
Bromide to Metaloimines prepared by the enantioselective addition of the titanium
MgBr complex 200ato the aldehyde204 to give the expected
N HaN alcohol 205 with moderated yield (Scheme 65). The com-
H\ + MeMgBr
OBn R OO OBn R Scheme 65. Preparation of Pyranone 206
O opr O H HO
195a:R=H 196 Ti 198a
195b: R = Ph g I (73%, ee 52%) “ Ph Ph =~
OO 41% oo 62% 0—/70, J/ ELO
( b, €€ u) X " >< /Ti -
(197, 105 mol %) 07 0 ﬁ e
PhMe, -40 to 0°C % Ph Ph
results are not excellent, the process should be taken into 204 200a 205
account since methods for the direct preparation of chiral (50%, ee 95%)
amines are rather scarce and normally employ several 0
complicated steps. o
| ~
T H
4.2. Allylation Reactions i I ]
Enantioselective allylation reactions are very interesting 206

processes since, apart from the new stereogenic centers
created, an extra double bond is added to the final productpound 206 was obtained from this alcohol following a
that CO_UId be further mOdIerd to giVe different functionalities, Strategy Consisting Of the formation Of an acry'ate ester and
with this being the reason for the great effort already exerted ring closing metathesis, with the absolute configuration being
in this area®’ revised?o!
. The high enantioselectivity of the aforementioned allyla-

4.2.1. Aldehydes as Electrophiles tion reaction was kept even usingoxido functionalized

The initial work of Duthaler’'s group in 1989 opened up aldehydes, and in this way different chiral 1,2-diols units
the field for the stoichiometric use of chiral allyltitanium were prepared with excellent resti¥dHowever, the strategy
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based on an enantioselective allylation, followed by oxidative

Ramon and Yus

Scheme 67. Synthesis of Lactones 212 by Iterative

degradation to the corresponding aldehyde and final diaste-Asymmetric Allylation

reoselective allylation, seems to be more interesting, since

in this way different chiral 1,3-diols can be easily and
predictably prepared. An iterative version of this process
appears in Scheme 6®, in which the enantioselective

Scheme 66. Synthesis of 1,3-Diols by Iterative Asymmetric

Allylation
Ph Ph =
f |
j\/\ >< -78°C

OTr Ph Ph OTr

200a 208
(85%, ee 93%)

HO. 0804 NaIO4

\q\fo( H,0, Et,0

ygm

*Q,ﬂ

OTr

ent- i(V
H

oTr

anti-210

syn-210
(79%, de 93%)

(83%, de 93%)

addition of the compleR00ato the functionalized aldehyde
207 gave the homoallylic alcoho208 with an excellent
result, with its absolute configuration being predictable
according to that of the complex used. The degradative
oxidation of the terminal alkene gave a chifahydroxy
aldehyde209, which can be used as new starting material
for the aforementioned allylation, giving both homoallylic
alcohols210. In the strict sense, this is a diastereoselective
reactio?®* (therefore, out of the subject of this review) and
the outcome is governed by both reagents. In fact, in this
type of addition, only the allyltitanium complex drives the
reaction. The allylation of the aldehy@89 using complex
200a gave thesyndiol 210, whereas the reaction with
complex ent200a gave theanti-diol 210 with excellent
diastereoselectivity in both cases. The other two enantiomeric
1,3-diols can be easily prepared starting the iterative ally-
lation process using the enantiomeric compéet200a

The possibility of preparing any one of the four 1,3-diol

Ph Ph

X
=
Et,0 L

0 o] H
Y . T — =X OH
X 0 o -78°C
Ph Ph X
X X
X e 201b
199b: v = CHy: X = H (90%, ee 93%)
199¢: Y = 0; X = Cl 201¢
(92%, ee 95%)
1. 0sOy, NalO,
2.200a
3. Me,CO
0 %o
X "
y NalO, X Y
X Y
X
X X

212

Scheme 68. Iterative Asymmetric Allylation Intercalating
Degradative Oxidation and Cross-metathesis

Ph Ph

O« _H o) J/ S
0~ 0
j/ * Ji B0 e
Ph 0 0 -78°C OH
Ph Ph ent-201b
199b ent-200a (82%, ee 95%)
1. 050y, NalO,
2. 200a
1.CH=CHCHO 3 Me,CO
MeC|
C *RUQ
N ci O
X c & Q><O
2. ent-200 K\/kL
en N Ph

213

214

isomers through this iterative process has been extensivelywith acrolein (Scheme 68). Thus, when after the first

employed in the synthesis of different natural products. Thus
the lactone212, which are related to the natural products
compactin and mevinolin, were prepared from the corre-
sponding achiral aldehyde by an iterative allylation using
complex200ato yield the corresponding homoallylic alco-
hols 201b and ¢ with good enantioselectivity, which were
degradatively oxidized to the corresponding aldehydes and
trapped by a second reaction with the com6Rs yielding
the correspondingyndiols, which were protected as the
corresponding dioxan®11l This last diastereoselective
allylation gave the corresponding diols with a very high level
of selectivity &-95% de)?®® The final oxidation of the double
bond to the corresponding carboxylic acid gave directly the
expected lactonedl12 (Scheme 67).

Instead of the degradative oxidation of the double bond
to obtain an aldehyde with a shorter carbon chain, it was

, allylation process to yield the homoallylic alcohait-201b,

followed by degradative oxidation to the corresponding
aldehyde, a new allylation process was carried out, the
protection of the correspondingnti-diol gave compound
213 The resulting homoallylic alcohol suffered a cross-
metathesis process to yield the correspondifigunsaturated
aldehyde with an additional carbon unit in the chain. A final
asymmetric allylation rendered the corresponding 1,5-diol
214 which was easily transformed inté-}-strictifolione just
by successive reaction with acryloyl chloride, ring closing
metathesis (to yield the expected pyranone), and final
hydrolysis of the ketad?®

The iterative allylatior-oxidation process to yield 1,3-
diol units has been successfully used in the synthesis of
passifloricin A, which presents antifungal activi§/.On the
other hand, the iterative allylatiermetathesis process to

possible to elongate the chain through a metathesis procesgyield 1,5-diol units has been successfully employed in the
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construction of the CC14 fragment of amphidinol 3, which
also possesed antifungal activifi} The combination of both
iterative processes permitted the synthesis of the C13,
C15-C25, and C2#C40 fragments of tetrafibrici?®

The iterative strategy rendering 1,3-diols can also be
applied to produce 1,3-amino alcohols. Thus, after an
enantioselective allylation of benzaldehyde to yiefd215g
the protection of the hydroxy group as an ether, followed

by degradative oxidation and a new diastereoselective allyla-

tion, yielded theanti-diol 216, which can be transformed
into the corresponding amine by standard protocols (Mit-
sunobu and reductior}® Finally, the alkaloid ¢-)-sedamine
(217) was prepared following classical methodologies in-
cluding a ring closing process (Scheme 69).

Scheme 69. Synthesis off)-Sedamine (217)

Ph Ph =~
0 o Et,0 A
O._H N
Y o+ X T o P
N
PH Ph OH
ent-200a ent-215a
90%, ee 93%)
1. ButOK
Br
2. 0s0,, NalO,
3.200
HO MeN 1.Ph;PON, PhsP, DEAD  PMBO  OH
~ 2. LiAIH, Ph
Ph 3. Boc,O P
4. CH,=CHCH,Br
5.202
217 6. Hp, PtO, 216 (de 92%)
7.DDQ
8. LiAlH,

The above-mentioned stoichiometric allylation process can

create in only one step two stereogenic centers with a high

level of selection. As an illustrative example, the allylation
of the aldehyde&18 with the complex200b at low temper-
ature gave, after hydrolysis, the alco@aRwith an excellent
result (Scheme 70); this alcohol was further transformed into

Scheme 70. Simultaneous Creation of Two Stereogenic
Centers

SiMe,Ph
P

9

Ph Ph
e} O,

N )/_/—/(H + Xo]io:ﬂ

Ph Ph

218 200b

-78°C \ THF

</\‘ \(O SiMe,Ph

219 (70% de>98%, ee 93%)

bicyclo[3.2.0]hept-2-en-6-one through af2]-cycloaddition
process!

More elaborate allylating agents such as the comp@Hc
can also be successfully used (Table 19) with different

Chemical Reviews, 2006, Vol. 106, No. 6 2165

Table 19. Enantioselective Allylation of Aldehydes Using the
Complex 200c

. Ph P:) Q oH
o Et,O/THF :
J o+ X ])L hi R
R™ 'H o, _o ﬁ -105°C
121 Ph Ph 220
200c
entry no. R yield (%) ee (%)
1 220a Ph 83 96
2 220b 4-MeOGHs 63 90
3 220c 4-BrCsHs 94 94
4 220d 1-naphthyl 96 98
5 220e (E)-PhCH=CH 93 80
6 220f PhG=C 86 98
7 2209 n-CsHi; 49 84

220with very high diastereoselectivity (usually ¢e99%).

The enantioselectivity seems to be independent of the nature
of the aldehyde, only decreasing for the case of using
cinnamaldehyde and hexariéd.However, chemical yields
appear to be connected with the electrophilic character of
aldehyde; the better the electrophile, the higher the chemical
yield obtained. This allylic desymmetrization process has
been used as the key step in the synthesis of several natural
occurring lactones.

Despite all the applications previously shown, the men-
tioned asymmetric allylation protocol has an important
drawback, which is the use of the chiral complex in
stoichiometric amounts. Although the TADDOL unit can be
recovered after the final hydrolysis, it being possible even
to recover a dimeric oxido complex of CpTi-TADDOL which
can be transformed into the corresponding CpTi-TADDOL
chloride by treatment with trimethylsilyl chloride, the whole
process is very expensive, so the catalytic version of the
reaction would be very much desired.

The catalytic enantioselective allylation of aldehydes using
titanium complexes was independently published in 1993 by
the groups of Tagliavini and Umani-Ronchi, and of K&gk.

In both cases, the sources of the nucleophile and the chiral
ligand were allyl tributylstannan@213 and binaphtho®0ga,
respectively. However, while Tagliavini and Umani-Ronchi’s
group used 20 mol % of dichlorotitanium diisopropoxide
(58b) as well as BINOL90a Keck’s group proposed the
use of a 10 mol % mixture of BINOL/titanium tetraisopro-
poxide (either 1:1 or 2:1), in both cases in the presence of
4-A molecular sieves. Both protocols gave, in general,
excellent enantioselectivities for the simple allylation.

The scope of the reaction has been amplified by the use
of functionalized methallyl tin derivatives such as the
corresponding meth$#* (221h), chloromethy1®® (2219, and
ethoxycarbonylmethyl221d) derivativesi®® The enantiose-
lectivity of the reaction is excellent for any kind of aldehydes
such as aromatic, aliphatic, or even functionalized ones, as
is shown from selected examples in Table 20. The functional
group on the tin derivatives did not have any impact either
on the enantiomeric excess or on the chemical yield. This
reaction has been used in the asymmetric synthesis of the
C16—-C27 fragment of bryostatin 1 (using compol2il g
and (+)-dactylolide (using compoun@21d), with the last
compound being a cytotoxic metabolite isolated from sponge
Dactylospongig®” as well as in the asymmetric synthesis
of the C1-C13 fragment of dolabelide B (using compound

aldehydes at low temperatures, yielding the expected alcohols221k).308
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Table 20. Catalytic Enantioselective Allylation Using
2-Substituted Allylstannanes

o X SnBu" Ti(OPr) X
g Y (3a, 10 mol %) KH/VR
R”TH :
9 .
121 221b: X =Me 222
221c: X = Cl oH
221d: X = CO4Et OO OH
(90a, 20 mol %)
4-A MS
CH,Cly, -20°C
entry  no. R X yield (%) ee (%)
1 222a (E)-TBSOCHCH=CMe Me 78 99
2 222b Ph Cl 96 98
3 222¢c Ph CQEt 96 98
4 222d 2-furyl Cl 100 99
5 222e 2-furyl COEt 100 99
6 222f Ph(CH). cl 84 99
7 2229 Ph(CH). CO.Et 98 99
8 222h BnOCH Cl 86 95
9 222i BnOCH COsEt 85 97

Another 2-substituted allylstannane used in catalytic enan-
tioselective allylation of aldehydes is the silyl derivative
221e The results using titanium tetraisopropoxide were
similar to those found for the previously shown compounds
221b—d (compare Table 20 and entries 1 and 2 in Table
21)3% However, a different protocol has also been checked

Table 21. Comparing Allylation Protocols

Ti(OPr),
(3a, 10 mol %)
90a (20 mol %) _
o MesSi  SnBu" 4-A Ms Me;Si
s CH,Clp, -20°C | R
R H H
OH
Ti[OCH(CF3)5l4
121 221e (39, 5 mol %) 223
90a (5 mol %)
PhCF3, -20°C
entry Ti(OR)s no. R yield (%) ee (%)
1 3a 223a  2-furyl 96 92
2 3a 223b  Ph(CH). 92 96
3 3g 223b  Ph(CH). 74 91
4 39 223c  Ph 89 96
5 3g 223d  (E)-PhCH=CH 54 93

for this nucleophile (Table 21, entries-3), so instead of
using the commercially available titanium tetraisopropoxide

Ramon and Yus

dynamic coordination between a cluster of titanium and chiral
BINOL. Finally, it should be noticed that the same spectra
were obtained using a large amount of activated 4-A
molecular sieves or using a small amount of unactivated 4-A
molecular sieves. All these facts seem to indicate that the
role of molecular sieves is as a water donor source, with
trace amounts of water being responsible for the formation
of the active titanium catalyst?

The process of allylstannation of aldehydes has been used
as the key step in the synthesis of several natural products
(Scheme 71). Thus, the allylation of the aldeh@d under

Scheme 71. Catalytic Enantioselective Allylstannation of
Aldehydes

(0]
N H
224
|| OH |
Ti(OPr), ent-215b
SnBu"; (3a, 10 mol %) (80%, ee 97%)
221a OO OH
OH |
99 o N oA
(90a, 20 mol %) H 0”7 ~OMe
4-A MS ent-215¢
CH,Cly, -20°C 07 “OMe (73%, ee 98%)
225

standard conditions yielded the corresponding homoallylic
alcoholent-215bwith excellent results; this alcohol was the
starting point in the synthesis of vitamin D ring A ana-
logues®'® The allylation of the aldehyd225 under similar
conditions gave the expected alcokal-215¢ which in turn
was used for the synthesis of lipoic aéid.

Notwithstanding the excellent results obtained using
BINOL (909) in the enantioselective allylation of aldehydes,
some modifications have been made with the hope of
improving some aspect of the reaction. One of the classical
modifications is the incorporation of fluorinated side chains,
as in compoun®0am The enantioselective addition of the
allyl tin derivative221ato aldehydes in the presence of 10
mol % of titanium tetraisopropoxide and 20 mol % of the
ligand90amin a biphasic media gave the expected alcohols
with good enantioselectivities (the best being 2d5awith
90% ee), but not superior to those for the classical protocol,
with the ligand being recovered by continuous extractién.

Another classical modification in binaphthol systems is

and methylene chloride as solvent, the related fluorinated their substitution in order to change the dihedral angle. The

titanium complex3g and trifluromethylbenzene were em-
ployed3° The amount of the chiral promoter BINOR@a),

as well as that of the initial titanium compound, could be
slightly reduced (5 mol %), with the enantioselectivity being
similar in both protocols. Allylsilane223were further used
in the preparation of different chiral 2,6-disubstituted-4-

ligand 90an emerged as the best one from a screening of
five symmetrical 7,7-disubstituted binaphthol compoufiéls.
The enantioselectivity found for the addition of the allyl tin
derivative 221ato benzaldehyde using 20 mol % of both
ligand90anand dichlorotitanium diisopropoxid®&gh) was

as high as 92%, similar to that obtained using BINOL.

methylene tetrahydropyrans, as well as in the synthesis of

the tricyclic macrolactone core of bryostatitis.
The role of molecular sieves in the former process was
unclear. The study of the reaction media using Fourier

transform cyclotron resonance mass spectroscopy showed

the formation of a large cluster which contained multiple
titanium atoms (mass found: 189.0445) NMR spectral

analysis revealed the presence of hydroxy groups and the

Rf

I | OH
Sep

90am: Rf = n-CgF 43

Rf
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The phenol derivative?26 has also been tested in the The addition of titanium tetraisopropoxide, BINOL, and
enantioselective addition of allyl tin derivative2l1a to monotritylaniline did not change the spectra. In marked
aldehydes in the presence of catalytic amounts of titanium contrast, however, in the presence of bistritylaniline (with
tetraisopropoxide. Although the enantiomeric excess for formation of ent230 being assumed), the NOE changed
compound215awas slightly superior to that for the standard drastically, appearing only on theé hydrogen. This fact
procedures, the enantioselectivity in the case of other alcoholsimplied the predominant existence of only tlsetrans
was clearly inferior. It should be pointed out that an important conformer, and that is due to a double carbonyl coordination.
positive nonlinear effect was present, reinforcing the idea _ _

of aggregates as the true catal§st. OO
o ppr PrQ_0 OO

i

O Ti—OPf  PrO-Ti

LT wid

o \ /

NH HN.

azy o i D
OMe

HO OH

226

ent-230

The asymmetric allylation process has been extended to

the less electrophilic imines, as is depicted in Scheme 72. Another achiral bulky diamine used as titanium linker for

this allylation is the keton€229h The enantioselective
allylation of different aldehyde&21 in the presence of the

Scheme 72. Enantioselective Intramolecular Allylstannation . !
BINOL ent90ayielded the expected homoallylic alcohols

of Imines
N. _Ph 215with excellent results (Table 22). Although the enantio-
=
(\/ Ph Table 22. Catalytic Enantioselective Allylation Using in Situ
o ) h
Formed Bimetallic Complexes
Bu";Sn o SnBu"s Ti(OPr),

(3a, 10 mol %) R
227
RJ\H * K (\(
OH

‘O o 121 221a OO OH 215

\ ./OPI'i

/TI\ OH
e e

(ent-90a, 10 mol %)
(197, 200 mol %)
Tr< Tr

PhMe, -78°C NH O HN

L

N + S (229b, 5 mol %)
NH
N N\
CH,Cly, 0°C
Ph)\Ph Ph/kPh z2
trans-228 cis-228 entry no. R yield (%) ee (%)
0, 0, 0, 0,
(20%, ee 53%) (60%, ee 82%) I >15a on v %
. . . . 2 215d 2-furyl 82 98
In this case the intramolecular reaction is catalyzed by an 3 215e  (E)-PhCH=CH 79 97
excess of the complekd7, giving a mixture of two possible 4 215f Ph(CH). 83 98
diastereoisomersis- andtrans-228 with moderate enantio- 5 2159 Pr 54 98

selectivity. However, this is one of the first examples of the

use of imines in this reactiot® selectivity was constant independent of the nature of the
The continuous evidences of titanittBINOL aggregates  aldehyde, the chemical yields suffered an important decrease

as the true catalyst for the aforementioned catalytic enantio-for simple aliphatic aldehydeg?

selective allylation prompted the authors to force the The success of the former new concept prompted the

preparation of aggregates of known structure. Thus, the authors to change the flexible diamine of typ29 by the

presence of achiral bulky diamines, such as 4,6-bis(trityl- robust bonded catalysint-231,%?* which is easily prepared

amino)dibenzofurar2R9g), has had a great favorable impact by treatment of the compleant197with 0.5 equiv of silver

on the enantioselectivit§#® The reason for this fact was oxide. The highest impact on the reaction is on the reaction

speculated to be a function of the presence of a bimetallic rate, reducing the reaction time to only a few hours and

aggregate of typent-230, which can coordinate the carbonyl maintaining the enantioselectivity for the aforementioned

group in a double fashion, activating strongly the aldehyde. allylation of aldehydes. This complex is also able to catalyze

NOE experiments usingans-4-methoxy-3-buten-2-one as the reaction of the allenyl tin derivati@32with aldehydes

a carbonyl compound model showed that in the absence ofto yield nearly exclusively the propargyl alcoh@33

the complexent-230, a moderated NOE effect was detected (Scheme 73) with excellent enantioselectivities but modest

for both o. and 8 hydrogens of olefinic systems when the chemical yield®??

methyl group of the ketone was irradiated, which implies  The nature of the catalygnt231 has been studied and

that boths-cisands-transconformers exist in a similar ratio. ~ compared with the species formed by simple mixing of
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Scheme 73. Catalytic Enantioselective Propargylation of Table 23. Catalytic Enantioselective Allylation of Functionalized
Aldehydes Aldehydes
e SnBu" Ti[OCHCF3)oly
o] 3 2
IS == H (3g, 3 mol %) R
)J\ +
R H \
SnBu" R”H
i | s

Ti
0,
CH,Cl,, 25°C OO \O\ o OO (ent-90a, 3 mol %)

Prio” i\o Et,BSBu!
OO (234a, 110 mol %)
(ent-231, 10 mol %) 4-A Ms
PhCF3, 20°C
OH i 0 0
/y\/// entry no. R yield (%) ee (%)
233a; R'3 Ph (28%, ee 95%) ! 215h - PhCO(CH). 86 o
A 0 99 2 215i PhCO(CH)3 83 95
233b: R = Ph(CHo), (50%, 92%) 3 215] EtO.C(CH)y 81 o
- _ _ 4 215k PhCONH(CH), 93 93
BINOL and titanium tetraisopropoxide. Both catalysts seem 5 215l BNnO,CNH(CH), 78 91

to be clearly different, since when using the complex
ent-23], the reaction rate is faster, the amount of Catalyst Scheme 74. Catalytic Enantioselective Dienylation of
can be reduced, there is no influence of the temperature onAldehydes

the enantioselectivity, and this complex showed a high SMBU  1yopy

uniformity in enantioselectivities for the allylation procé&s. 0 (3 Opos ) OH
Although a positive nonlinear effect was found when the o+ | : R/H\A\
catalyst was prepared with partially resolved BINOL, this REH OO

effect disappeared when the reaction was performed using 121 221f OH 235
different mixtures of both homochiral complexas-231and (ee 91-99%)

OH
its enantiomer231 These facts imply that homochiral OO
complexes of type31 (each BINOL in this complex has

the same absolute configuration) are more reactive than the (ent-90a, 20 mol %)

corresponding heterochiral ones (each BINOL here has the Et,BSPr

opposite absolute configuration), and they are coordinatively (234b, 125 mol %)

stable (no exchange of titaniunBINOL units). 4-A MS
The catalytic allylation of the corresponding aldehyde PhCF3, -20°C

catalyzed by compleent231 has been used as the asym-

metric key step in the synthesis dR)¢argentilactone and  2-ethenyl- and 2-ethynyl-2-propenylstannane derivatives,
(R)-goniothalamin, which present an important biological which permitted the enantioselective synthesis-ofipsdi-
activity 324 enol and ¢)-ipsenol.

Another strategy to improve the initial results of the A special case appeared when the allylation reaction was
catalytic allylation of aldehydé&% using tin derivatives has  performed using the 3-trimethylsilyl-2-propenylstannane
been the use of scavengers for the chiral tin alkoxide initially 221g Instead of obtaining the expected 3-silyl-4-hydroxy
formed in the reaction media. Dialkylboron thiola@34are olefin, the 1-silyl-4-hydroxy derivativeé36was isolated with
ideal scavengers for that purpose, due to the strong affinitiesgood enantioselectivities (Table 24), with the results being
between SiS and B-O bonds, as well as the relatively somewhat poorer far,5-unsaturated aldehydes. The reason
weaker S-B bond. In this way, the amount of chiral for this unusual reaction seems to be not very clear, but it
promoter and the reaction time could be reduced, and themust be related to the steric hindrance of the trimethylsilyl
reaction could be possible using functionalized aldehydes group®?8In general, the allyl transfer from allyl tin deriva-
(Table 23), with any deactivation by the extra basic func- tives to aldehydes catalyzed by Lewis acids might occur
tionalities$?® Thus, the allylation reaction using stoichio- mainly via a $2' process. However, in this case, the sterically
metric amounts of the boron derivatig34a yielded the demanding trimethylsilyl substituent would not allow the
expected homoallylic alcohols with excellent enantioselec- appropriate orientation between the reagent, the substrate,
tivities. The reaction conditions tolerated the presence of and the catalyst. Therefore, the formation of compoRa@
ketone and ester functionalities without a decrease of thecould be explained if in the reaction pathway, previous to
enantiomeric ratio; these results were obtained even forthe &2' carbonyl addition, a 1,3-shift equilibration of the
aldehydes with very acidic hydrogens, such as benzoyl andtin moiety took place to render the corresponding mixture
Cbz-amino protected aldehydes. of enantiomers of the 1-trimethylsilyl-2-propenylstannane

The reagents’ scope of the former protocol with an extra derivative, and only one enantiomer reacted with the carbonyl
Lewis acid as a synergetic reagent is very broad. Thus, for compound, with the other enantiomer shifting back again to
example, the buta-2,3-dienylstann#§e€21f was used as  the initial tin reagent to repeat the whole process.
the source of the nucleophile, giving the corresponding dienyl The amount of achiral boron Lewis acid used in the
alcohols235with excellent enantioselectivities (Scheme 74). aforementioned reaction is not necessarily stoichiometric. In
Other successfully used systems were the correspondingact, from a screening of 13 different Lewis acids, 4-(tri-
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Table 24. Unexpected Catalytic Enantioselective Allyl Transfer Scheme 76. Catalytic Enantioselective Allylation of
Using the Silyl Derivative 2219 Aldehydes Using the Titanocene 1059
o Bu™Sn  Ti[OCHCF3)ls Me;Si _N
(3g, 10 mol %) = ; I
Mn / MesSiCl /
RJ\H ¥ | n e N OH

1o o
Me;Si HO = cl
(G H + ( (%
121 221g OH 236 N : P
OH :
O‘ 240 237

e 241
A (80%, ee 20%)
(90a, 10 mol %) P @Ti
Et,BSBut o]
(234a, 110 mol %) (105g, 20 mol %)
4-A VS THF, 25°C
PhCF3, -20°C
of the titanium(IV) complex to the corresponding titanium-
entry R no. yield (%) ee (%) (1) by manganese, followed by an asymmetric addition to
1 Ph 236a 83 91 form the titanium alkoxide, and completed with the liberation
2 PhG=C 236b 71 88 of this complex by formation of the corresponding silyl ether.
3 (E)-PhCH=CH 236¢ 47 83 Despite the poor enantiomeric excess, it is the first time that
4 Ph(CH). 236d 74 93

a chiral titanocene has been able to catalyze this reatfion.
Another totally different strategy for the enantioselective
fluoromethyl)phenylboroxin emerged as an excellent achiral allylation is the use of a pericyclic ene reacti§afor which
synergetic acid. Thus, the simple allylation of aldehydes BINOL —titanium complexes are the most used chiral
using the tin derivativ@21acould be performed using only  ligands33® An important effort has been put forth to
5 mol % of the aforementioned boronic ester, rendering the determine the species involved in the catalytic cycle of the
expected homoallylic alcohols with excellent enantioselec- reaction (see structurg60), as well as the role of some
tivities 32° additives such as waté The first fact discovered is that
The catalytic enantioselective allylation can also be the reaction performed using hydrated 4-A molecular sieves
performed with another source of the nucleophile that is lessgave better results than the corresponding one performed
expensive and less toxic than tributyltin derivatives, such as under strict anhydrous conditions. To understand the role of
allyl trimethylsilane237. In this case, the reaction should water in the formation of different BINOLtitanium species,
be performed using titanium tetrafluorid&d), since this the reactivities of different mixtures of equimolecular
titanium complex served at the same time for the preparation amounts of titanium tetraisopropoxidgaj and BINOL @03)
of the chiral Lewis acid, and the fluorine atoms activated exposed to graded amounts of hydrated molecular sieves
the silyl derivative’®® The reaction with crowdedy,o- were tested: a maximum was detected'bBlyNMR when
disubstituted aldehydeZ38 gave the expected homoallylic the ratio of component8a/90aH,0 was 2:2:1. The'’O
alcohols239 with good enantioselectivities (Scheme 75); NMR of the above’O enriched complex showed only one
peak within theus-oxo region, which suggested a tetranuclear
- : ) nature of the active species. Indeed, the tetranuclearity of
Aldehydes Using Allyl TnmethyIsTl.I;\ne (237) this complex [Ti(OPF)4(BINOLate)O,] was proven by
I

0 SMe, (34, 5mol %) OH | vapor pressure osmometric molecular weight measurements
QﬁkH + K Q('\) in toluene. However, the crystallization of this tetranuclear
S
w O
238 2 OH

Scheme 75. Catalytic Enantioselective Allylation of

complex only rendered the pentanuclear titanium complex

OR 242, which has a Ti(u2-OP#),(us-O), core attached to a
37 OH (e 823_% 1%) Ti(u2-OAr)(u2-0) fragmen€* The tetranuclear complex was
OO ’ modeled by computer on the basis of a(@i-OAr),(us-O),
core, and the resulting structure seems to match the observed
(ent-30a, 10 mol %) IH NMR and NOE results.

CH,Cl3, 0°C

these alcohols were then starting materials for the synthesis O O
of different polyketides. O O
Another organometallic compound used as source of the

nucleophile was allyl diethyl aluminuni1$19, which was Pri\o.o_\Ti.,/.g;y;,u_
able to add to different aldehydes, catalyzed by titanium P/ % P'."'w,,,,\
tetraisopropoxide3a) and the hydroxy sulfonamid&75, 0 / \r
under similar conditions to those shown in Table 16. In this ‘O O—\Ti 0
reaction only the allyl group was transferred to the aldehyde o
(no ethylation products were detected), with the enantiomeric O—Ti/—O\ i
excess being excellent (for examplent-2153 90% ee)5! OO o) Pr
. . . 0 v
Very recently, the use of substoichiometric amounts of pr’  Pr

the titanocend 05ghas been introduced for the enantiose-
lective allylation of decanal@0) to yield the corresponding
homoallylic alcohol 241 with modest enantioselectivity Despite the aforementioned effort to determine the species
(Scheme 76). The catalytic cycle started with the reduction involved in the catalytic cycle (with the tetrameric titanium

242
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complex being the initial complex which evolves to a trimeric
BINOL-Ti complex), the exhaustive study of the data from
the kinetic analysis of the positive nonlinear effect showed
a dimeric rather than a trimeric nature for the true BINOL
titanium catalys#®®

Although the nature of the catalyst has yet to be deter-
mined, its utility is proven without a doubt. Thus, an

Ramon and Yus

positive, the difference in enantioselectivities between using
a mixture of BINOL or only one of the components is
minimal (never higher than 3 units of e&5.

The aforementioned ene allylation using equimolecular
amounts ofent-90a and fluorinated syster@Oc is, on the
contrary, a very impressive example. First, it should be noted
that the reaction depicted in Scheme 78 usigdBAMOL

intramolecular version of the ene reaction has been success90c gave the homoallylic alcohd48 (53%, ee 92%) with

fully used in the preparation of vitamin D ring A ana-
logues®3*® More difficult seems to be the tandem and two-
directional ene reaction depicted in Scheme 77, in which as

Scheme 77. Catalytic Enantioselective Two-Directional Ene
Reaction

SPh
CF4CHO . PN
243 244
CI,TiI(OPr), OO
(58b, 10 mol %) o
ol Sy
PhMe, 0°C
(90a, 10 mol %)
OH
OH SPh OH /Qi/(kca
F3CWCF3 * R sph
anti-Z-245 anti-E-245

(40%, ee>95%) (6%, ee>95%)
source of the titanium complex the more acidic dichloroti-
tanium diisopropoxide §8b) was used. The reaction of
fluoral (243 with the sulfanyl derivativ44 gave a mixture
of different products with excellent enantioselectivities, with
some of themZ45) resulting from a double ene process.
The great complexity of intermediates formed between
BINOL and titanium has permitted the use of either poison-
ing or activating agents of some complexes, to change the
activity of the original syster?? Thus, the mixture of two
different BINOL derivatives of the same absolute configu-
ration has been checked in order to prove that some
combination gave better results than the use of only one
BINOL derivative (Scheme 78). Although the results are

Scheme 78. Catalytic Enantioselective Ene Reaction Using
an Equimolecular Mixture of Ligands 90ao and 90ap

Q Ph

H)‘H(OEt . )\
(e}
246 247
Ti(OPr),
(3a, 1 mol %)

| l I OH
Crr

(90ao, 1 mol %)

FsC OO OH
FsC l O OH

(90ap, 1 mol %)

PhMe, 25°C
Ph OH
OEt
o
248
(49%, ee 98%)

the opposite absolute configuration to that when the BINOL
ent90ais used. However, the reaction using the 1:1 mixture
of BINOL enantiomers rendered the alcolenit-248with a
better result (95%, ee 99%) than that produced with either
of the two BINOL derivatives alon&® Moreover, initial
reaction rate studies indicated that the catalyst derived from
Fs-BINOL 90c was approximately 4 times slower than the
catalyst derived from BINOLent90a and therefore, the
anticipated enantioselectivity should be low (around 60%),
denoting the important synergistic behavior. The X-ray
structure showed the homogeneous incorporation of both
ligands, as well as the existence of a pseudocrystallographic
inversion symmetry which was broken by a fluorine substitu-
tion, with the central core of the structure being composed
of six titanium centers surrounding by BINGEnt-90a and
Fs-BINOL 90c halves.

The grafted soluble BINOL90aqg has been used in the
ene reaction shown in Scheme371n this case, the amount
of water added in the preparation of catalyst was the same
as the amount of titanium tetraisopropoxid&a)( and all
isopropoxy moieties were removed to force the self-as-
sembled of two BINOLate units through a TiO moiety.
The elimination of all 2-propanol formed a very insoluble
cross-linked material which catalyzed the reaction and gave
good enantioselectivitie248, 88% ee), which were practi-
cally constant after five reuses.

I | OH
o} .‘OH

90aq

The use of titanium-bridged polymers (or oligomé®%)
as insoluble enantioselective catalysts has been extensively
studied with BINOL derivatives90ar—at. The material

ent-90ar: X =
ent-90as: X =
ent-90at: X = Br,

H,

obtained by mixing titanium tetraisopropoxide, water, and
the corresponding bisBINOL in a 2:2:1 ratio was very
insoluble, readily recycled, and reused for over one month.
The powder X-ray diffraction patterns indicated that they
were noncrystalline solids. For example, the enantioselective
ene reaction using a titanium-bridged polymer derived from
ent90ar gave the alcoholent248 with 88% ee (88%
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chemical yield), and the same figures were obtained after 4,6-bis(tritylamino)dibenzofuran2f9g as titanium linker
five uses’* The presence of an electron withdrawing group gave an excellent result (Scheme 79), with the use of the
in the backbone, such as in compouedt90at, should

improve the catalytic activity, owing to the Lewis acidity Scheme 79. Catalytic Enantioselective Allylation of

increase of the titanium complex. In fact, although the Acetophenone 106a Using in Situ Formed Bimetallic
titanium—ent-90at self-assembled framework gave a better Complexes

result ent248 87%, 970/%é2ee). The activity dropped o o Tié(}gpri)it/) . oH
substantially after five reusé® a, 60 mol %

Not only have phenol derivatives been used as chiral Ph)LMGJ{ (5sn oSN
ligands for the titanium-catalyzed ene reaction, but also 106a 250 OO ent-251a
simple alcohols such as the di49 have been proposed as OH  (95%, ee 90%)
chiral ligand alternatives. However, the obtained enantiose- OH
lectivity was modest*? OO

(ent-90a, 60 mol %)

>_\ Tr~NH HN-Tr

HO N
o
Ph—/ w--'Ph
0 OO
(229a, 30 mol %)

4.2.2. Ketones as Electrophiles CH,Cly, 25°C

The enantioselective addition of allylmetal derivatives to
ketone&® using titanium complex@¥2has been sensitively
less developed than the related addition to aldehydes; th
first catalytic enantioselective process was published in 1999. . . .
The reaction of the reactive tetraallyl tiB50) with different 4.3. Arylation/Alkenylation Reactions
ketones in the presence of substoichiometric amounts of The addition of sphybridized carbon nucleophiles to
dichlorotitanium diisopropoxide5@8b) and BINOL (90g) carbonyl compounds’ mainly arylation processes will be
gave the corresponding homoallyl alcoh2&l (Table 25)** considered in this sectigf® Surprisingly, only additions to
poor electrophilic compounds such as ketones and imines
/ have been published during the period covered by this

o CTi(OPr), HO Re review. The first example is the catalytic enantioselective
I - (NAsn (58b, 20 mol %) > addition of diphenylzinc 120d) to ketones using titanium

tritylamino derivative229b having an important impact on
cthe enantioselectivitie¥?”

Table 25. Catalytic Enantioselective Allylation of Ketones

R! X - - s . .
tetraisopropoxide3a) and substoichiometric amounts of chi
106 250 OO 251 ral HOCSAC (89, which has been accomplished success-
8: fully, with enantioselectivities up to 969235°More inter-
OO esting is the use of arylboronic acidg5@) as the initial
source of the nucleophile in the arylation of ketones (Table
(90a, 20 mol %) 26). The first step of this process is the transmetalation from
CH_Cly, 25°C
Table 26. Catalytic Enantioselective Arylation of Ketones Using
entry  no. R RZ  vyield (%) ee (%) HOCSAC 189
1 25la Ph Me 77 65 BOH) EtZn R! oH
2 251b  4-MeOGH, Me 75 44 o 0 g
3 251c  4-ONCiHs Me 80 a7 I (120, 300 mol %) RZ&@
4  251d (E)-PhCH=CH Me 83 51 R "R Ti(OPF); X
5 25le  n-CeH Me 89 29 X
e 106 252 (3a, 110 mol %) 253

The enantioselectivity of the reaction seems to be indepen-
dent of the electronic properties of the substituents on the N
aromatic ring but strongly dependent on the nature of the %82_% HN_S%
ketone, with aromatic ketones giving better results. A HO  HOGSAC OH
correlation between yield and enantioselectivity leaves aside (189, 5 mol %)
the possibility of autoinduction.

A further evolution of the BINOL-titanium catalyst
showed that the presence of a large excess of 2-propanolentry no. X R RZ  yield (%) ee (%)
(2000 mol %) had a great and favorable impact on the

PhMe, 25°C

. . . ; 1 253a H 4-BrCsHs  Me 79 81
enantioselectivity of the reaction, reaching up to 96%4é_e. 2  ent253a Br Ph Cof Me 65 93
In this way, the initially used dichlorotitanium diisopropoxide 3 253b Me Ph Me 58 84
(58b) could be replaced by the less acidic titanium tetraiso- 4 253c Ck Ph Me 52 64
propoxide 8a), since the nucleophilic character of the initial 5 253d H  4BrCH, Et 91 68

6  253e H Bu" Me 65 30

tetraallyltin was enhanced by the presence of alcoHéls.
The previously mentioned strategy of forming an in situ

bimetallic complex has also been tested in the allylation of the arylboronic derivative with diethylzinc to yield an

acetophenonel 069).3*° The enantioselective allylation using  arylzinc intermediate, which is further trapped by reaction
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with ketones in the presence of an excess of titanium Scheme 81. Catalytic Enantioselective Arylation of Imines
tetraisopropoxide and substoichiometric amounts of the chiral

ligand HOCSAC 189, giving the expected alcoho53

in general, with excellent enantioselectivitié$The process

was quite sensitive to the nature of the ketone (aromatic or

aliphatic), to the presence of substituents in the aryl ring of 502 [RNCI(C2Ha)2l 80,
the initial boronic derivative, and to the steric hindrance of P A2TIOPr, o) HA
ketone substituents. AR+ ATTIOPN, AT AR
A similar transmetalation strategy has also been used in 258 122 < O 260
the alkenylation of ketones (Scheme 80). The hydrozircona- o g::z (<99%, ee<96%)
o} 2
Scheme 80. Catalytic Enantioselective Alkenylation of <o O
Ketones Using HOCSAC 189
(259a, 3 mol %)
CHyClp, 25°C o
RI—= + CpyZrHCl N ziCpoCl THF, 25°C
254 255 256
the enantioselective additiéii of these intermediates to
Me,Zn carbonyl compounds is an attractive alternative to the
(120a, 120 mol %) synthesis of the corresponding propargylic alcoR#ls.
Ti(OPr
(3a, éo mgf%) o 4.4.1. Aldehydes as Electrophiles
RziLRs The first example of an enantioselective catalytic alky-
R 106 nylation of aldehydes using titanium tetraisopropoxige) (
%gz—w HN—S{?%( was described in 2002. The reaction of a mixture containing
hd  Hocsac OH phenylacetylene261g, dimethylzinc (209, titanium tet-
(189, 5 mol %) raisopropoxide 3a), and the corresponding aldehyde in the
presence of the #BINOL 90f gave the expected propargylic
PhMe, 25°C alcohols262 (Table 27). The enantioselectivity is modulated
Rfs,‘ OH Table 27. Catalytic Enantioselective Alkynylation of Aldehydes
re g Using the He-BINOL 90f
H MeZZn R _‘\OH
(<gg%?gz<g7%) j\ ol (120a, 120 mol %)
ROH Ti(OPri), ||
tion of terminal alkyne254 with the reageng55 yielded Ph (3a, 150 mol %) Ph
the corresponding alkenylzirconium derivativ@s6, which 121 261a 262
in turn were transmetalated by treatment with dimethylzinc ‘O
(1209 to give the corresponding alkenylzinc intermediates. g:
These alkenylzinc intermediates were trapped by reaction ‘O
with different ketones in the presence of titanium tetraiso-
propoxide and substoichiometric amounts of chiral HOCSAC (90f, 20 mol %)
(189), yielding after hydrolysis the expected allylic alcohols, THE. 0°C
in general, with excellent enantioselectiviti®@The whole '
process was quite sensitive to the nature of the ketone — 5
(aromatic or aliphatic), as well as to the presence of extra M"Y no- R yield (%) ee (%)
functionalities on the starting alkyne. The use of the ligand % ggga Z*:\AGCGH 8845 362
. . : , ) .
tli\?iltlydlzg“'mt produce any improvement in the enantioselec- 3 262¢ 4-CICt, o1 94
: . . . . o 4 262d 2-naphthyl 75 80
The last example of this section is the arylation of imine 5 262e c-CeHis 86 74

derivatives258 using different aryltitanium triisopropoxide
derivatives122 catalyzed by the rhodium complex in the
presence of the very narrow dihedral angle-containing
diphosphine -SEGPHOS 2599 to yield, after hydrolysis,

the corresponding diarylamin&60 with excellent results
(Scheme 81); the enantioselectivities are very constant
independent of the nature of the substituents of both aryl
groupss®?

by the electronic character of thgara substitutents on the
aromatic ring of the aldehyde; the higher the electron
withdrawing character, the higher the enantiomeric excess
found. However, the steric hindrance and the nature of the
aldehyde (aromatic or aliphatic) have a bigger effect on the
results®®> Under these reaction conditions, the use of BINOL
90a as chiral promoter showed slightly poorer results.
: : A small change in the alkynylation protoé# provoked

4.4. Alkynylation Reactions an important improvement using BINGint-90a(Table 28).

Chiral propargylic alcohols have been extensively used The main change was the previous preparation of the
as key intermediates in the synthesis of many complex alkynylzinc derivative by refluxing diethylzincl@Ob) and
organic molecules. Alkynytmetal reagents are ideal func- phenylacetylene261g. Then, this mixture was added to the
tional carbon nucleophiles which can be prepared easily rest of the reagents in methylene chloride. In this way the
owing to the acidity of terminal alkynyl protons. Therefore, expected propargylic alcohoént-262could be obtained, in
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Table 28. Catalytic Enantioselective Alkynylation of Aldehydes influence on the enantioselectivity, with some of them even
Using BINOL ent-90a . having a detrimental effe@g!
o H (120 2t(2)0nmol %) R OH The use of the chiral coliganti68c had a very positive
- | ’ I impact on the _enantloselectlve addltlpn of ph_enyla_cey_lene
RO H Ti(OPr), to aldehydes in the presence of dimethylzinc, titanium
Ph (3a, 50 mol %) Ph tetraisopropoxide, and a substoichiometric amount of BINOL
121 261a ent-262 (90&), permitting the reduction of the amount of chiral
OO BINOL by up to 10 mol % (the same amount @hydroxy
OH 4 . ; "
oH sulfonamide was added) and improving sensitively the
OO enantiomeric excess (ranging from 92 to 99% for aromatic
aldehydes§%? It should be pointed out that the reaction using
(ent-90a, 20 mol %) the -hydroxy sulfonamidel68calone did not proceed.
PhMe, CH,Cl,, 25°C Ph
entry no. R yield (%) ee (%) O,S-NH  OH
1 ent-262a Ph 77 96 Q
2 ent262b 4-MeGsH, 81 92
3 ent262c 4-CICsH, 93 97 168¢c
4 ent262d 2-naphthyl 77 98
5 ent262e C-CeH11 58 95 Although theS-hydroxy sulfonamidd.68cwas ineffective

as promoter for the enantioselective alkynylation process,

general, with better enantioselectivities (compare Tables 27 0therf-hydroxy sulfonamides showed interesting activities.
and 28). The enantioselectivity still depends on paea Thus, the ligand168d was an effective chiral promoter
substitutents on the aromatic ring of the aldehyde, but with Yi€lding the expected propargylic alcoh@§2 with enan-
this protocol the steric hindrance as well as the nature of tioselectivities close to 90%; this enantiomeric excess was
the aldehyde has a marginal effect. The presence of a smalPractically independent of the temperature and slightly
negative nonlinear effe€€ in the process, as well as the dependenton the amount of the chiral prom&tThe chiral
possibility of use of other different terminal alkynes, should iSoPorneolsulfonamid@63 gave similar results to those of
be noteds’ the previously describefl-hydroxy sulfonamide®*

The compoun®0au emerged as the best promoter from
a small library of 15 BINOL derivatives bearing different
3,3-dianisyl groups>® From the results obtained in the OSO
alkynylation of aldehydes, a significant improvement of the O,S-NH  OH ;/g ;/H
enantioselectivity appeared, due to the presence tefta OH
butyl group, with the presence of an unusual steric effect at
the remotgpara position of the anisyl moieties being noted.

Ph

168d 263

The C3; symmetric hexapodal ligar#b4has been used as
chiral promoter in the alkynylation of aldehydes using a
//_\O O/_\\ similar protocol to that described in Table 28, that is, the
O preparation of an alkynylzinc intermediate before the addition
of the electrophile. However, the enantioselectivities were
O somewhat lower than those for the original protocol. It should
be noted that the deletion of either one or t@dydroxy

HO OH carboxiamides had an important and detrimental effect on
the enantioselectivity of the reaction, demonstrating the
higher activity of theCz symmetric ligand compared either

90au ent-30av 90aw to the C, symmetric or theC; symmetric oné®®

The ligandent-90avhas been introduced as an alternative Ph
to BINOL, but it did not overcome any of the previous Ph,, HO._ .Ph
parameters in the enantioselective alkynylation reactidn. Hf N 9 j
The ligand90awhas also been tested in the enantioselective o N “Ph
alkynylation of aldehydes with enantioselectivities ranging
from 91 to 95% (similar to BINOL). However, in this case,
the study of the influence of the dihedral angle by changing HN™ 0
allyl substituents to other more crowded substituents showed pre O
no changes in the enantioselectiVig). Ph

The introduction of coligand® into the standard BINOL- 264

promoted enantioselective alkylation reaction has been more

successful. Thus, the simple addition of 30 mol % of phenol  Other chiral promoters used in the catalytic enantioselec-
increased the enantiomeric excess for alc@@@afrom 91 tive alkynylation of aldehydes were cinchonidirg#6) and

to 96% (simple mixture of all reagents; for conditions, see someN-protected amino acids such as compo@é®. In
Table 27). Other phenolic derivatives did not have any the first case, the amount of the chiral promoter had to be
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40 mol %, while the amount of titanium tetraisopropoxide the acetylene derivative, had an important impact on the

was 200 mol % and the enantiomeric excess found for the
propargylic alcohoR62awas only 79%, with the ee’s being
similar for other alcoholg¢®

Different amino acids have been tested for this reaction,

results. The use of other chiral ligands such asBHNOL
(90f) or TADDOL (1189 did not improve the enantiose-
lectivity.

A similar alkynylation process has been performed starting

with proline being the most promising. After it was found from phenylacetylene2619.3¢° Its deprotonation by dieth-
that this cyclic amino acid was the best choice, different ylzinc (120b) at room temperature followed by reaction with

typical protecting groups of the amino functionality were
tested such as Boc, Cbz, Bz, and methyl, with the tosyl
derivative 266 yielding the best results, with 71% enantio-
meric excess for the propargylic alcolerit-262aand similar
ee’s for other alcohols arising from aromatic aldehydes; the
enantioselective alkynylation of aliphatic aldehydes was
sensitively less satisfactof§’

265 266

4.4.2. Ketones as Electrophiles

As expected, the related alkynylation of ketones is much
less developed than that of aldehyd®sin fact, the first
catalytic enantioselective alkynylation of ketones using
titanium complexes was described by Cozzi's group in 2004.
The reaction implied the direct addition of alkynyltitanium
triisopropoxide 122 to ketones in the presence of catalytic
amounts of simple BINOLJ0g) to yield the expected tertiary
propargylic alcohol®67.3%8 The first step of the process is
the formation of the nucleophile, which was carefully
prepared by deprotonation of the appropriate terminal alkyne
moiety by butyllithium at—50 °C and further reaction with
chlorotitanium triisopropoxide. Then, with an intelligent fine-
tuning of the temperature, the reaction is promoted by the
presence of BINOL with good enantioselectivities, avoiding
the direct addition and the addition catalyzed by the LiCl
salt present in the reaction medium (Table 29). The enan-

Table 29. Catalytic Enantioselective Alkynylation of Ketones

o OH
o Ti(OPr') TCLR?
I PhMe, -30°C
RR2 | ll
e Q0
OH R®
106 122 OH 267
(90a, 25 mol %)
entry  no. R R? R® yield (%) ee (%)
1 267a Ph Me Ph 89 70
2 267b 4-MeGH; Me Ph 45 85
3 267c  4-CIGH, Me Ph 53 88
4 267d 4-CIGH, CH.,CI Ph 63 51
5 267e Ph Me MeSi ndt 42

aNot determined.

tioselectivity seems to be independent of the electronic
character of thgpara-substituted group in the aromatic ring

of the ketone. However, the presence of other functional
groups, either on the alkyl side chain of the ketone or on

different ketones using 20 mol % of BIN(A0aand titanium
tetraisopropoxide3a) as chiral catalyst gave the expected
tertiary propargylic alcohol267 with slightly higher enan-
tioselectivities than those of the previous protocol (for
267a 67%, ee 85%; foR67h 64%, ee 87%; for267c
73%, ee 89%).

4.5. Cyanation Processes

The asymmetric reactions of different cyanide sources with
carbonyl compounds to yield the corresponding cyanohy-
drins?"%as well as their related ones using imine derivatives
to yield oc-amino nitrile derivatives (Strecker reactiott) are
very highly versatile synthetic transformations, with the final
products occupying a fascinating niche at the interface
between chemistry and biology.

4.5.1. Aldehydes as Electrophiles

Since 1986, when the first example of enantioselective
cyanation of aldehydes using titanium complexes and BINOL
(90a) was published’? many other ligands have been
reported as an alternative, with the most used being chiral
imines derived from salicylaladehyde (saRehdpf type 268

e

R
268a: R=H
268b: R = Bu'
268c: R = CMe,Et

N N

OH HO

The catalytic enantioselective addition of trimethylsilyl
cyanide 2699 to different polyfunctionalized benzaldehydes
in the presence of equimolecular substoichiometric amounts

Table 30. Catalytic Enantioselective Cyanation of Aldehydes
Using the Ligand 268c

Ti(OPr),
i ' (3a, 5 mol %) OH
R H +  MesSiCN R/\CN
121 269a 270
—N  N=
OH HO
(268c, 5 mol %)
CH,Cl,, -78°C
entry no. R yield (%) ee (%)
1 270a Ph 92 97
2 270b 4-MeGHq4 96 94
3 270c 4-CICeH4 89 97
4 270d 2-naphthyl 93 >97
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of titanium tetraisopropoxide and a chiral saB§8has been Table 31. Catalytic Enantioselective Multicomponent Cyanation
used as the key step in the syntheses of trifluromethylepine-°f Aldehydes

phriné”® and fluoroepinephrinéé (vasoconstrictors) with %
enantioselectivities near to 95%. The chiral deriva@é8c 0 /i BUOH / H.0 Qk
seems to be more effective thd@68a,b under similar JU + keN + o 2 P
conditions (Table 30), detecting only one enantiomer for RO H RO CN
2-naphthylcarbaldehyd&®
However, an interesting breakthrough occurred in this field 2 272 N N=
by serendipity when the standard cyanation of aldehydes was ™
performed under strict anhydrous conditions. Under these \O
conditions, the in situ prepared complexes between different Bu ) o
sources of titanium and ligan@68 were ineffective in the Bu' =
cyanation process. Moreover, the same results were obtained QO / op
when traces of water were present independent of the \TI/
titanium source used, which indicated that in all cases the N N
same catalytically active complex was present. In fact, the O
same crystalline solid71was obtained when ligan@68a,b
(271b, 1 mol %)
CH_Cl,, -42°C
N entry no. R yield (%) ee (%)
Cgo/ \\ob 1 2732 Ph 93 90
E 2 273b 4-MeOGH, 74 93
R ‘2 4 R 3 273c 4-FGH, 08 92
N 3 4 273d Bu 40 62
Qo\ /,op
Ti carboxamides by hydrolysis catalyzed by platinum(ll) phos-

phinito complexe§’® This protocol was also very effective
with aldehydes grafted to 1% cross-linked Wang resin,
keeping practically the enantioselectivity of the homogeneous
271a:R=H version3&
271b: R = But . . .. .
Another cyanating agent, used in combination with

were treated either with titanium tetraisopropoxide)(in complex271b and aldehydes, was ethyl cyanoformdte,
the presence of 1 equiv of water or with titanium tetrachloride Which rendered the corresponding cyanohydrin derivatives
(3c) with 1 equiv of water and 2 equiv of triethylamine. In ~ With similar results to those presented in Table 31.
the dimeric structure271, the requirement for the two After the discovery of bimetallic complexex/1 as the
bridging oxygen atoms to adopt relatigis positions means ~ common precatalysts for the aforementioned cyanation, a
that the salen ligands cannot adopt a planar coordinationcomplete study was performed in order to shed light on the
around the titanium atoms. Rather, the salen ligands have topossible mechanism (Scheme 82). The first consideration was
adopt a conformation in which one of the coordinating atoms that the central four-membered ring was rectangular rather
is nonplanar with the other three coordinating groups. than square with two of the O bonds significantly shorter
However, the complex retains over@ symmetry since the  (1.80-1.82 A) than the other two FO bonds (1.86-1.88
ligands adopt aA-configuration around both titanium A). In fact, the’O NMR spectrum of comple71bshowed
atoms. The molecular weight of complex281 was con- a sharp peak characteristic of &=f® group, indicating the
firmed by ultracentrifugation measurements. Finally, it should presence of an equilibrium between the dimeric spetidd®
be pointed out that the catalytic enantioselective cyanation and the related monom2ir4 The presence of a metallacycle
of aldehydes using comple271b gave better results in 275 was detected by NMR when hexafluoroacetone or
shorter reaction times (for instance, using 0.1 mol % of formaldehyde was added to a solution of the di@g&th. In
complex at 0°C: quantitative chemical yield, 92% ee for addition, new species of titanium were observed when the
2709.376 intermediate271b was mixed with trimethylsilyl cyanide
The effectiveness of this type of complex has permitted (2699); the infrared spectra suggested that cyanide ligands
the increase of the cyanide source scope by using KCN/were partially bonded to the titanium center. Moreover, the
(MeCO)O as a very cheap and safe cyanating agént. new absorption signals indicated the presence efO%i
Among alkali metal cyanides, KCN gave the best enantio- and O-Si bonds. The steric requirements of the trimethylsilyl
selectivity, while the carboxylic derivatives such as pivaloic, groups ensured that the dinuclear complexes will have much
benzoic, or acetic anhydride had little impact on the longer distances between the two titanium atoms than their
preparation of the final est&x73 More important for this initial complex271h which was consistent with the reduced
asymmetric multicomponent reactith seems to be the shielding of hydrogens observed in thé NMR spectra of
rotation speed of the reaction mixture stirring for the chemical the complex mixture of276 and 277. The addition of
yield, with a maximum yield being obtained at 280 rotations/ trimethylsilyl cyanide before the aldehyde had an impressive
min, as well as the presence of additives such as mixturesdetrimental effect on the reaction rate, which might indicate
of water andtert-butyl alcohol (10 and 100 mol %) which that the initial step of the reaction is an interaction of complex
greatly accelerated the reaction (Table 8¢Acetoxy nitriles 271bwith the aldehyde to form the corresponding metalla-
273 could be easily transformed into the relatedcetoxy cycle275 The same level of enantioselectivity was observed
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Scheme 82. Catalytic Cycle for the Enantioselective
Cyanation of Aldehydes
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when the reaction was performed with HCN instead of
trimethylsilyl cyanide 2699, which seemed to indicate that
the catalyst did not contain large trimethylsilyloxy groups
coordinated to the titanium in the transition sta?g8) of

the reaction (Scheme 82). The kinetic studies showed that
the reaction rate equation was zero order for the aldehyde
and first order for trimethylsilyl cyanide, and they showed
that for catalysR71values ranged from 1.3 to 1.8, depending

Ramon and Yus

potassium cyanide in the presence of water trtbutyl
alcohol only modified the reaction rate, it seems that these
additives only serve the hydrolysis of the related complex
279 with the free cyanohydrin being further acylated by the
corresponding anhydride.

In the aforementioned catalytic homobimetallic species
278 a titanium atom is the Lewis acid center controlling
the aldehyde chelation and its activation, while the other
titanium center is the nucleophilic source. With this in mind,
it is possible to think that a selective change of one of the
two titanium atoms for another more active metal to give a
heterobimetallic species could improve the previous results.
To test this hypothesis, different mixtures of compleXésb
andent-281were used with the aim of improving the results
previously obtained in the enantioselective cyanation of
aldehydes using the homobimetallic titanium com@&ib
and trimethylsilyl cyanide2699). First, it should be pointed
out that the monomeric chiral ionic complext281 was
shown to give higher enantioselectivity than com@2&ah,
although the reaction rate was almost 2 orders of magnitude
slower than that for the titanium complex. Moreover, the
same stereochemical outcome of the reaction was obtained
using271bor 281, with two cationic vanadium complexes
being involved in the rate-limiting step of the reacti§h.
Therefore, the enantioselective addition of cyarié®ato
benzaldehyde using a 1:2 mixture of complex&all
ent-281 should have giver270a according to the relative
reaction rate and supposing that both metallic complexes
worked independently. Unexpectedly, the final cyanohydrin
was ent-270a with 82% ee. To investigate the possible
reasons for this result, different kinetic studies were per-
formed, which set aside any type of autoinduction of reaction
products, as well as any poisoning effect between the
complexes, and led to the formation of a new heterobimetallic
titanium—vanadium complex. Finally, the ratio of initial
complexe271bent-281 was studied, and a maximum was
obtained at the 1:1 value. Thus, it appears that, in the new
in situ formed heterobimetallic titaniurvanadium complex,
the resulting stereochemistry is determined by the vanadium
center and its kinetic behavior is largely determined by the
titanium-derived portiong®

N+ N
/H\

\Vr,
Bu! 5

O
But

EtOSO,
o]

bBut

But

ent-281

To control strictly the microenvironment and the recovery

on the catalyst tested, but were always higher than one, whichof the chiral liganc??” the salen structure has been im-

could indicate that the catalytic species is dinuclear. Since
the concentration of the aldehyde did not enter into the rate
equation, the most likely rate-limiting step was that of
silylation of the coordinated cyanohydrin, with formation of
the product and comple280. This fact was supported by
the negligible dependence of the reaction rate on the dielectric
constant of the solvent, meaning that during this step no
charges were lost or creat&d.The reaction using other
sources of cyanide seems to follow the same catalytic cycle,
changing only the corresponding trimethylsilyl moiety by
the corresponding acyl moiety. Since the reaction with

mobilized in the polyme282 The enantioselective addition
of potassium cyanide2{ 1) to aldehydes in the presence of
acetic anhydride 272 using titanium tetraisopropoxide,
water, and the polymeR82 gave the expected chiral
o-acetoxy nitrile273 with excellent results (for example,
89% ee for2734.38% The nvn ratio had a great impact on
the enantioselectivity, so for ratios smaller than 2, the
obtained highly cross-linked polymer was very rigid, which
made it very difficult to form the catalytic bimetallic titanium
species and, therefore, lowered the enantioselectivity. On the
other hand, the linear polymem(n > 200) also gave
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O O-salentO$- large group at the 3 position of the aromatic ring is
fundamental in order to obtain good enantioselectivities. This
- - fact has been related with the formation of a monometallic
Q titanium complex bearing only one chiral ligand, with the

tert-butyl group avoiding the formation of inactive dimeric
complexes, or monomeric species with two chiral ligands.

=N N= Although the cyanation process depends largely on steric
O-salen-0 = O OH HO o interactions, increasing the number of stereogenic centers
does not necessarily increase the enantioselectivity, so ligands
Bu' Bu' 287aand 287b gave the same result. Finally, it should be
2<m/n <200 noticed that the presence of a large group on the stereogenic

carbon atom bearing the amino group was fundamental to
reaching the maximum level of the enantioselectivity (85%
ee for270g see Table 30).

282

dissatisfactory results, which was attributed again to the

difficulty of forming a bimetallic titanium species. The

recycling ability was tested for the polym282with m/n =

200, which gave the best results, and the recycling results /_2‘

were very discouraging. On the other hand, when the polymer N= OH 4 L= o N=

282 with min = 4 was reused five times, the same N b

enantioselectivity and chemical yield were obtained (95%, @ HO HO

80% ee), showing that the cross-linked grade also had a great o \ But

influence on the recycling ability.
The salen structure has also been grafted in the mesoporous 286 287a 287b

silica MCM-41 to yield the materic283. The enantioselec-

tivity in the classical cyanation of benzaldehyde to yield the ~ Not only have ligands bearing salen structures been used

cyanohydrin 270a using titanium tetrachloride 3¢) as for cyanation of aldehydes, but compow2#Bahas also been

titanium source was even higher than that obtained undersuccessfully used as a chiral promoter (Table 32). Modifica-

homogeneous conditions (26%, 93% ee), with the chemical

yield being clearly unsatisfactof

H Bu

Table 32. Catalytic Enantioselective Cyanation of Aldehydes
Using the Ligand 288

Ti(OPrl),

Q j\ (3a, 5 mol %) OH
Me;SICN :
N Meo\ _/o ~ R H * e3S|C Ph Ph R/\CN
—N N= SI-O P _/
121 269a — 270
OH HO HO HN
s
But HO
283 Mé

. . . (288a, 5 mol %)
Other salen ligands derived from cyclohexylamine are

compounds284.387 The enantioselective cyanosilylation CH:Cly, -20°C
process using ligan@84aworked modestly (never higher entry no. R yield (%) ee (%)
than 66% ee foR70g. However, a simple modification of

o : . 1 270a Ph 99 94
the initial structure, such as the ether formation, permitted 5 270b 4-MeGH, 90 93
the enantioselectivity to increase up to 89%. On the other 3 270c 4-CICeHs4 08 87
hand, the binaphthyl salen derivati285has also been used 4 270d 2-naphthyl 96 75
in the aforementioned cyanation process, with enantiomeric 5 270fe (E)-PhCH=CH 96 82

6 270 Pr 99 60

excess up to 9498

Other salen ligands used were the bis-Schiff E28@°°
and the mono derivative287.3% n the last case, a complete tions of the structure of the ligand, such as the presence of
study on the enantioselective effect of different substituents either electron-donating or electron-withdrawing groups on
on the aromatic ring, as well as the substituents on the the positionparato the phenolic OH group, did not increase
o-amino alcohol, has been performed. The presence of afurther the enantioselectivity. Contrary to the results with
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salen287h, the presence of two stereogenic centers was of

Ramon and Yus

Other hydroxyarylphosphonodiamides, such as compounds

vital importance for the high enantioselectivity. However, 292% and2933% have been proposed as alternatives, with
the concentration of reagents had an important effect on thethe results being inferior to the previously introduced ones

enantioselectivities, with concentrations either higher or
lower than 0.5 M for the aldehydes decreasing the results.

under similar reaction conditions. AP NMR study of
different mixtures of titanium tetraisopropoxidegj and the

The nature of the aldehyde also plays an important role, sincechiral ligand293 showed the presence of several ligand

the results using aliphatic ot,5-unsaturated, as well as very

titanium complexes, in which the ratio changed as a function

hindered, carbonyl compounds showed decreased enantiosesf the initial ratio of ligand/titanium source, with the main

lectivity.391

Other masked iminic ligands used were the chiral sulfoxide
289 and the biscarboxyamid290. The former compound
was designed with the idea in mind that an extra coordinated
site, such as the sulfoxide moiety, could improve the results
through a more rigid transition state. However, the obtained
results were moderate (ee never higher than 6%%).
Compound290 is a tetradentated ligand with two acidic

=
But - | o
N
o HN,, _Ph
t
LD L
OH N HN" >Ph
v N
(o) |
But X

289 290

complex in all cases bearing two ligands per each titanium

atom.
Ph Bn
N. _o
N‘ //O OH /N—P/
[ P Bn OH
{0 g
\o"LPh O
292 293

From the above presented results, it seems that only ligands
bearing a chelating atom (such as &-Bpbrized nitrogen
or oxygen) and an acidic hydrogen are able to catalyze
effectively the enantioselective addition of trimethylsilyl
cyanide to aldehydes. However, that is not true and, as an
illustrative example, the tetradentate liged@# derived from

protons and two coordinating nitrogen atoms, such as in salen(19)-(+)-ketopinic acid and (R,2R)-1,2-diphenylethylene-

ligands268 In this case, a complete study of all parameters
affecting the reaction was performé&d,including solvent,

relative amount of titanium tetraisopropoxid8a), and

reagent concentration. The relative amount of the catalyst
and initial concentration of aldehyde had a clear effect on
the results, with dilution decreasing the enantioselectivity.
More interesting was the detection of an autoinduction

process (the enantioselectivity increases with the chemical

yield), which indicated the presence of catalytic titanium
species bearing chiral cyanohydrin derivatives with a higher

activity. However, the enantiomeric excess was never higher

than 70%.

A new class of chiral ligands is represented by the chiral
phosphonodiamide291, which has been used as chiral
promoter in the cyanation of aromatic aldehydes in the
presence of titanium tetraisopropoxide (Scheme 83). The

Scheme 83. Catalytic Enantioselective Cyanation of
Aldehydes Catalyzed by Phosphonodiamide 291

Ti(OPri),
o (3a, 10 mol %) OH
R)LH + Me;SiCN R CN
121 269a @ 270
o O\\P;N (<95%, ee<98%)

(291, 40 mol %)
PriOH
(20 mol %)

CH,Cl, 20°C

diamine has reached an unbeatable level of enantioselectivity
(Table 33). The results are very good for aromatic eujt

Table 33. Catalytic Enantioselective Cyanation of Aldehydes
Using the Ligand 294

Ti(OPr'),

_ (3a, 15 mol %) OH
R H + MezSiCN o o R/\CN
121 269a o, 0 270
NH HN
HO HO
(294, 16 mol %)
4-A MS
CH,Cl,, -78°C
entry no. R yield (%) ee (%)
1 270a Ph 87 93
2 270d 2-naphthyl 67 99
3 270e (E)-PhCH=CH 49 97
4 2709 c-CeH11 90 >99

unsaturated aldehydes, and even in the cases of less elec-
trophilic aldehydes such as cyclohexanecarbaldehyde, only
one enantiomer was detected by HP¥CThe high level of
enantioselectivity was due not only to the diamine system
but also to the isoborneol structure, because other ligands
bearing chiral hydroxy acids different from ketopenic acid
decreased enormously the enantiomeric excess found for
cyanohydrin270.

The pg-sulfonylamino alcohol295 has been used in

enantioselectivity was quite sensitive to the presence of substoichiometric amounts (10 mol %) as a chiral promoter
additives such as 2-propanol (with the ee increasing from for the classical cyanation of aldehydes with excellent results
31 to 95% just by addition of 20 mol % of the alcohol), to (ee up to 96%), with the relative configuration of the ligand
the presence of substituents on the aromatic ring of the being of great importance. When the ligahd5 with anti
aldehyde, and to the absolute configuration of the phosphorusconfiguration was used, the enantiomeric excess for the
center3®4 cyanohydrin270adecreased from 96 to 89%°
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Ph threonine in the catalytically active speci®&This enantio-
ph selective Strecker reaction with a polyfunctionalized ben-
0,S-NH OH zaldehyde imine derivative has been used as the key
asymmetric step in the synthesis of anti-HIV agent chlo-
C'QOH ropeptin 1401
- The previously introduced enantioselective Strecker reac-
295 tion has also been performed with ligands simpler than

tripeptides, such as the simgeamino alcohoR88h, which

The polymeric BINOL systenent90aa has also been promoted the reaction using 10 mol % of both titanium
tested as a ligand for the enantioselective cyanation processtetraisopropoxide and the ligar288b with similar results
giving enantioselectivities around 75¥8.Surprisingly, the to those presented in Table 34 (for comparison: 85%, 96%

reuse of the polymer increased the enantioselectivity in the 8€ for297aand 85%, 91% ee fo2970). The best solvent
first five runs from 72 to 83%. However, a slight decrease O this reaction was toluene, with the effect of temperature
from run 8 to 15 was detected, probably owing to leaching being quite interesting. Thus, the best enantioselectivities
of the titanium complex from the polymer. were obtalneql at ac, Wlt_h higher temperatures resulting in

The enantioselective Strecker reaction of ima@s6 with poorer selectivities, while at temperatures belok@the
trimethylsilyl cyanide 2694 in the presence of substoichio- reaction yvaso\éery slow and the enantioselectivities dropped
metric amounts of titanium tetraisopropoxide and the tri- Substantially:
peptide-salen ligand98has been successfully accomplished

X Ph
(Table 34). The peptid298 gave the best result from a
Table 34. Catalytic Enantioselective Strecker Type Reaction HO HN
Ti(OPr),
b Ph (3a, 10 mol %) Ph™ "NH
+ Me3SiCN A~ 288b
R™H ’ PrIOH ( 150 mol %) R™ CN
296 269a o 297 4.5.2. Ketones as Electrophiles
H
Br N N%N/\H/OMe The enantioselective cyanation of ketones is a challenging
\@C o _~ M o problem?®¢ which started to be solved in 199%. The
OH OBu cyanation of acetophenon&(6g using substoichiometric
Br (298, 10 mol %) amounts of the chiral triol ligan899 and titanium tetraiso-
CHLCL. 78°C propoxide B8a) at high pressure (0.8 GPa) yielded the
s expected cyanohydriB00a (Scheme 84). The problem at
entry no. R yield (%) ee (%) . . . ) .
n 297 oh 99 97 Scheme 84. First Catalytic Enantioselective Cyanation of
a A h High P

2 297h 4-MeOGH, 100 94 cetophenone under Hig reésurg

3 297¢ (E)-PhCH=CH 98 84 o o TI(1OPr'?4/ | o

4 297d (E)-MeCH=CH 100 85 _ a, 1 mol % ),

5 297e  Bu 100 88 pr o + MesSiN on e o

106a 269a 300a

screening of 60 different peptides, and the enantioselectivity oy  (93% ee60%)
was quite constant independent of the nature of the aldehyde OH
used®® The slow addition of 2-propanol had a substantial (299, 1 mol %)
effect only on the chemical yield, with the enantiomeric CH,Cl,, 18°C, 0.8 GPa

excess maintained. This result could be interpreted consider-

ing that the role of the alcohol is the formation of HCN from atmospheric pressure was the presence of an important
its reaction with trimethylsilyl cyanide. Moreover, the racemization process due to the reversibility of the addition,
reaction using slow addition of HCN as the source of cyanide competing with the very poorly enantioselective reaction.
gave similar results to those presented in Table 34. Subse-Despite the moderate selectivity, this work impelled the quest
quent kinetic studies indicated that the reaction was first order for other more active catalysts.

in the catalyst system, with the absence of a nonlinear effect, Very active catalysts are needed to avoid the background
and zero order in both the cyanide and aldehyde. The sameacemization process. This is the case of the homobimetallic
reaction rate was obtained using®D after a completed titanium complex271b(see Table 31), which has been used
H/D exchange of acidic protons, which could be interpreted in the cyanation of alkyl aryl ketong&! Although the
considering that the rate-limiting step in the catalytic cycle enantioselectivity was only good (ee never higher than 72%),
did not involve any cleavage or formation of CH, NH, or the concept of a very active catalyst as the only one able to
OH bonds. The Eyring plot gave a large and negative promote the addition to ketones was proved. The kinetic
difference in the entropy of activation, which was consistent studied4®® showed that the reaction was zero order in the
with a rapid and reversible hydrogen bond formation between ketone, first order in the silyl derivativ@69a and 1.1 order
HCN and a carbonyl group of the ligand. Semiempirical PM3 in the catalysR71h All these facts are similar to those found
calculations supported a titanium atom bonded to the salenfor aldehydes, and therefore, the previously catalytic cycle
moiety and the carbonyl group dért-leucine (from the presented in Scheme 82 is applicable to ketones, only by
ligand) and the imine derivative at the same time, with the changing the corresponding carbonyl compound. The related
hydrogen cyanide being bonded to the carbonyl group of intermediate278with ketones explained the lack of reaction
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of the catalyst with aryl alkyl ketones having larger alkyl
chain lengths than ethyl, since this group was placed near
to the cyclohexyl moiety of the catalyst, making the steric
hindrance very important in this case.

The chiral ligand301a(X =Y = H), in combination with
titanium tetraisopropoxide, has been able to promote the
enantioselective addition of trimethylsilyl cyanide to ketones
with excellent results. In this case, the enantioselectivity was
practically independent of the nature of the substituents on
the aromatic ring of the ketone (Table 35), with the cyanation

Table 35. Catalytic Enantioselective Cyanation of Ketones Using
the Ligand 301a

Ti(OPr'),

o 2
(3a, 10 mol %) R OH
R1J\Rz + MesSICN A
Ph R CN
106 269a Ph*ﬁ °© ent-300
o .
HO'
X
HO Y
(301a: X =Y = H, 10 mol %)
THF, -30°C
entry no. R R?  vyield (%) ee (%)
1 ent300a Ph Me 85 92
2 ent:300b  4-MeGH4 Me 80 90
3 ent300c  4-CICGH, Me 82 92
4 ent:300d (E)-PhCH=CH Me 72 91
5 ent:300e  n-CsHiy Me 88 76

of aliphatic ketones being accomplished for the first tif¥fe.
Surprisingly, the reaction gave the best results using a
coordinating solvent such as THF. Concerning the mecha-
nism, it should be noticed that the titanium alkoxide reacted
very fast with the ligand (liberating 2 equiv of 2-propanol)
to form the corresponding chiral ligand complex, which by
addition of trimethylsilyl cyanide was transformed into the
corresponding chiral titanium cyanide. However, from label-
ing experiments usingSi and“N, the cyanide appeared to
be transferred directly from the trimethylsilyl cyanide to the
ketone but not from the titanium atom, with the titanium

Ramon and Yus

Ph
th

OH

v Zt

302

The successful use of bifunctionalyzed catalyst for the
catalytic enantioselective cyanation of ketones prompted the
application of a method involving a separated double
activation by two different catalysts (Table 36). In this way,

Table 36. Catalytic Enantioselective Cyanation of Ketones Using
Separated Double Activation

o Ti(OPr),
I (3a, 2 mol %) HO R2
1”>R2 + MesSICN '
ROR o> Ph  Ph R "CN
106 269a R 300
N N

BUtdOH HOi@*BU'
Bu! But
(268d, 2 mol %)

Vs

(303a, 1 mol %)

+/
N
NS

CH,Cl,, -20°C
entry no. R R?  yield (%) ee (%)
1 ent300a Ph Me 75 85
2 ent300b  4-MeGH4 Me 57 73
3 ent300c  4-CICsH, Me 58 84
4 ent300d (E)-PhCH=CH Me 79 64
5 ent300e  n-CsHj; Me 90 59

the reaction was performed on one hand by a titanium
complex derived from the chiral sal&®8d which served

as the acid Lewis catalyst activating the carbonyl compound,
and on the other hand by the achiNdoxide 3033 which
acted as activator of the silyl cyanide by formation of a
hypervalent silicon derivativ&® Although the hypothesis

cyanide acting then as the more acidic center. The changeproved to be satisfactory, the achieved results did not reach

of phosphine oxide to the related diphenylmethyl group gave

much poorer results, indicating the presence of a typical dual

activation mechanisi#f/ with the titanium atom chelating

the previous high level (compare with Table 35).
A further evolution of the separated double activation by
two different catalysts was the use an achMabxide with

the carbonyl group whereas the phosphine oxide coordinatedan extra functionality able to chelate the chiral titanium

the silyl moiety.

Some of the results presented in Table 35 could be
improved by a fine-tuning of the structure of the chiral ligand.
In fact, ligand301b (X = PhCO, Y= H) could reach 86%
ee for the aliphatic cyanohydrant-300e*%” The ligand301c
(X =Y = CI) emerged as the best one for the catalytic
cyanation of 3tert-butyldimethylsilyloxi-1-(3,4-dichloro-

complex and the silyl derivative at the same time, directly
linking the electrophile with the nucleophile, such as
compound303h** However, the enantioselective cyanation
of ketones using substoichiometric amounts of titanium
tetraisopropoxide, the chiral salen liga2$8d and the
achiral bifunctional compoun803b did not produce any
noticeable change with respect to the results presented in

phenyl)-1-propanone, which was the asymmetric key step Table 36.

in the synthesis of an intermediate of neurokinin receptor
antagonistg%
The chiral N-oxide 302 in combination with titanium

tetraisopropoxide, has been introduced as a new bifunctional

catalyst for the enantioselective cyanation of ketones, with
the enantiomeric excess never being over 8% he role

of the 2-pyridylmethyl group was of capital importance to
get the aforementioned results, since the use of benzyl o
the related 3-pyridyl system dropped the enantioselectivity
significantly.

OH

Cr

Bu!

+/
Nen-
\O

303b

r As was presented in this section, the decrease in the
electrophilic character of the carbonyl group has an important

impact on the number of catalysts able to perform the
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corresponding nucleophilic addition. For instance, although since it did not change the enantioselectivity but permitted
there are many catalysts able to perform the enantioselectivethe reduction of catalyst loading and increased of the
cyanation of aldehydes, the number is lower for aryl alkyl chemical yield. The alcoh@07 served as a chiral starting
ketones and only one for dialkyl ketones. The electrophilic material in the preparation of+)-lipoic acid*> The reaction
character of the imin804derived from acetophenone isvery can also be performed in supercritical fluids such as
low, which justifies the modest result obtained so far for its fluoroform without loss of the above high level of enantio-
cyanation (Scheme 85). The result was highly modified by selectivity*16

A screening of different BINOL derivatives showed that

Scheme 85. Enantioselective Strecker Reaction Using the varying the electronic properties of substitutents at the 6
Imine 304 Derived from Acetophenone position had a remarkable influence on the enantioselectivity
N Ti(OF’r')‘to BAHN and the chemical yield, with the best BINOL being the ligand
Ph)'\Me + MesSiCN (3a, 10 mol %) g 90ax which could perform the aldol reaction in the absence
Ph™ "CN of any additive with a wide scope of different functionalized
304 269a OO 305 aldehydes (for instance 57%, 92% for compo@ayb).4”
OH  (25%, ee 59%) However, substituents at the 3 position of ligands had a

OO OH detrimental effect.
Br
(90a, 10 mol %) OO

Et;N (20 mol %) OH

OH
PhMe, -20°C OO

. . : . B
the presence of an achiral additive such as triethylamine '
(other bulky amines tested decrease the enantioselectity), 90ax
which also has an influence on the chemical yield (owing to

an autopoisoning effet#). The scope of nucleophiles for the former protocol is very

ample. Thus, the reaction of the racemic silylenol e8@8
4.6. Aldol-Type Reactions with propanal {21b) gave only two of all the possible

) ) diastereoisomers (Scheme 86). Each enanti@d@reacted
The condensation of an enolate derived from a carbonyl

compound with another carbonyl compound derivative to Scheme 86. Catalytic Enantioselective Resolution by an
yield the correspondingd-hydroxy (or amino) carbonyl  Aldol Reaction

product is a subject of constant and renewed interest in OH OSiMe;

organic chemistryi4 EtCHO  + N
Without any doubt, the BINOL-type ligand is historically :

the most used system in combination with titanium com- 121b 308

plexes. Thus, the simple silyl enol derivati3@6 reacted ‘

with different aldehydes catalyzed by substoichiometric Cl,Ti(OPr'), OO

amounts of titanium tetraisopropoxidgsj and BINOL ©0a) (58b, 10 mol %) OH

in the presence of phenol as achiral additive to yield the LA NS OH
expecteds-hydroxy acid derivatives807 (Table 37). The i OO
Table 37. Catalytic Enantioselective Aldol Reaction Using CHCly, -15°C (ent-90a, 11 mol %)
BINOL 90a
Ti(OPri), OH ©
O OSiMez  (3a, 5 mol %) /_\/U\ OH O OH OH O OH
T R SBu' N s
SBut :
121 306 OO 307 :
OH 309a 309b
OH

OO (38%, ee 50%) (13%, ee 30%)

with the chiral catalysts and the aldehyde in a different way

90a, 5 mol % i i : , .
( aph(r;: ) and with different kinetics to yield mainly only one dia-
(50 mol %) steroisomeB09 Therefore, there is a kinetic resolution (see
section 7), and although the enantioselectivities are not
Et,0, 0°C - .
excellent, this example showed the wide scope of nucleo-
entry no. R yield (%) ee (%) philes ava||a'b|é_18 o )
1 2072 Ph 71 % Not only silyl enol ethers can be used in this reaction but
2 307b  EtO.C 65 63 also conjugated silyl enol derivatives. Thus, the reaction of
3 307c  n-CeHis 76 93 the silyl enol ether310 with different aldehydes gave the
5 307d  TBDMSO(CH)s 22 95 corresponding diasteroisomegiehydroxy lactoneg§1land
6 307e  n-PrOC(CHy)4 70 >97 312(Table 38). The diastereoisomeric ratio and the enantio-

selectivity depended strongly on the nature of the aldehyde,
enantioselectivities were excellent in all cases independentwith the best results being obtained for acyclic aliphatic
of the nature of the aldehydes, even with those possessingaldehyded!® The reaction showed a positive nonlinear effect,
different functional groups. The role of phenol was unclear which was rationalized involving the autoinductive effect of
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Table 38. Catalytic Enantioselective Vinylogous Aldol Reaction
Using the Nucleophile 310

o]
, Ti(OPrl),
o MesSiQ (3a, 5 mol %) {0
Ao+ /s
R"H O O OH
R
121 310 OH
o M 312
(90a, 10 mol %)
Et,0, -20°C
entry R no. vyield (%) ee (%) no. vyield (%) ee (%)
1 Ph 3lla 24 60 312b 75 90
2 cGCgHu 311b 45 71 312b 24 79
3  nCpHzs 3llc 48 >96 312c 24 90

the final product. Thus, when the reaction was performed
using the standard conditions, but adding a catalytic amount
of chiral compound311 derived from an acyclic aliphatic
aldehyde, the final enantioselectivity of produgil in-
creased, while when the added compound was its enantiome
ent-311, the final enantioselectivity decreased. Moreover, if
the reaction was carried out in the presence of either
enantiomer of compoun8l2 the results were the same as
those in the absence 812 All these results suggested that
the major chiral product of the reaction is incorporated into
the catalyst to form a new catalyst which was more active
than the initial one. This reaction has been applied to the
synthesis ofso-cladospolide B'?°

Other cyclic vinylogous nucleophilexl3are depicted in
Scheme 87. Their reaction with different electrophiles gave,

Scheme 87. Catalytic Enantioselective Vinylogous Aldol
Reaction Using Cyclic Nucleophiles 313

R R3 R*
) Ti(OPr) 0~ "o
Me;Sio 4
o W (3a, 20 mol %) N
RJKH + 0.__0 ) ©
R* R® O Ho" R1N

OH
314

O OH (<92, ee<91%)

(90a, 20 mol %)
THF, -78 to 25°C

121 313

after hydrolysis, the expected alcohaBi4 with good
enantioselectivitie$2! The substituents on the dioxane ring
did not have any significant influence on the results, while
the nature of the aldehyde was quite important, with the
highest enantioselectivities being found using aromatic
aldehydes. An important positive nonlinear effect was found,

Ramon and Yus

of a extra methyl substituent at the vinyl group did not
decrease the enantioselectivity, and as in the previous cases,
the presence of a positive nonlinear effect was deteéfed.
The vinylogous aldol reaction has also been carried out
with acyclic nucleophiles such &l5 (Scheme 88). The

Scheme 88. Catalytic Enantioselective Vinylogous Aldol
Reaction with Acyclic Nucleophile 315

2
1 .
RUH Ti(OPr), R!
121 (3a, 20 mol %) RIS R?
oTMs OO 07 > OMe
3PNF OH 316
R T2 OMe (<92, ee<99%)

315a: R?=R%=H
315b: R2=Me, R®=H
315¢: R2 = H, R® = OSiMe;

o

(90a, 20 mol %)
THF, 25°C

reaction with nucleophile815a,bgave enantioselectivities
around 70% independent of the nature of the aldehyde, with
the chemical yield being lower for aliphatic (around 20%)
than for aromatic ones (around 40%) The reaction with
Chan’s diene3159 gave after hydrolysis the corresponding
y-hydroxy -ketoester arising from the hydrolysis of the
corresponding silyl enol ethe316 (R® = OSiMe;) with
excellent enantioselectiviti€d® A positive nonlinear effect
was detected using nucleophilg$5 which was dependent
on the form of the catalyst preparatiti.

Apart from BINOL derivatives, other ligands and titanium
complexes have been used as catalysts for the enantioselec-
tive aldol reaction, such as compla%7a*?®which was used
in the condensation between the chlorinated &1@ and
p-anisaldehydel219 to yield the expectefl-hydroxy ester
319 with moderate results (Scheme 89). Compo@id is

Scheme 89. Enantioselective Aldol Reaction Using the
Complex 317a

Cl_Cl
Oy _H HO.,, (0}
Cl, OTMS  CH,Cl, -78°C OMe

=
Cl OMe

OMe OMe

121c 318 319
(41, ee 67%)

(317a, 100 mol %)

as in the vinilogous aldol reaction, which was attributed to the key intermediate for the synthesis of diltiazem, one of
the presence of an autocatalytic effect, with the grade of thisthe most potent calcium antagonists which has been used
effect being highly modified depending on the preparation throughout the world as a remedy for angina and hyperten-
procedure for the catalyst. When the same catalyst wassion.

prepared at high concentration, the nonlinear effect was The complexLtO5hhas been employed in substoichiomet-
smaller than when the partially resolved catalyst was preparedric amounts as catalyst in the enantioselective aldol reaction
at low concentration and then diluted to the final concentra- of the enol trichloroacetate derived from cyclohexanone with
tion.*?2 This catalytic enantioselective vinilogous aldol reac- different aromatic aldehydé® The enantioselectivities were
tion has been used as the asymmetric key step in the synthesisoderate (ee never higher than 58%), and only for anisal-
of manoalide and cacospongionolide B, antiinflammatory dehyde 1219 did the enantiomeric ratio of the major
sesterterpenes isolated from soft sporfg€she introduction diastereoisomer reach 91%.
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indicated the existence of at least seven different conformers
between the titanium tetraisopropoxide and mandelic acid.
The X-ray analysis showed a bimetallic titanium complex
bearing only one chiral ligand, with the postulated precatalyst
105h being similar to the previous one but exchanging the two

N _ ) nonbridged isopropoxide groups for one BINOLate moiety
Another nucleophilic alternative for the vinylogous aldol in one titanium atom.

reaction is the diketend20, which reacted with different
aldehydes in the presence of stoichiometric amounts of both
titanium tetraisopropoxide3g) and the salen liganent-287c

to give the corresponding-hydroxy S-ketoeste21 (Table
39)40 The chemical yields were in all cases moderated to

MeC>Ti~=Cl

The aldol reaction using imine derivatives, the so-called
Mannich-type reactiof®® could be performed using stoi-
chiometric amounts of titanium complexes (Table 40). The

Table 40. Enantioselective Mannich Reaction

Table 39. Enantioselective Vinylogous Aldol Reaction Using Ti(OPr),
Nucleophile Diketene 320 0.+ Bn (3a, 100 mol %)
N
OH | OH
« X

9 0o (3a T1|(0c())Pr:2)4I %) R OPr! R B
< )J\H . ;j ' " 323 But OoH NOSiMe,Bu!
0 o} (326, 100 mol %) o
121 320 /_>7 Ph 321 + _ )j\
o (e} OMe

o o (10
>: OH 325
HO But Bu'Me,SiO OH
w0
(ent-287c, 100 mol %) (ent-90a, 100 mol %)
CH,Cl,, -40°C 4-A MS
CH,Cl,, -78°C
entry no. R yield (%) ee (%) z2
1 32la Ph 65 91 entry no. R yield (%) ee (%)
2 321b  4-MeGH, 74 88 1 325a Ph 99 92
4 321d  PhG=C 60 7 3 325¢ 2-naphthy 94 88
5 321e MesSiC=C 69 72 4 32d 3-pyridyl 90 80

good whereas the enantioselectivity was strongly dependent

on the nature of aldehyde, with aromatic systems giving the Presence of the cateché2gwas essential in order to obtain
best results. Other salen derivatives, as well as BINOL 9000 enantioselectivities, with compouid5a rendering
(90a),%* rendered worse results ' 18% ee without the phenolic derivati¢¥.The results were

The direct aldol reaction is conceptually more interesting quite constant for aromatic aldehyde derivatives{Rryl)

because it avoids the previous preparation of the correspond—'ndeF’en_dent of the presgnce of gny ex.tra fu_nct|onal|ty.
ing enolate. Only very recently has the first example of this  The vinylogous Mannich reaction using differétaryl
class of reaction using titanium Comp|exes been reportedlmlnes derived from arenecarbaldehydes and a nUCleOphlllC

(Scheme 90). The reaction was carried out using stoichio- furan 310 (see Table 38) has been performed using sub-
stoichiometric amounts of chiral BINOLe(t908) and

Scheme 90. Direct Enantioselective Aldol Reaction titanium tetraisopropoxide, giving the corresponding amines
Ti(OBUt with good diastereoselectivity but with modest enantiose-
o (OBu)4 O OH . ; .
o (3b, 100 mol %) lectivity (never higher than 54%4§> However, this example
R)LH * o I NR proved the validity of this approach.
HO
121 106b OH 322 ; i
L (<76%, 0o<84%) 4.7. Pinacol Coupling Processes

(88, 100 mol %) The enantioselective titanium-catalyzed pinacol coupting

OO of aldehydes to give 1,2-diols, through the formation of the
OH corresponding radical anion, was first reported by the group
of Cozzi and Umani-Ronchi using substoichiometric amounts

OO or of the chiral salen ligan@68b (see section 4.5.1). Although
the enantioselectivity found was very mod&gtit opened
(rac-90a, 100 mol %) up the field to the use of other ligands and catalysts, as well
PhMe, 25°C as to its synthetic utility. Thus, the stoichiometric use of the

ligand ent-287d in combination with titanium tetraisopro-
metric amounts of titanium tetri@rt-butoxide @b), racemic poxide Ba) and 325 mesh manganese metal as the initial
BINOL, and chiral mandelic acid@).#*2 The diastereomeric  reducing agent permitted the preparation of the corresponding
ratio of final products322 was around 75%, and the chiral diols326with small amounts of achirahese326.4%
enantioselectivities were dependent on the aldehyde usedThe examination of various substituted benzaldehydes showed
with the best results being obtained for aromatic aldehydes.a crucial electronic effect on the enantioselectivity, so while
13C and 'H NMR experiments on the catalyst mixture electron-donating groups gave a noticeable increase in the
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enantiomeric excess, the introduction of electron-withdrawing
groups showed a strong negative effect on the selectivity
(Table 41).

Table 41. Enantioselective Pinacol Coupling Reaction

o} : OH OH
Mn / Me3SiCl H
R)kH - ROR* R)\/R
Ti(OPri), o H é)H
3a, 100 mol %
121 Ph( 2 P:O ) 326 meso-326
F’hﬁ—{i H
HO N=
HO Bu'
But
(ent-287d, 100 mol %)
MeCN, 25°C
entry no. R yield (%) ee (%)
1 326a Ph >95 77
2 326b 4-MeGH,4 >95 91
3 326¢ 4-BrCeHq >95 48

The ligand327, in combination with titanium tetrachloride

(30), has been proposed as an alternative to the reaction entry

shown in Table 41. The found enantioselectivity and the
effect of substituents were similar to the aforementioned ones,
with the reaction being performed using substoichiometric
amounts of both the ligand and the titanium soufdt
should be pointed out that the reaction failed with aliphatic
aldehydes. On the other hand, the chiral indenyl titanium
dichloride 105i did not produce any increase in the enantio-
selectivity4°

Ph.  Ph
N bN ..»
d Ny @D
327 105i

The pinacol coupling reaction has also been performed
with a stoichiometric amount of titanium dichlorid828)
and different amines. The reducing ag8@88was prepared
by treatment of titanium tetrachlorid@d) with hexameth-
ylsilane, followed by elimination of volatile materials. The
reaction of benzaldehyde with stoichiometric amounts of
titanium dichloride 828 and the amin&29yielded the diol

N
H  Ome

329 330

326awith a modest result (34%, ee 40%), which could be
improved by the addition of larger amounts of the chiral
amine. A careful study using small-angle X-ray scattering
and atomic force microscopy revealed the presence of two

main types of particles. The bigger ones had an average
radius of 51 A whereas the smaller ones had an average

radius of 9 A. The largest particles were considered to be a
cluster, and the smallest might be a monomeric amine
titanium—THF complex, with the former being responsible
for the low enantioselectivit§*' Therefore, any change in

Ramon and Yus

clusters could improve the enantioselectivity. The use of the
amine 330, under similar conditions, did not produce any
spectacular change in the enantioselectitfity.

4.8. Miscellaneous Additions

The Baylis-Hillman reactiori*®is another process which
has been successfully performed using a titanium complex.
Thus, the reaction of methyl vinyl ketol@31awith different
aldehydes in the presence of stoichiometric amounts of
titanium tetrachloride3c) and methylsulfanyl isoborne832
gave the expecte@-hydroxy a-methylene ketone333with
moderate enantioselectivity and chemical yields (Tabl¢#2).

Table 42. Enantioselective Baylis Hillman Reaction

0 (0]
A

OH

TicCl,
(3¢, 100 mol %)

121 331a 333
OH
SMe
(332, 100 mol %)
CH,Cly, -78°C
no. R yield (%) ee (%)
333a 4-CICsH4 22 40
333b 4-O,NCgH4 26 71
3 333c Ph(CH), 43 74

The three componeti? version of the reaction shown in
Table 42 seems to be more interesting. The reaction of
aromatic aldehydes with tosylamide and methyl acrylate in
the presence of substoichiometric amounts of titanium
tetraisopropoxide3a) and the chiral quinuclidine derivative
334gave the correspondirgytosylamidoa-methylene ester
with good results (enantiomeric excess around 65%).

334

The enantioselective Pudovik reaction betweejB-
unsaturated aldehyde®35 and dimethyl phosphite336)
catalyzed by diethyl tartratell) in the presence of titanium
tetraisopropoxide3a) yielded the expected chirak-hydroxy
phosphonate337with moderate to good enantioselectivities
(Scheme 91346 The enantioselectivities could be improved

Scheme 91. Catalytic Enantioselective Pudovik Reaction

- 0
(0] Ti(OPr'), MeO-1
" OMe (3, 20 mol %) MeO/FL OH
|7 meoon o /;l/
R
HOJ)LOEt 3R37
335 336 ., Ot
HO™ (<95%, ee<77%)
0
(4b, 20 mol %)
Et,0, -15°C

by a further crystallization or by a subsequent enzymatic

the preparation protocol which deletes the presence of largekinetic resolutiorf#” In turn, these chiral phosphonatg37
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have been used as starting materials for different transforma-Scheme 94. Catalytic Enantioselective Torgov Cyclization

tions such as dimerizations through cross-metathesis.
The first enantioselective multicomponé&iit Passerini
reaction has been published very recently (Scheme“92).

Scheme 92. Enantioselective Passerini Reaction

. Ph
Pr'CHO Ti(OPri)4
+ (3a, 100 mol %) HN
PhCO,H 0
+ Ph Ph
BnNC ><o "‘KOH :<o
0
OJXOH Ph
PH Ph 338

(46%, ee 42%)
(ent-118a, 100 mol %)

CH,Cly, 25°C

The catalyst emerged from a screening of 16 metallic Lewis
acids, including aluminum, zirconium, zinc, copper, mag-
nesium, and lanthanide salts, and 12 chiral ligands, and
although the results are far from excellent, it demonstrates
the versatility and efficacy of the titanium complex compared
with those of other metals.

Another example in which the results are still very modest
(ee lower than 15%) is the hydroamination of aminoallenes
to yield the corresponding vinyl substituted heterocycle,
which was accomplished by using mixtures of titanium
tetrakisdimethylamide 3h) and different chiralo-amino
alcohols?®

The intramolecular iodocyclization gf-hydroxyalkenes
is another addition to olefins, which was accomplished by
using N-iodo succinimide (NIS) in the presence of a
substoichiometric amount of titanium tetraisopropoxigia) (
and BINOL ©@0g) to give tetrahydrofurar840 from the
unsaturated alcoh@39 with relative success. It is worthy
of note that any small change in the initial alkenes gave a
very steep decrease in the enantioselectivity (Schem&93).

Scheme 93. Catalytic Enantioselective lodocyclization
Process

Ph | Ti(OPr'), Ph
(3a, 20 mol %)

339 340

(93%, ee 65%)

(90a, 20 mol %)
4-A MS
Bu'OMe, 0°C

The cyclization of secon841to give the corresponding
ketone342is recognized as a Torgov reaction (Scheme 94),
which has been catalyzed by substoichiometric amounts of
both titanium tetrachoride3€) and salen ligan@87e.The
reaction is formally a classical ene addition followed by
dehydration and double bond isomerizatféh.

The last examples of this section came from the field of
the Michael-type additio®$® The catalytic enantioselective
1,4-addition of different aryltitanium triisopropoxidd2
to a,f-unsaturated ketoned31 catalyzed by rhodium salts
and BINAP @59b) yielded the expected keton843 with

MeO MeO
Tick $ )
(3¢, 20 mol %) Q
- Ph  Ph .
o Ph H
oH = O o
t
34 HO Bu 342
But (56%, ee 38%)
u
(287e, 20 mol %)
4-A Ms
CH,Cly, 25°C

Table 43. Catalytic Enantioselective 1,4-Addition

o [Rh(acac)(CoHa)slo 2
4 ) (3 mol %) R!
| RY +  ArTi(OPr),
. O,
331 122 PPh; 343
] ! PPh,
(259b, 3 mol %)
THF, 20°C
entry no. Ar R R? vyield (%) ee (%)
1 343a Ph -(CH)s- 84 99
2 343b 4-MeGHs -(CHy)s 63 94
3  343c 4-FGHs -(CHys 68 99
4 343d Ph Me Pt 77 99
5 343e Ph N(CQBn)(CH.). 70 99

insuperable results (Table 43). The results were exceptionally
good, were independent of the substituent on the aromatic
ring of the titanium derivatives, and were independent of
the nature of the ketone (cyclic or acyclic), and even of the
presence of strongly coordinating functionalities such as
amides®®? The final ketone343 could bein situ modified

just by changing the normal quenching from using methanol
(yielding protonated ketone®3) to the addition of lithium
isopropoxide (to generate the ate form of the corresponding
titanium enolate), followed by addition of an electrophilic
alkylating agent, thus yielding the corresponding 2-alkylated
ketone. This procedure amplified its synthetic possibilities.
The reaction has been extended to dienones and enynones
simply by activating the nucleophile22 by the addition of
lithium isopropoxide, to yield the corresponding 1,6-addition
product with excellent enantioselectiviti®$ Alternatively,

the same titanium ate complex could be prepared by direct
reaction of the corresponding aryllithium derivative with
titanium tetraisopropoxide36).

When the same reaction was performed with thg-
unsaturated sulfori@44, instead of the Michael-type product,
the alkene345 was isolated with an excellent result. The
product came from a Michael addition process, followed by
a -elimination of the sulfone moiety (Scheme 95).

5. Enantioselective Friedel —Crafts Processes

The reaction described in this section could be include in
the previous section on enantioselective nucleophilic addition
processes since in all examples a carbonyl compound is the
partner in the reaction, but it has been separated mainly for
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Scheme 95. Catalytic Enantioselective Arylation Process in which the main isomer was usually thealkene. However,
[Rh(acac)(C,Ha)zl2 for methoxy derivatives the presence of other substituents
+ ATIOPY) (3 mol %) around the dquble bound coulq change this yendé?i’dyl '
3 Ar the case of silyl enol ether derivatives, the size of the silyl
SO,Ph OO group was determined in order to get the corresponding
344 122 PPh ot 3:2(99% ) Friedel-Craft products349. When the reaction was carried
PPh, ' out using less crowded trimethylsilyl enol ether, the only
OO isolated product was the expected al#fdllt should be
pointed out that the enantioselectivities found were much
(259b, 3 mol %) higher than those obtained for the corresponding aldol
THF, 40°C process. Therefore, the Friedelrafts reaction, followed by

hydrolysis of the final silylenol etheB49 to give the

historic reasoné® The first example was the reaction of ~corresponding carbonyl compound, could be shown as an
highly electrophilic fluoral 243 with anisol @46) in the attractive alternative to the direct aldol reaction.

presence of equimolecular amounts of titanium tetraisopro-

poxide @a) and the BINOL derivatived0ax to give the 6. Enantioselective Cycloaddition Processes

alcohol347, with small amounts of the relatesitho-deriv-

ative (Scheme 96} The presence of electron-withdrawing ~_Cycloaddition reactions are among the most important
tools for organic synthesi$? since they are crucial for the

Scheme 96. Catalytic Enantioselective FriedelCrafts modern synthesis of natural products and biologically active
Reaction molecules, allowing the selective creation of several stereo-
Ti(OPF), HOL_CFs centers and their integration in the target molecule in only
OMe (3a, 10 mol %) one synthetic operation.
CFaCHO + Br 6.1. Diels —Alder Reactions

243 346 OO OH OMe The Diels-Alder reactior®! is the most useful synthetic
OH 347 reaction for the construction of the cyclohexane framework,
OO (72%, ee 90%) with up to four continuous stereogenic centers being created
Br in a single operation, with the relative stereochemistry being

(90ax, 20 mol %) usually determined by thendcfavoring transition state.

Although the amount of papers on this subject during the
end of the pervious century was impressive, in the last few
) . , . . years the progression has decreased. For comparing different
groups at the 6,6positions in the ligand was essential to hroiocols, the standard reaction was the reactiorEp¢
reac_h a good level of enantioselectivity, and the further butenoyl-1,3-oxazolidin-2-one360) with cyclopentadiene
addition of an extra amount of BINOIWOax after the —(351) g yield a mixture of the corresponding bicyclic com-
preparation of the catalyst improved the results (activation pounds352 and 353 (Scheme 97), with very interesting re-
of catalyst). The scope of the reagents was increased by the s being obtained in the case of using different TADDOLS
use of other highly electrophilic aldehydes as ethyl glyoxylate containing 3,5-dimethylphenyl groupi8m—p). Thus,
(246 and N,N-dimethylaniline to give the corresponding  yhen the reaction was performed using the ligan@m,
aminomandelic acid derivatives with similar resufts. the enantiomeric excess for the main prodd&2was 82%.
The Friedet-Crafts reaction of different vinyl ethe@18  pgyyever, when the reaction was repeated using the ligand
with fluoral (243 has been performed using liga®a  11gn the main enantiomer changed todre-352 (24% ee).
(Table 44). The reaction gave a mixture of allylic alcohols Thjs tendency was confirmed with the ligab80(61% ee
for ent352); in both cases the ratiendo349exo-350 was
nearly 75/25. This change in the topological outcome of the

CH,Cl, 0°C

Table 44. Catalytic Enantioselective Friedet-Crafts Reactions of

Vinyl Ethers : . . ;
Cl,TiOP) reaction was attributed to the existence of a stmngacklng
R OR! (58,: 10m0|2%) OR'! OH effect between the bulky aryl groups and the 2-substituent
| + CF4CHO RN e, in the dloxolar_1e rmd?z_ Moreover, the_ main factor control—_
H O R3 OO R3 ling the enantioselectivity was the dienophile/catalyst ratio
248 243 oH 249 for the case of thg Ilgan.di18p Indeeq, for a very similar
oH concentration of dienophile, the enantiomeric excess changed
O‘ from 3 to 50% forent-352as a function of this ratio. These
changes in the enantioselectivity clearly indicated the pres-
(90a, 10 mol %) ence of several reactive intermediates bearing compa&ad
LA MS with different stoichiometries, which showed different
CH,Cly, 0°C selectivities and reactiviti€$? The incorporation of a fluorine
atom in the dienophile had a detrimental effect on the
entry  no. R R? R? EZ vyield (%) ee (%) enantioselectivity, decreasing the enantiomeric excess of the
1 349 Me Ph H 12 54 72 product to only 189>
2 349 Me 4-MeGH; Me 5:1 64 85 The reversibility of the process was observed in the
2 gigg E;fgiezSi En E ig gg gg reaction of the dienophil854aand the dieng55ato give
c  340e Bu%MeZSi 4-MeGH. Me 16 - o5 the corresponding addu@56a (Scheme 98). When the

reaction was performed using the ligardt118q in the
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Scheme 97. Catalytic Enantioselective DietsAlder Reaction Using the Dienophile 350

o Cl,Ti(OPr'),
/\)OL 1 (58b, 10 mol %) G L, Z 0
e O 4
0 N/> o=< j
350 351 )~o 0
o]
RL O OH 352 353
X ]
O~ ", _OH
118m: R' = R? = Me
O 118n: R' =H, R? = Ph
1180: R' = R2 = PhCH,
118p: R' = H, R? = 3-BnOC¢H,

(118, 10 mol %)

4-A MsS
PhMe, 0°C

Scheme 98. Catalytic Enantioselective DielsAlder Reaction
Using the Dienophile 354a

The BINOL ligand €nt90a has also been used as
chiral promoter for typical DielsAlder reactions, as is

o} outlined in Table 45. The catalytic enantioselective Diels
MeO
Table 45. Catalytic Enantioselective DielsAlder Reactions
Using BINOL ent90a
© Cl,Ti(OPr), 0 O LR
354a (58b, 200 moi %) ~ MeO CL,TiI(OPr),
+ (58b, 5 mol %)
OAc PhF" ) <
-~ Ph._° OH 0 OO
356a OH
N © OH 354b 352
355a PH Ph without 4-A MS OO
(ent-118q, 100 mol %)  356a (72%, ee 72%)
CH,Cl,, -78°C with 4-A MS (ent-QOZ, 5 mol %)
.. % % 4-A MS
ent-356a (68%, ee 53%) CH,Cly, 25°C

at_)sence of molecular sieves, the dlketeﬁéayvas obtained entry no. R R? vield (%) ce (%)
with good results. However, when the reaction was repeated n 3560 v " T 98
under similar conditions but in the presence of 4-A molecular 5 3560 He i o1 81
sieves, the results were somewhat poorer, with the final 3 356d H Me 88 84

product beingent-356a The reason for this reverse behavior
was not clear, but the authors believed that the capture of
HCI by the molecular sieves played a critical role in the
formation of the catalytic specié®

Alder reaction of 1,4-quinone monoketab4b with dif-
ferent dienes gave the expecteddeproducts356 with

When the reaction presented in Scheme 97 was performedjood results®” The monoketalic system has several advan-

using the heterogeneous ligan@i$8r and 118s different

OH

118r: grafting
118s: copolymerization

tages compared to simple 1,4-quinones of tgpda such

as its higher Lewis basicity, the difficulty for the aromati-
zation of the final products, the presence of two carbonyl
groups clearly differentiated, and its facile preparation from
different sources. As in previous examples, the presence of
molecular sieves was critical in order to get good enantio-
selectivities.

One of the major improvements in the Diel&lder
reaction has been the introduction of different heteroatoms
in the diene or dienophile starting materials. In this way,
instead of obtaining cyclohexene frameworks, different
heterocyclic systems could be prepat&dOne of the most
typical hetero-Diels-Alder reactions is the cycloaddition of

results were obtained depending on the ligand heterogenatioraldehydes with Danishefsky’s dien@16d to give the

process. Thus, the reaction using the ligand prepared by
grafting the corresponding TADDOL derivative to a poly-
styrene-divinylbenzene matrix surprisingly gadd2as the
main enantiomer (17% ee). However, the reaction using the
ligand built by a copolymerization process gaset-352

corresponding pyranori@s7. There are two possible mech-
anisms to explain this reaction: one of them is a true hetero-
Diels—Alder reaction through a six membered transition
state, whereas another one involves a classical aldol reaction
to give the corresponding-hydroxy carbonyl compound

(18% ee), indicating that in these cases the usually inertfollowed by a cyclizing intramolecular additierelimination

polymeric matrix was responsible for the reversal topitity.

process. The mechanistic pathway depends strongly on the
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reaction conditions as well as on the catalysts used. The
catalytic enantioselective hetero-Diel&lder reaction cata-
lyzed by H-BINOL 90f was successfully accomplished in
the presence of titanium tetraisopropoxide and after final
treatment with trifluoroacetic acid (Table 46). The enantio-

Table 46. Catalytic Enantioselective Hetero-DielsAlder
Reactions Using H-BINOL 90f

o T™MSO Ti(OPr), %
(3a, 20 mol %) I\)Jj
RH ¥ |
0D,
MeO OH
121 315d ‘ O OH 357
(90f, 22 mol %)
4-A MS
PhMe, 0°C
entry no. R yield (%) ee (%)
1 357a Ph 92 97
2 357b 4-MeGeH4 60 99
3 357c 4-FCsH4 54 97
4 357d 2-furyl 78 96
5 357e (E)-PhCH=CH 80 98
6 357f n-CgHi7 76 94

selectivity was excellent independent of the aromatic or
aliphatic nature of the used aldehydes, even with function-
alized ones. It should be pointed out that the use of other
BINOL derivatives such as the dibromo derivati9ax,
BINOL (908, or Hs-BINOL (90¢ did not produce any
improvement. The enantioselectivity and the chemical yield
were found to correlate directly with the dihedral angle of
the BINOL ligand; the higher the angle, the better the results
obtained. The presence of molecular sieves had a beneficial
effect, while an increase of the amount of-BINOL 90f
diminished the enantioselectivit§® However, the mixture

of two different BINOL derivatives§0eand90f) had a great
impact on the enantioselectivity, permitting a decrease of
the amount of catalyst from an initial 20 mol % to 0.005
mol % while maintaining the result$® Concerning the
possible mechanistic pathway, it should be pointed out that
it seems to go through the aldol pathway, since the
corresponding aldol intermediate was detected.

Other catalysts proposed, such as the combination of chiral
BINOL (ent-90a), the bulky diamine229, and titanium
tetraisopropoxide (to form the bimetallic titanium species of
typeent230*"* or the mixture of the chiral fluorinated diol
156a and titanium tetraisopropoxidé? did not give any
important improvement concerning results and reaction
conditions.

It should be pointed out that when the reaction was
performed using substoichiometric amounts of BINOGD4),
half the amount of titanium tetraisopropoxid8a), and
different polyfluorinated aliphatic aldehydes, chemical yields

Ramon and Yus

Ph

Ph

|

N OH
CCC T OO
XY 0

ent-358a ent-358b: G
ent-358c: G
ent-358d: G =

OH

OMe
359

=0
=1
2
the reaction gave better results when aged benzaldehyde was
used instead of using fresh distilled benzaldehyde. The reason
was rationalized considering benzoic acid as a possible
activator of the catalyst? These results prompted authors

to improved the initial results, so a library of 22 different
NOBIN derivatives were tested. After findingnt-358aas

the best ligand for titanium tetraisopropoxide, the reaction
was repeated with 36 different acids, and from this last
screening, naproxer3%9 emerged as the best activator,
reaching excellent enantioselectivities (for instanc@9%

for ent3579.#”° The presence of nonlinear effects for
NOBIN and naproxen derivatives implied the presence of
both chiral compounds in the catalytic cycle. The X-ray
structure of bis(NOBINent-358g-titanium could be obtained

for both the chiral ligand and the racemic one, and although
the coordination patterns were similar for both systems, the
spatial orientations of the Schiff base ligands around the
titanium metal atom were quite different. For the chiral ligand
ent358a the imino nitrogen atom and the two phenoxy
oxygens were placed in@s form. On the contrary, for the
Facemic ligand, the imino nitrogen atom of the ligand and
the phenoxy oxygen atom of its enantiomer ligand bonded
to a titanium atom in @&ransform, with the whole complex
possessing & symmetry and having two enantiomers of
titanium complex molecules in its unit cell. In addition, in
the case of chiral ligand, two phenoxy oxygen atoms of the
ligand coordinated to a titanium atom irtrans form, with

the whole complex possessingasymmetry. ThéH NMR

study showed that the addition of the ad89 destroyed

the initial bis(NOBIN-ent-3589-titanium complex for the
case of chiral ligand giving a new titanium species bearing
both compounds. This new species is as active and selective
catalyst as the one obtained by simple mixture of both
ligands. However, the bimetallic complex was very stable
for the case of the racemic ligand, and no change was found
when naproxen was added. This different behavior was
responsible for the detected nonlinear effect.

To facilitate the recovery of the chiral ligand, different
generations of Fighet dendrons were attached to form
ligandsent-358b—d. In fact, this premise was confirmed by
the three-time reuse of ligaraht-358cin the hetero-Diels

decreased when the methylene chain length decreasedAlder reaction of benzaldehyde and the di&iéd in the

However, the enantioselectivity was practically constant
(around 95%}73 This catalytic system was used in a hetero-
Diels—Alder reaction using Danishefsky’s dier&l6d) and
p-oxido functionalized propionaldehyde, which was the
initial step in the synthesis oft{)-phorboxazole A4

presence of titanium tetraisopropoxide and napro3&9)(

The active catalyst was recovered just by precipitation with
hexane and filtration and reused without the necessity of
further adding of naproxen and the titanium source. It should
be pointed out that the enantioselectivity increased with the

The aforementioned standard reaction was also conducteddendron generation, as well as the nonlinear effect, reaching

by the NOBIN derivativeent-358a giving initially unusual
but not reproducible results. A careful study showed that

the maximum with ligandent358¢ and the enantiomeric
excess was similar to that obtained with ligaant-358a476
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Another diene used in this hetero-Diel&lder reaction Table 48. Catalytic Enantioselective Hetero-Diels Alder
is the compoun@15e which after reaction with the aldehyde Reactions Using the Diene 3159

246 gave the heterocycld60 with an excellent enantiose- o EtO Ti(OPri), OFEt
lectivity, with the diastereomeric excess being up to 80% I (3a, 5 mol %) =z
. . +
(Scheme 99). The final product could be easily transformed R™ H \ o5 PP o R
into the polyketide -)-goniothalamirf.’” ™SO ! ciH’ H
H N=
Scheme 99. Catalytic Enantioselective Hetero-DietsAlder 121 315g HO gyt 62
Reaction Using the Diene 315e
Ti(OPr) But
Q PMe (3a, 10 mo?%) A (ent-287f, 6 mol %)
HJKH/OEt . 7 o
§ o0 CH,Cly, 0°C
Lo OO, A
246 315e OH 360 entry no. R yield (%) ee (%)
oH  (65%co 8% 1 362a  Ph 71 03
OO 2 362b 4-MeCsH, 36 90
3 362c 4-FCH4 53 93
(90a, 20 mol %) 4 362d 2-naphthyl 99 97

CH,Cly, -30°C

Diels—Alder cycloadditions vyielding the expectezhdoe
sulfoxide derivative364 with moderate results (Scheme
100). Different chiral ligands were tested, and from a set of

The diene315f reacted with different aldehydes in the
presence of substoichiometric amounts of BINODg) and
titanium tetraisopropoxide to yield, after treatment with
trifluoroacetic acid, the substituted pyranor@sl, which ! . . )

! - . Scheme 100. Enantioselective Hetero-DietsAlder Reaction
came from a formal hetero-DielAlder reaction (Table 47). Using N-Sulfinyl Dienophile 363

Table 47. Catalytic Enantioselective Hetero-Diels Alder

. . : _ Me,TiCl
Reactions Using the Diene 315f &© © (58d, 30 Ml %) ﬁ}r
- s

opr o] N. TX
o TMSO TI(OF’F)40 X Ph Ph |
o, (3a, 5 mol %) \fjj 363 315h Lon -©
R™ 'H N 0" R 364a: X = Cbz
OO OH (69%, ee 76%)
MeO
OH Ph Ph 364b: X = Ts
121 315f OH 361 (365, 100 mol %) (58%, ee 74%)
OO PhMe, CH,Cly, -85°C
(90a, 10 mol %)
4A MS 10 compounds, including TADDOL, BINOL, BODOL, and
THE 0°G salen derivatives, the ligarRb5 gave the best enantioselec-
’ tivities. The initial source of titanium was intermedi&i&d,
entry no. R yield (%) ee (%) which gave the most reproducible results. Finally, it is worthy
of note that a small positive nonlinear effect was detected
1 36la Ph 86 99 . ; ) :
2 361b  4-MeOGH, 84 90 and, therefore, a bimetallic complex was likely to act in the
3 361c 4-FGHq 73 94 mechanism pathwaff°
4 361d 2-furyl 99 97 The inverse electron hetero-Dieldlder reaction between
2 gg%fe (Eg;';’_'hCH:CH ﬂ g? different vinyl ethers366 and N-benzilydeneaniline367)
Mo has been accomplished using the chiral d&#9 and

dichlorotitanium diisopropoxide5g8h), giving a mixture of
In this case, the use of other BINOL derivatives such as two possible diastereoisomeB68 and 369 (Table 49).
Hg-BINOL (90f) or Hs-BINOL (906 did not produce any  In any case, the diastereomeric ratio and the enantioselec-
improvement. The enantioselectivity and the chemical yield tivity for all cis compounds368 were good. The mixture
were found to be directly related to the dihedral angle of of solvents used was critical to obtain the expected prod-
the BINOL ligand, with the smaller angle giving better results ucts since, for instance, the reaction in toluene alone
(compare with results from Table 46} failed 48!

Another diene used was the so-called Brassard’s compound A really interesting enantioselective inverse electron
315g(Table 48). In this case, the formal hetero-Diefdder demand hetero-DietsAlder reaction is outlined in Scheme
reaction was performed using the chiral salen derivative 101. The reaction of the silyl enol eth&70 with aryl
ent-287f, which rendered the corresponding heterocyclic nitroolefins371, in the presence of an excess of the titanium
compounds62with good and constant enantioselectivities. complex58band the chiral complef17h, gave the expected
Other related systems such a87a gave worse results.  bicyclic products372. After treatment with a fluoride source,
However, the chemical yield seems to be dominated by the ketones373were obtained, in general, with excellent results,
electrophilic character of the aldehyde, and the best resultsas only one diastereoisomer. The whole process was a
were obtained with benzaldehydes possessing strong electronMichael-type-like additiort®? The reaction was further
withdrawing groupsg?® expanded to other cyclic and acyclic silyl enol ethers with

Not only aldehydes can be used as dienophiles, but alsosimilar results, with the intermedia8¥2also being trapped
N-sulfinyl dienophiles363 have been applied to hetero- by reaction with alkynes.
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Table 49. Enantioselective Inverse Electron Demand
Hetero-Diels—Alder Reaction

o

Ramon and Yus

consisting of hexacoordinated titanium atoms where binaph-
thol units are directly bonded to different titanium atom
centers and four hydroxyl groups (coming from the hydroly-

‘R

[ ) sis of the initial titanium isopropoxide complex with mo-
;‘66 Cl,Ti(OPri), lecular sieves) are bridging three titanium centers (compare
, _(58b, 100 mol %) with structure242). This complex is extremely stable to

Feoted

7

aqueous acid or basic treatméft.
The use of other chiral ligands such as TADDOL or the
bis(sulfonamide)l17a%° as well as the titanocerf5;,*8¢

367 (249, 100 mol %) = ¢l
4-A MS Tisq

PhMe, CH,Cl,, 25°C

yield ee yield

entry R R2 no. (%) (%) no. (%) (%)

ee

105

did not improve the previous results using BINOL derivatives

1 Et H 368a 21 90 369a 44 50 . _ .
2 -(CH)» 368b 35 82 369 15 90 and electron-rich olefins. However, the reaction could be
3 -(CH)s 368c 15 92 369c 45 10 successfully performed using electron-poor olefins such as

Scheme 101. Enantioselective Formal Michael Addition
through an Inverse Electron Demand Hetero-Diels-Alder
Reaction

compound350 and mixtures of ditosyltitanium diisopro-
poxide 68¢ and polymeric TADDOL derivatived 18¢%4°
and118P%to yield the corresponding heterocyclic compound
with diastereoselectivities and enantioselectivities around
90%, even after several reuses.

OSiMe ClTi(OPr'); Me;3SiO - ; L I
> ON (58b, 250 mol %) 2 SINES The final example of a [32]-cycloaddition is the diami-
+ oh l nation of the alken&50with bisimidoosmium oxidan876
Ar OPh o Hl to yield the corresponding compouBd7 (Scheme 103). The
]
370 371 >< :Tiig: 372 Scheme 103. Catalytic Enantioselective Diamination Process
o~ ", _0O
PR o 0
(317b, 100 mol %) ~AA o
/ O\\o//
o PhMe, -78°C 350 PhMe, 5°C BUN NBut
+
NO Ph /M
HE 2 NH,F / MeOH NBu! o4 d N)fo
373 O gt Ny © o}
(<99%, ee<99%) o7y ey ><o o cl 277
376 Ph (92%, ee 88%)
6.2. [3+2]-Cycloaddition Reactions (317b, 10 mol %)
4-A MS

Enantioselective [32]-cycloaddition reactions are the
most classical process to prepare compounds with differentreaction gave the best results when the comglexb was
five-membered ring$® The reaction of the diphenyl nitrone  prepared previously to its use; all attempts to reach the same
374 with tert-butyl vinyl ether 8669 in the presence of level of enantioselectivity byn situ preparation of catalyst
catalytic amounts of titanium tetraisopropoxide and the failed. Other chiral ligands tested, such as BINOL or diethyl
BINOL derivative 90ay gave a mixture of heterocyclic tartrate, gave poor selection. Although the reaction was not
compounds375 with moderate or poor enantioselectivity limited only to compound50 (other alkenoyl derivatives

(Scheme 102). After a great deal of effort, it was determined gave similar results), the use of the corresponding cynnamoyl
that he catalytic species was a tetranuclear titanium clusterderivative decreased the enantioselectifty.

Scheme 102. Catalytic Enantioselective 1,3-Dipolar
Cycloaddition

A+

O}I\,Ph

Ph” H Ti(OPr), Ph

374 (3a,12mol%) PN Ph. R
+ o + LO

OBut OBut

o SN
366a OH endo-375 ex0-375
OO (78%, ee 18%) (22%, ee 78%)
Ph

(90ay, 18 mol %)

4-A MS
PhMe, 0°C

6.3. Pauson —Khand Reactions

The PausonKhand reactioff® has also been catalyzed
by some titanium complexes such as the titanockd&f
(Table 50). The reaction of different enyri&é3with carbon
monoxide at around atmospheric pressure (1.2 bar) in the
presence of catalytic amounts of the titanocd0&f gave
the expected bicyclopentenor&with good result$®® The
reaction seems to be independent of the group X, whereas
the substituent R has a slight influence on the enantioselec-
tivity, with aromatic substituents giving the worst results.

6.4. Cyclopropanation Process

The enantioselective cyclopropanation reacfiboan be
performed using titanium complexes as shown in Scheme
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Table 50. Catalytic Enantioselective PausonKhan Reaction

/TR

PhMe, 95°C
X Vi + CO X o
_ A
378 Me=TisMe 379
(105f, 10 mol %)
entry  no. X R yield (%) ee (%)
1 379a CH; Ph 87 70
2 379b C(CO:EL), Me 87 90
3 379c C(CO:Et), 4-CICsH4 90 82
4 379d O Ph 96 85
5 379e NCH,CH=CH, Me 94 91
6 379f NCH,CH=CH, Ph 92 81
7 379g NBoc Me 92 82

51. The reaction of bis(iodomethyl)zintZ0e)with different
allylic alcohols1 in the presence of dichlorotitanium diiso-
propoxide b8b) and the TADDOL derivativel 18t yielded
the expected cyclopropyl methyl alcoh@80. A complete
and exhaustive study of all parameters of the reaction, suc
as the chiral ligand, the source of titanium, temperature

Chemical Reviews, 2006, Vol. 106, No. 6 2191

omer on an industrial scale still consists of the resolution of
racemate$? The resolution of a racemate could be divided
into four main categories: (a) preferential crystallization, (b)
crystallization of diastereomeric salts, (c) chromatography,
and (d) kinetic resolution. The main inconvenience of the
best procedure is the theoretical maximum yield of 50%, as
well as the ecologicaleconomical problem with the other
50% of product. The kinetic resolution is based on a high
difference between the reaction rates of both enantiomers
with a chiral reagent; in the ideal case, only one enantiomer
reacts with the chiral regents to produce a hew compound,
while the opposite enantiomer remains unchanged. Although
any reaction might be used in this section, only oxidation,
reduction, and rearrangement processes have been utilized
for that purpose. Following the general structure of this
review, the epoxidation process will be introduced first.
The Sharpless epoxidation has been widely used for the
kinetic resolution of different alcohols. The epoxidation of
different substituted benzylic alcohols has been used to
prepare either chiral alcohdB81 or epoxide derivative382
h(Table 52). The different reaction rates between both

, Table 52. Catalytic Enantioselective Kinetic Epoxidation of

solvent, the presence of molecular sieves, and the zincBenzylic Alcohols

reagent, was performed, and the best conditions are outlined

in Table 51. The substitution and the relative position on

Table 51. Catalytic Enantioselective Cyclopropanation Reaction

R! Cl,Ti(OPr), R!
p R (58b, 25 mol %) R
R2 + (|CH2)22|’1 R2
ph Ph
HO o])\OH HO
1 120e :><o “, _OH 380
Ph Ph
(118t, 25 mol %)
4-A MS
CH,Cly, 0°C
entry  no. R R R® yield (%) ee (%)

1 380a Ph H H 85 94
2 380b 4-MeOGH, H H 90 92
3 380c 4-CIGH,4 H H 81 82
4 380d  2-furyl H H 73 92
5 380e (E)-PhCH=CH H H 75 84
6 380f H H Ph 62 72
7 380g Ph H Me 80 88
8 380h Ph Me H 80 50
9 380i H H Pr 87 49
10 380] Me H Me 89 72

the allylic alcoholl are of vital importance in order to get
excellent result4?® Generally, higher enantioselectivities
were obtained witlE-alcohols rather than with their corre-

spondingZ-isomers. In the same sense, the enantioselectivi-
ties for 3,3-disubstituted alcohols were higher than those for
the related 2,3-ones. Quite interesting is the cyclopropanation

of dienol derivatives, which produced only the monocyclo-
propanation with good enantioselectivity. Finally, it should
be pointed out that the study of enantioselectivirsus

chemical yield excluded the possibility of any autoinduction

or autopoisoning effect, with the enantiomeric excess being

practically constant over the reaction time.

7. Kinetic Resolution Processes

Despite the impressive progress in asymmetric synthesis,

the dominant production method to obtain a single enanti-

R Ti(OPr), R R
3a, 10 mol % -
17 . Bu‘OOH; % + (0
OH o ~10H OH
Ar Hoj)\opri A Ar
rac-381 2a HO ~.,/”/0Pr' 381 382
[¢]
(4c, 12 mol %)
4-A MS
CH,Cly, -20°C
yield ee yield ee
entry Ar R no. (%) (%) no. (%) (%)
1 Ph H 38la 382a nd*t 74
2 Ph Ph 381b 42 >99 382b 52 90
3 4-0ONCsH, H 38lc 382c 45 95
4  4-MeSGH, H 381d 382d 43 95

a3 Not determined.

enantiomers are so high that the reaction is usually stopped
at 50% conversion, with the enantioselectivity being very
high for both the remaining allylic alcohol and the newly
formed epoxidé® The final epoxides of typ&82 (or their
enantiomersent-382) have been used as chiral starting
material in the synthesis of chromenes, diols, and pharma-
cologically active compounds such as){chloroamphenicol

and thiamphenicol.

A special case is the kinetic resolution of alcohols
rac-381¢ since the catalytic Sharpless epoxidation at 50%
conversion gave a mixture of the expected epogi8zeand
the pyranone383g both with excellent enantioselectivity
(Scheme 104). The chiral epoxi@82ewas further trans-
formed into ()-asperlint®*2which is a lactone with anti-
tumor and antibacterial activities. The reaction with the
related alcohotac-382f (R = Ph) gave similar results, with
the corresponding pyranoB83b (R = Ph) having been used
as the starting chiral material for the synthesis of isoaltholac-
tone, isolated from plants of tlgoniothalamugamily, which
has different activities, including antitumor, antifungal, and
antibacterial propertig§

The aforementioned enantioselective kinetic resolution of
allylic alcohols has been employed as the first step in the
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Scheme 104. Catalytic Enantioselective Kinetic Epoxidation Scheme 106. Enantioselective Kinetic Monoepoxidation of
of Alcohols rac-381e the Alcohol rac-1ap
R

"N OH +  BU'OOH

b 2a +  BU'OOH
rac-381e: R = Me rac-1ap 2a
o . 0
Ti(OPr), HO _ Ti(OPr), ,
(3a, 10 mol %) oPr' (3a, 50 mol %) | oPri
o, ~OPP .., OPrl
4A MS HO g/ 3-A MS, CaH, | Ho "
0
CH,C,, -30°C | (4¢: 12 mol %) CHoCly, -40°C | (4. 55 mol %)
R
[e) OH + +
O
P = 1ap 5ap
382¢ 383a: R = Me
(42%, ee>99%) (43%, ee 98%) (57%, ee 86%) (33%, ee 94%)

. . . . i and epoxide derivatives with reasonable enantioselectivities
homologation of functionalized allylic alcohols which, after (never higher than 8796§°

resolution and reaction of the obtained chiral epoxide with * Ap, example of kinetic resolution when forming quaternary

trimethylsulfanyl ylide, yielded a new allylic didk> A carbon stereocenters has previously been presented (Scheme
S|_m|lar procedure has beer:3 performed for the preparation of105)' but there are more examples of this type, such as that
different hydroxy lactone¥. shown in Scheme 107. The kinetic resolution of the alcohol

The example outlined in Scheme 105 is probably more
interesting, since the double epoxidation of the alcohol Scheme 107. Enantioselective Kinetic Resolution of the
Alcohol rac—laq

Scheme 105. Enantioselective Kinetic Double Epoxidation of

the Alcohol rac-1ao ButOOH
Ti(OPr),

Ti(OPr),

+ BUOOH (3a, 100 mol %) (3a, 50 mol %)

" 5aq
rac-1aq ) (40%, ee 94%)
2a OEt Hoj)\OPr'
-, OPr

OEt

rac-1ao 5a0 HO ”/
40%, ee>99% o)
(4b, 126 mol oy 0% ) (4c, 55 mol %)
4-A MS
_30°
CHoCly, -30°C CH,Cly, -20°C

rac-laogave the epoxidéaowith an excellent enantiomeric  rac-1aqprovided the corresponding epoxy alcobal with
excess as the only product and the corresponding remainingexcellent enantioselectivif’ which was the starting material
alcohol 1ao was unstable on the reaction medium and in the synthesis of a methyl isosartortuoate precursor.

decomposed’® In this way a compound with five different Other racemic mixtures of allylic alcoholac-lar-at,
stereogenic centers, one of them being quatertfaoguld which have been resolved kinetically by an enantioselective
be prepared in only one synthetic step. epoxidation, are presented in Scheme 108. The major isolated

The monoepOX|dat|on in double allylic systems seems to
be more complicated since, apart from the expected highScheme 108. Preparation of Chiral Epoxy Alcohols
difference of reaction rate between both enantiomers, the COntaining a Quaternary Stereocenter by Enantioselective
chiral reagent must discriminate between two similar double Kinetic Resolution of Allylic Alcohols

bonds. However, the monoepoxidation has been successfully OH BU'OOH OH

accomplished by using standard protocols (Scheme 106). The 2

epoxidation using only half the amount t&frt-butyl hydro- | Ti(OPr), 0

peroxide 2a) gave only one epoxiddap, with the reaction (3a, 10 mol %)

proceeding with total regio- and diastereoselectitity>® X 0 X
Electron-deficient alkenes are less susceptible to electro- rac-1ar: X'=Me Hoj)hopri Sar-at
" . . . . rac-1as: X = Et ) (43-50%, ee 70-85%)

philic epoxidation than their electron-rich analogues. How- rac-lat X=0Bn g~ 1 OP"

ever, o, f-unsaturated aldehydes can be epoxidated just by g

temporal conversion into the corresponding cyanohydrins. (4c, 12 mol %)

The enantioselective Sharpless epoxidatiom aftu prepared 4-A MS

allylic alcohols gave a mixture of the starting cyanohydrin CH,Cl,, -20°C
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chiral epoxides were the correspondierythro derivatives Scheme 110. Enantioselective Kinetic Resolution of
5ar-at, which were obtained with nearly the maximum 2-Phenyl-1,3-oxathiane rfac-385)

possible chemical yield for this type of reacti®l.Chiral m m
compoundsbar and 5as were used as the source for the S. 0  H202- OC(NHy), $._0O Os_0
corresponding silyl enol ethers which were trapped by TiCl, (3¢, 4 mol %) R \g]
reaction with different aldehydes with a normal Fetkihn Ph 1.0/ ELN Ph
. . . 2 3
preference. The alcoh&kt was used as starting material in rac-385 . e .
the synthesis of different highly substituted tetrahydrofurans, O (5“’ ee 92 %) (41 A’ ee 94 %)
as well as in the synthesis of the €C2 and C9-C17 OO SN
fragments of amphidinolides O and P. OH
The last example of a kinetic resolution by epoxidation Ph HO
appeared in the synthesis of different modified adamantane OO Ph O
derivatives (Scheme 109), in which the asymmetric key step O O
Scheme 109. Enantioselective Kinetic Resolution of the O
Allylic Alcohol rac-lau
(93, 4 mol %)
OH
Bu'OOH MeOH, 0°C
2a
A — NG rate between both starting enantiomers, which is inherent to
o THOPr)s o any kinetic resolution, but here there is a second problem
B (3a, 10 mol %) Y . . . .
6. But o 6. But which is the diastereoselection. In the case of 5-phenyl-1,3-
g il oxathiane iac-385), the oxidation using a uregnydrogen
HO
© ])kopf: ° peroxide complex and substoichiometric amounts of bimetal-
rac-1au HO "'IH/OPF 1au 5au lic complex 95 (obtained by reaction of ligan®3 with
e 159, %) (38%, ee 96%)  (62%, ee 53%) titanium tetrachloride and partial hydrolysis, see Scheme 48)

proceeded with excellent both diastereoselectively (only the
transisomer detected) and enantioselectiviyOther as-
sayed 2-substituted 1,3-oxathianes showed the same tendency
(only one diastereoisomer), but with worse enantioselectivity.
The kinetic resolution of 3-substituted indanone imines
and 4-substituted tetralone imines¢-387) has been ac-
complished by catalytic enantioselective reduction using the
titanocene complexlO5a (Table 53). The reaction was

4-A MS
CH,Cly, -20°C

was the resolution of the alcohehc-lau using standard
substoichiometric conditions. In this way, the corresponding
epoxide5au (which was abandoned) and the chiral alcohol
1lau (which was the chiral starting point in the synthesis of
chiral substituted adamantane derivatives) were obta&fHed.
The kinetic resolution strategy has also been amply used
in the preparation of chiral sulfoxides. In these cases, two
processes are usually coupled: the first step is the already

Table 53. Catalytic Enantioselective Kinetic Resolution of Imines

2
presented titanium-catalyzed enantioselective oxidation of '}"R
thioethers followed by afin situ kinetic resolution of the ) (1°m°'% @EI? @E}
sulfoxide by a second oxidation to a sulfone. In this way, PhSiH;
and using BINOL 90a) as chiral ligand andert-butyl R! (107b, 10 mol %)
hydroperoxide Za) as oxidant under similar conditions to rac-387 MeOH cis- 339

those presented in Table 3, the results could be clearly (10 mol %)

improved as far as the enantioselectivity is concerned, with

the chemical yield being reduced by the formation of an FeieF
achiral sulfone (62%, ee 99 for sulfoxide77j and 65%,
ee>99 for sulfoxide77k).5% The only change was the initial
amount of the oxidant and the temperature, since the
maximum enantioselectivity was not the same for the first
process as that for the second one. The reaction started at 0 yield ee yield ee

(105a, 1 mol %)
THF, 25°C

°C for the enantioselective sulfoxidation process, and after entry n R' R*> no. (%) (%) no. (%) (%)
10 h it was warmed to 20C for the kinetic resolution of ~ ~"17 1 Me Me 388a 42 92 cis389a 52 94
the formed sulfoxide. This strategy has also been used with 2 1 Ph Me 388 48 83 cis389b 46 95
other chiral ligands such as the oxazolB&®¥% and diethyl 3 1 Me PF 388 50 66 cis389c 44 90
tatrate #b)%°6 but with rather less success. 4 1 ph Pr 388d 41 84 cis389d 52 86

5 2 Me Me 388e 45 96 cis-389%9e 50 95

6 2 Ph Me 388f 38 98 «cis389f 55 89

@leph promoted by pyrrolidine and methanol, giving, after quench-

ing, a mixture of the ketond888 and the amineis-389. As
in all kinetic resolution processes, the enantioselectivity
Another example of kinetic resolution is the enantiose- depends on the conversion, and in this case with around 50%
lective oxidation of 2-substituted 1,3-oxathianes (Scheme conversion, the enantiomeric excesses for both products are
110), in which two different stereochemical problems have good. The enantioselectivity clearly depended on the size
to be solved. The first one is the obvious different reaction of the N-substituent (the smaller this substituent, the higher



2194 Chemical Reviews, 2006, Vol. 106, No. 6 Ramon and Yus

the enantioselectivity found) but not on the size of other Scheme 111. Enantioselective Kinetic Resolution via
substituents. It should be pointed out that, together with the Semipinacol Rearrangement

aminecis-389, a small amount of the corresponditignsd ]R on o
erivative could be isolated with chemical yields less than o Ti(OPr)s |
10%5%8 This protocol has been further extended to 2,5- _(3a, 25 mal%)
disubstituted pyrrolines, obtaining similar resiifs. R
The rearrangement of epoxides-390to give a-acyloxy OO
ketones391 has been used as the prototype reaction for the rac-392 8: 392 393
preparation of chiral compound90 (Table 54). A wide OO (60 51-04%)  (ec 24-60%)

Table 54. Catalytic Enantioselective Kinetic Resolution of Enol

i 0
Ester Epoxides (ent-90a, 50 mol %)

PhMe, 25°C
BzO o TI OPI’| .

@ Ga 28mol l (’j Elj OBz The main problem of the simple kinetic resolution of a
OO racemic mixture is the presence of important amounts of the

OH starting material (around 50%). However, this low vyield

rac-330 could be improved if the final chiral undesired compound
OO or any intermediate can be racemized very fast or transformed

into the initial racemic mixture. In this way the theoretical

(90a, 5.5 mol %) maximum chemical yield can change from 50 to 100%

Et,0, 0°C thanks to then situ recycling of the substrate. This process,

. . called dynamic kinetic resolution (or asymmetric transforma-
enry n X no. yield (%) ee(%) no. yield(%) ee (%) tjon)5i2 has been used in the resolution of azlactoB@4

1 0 CH 39a 49 91 39la 50 92 by treatment with titanium tetraisopropoxide and TADDOL
% ; gtt gggg ig 3; ggig gg ?g (1189 to yield the corresponding-amino ester895 (Table
4 3 Ch 390d 36 97 391d 63 71 55), with the whole process involving a typical kinetic
5 1 O 390e 48 98 391e 51 93 ) _ _ o _
Table 55. Catalytic Enantioselective Dynamic Kinetic Resolution
of Azalactones

variety of metals, as well as chiral diols and bis(sulfon- Ar Ar

amides), were tested, and it was found that BINGD4g), S_(O Ti(OPr), o]

in combination with titanium tetraisopropoxided], was the (3a, 119 mol %) .

best ligand1® The ratio of chiral ligand to metal was very NYO Ph Ph HN_OPr

important for both the reactivity and selectivity, with the best Ph o OH o

results being obtained when two or more equivalents of the
T o ; 394 o 395

chiral ligand were used per mole of titanium. The enantio- /(

selective rearrangement takes place in a few hours to give, (1188, 124 01 %)

after conversions around 50%, a mixture of the chiral epoxide THF, -30°C

390 and o-acyloxy ketones391 with, in general, excellent

enantiomeric excess. The absolute configurations of the entry no. Ar yield (%) ee (%)

remaining epoxid€90and the keton891 suggest that the 1 395a 4-MeGsH, 60 60

reaction takes place through a complexation of the chiral 2 395b 4-MeOGH,4 65 54

Lewis acid with the epoxidic oxygen atom. Then, the j gggg i-ﬁ;csr:'t'ﬁ | 4(?7 6544

carbonyl moiety acts as a nucleophile in an intermolecular c 3956 2—thignyly 74 2

S\2 type reaction, rendering an inversion at the stereogenic
carbon atom of the ketone. Another important aspect, which
complicates the mechanistic understanding, is the presenceesolution (ring opening by a nucleophilic attack of the
of an important positive nonlinear effe€ The scope of isopropoxide anion) and fast racemization of the starting
the reaction seems to be limited to cyclic epoxides since theazlactone due to an acithase process. Although the
related acyclic epoxides gave very poor results. Finally, it enantioselectivity was not very good, it can be improved up
should be pointed out that chiral epoxid@80 could be to 99% just by simple recrystallization of compouris.
transformed into ketone391 with retention of the config-  The method did not work with azlactones having nonaro-
uration and good chemical yields by treatment with an achiral matic substituents, and the amount of the chiral ligand could
sulfonic acid. This last process represents a very elegantnot be reduceét?
solution for the main problem of the kinetic resolution, which ~ Another interesting example is the catalytic enantioselec-
is the 50% maximum chemical yield. tive dynamic kinetic transformation of silyl ethe396 into

A related reaction was further reported for the kinetic allylic compounds397 (Table 56). The reaction was cata-
resolution of epoxidesac-392, derived from allylic alcohols lyzed by substoichiometric amounts of titanium tetrafluoride
(Scheme 111). However, in this case with conversions around(3d) in the presence of the chiral salen liga@87e with
65%, the results were accountably lower than those for the excellent results for benzylic derivatives, including acyclic
precedent rearrangement. In addition, the amount of catalystand cyclic materials. However, for non-benzylic ethers, the
needed was higher than that for compowad-390 and the enantiomeric excess dropped drastically. The essentially
presence of traces of impurities, such as 2-propanol (whichcomplete conversion of the racemic substrate into the
arose from the preparation of catalyst), had an important allylation products397 was rationalized by an enantioselec-
detrimental effect on the enantioselectivity. tive dynamic kinetic transformation. It was assumed that the
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Table 56. Catalytic Enantioselective Dynamic Kinetic the enantiomeric alcohd@99a which in turn was used as
Transformation of Silyl Ethers starting material in the synthesis of differevhydroxypyr-
R3 i TIF, R R? rolidine diols, through a CopeHouse cyclizayion_proce§é7.
LoSMe; Mes (3d, 10 mol %) R In the synthesis of{)-dysiherbainel01, which is a potent
R'" "R & Ph  Ph _ neurotoxin isolated from the spon@g/sidea herbaceahe
396 237 Zho - H 307 first step was the catalytjc enantioselgctive desymmetrization
of the alcohol398b to give the epoxide99b as only one
HO But enantiomer (Scheme 113). In this way with only one
But Scheme 113. Catalytic Enantioselective Desymmetrization of
(287e, 10 mol %) the Alcohol 398b
CH,Cly, -78 to 0°C OH TP, OH
N (3a, 7 mol %)
entry  no. R R? R® yield (%) ee (%) | I + BuooH 5 | 0
1 397a Ph Me H 62 90 |
2 397b  1,2-GHa(CHy): Me 9% 99 OBn  BnO Ho. Mo OB Bno
3 397c  1,2-GHa(CHy)s Me 96 93 398b 2a HO T NFOE oo oo
4 397d (CHp)uN(Cbz) H 82 56 ) T (64%, ee>99%)
0.__0 (4b, 9 mol %)
4-A MS

chiral titanium Lewis acid and both enantiomers of the silyl
ether396 form two diastereomeric contact ion pairs, which
rapidly equilibrate via the planar classical achiral carbenium
ion. In the subsequent reaction with allyl trimethylsilane
(237), one of the diastereomeric ion pairs was postulated to
react distinctly faster than its diastereomer, yielding the final
product. Presumably the allyl residue attacks the cation from
the face that is not occupied by the titani&th.

CH,Cly, -25°C

synthetic step, many different functional groups could be

8 E oselective D sation R . obtainec?!® This strategy has been used in the preparation
. Enantioselective Desymmetrization Reactions of syn1,3-diols, but using in this case the related alcohol

The efficient differentiation between two enantiotopic With Z-geometry at the alkene moieties. -
groups or centers related by any improper symmetry element, An analogous desymmetrizationwiesedecalin diallylic
usually a plane, in an achiral molecule possessiy, &, alcohols has been used as the key step in a novel approach
S, etc. symmetry is defined as desymmetrizafiiEnan-  to the synthesis of polyhydroxylatezelastraceaesesquit-
tioselective desymmetrization is one of the most effective €rpene cores. Surprisingly, the reaction gave better results
Strategies for the Synthesis of chiral Compounds in which USlng erconlum alkoxide instead of the standard titanium
several different stereoelements are created simultaneouslytetraisopropoxide3a).>=° o
Some processes covering this strategy have already been The allylation of the aldehydé02 using titanium com-
presented in the previous section due to their illustrative Plexes200a,dhas been used in a desymmetrization process
value. The rest of the examples are presented in this sectiont0 yield the lactol403 with good results (Scheme 114),
following the general structure of this review. i ) -

The Sgharpltgass epoxidation has been used as an enantio%f:rlgmhe éltolzznam'ose'ecwe Desymmetrization of the
selective reaction for the desymmetrization of different iaicehyde

achiral bishomoallylic alcohols. Thus, the catalytic enantio- o ><
selective monoepoxidation of the alcor@®8ausing the . o 0 o
chiral tartrateent4b yielded the alcoholent339a with H . Ph>\¢~'\_*Ph L
excellent enantioselectivity (Scheme 112), which was the key H oTBS Ph o, o fh -78C \

Ti TBSO
Scheme 112. Catalytic Enantioselective Desymmetrization of %;\\_
the Alcohol 398a 402 R 403a: R = H

gggg I;i ll\-}le (62%, ee 98%)

Ti(OPri), OH 403b: R = Me

T + ButOOH (3a, 10 mol %) (60%, ee 98%)
h " 0 0
| | \\“\ |

HO OFt although the diastereoisomer arising from the reaction with
398a 2a ent-399a the enantiotopic carbonyl compound could be detected in
OEt  (70%, ee 97%) . 5 ; .
HO amounts ranging from 10 to 15% In this way, highly
functionalized 1,3-diol derivatives could be obtained, as well
as different subunits of scytophycin, rifamycin S, and

0
(ent-4b, 12 mol %)

OH -
Ha CH:cﬁz,'\flzssoC discodermolide.
The catalytic enantioselective ring opening of different
NBoc epoxides though any8 process has been used to obtain,
400 after hydrolysis, the corresponding alcohols. Thus, the

reaction of the cyclohexene oxidéQ4a with trimethylsilyl
step in the synthesis of hexahydroazeph€56 The same  chloride @69b) in the presence of substoichiometric amounts
desymmetrization reaction but using the ligattalyielded of dichlorotitanium diisopropoxides8b) and the TADDOL
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ligand 118aat low temperature yielded the expected chlo-
rohydrin 405awith excellent chemical yield but with very
modest enantioselectivity (Scheme 135)The results were

Scheme 115. Catalytic Enantioselective Desymmetrization of
Epoxides 404

z@jo + X-SiMe,
n
404a:Z=CHp,n =2 269b: X = Cl
404b: Z = POPh, n = 1 269¢: X = N,
Ph_Ph
- o)
YaTIOPi, | S/ OH
(3a: X=Y =OPr'or o— ", ~OH
e o
58b:X = CI, 10 mol %) oo
PhMe, -15°C (118a, 10 mol %)

OH
8
n "’X

405a: Z = CH,, n=2, X = Cl
(100%, ee 36%)

405b: Z = POPh,n =1, X = N,
(94%, ee 15%)

similar when the reaction was performed using the phospho-

lene epoxidetO4b as starting material, trimethylsilyl azide

(2699 as the source of the nucleophile, and the less acidic

Lewis acid titanium tetraisopropoxid@d) and TADDOL
1184 rendering after hydrolysis the corresponding alcohol
405h523

The mixture of the more complicated cyclopentadienyl-
containing ligandent-406 (2 mol %) with the same amount

C, & 0

Co’ 5
eIt
/',D\

(O ANe)

ent-406

of dichlorotitanium diisopropoxide58b) formed an active

Ramon and Yus

Table 57. Catalytic Enantioselective Desymmetrization of
Epoxides 407

R'__R? Ti(OPr), R\__R?
o” "0 (3a, 1 mol %) o” O
\7) + BnNH, S_)
o OO o BN OH
H
407
OH 408
(ent-90a, 1 mol %)
H,0 (10 mol %)
PhMe, 40°C
entry R R? no. yield (%) ee (%)
1 H H 408a 56 20
2 Me Me 408b 80 92
3 -(CH)s- 408c 94 93

ment of the amine by 4-substituted thioanisol produced a
strong decrease in the enantioselectivity (lower than 41%)
in its reaction with cyclohexene oxidd@4g.5%¢

Despite all the former modest results, very recently a new
protocol for the desymmetrization of epoxides giving good
results has been discovered (Table 58). The goal of this

Table 58. Catalytic Enantioselective Desymmetrization of
Epoxides 404 Using a Bimetallic Catalyst

Ti(OPr),
R R? (3a, 5 mol %) RZ_.OH
+ PhSeH j\
o GaMej; (5 mol %) R sePh
404 Q 409
N N=
Bu'dOH HObBu’
But But
(268b, 5 mol %)
n—CeH14, -40°C
entry R R? no. yield (%) ee (%)
1 Me Me  409a 87 87
2 Ph Ph  409b 70 72
3 -(CHy)s 409¢c 85 94
4 -(CHy)s- 409d 94 97
5 1,2-CHCgH4CH,- 409e 92 90

catalyst able to promoted the ring opening of cyclohexene procedure is the preparation of a chiral bimetallic catalyst

oxide @049 by trimethylsilyl azide 2699 to yield the
expected alcohod05¢c(Z = CHz, n = 2, X = Ng) in 74%
yield and 23% enantiomeric exce$.All these modest

derived from gallium and titanium. Thus, for example, the
desymmetrization of cyclohexene oxidé0@g with sele-
nophenol using substoichiometric amounts of the bimetallic

results pointed out the inherent problems concerning the complex obtained by reaction of the chiral salen liga68b

source of the high activity of the nucleophile and of the
deactivation of the highly oxophilic catalyst by reaction with
the final alcohol.

The reduction of the reactivity of the nucleophile improved

with titanium tetraisopropoxide3@) and trimethyl gallium
yielded the expected alcohdl09d with excellent results.
However, when the reaction was performed using the
homometallic catalyst obtained by mixing only either tri-

the results of this type of desymmetrization. So, the reaction methyl gallium or titanium tetraisopropoxide with the chiral

of benzylamine with different epoxide#07 catalyzed by
substoichiometric amounts of titanium tetraisopropox@s (

salen268b, it gave the same alcohdl09d but with lower
enantioselectivities (35 and 39% ee, respectivEy T his

and the chiral ligan@nt-90ain the presence of water yielded great increase in the enantioselectivity was explained as-
the expected alcohol)8(Table 57). Under these conditions, suming a synergistic work of both metallic centers, with the

the catalyst did not interact with the final alcohols, probably harder Lewis acidic titanium atom coordinating the oxygen

due to the presence of water. The scope of substrate for thisatom of the epoxide and the softer Lewis acidic gallium atom

reaction is very limited since other epoxides did not react chelating the selenium derivative, with both metals being

under similar condition® On the other hand, the replace- chelated by the same chiral ligand.
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The last example of this section is a very elegant and Table 59. Catalytic Enantioselective Fluorination offi-Ketoesters
unique example of desymmetrization involving an electron 411
transfer?? The titanocend 05k was able to coordinate and
asymmetrically transfer an electron to different epoxidi@$
to give the corresponding radical, which could be trapped
by reaction withtert-butyl acrylate to yield the corresponding
compoundgt10practically as an only diasterecisomer, with
good chemical yields and enantioselectivities (Scheme 116).

Scheme 116. Catalytic Enantioselective Desymmetrization by
an Electron Transfer Reaction

H
N,
o
o Zn/\%)/c o
| - E ;"

o (152b, 5 mol %)
404 OBut MeCN, 25°C
410a:n=1
(69%, ee 73%) entry R R? no. ee (%)

P 1 Ph Et 413a 62

(105K, 5 mol %) O e, 00 82%) 2 Ph PRCH 413b 82

o . 3 Et PhCH 413c 81
THF, 25°C 0, 0

(78% ee 80%) 4 Et 2,4,6-BisCHs 413d 90

The reaction was also applicable to acyclic epoxides with . o }
excellent enantiomeric excesses (up to 92%), but in thesethe resultsn vacuoindicated that the reaction proceeds by

cases, the chiral radical intermediate was tapped just by using? Single-electron transfer (SET) involving the formation of
water. a [N—F] radical. However, in acetonitrile solution, non-

spontaneous SET was calculated. Despite these calculation
9 Miscellaneous Reactions studie_:s, _it should be po_inted out that the relative stability of
' a cationicversusa radical form strongly depends on the
Although halogenated compounds serve as linchpins for temperature and the interaction with the solvent, with a SET
further manipulations in organic synthesis, the number of process being possible before the transition state due to
protocols for the enantioselective preparation of these thermal fluctuations or dipotecharge interactions. In this

compounds has been remarkably scaftg:-Ketoesterg11, case, a radical would be formed and could then react with
which are ideal candidates for halogenation reactions due tothe chloride present in solution, leading to the formation of
the relatively high acidity of theio-hydrogen atoms (. the most stable chlorine radical, which is ultimately respon-

~ 12), can form six-membered chelates with oxophilic Lewis sible for the observed chlorinated byproduct. The addition
acids at their carbonyl groups, thus promoting enolization of a radical scavenger drastically diminished the amount of
of the -ketone. Thus, the first catalytic enantioselective the chlorinated byproduct and, therefore, supported the SET
halogenation promoted by a titanium complex was performed mechanistic pathway for the halogen transfer.

using selectfluor 412 in the presence of the titanium The scope of reagents for the former reaction was
complex152b33°giving the expected fluorinated compounds increased by the use df-chloro- andN-bromosuccinimide
413 with chemical yields ranging from 80 to 95% (Table as halogenating compounds, yielding the corresponding
59). The enantioselectivity was strongly influenced by the a-chlorinated or-brominated3-ketoesters. The enantiose-
size of the ester moiety @Rbut not the size of the ketone lectivity for the chlorination (ee never higher than 88%) was
substituent (R, with the best results being obtained for the somewhat lower than that for the related fluorination.
most hindered esters. Mechanistically, the role of the Lewis However, the bromo derivatives could not reach more than
acid consists of the activation of the nucleophile and not, as 23% e€>3! As an alternative, dichloro(4-methylphenyl)iodine

is more common, enhancement of the electrophilicity of the has been proposed as chlorinating agent, which did not
coordinated carbonyl group. Thikketoester coordinates to  introduce any significant improvement, neither in the results
the catalystl52b as an enolate substituting one of the two nor in the procedure®? Conceptually, the enantioselective
chlorines and one of the acetonitrile molecules. A density double halogenation is more interestfiigsince in a one-
functional theory study showed the existence of eight possiblepot process it was possible to introduce two halogens
chiral intermediates bearing thg-ketoester ligand. In  (fluorine and chlorine) in thex position of aj-ketoester.
particular, the most stable has the chlorine ligand in an axial The sequence of addition of the halogenating agents deter-
position, with the equatorial plane being defined by the mines the absolute configuration of the final product, with
titanium center and the two coordinated TADDOL oxygen the overall stereochemical outcome of the reaction being
atoms. In this way the enolate fragment and one of the two solely determined by the second enantioselective halogena-
face-on oriented naphthyl groups are almost perfectly parallel tion step.

and, as a consequence, the-face of the enolate is Not only halogenation processes can be performed with
completely shielded and the fluorine atom is only delivered the aforementioned protocol, but also other processes which
from the opposite side, predicting correctly the observed involve the formation of a carberheteroatom bond, with
absolute configuration. The fluorine atom transfer was the heteroatom being introduced as the electrophilic partner
studied by QM/MM first-principles molecular dynamics, and of the reaction. Thus, the oxidation of a differghketoester
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411, or the related amides, has been performed following a worse result§3 All these facts have made that this approach
similar protocol but using the oxazirididd 4 (Scheme 117).  for the synthesis afi-amino acids still practically unexplored.

_ _ _ _ Another remarkable reaction is outlined in Scheme 119,
Scheme 117. Catalytic Enantioselective Hydroxylation of

p-Ketoesters 411 Scheme 119. Enantioselective Dihydrodimerization of

2,5-Dihydrofuran
0N—< >—vo
’ N o Il THF, 0°C (N

ph Ph Ph p

7 y HO OH
R® HO R® 419 ><0 O 07" 0 21
411 O 415 o, O/TI\O o>< (35%, ee 94%)
O (84-99%, ee 30-94%) Ph
— Ph Ph Ph
° AN= (420, 50 mol %)
P ’ ’
07 0 & N= . . . . L .
Q . in which the ring opening dimerization of 2,5-dihydrofuran
Q OO (419 rendered diolgl21with an excellent enantioselectivity
but with a very modest chemical yietél. The reaction of
(152b, 5 mol %) cyclohexylmagnesium bromide with the spiro titandg6,
CH,Cl,, 25°C or another titanium alkoxide (Kulincovich reactioii},gave

in this case a chiral titanium(ll) intermediate bearing one
As in the halogenation process, the enantioselectivity was TADDOLate and one cyclohexene moiety as ligands. The
increased by increasing the steric hindrance of the esterexchage of alkenes (cyclohexene by compodihg gave a
residue, using in this case methylene chloride as the solventnew intermediate, which undergoes a ring opening process
Another oxidant, such as dioxirane, can also be used, butfollowed by a carbotitanation reaction with another equiva-
the presence of traces of water in the reagents caused dent of compoundt19to yield, after hydrolysis, the diat21
progressive decomposition of the catal§sb during the The chiral ligand268ehas been used in combination with
reaction and, therefore, decreased the product yield, althoughitanium tetraisopropoxide and rhodium salts in the enantio-
keeping the enantioselectivity. A possible mechanism for this selective hydroformylation of vinyl acetate to give a mixture

trans_formati_on _involves the epoxidation of the previously of linear and substituted aldehyd®8The supporting idea
mentioned titanium-bound enolate form from phé&etoester

and subsequent ring opening to give the corresponding Ph Ph
2-hydroxylated 1,3-dicarbonyl derivatives

Very recently, the use of phenylsulfenyl chloride as
electrophilic sulfur agent has been introduced in the enan- OH HO
tioselective sulfenylation ofs-ketoesters411 with good
enantioselectivity for bulky ester derivatives.

The electrophilic alkylation of enolates derived from 268e
a-amino acids has been used in the preparation afoa
disubstitutedx-amino acict® The deprotonation of the imine
derivative 416 with lithium diisopropoyl amide at low
temperature, followed by titanium metal exchange in the
presence of the chiral diagl18 yielded a chiral complex
intermediate, which was trapped by reaction with iodo-
methane to give, after final hydrolysis, theamino acidd17
with moderate enantioselectivity (Scheme 118). Unfortu-

—N  N=

PPh,  PhyP

was that then situ formed chiral bimetallic complex could
combine the characteristic behaviors of both metals: the high
enantioselectivity due to the rhodium salts as well as the
favorable formation of branched aldehydes due to the
titanium complexes. However, the results were very poor,
with a total chemical yield of 21%, a 7:3 mixture of
aldehydes, and an enantioselectivity of only 30%.

Chiral liquid crystalline compoun&¥ are considered very

ichemi 1'(1185 E”ar?tic’sﬂ%ai"e Electrophilic Alkylation of interes;cing mdfitelrials du:a to their tetchnica: applicatiodns, fotr
mino Acid Derivative example, in displays, polarizers, certain polymers, and paints
or as coloring-effect materials. The chiral liquid materials
. Bn . ha\(e even been used as chirgl pro_moters.for enantioselective
A 1. LDA, THF, -78°C i )((o helical polyacetylene synthesis using achiral titanium alkox-
N 2. TiCl, (3¢, 100 mol %) 2 o idest A particularly efficient and elegant route to chiral
Tz—an Ph Ph 7 mesophases is based on the addition of small amounts of a
BnO S HO OMe (60%, ee 74%) chiral dopant to a nematic phase, so that the latter is
6 Ho— -, ~OMe convertgd into a chplestenc phase by_ helical arrangement in
o Ph _the previous nematic p_hase._The efficiency of a chiral dopant
(418, 100 mol %) is quantified by its “helical twisting power”, being dependent
THE, 78 to -15°C not only on the structure of the dopant but also on the nematic
3 Mel h_ost compoun_d. The pische!at_ed titanium comphgR
4 Hol displayed the highest helical twisting power value (7491

reported so far, for the nematic phase obtained with imine
nately, the scope of the reaction is very narrow and only 4235% These values were measured in various nematic
iodomethane can be used as electrophile. The use of othephases that differed significantly in their geometry and
starting a-amino acid derivatives, as well as other chiral functional groups, and it seems that twisting is accomplished
ligands such as TADDOL, BINOL, and tatrate esters, gave more easily when the size of the nematic molecule decreases,
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as is the case for the imir23. Finally, it should be pointed
out that the X-ray structure of complei22 revealed that

Chemical Reviews, 2006, Vol. 106, No. 6 2199

polymer results from the stereoselective orientation of both
the aromatic substituents and the imine group, with the full

the ligands were arranged in a meridional position around racemization requiring more than 100 h in toluene at@8*®
the central titanium atom, which became a stereogenic centerOther assayed catalysts and monomers gave worse results.

as a result of the complexation.

Ph  Ph
Pis " H
O N=
co Yok
o OFEt
=N O
Ho »—pn
Ph  Ph
422
/NOB”‘
423

Titanium complexd24has also been used as chiral dopant
for the liquid crystal obtained from an equimolecular mixture
of compounds425 In this case, the resulting chiral liquid

10. Conclusions and Outlook

This report has shown the impressive amount of enantio-
selective synthetic uses that have been found for titanium
catalysts and/or reagents in the last few years, from classical
reactions such as 1,2- and 1,4-additions, Didi&ler reac-
tions, or oxidations and reductions to new procedures such
as the enantioselective nucleophilic addition of “unreactive”
organozinc reagents to poor electrophilic ketones, or the
electrophilica-halogenation of carbonyl compounds.

The types of reactions that can be catalyzed by titanium
complexes are as ample as chemists’ imaginations, and the
improvements already achieved are impressive in some cases,
although others are still in their early stages. Most impor-
tantly, completely new reactions have been exclusively
promoted by titanium complexes. The economical, health,
and environmental benefits compared to the use of other

crystal was used as catalyst for the asymmetric helical Metal-based procedures are very significant.

acetylene polymerizatiott? Other titanium complexes with

Despite the impressive number of contributions and results

different naphthy! tails used as chiral dopants gave lower obtained, however, many challenges remain. A better un-

values of helical twisting power.

Ree
(@)
(0)
(o)
6
424

425a 425b

The last example comes from the asymmetric polymeri-
zatior?** of different carbodiimides catalyzed by chiral
titanium complexes. Thus, the polymerization of the carbo-
diimide 426in the presence of the chiral complé27yielded
the well-defined regioregular and stereoregular chiral poly-
meric material428 with a helix stereogenic element and a
relatively narrow polymer dispersity index of 2.7 (Scheme
120). The surprisingly configurationally stable and chiral

Scheme 120. Enantioselective Polymerization of the
Carbodiimide 426

(7
N\\_ (r)/ﬂ (ﬂ?
N

A\Y
O CHClj, 25°C
426 O

T O

(427, 1 mol %)

derstanding of various processes, as well as the role of the
aggregation of titanium complexes, is necessary, and there
is room for improvement in both the scope and mildness of
the reaction conditions for many of the described methods.
Achieving higher turnover numbers of the catalytic cycles
to favor a major impact on the industry can also be expected
to be an area of major interest. Finally, one can reasonably
anticipate that future studies will provide new applications,
as well as a finer tuning of the reactions, with the opportuni-
ties of pursuing new protocols providing the driving force
for future innovation in the fields of enantioselective reactions
and chemistry as a whole.

11. Acknowledgments

The Spanish Ministerio de Educanig Deporte (Project
CTQ2004-01261) and the Generalitat Valenciana (Projects
GV05/157 and CTIDB/2002/318) are acknowledged for their
continuous financial support. We thank Dr. Jaisiel Melez
for the artistic preparation of Figure 1.

12. References

(1) Cohen, M. M.Am. J. Med. Gene001, 101, 292-314.

(2) (a) Eriksson, T.; Bjckman, S.; Hglund, P Eur. J. Clin. Pharmacol.
2001, 57, 365-376. (b) Sleijfer, S.; Kruit, W. H. J.; Stoter, &ur.

J. Cancer2004 40, 2377-2382.

(3) (a) Chirality in Industry, Collins, A. N., Sheldrake, G. N., Crosby,
J., Eds.; John Wiley & Sons: Chichester, 1992 Rlj)cess Chemistry
in the Pharmaceutical IndustryGadamasetti, K. G., Ed.; Marcel
Dekker: New York, 1999. (c) Blaser, H. U.; Spindler, F.; Studer,
M. Appl. Catal., A2001, 221, 119-143. (d)Asymmetric Catalysis
on Industrial Scale-Challenges, Approaches and SolujiBfeser,

H. U., Schmidt, E., Eds.; Wiley-VCH: Weinheim, 2004.

(4) Bolm, C.; Gladysz, J. AChem. Re. 2003 103 27612762 (thematic
issue on enantioselective catalysis).

(5) Izumi, Y. Angew. Chem., Int. Ed. Engl971, 10, 871-881.

(6) Marckwald, W.Ber. Dtsch. Chem. Ge4904 37, 349-354.

(7) Sharpless, K. BAngew. Chem., Int. E2002 41, 2024-2034.

(8) Knowles, W. SAngew. Chem., Int. EQR002 41, 1998-2007.

(9) Noyori, R.Angew. Chem., Int. EQR002 41, 2008-2022.

(10) Data for Figure 1 were obtained from the SciFinder Scholar database
for the period 1999 to February 2005, using two words: (a) either
“asymmetry” or “enantioselectivity” and (b) the name of the metal
atom.



2200 Chemical Reviews, 2006, Vol. 106, No. 6

(11) For reviews on titanium compounds in organic synthesis, see: (a)
Bottrill, M.; Gavens, P. D.; Kelland, J. W.; McMeeking, J. In
Comprehensie Organometallic Chemistrwilkinson, G., Stone, F.

G. A., Abel, E. W., Eds.; Pergamon Press: Oxford, 1982; Vol. 3, pp
433-474. (b) Seebach, D.; Weidmann, B.; Widler, L. Modern
Synthetic MethodsScheffold, R., Ed.; Verlag Sauérlder: Aarau,
1983; pp 217253. (c) Reetz, M. T. InOrganometallics in
Synthesis: A ManualSchlosser, M., Ed.; John Wiley & Sons:
Chichester, 1994; pp 19282. (d) Bochmann, M. I€omprehensie
Organometallic Chemistry jl Abel, E. W., Stone, F. G. A,
Wilkinson, G., Eds.; Pergamon Press: Oxford, 1995; Vol. 4, pp273
431. (e) Mikami, K.; Matsumoto, Y.; Shiono, T. I&cience of
Synthesisimamoto, T., Ed.; Georg Thieme Verlag: Stuttgart, 2003;
Vol. 2, pp 457-679.

(12) (a) England, M. W.; Turner, J. E.; Hingerty, B. E.; Jacobson, K. B.
Health Phys1989 57, 115-119. (b) Pandey, A. K.; Pandey, S. D.;
Misra, V. Ecotoxicol. Emiron. Saf.2002 52, 92—96. (c) Wah, K.;
Chow, K. L. Aquat. Toxicol2002 61, 53—64. (d) Petrauskiené..
Environ. Toxicol. 2004 19, 336-341. (e) MontvydiengD.; Ma-
réiulionieng D. Environ. Toxicol.2004 19, 351-358.

(13) Bermudez, E.; Mangum, J. B.; Asghariam, B.; Wong, B. A.; Reverdy,
E. E.; Janszen, D. B.; Hext, P. M.; Warheit, D. B.; Everitt, J. I.
Toxicol. Sci.2002 70, 86—97.

(14) Lademann, J.; Weigmann, H.-J.; Schafer, H.; Muller, G.; Sterry, W.
Skin Pharmacol. AppR00Q 13, 258-264.

(15) Clearfield, A.; Bortun, A. I.; Khainakov, S. A.; Bortun. L. N.; Strelko,
V. V.; Khryaschevskii, V. N.Waste Managel998 18, 203-210.

(16) Niinomi, M. Sci. Technol. Ad Mater. 2003 4, 445-454.

(17) (a) Rama, D. J.; Yus, M.Recent Res. De Org. Chem.1998 2,
489-523. (b) Mikami, K.; Mashiro, M.Lewis Acids in Organic
SynthesisYamamoto, H., Ed.; Wiley-VCH: Weinheim, 2000; Vol.
2, pp 799-847.

(18) (a) Fuji, K. Chem. Re. 1993 93, 2037-2066. (b) Corey, E. J.;
Guzma-Peez, A. Angew. Chem., Int. EA.998 37, 388-401. (c)
Ramam, D. J.; Yus, M.Curr. Org. Chem.2004 8, 149-183. (d)
Quaternary Stereocenters-Challenges and Solutions for Organic
SynthesisChristoffers, J., Baro, A., Eds.; Wiley-VCH: Weinheim,
2005.

(19) Katsuki, T.; Sharpless, K. B. Am. Chem. S0d.98Q 102, 5976~
5978.

(20) (a) Corey, E. J.; Cheng, X.-Mhe Logic of Chemical Synthesis
Wiley & Sons: New York, 1989. (b) Nicolau, K. C.; Snyder, S. A.
Classics in Total Synthesis: Targets, Strategies, Metho@H:
Weinheim, 1996. (c) Nicolau, K. C.; Snyder, S. @lassics in Total
Synthesis Il: More Targets, Strategies, Methodfgiley-VCH:
Weinheim, 2003. (d) Nicolau, K. @Chem. Commur2003 661—
664. (e) Nicolau, K. C.; Snyder, S. Rroc. Natl. Acad. Sci. U.S.A.
2004 101, 11929-11936. (f) Nicolau, K. C.; Snyder, S. Angew.
Chem., Int. Ed2005 44, 1012-1044.

(21) (a) Johnson, R. A.; Sharpless, K. B. @atalytic Asymmetric
SynthesisOjima, |., Ed.; VCH: New York, 1993; pp 103158. (b)
Katsuki, T.; Martin, V. S. InOrganic ReactionsPaquette, L. A.,
Ed.; J. Wiley & Sons: New York, 1996; Vol. 48, pp—299. (c)
Katsuki, T. InComprehensie Asymmetric Catalysis;lJacobsen,
E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer: Berlin, 1999; pp
621—-648.

(22) Lu, L. D. L.; Johnson, R. A.; Finn, M. G.; Sharpless, K.BOrg.
Chem.1984 49, 728-731.

(23) Gao, Y.; Hanson, R. M.; Klunder, J. M.; Ko, S. Y.; Masamune, H.;
Sharpless, K. BJ. Am. Chem. S0d.987, 109, 5765-5780.

(24) Hanson, R. M.; Sharpless, K. B. Org. Chem.1986 51, 1922~
1925.

(25) Corey, E. JJ. Org. Chem199Q 55, 1693-1694.

(26) Woodard, S. S.; Finn, M. G.; Sharpless, K. B.Am. Chem. Soc.
1991, 113 106-113.

(27) Finn, M. G.; Sharpless, K. Bl. Am. Chem. S0d.991, 113 113-
126.

(28) Williams, I. D.; Pedersen, S. F.; Sharpless, K. B.; Lippard, S. J.
Am. Chem. Socdl984 106, 6430-6431.

(29) For overviews on the presence of bimetallic species in enantioselective
syntheses, see: (a) Ma, J.-A.; Cahard,Abgew. Chem., Int. Ed.
2004 43, 4566-4583. (b) Yamamoto, H.; Futatsugi, Kkngew.
Chem., Int. Ed2005 44, 1924-1942.

(30) For some examples of this type of epoxidation, see: (a) Paterson, |.;
De Savi, C.; Tudge, MOrg. Lett.2001 3, 3149-3152. (b) Ghosh,
A. K,; Wang, Y.; Kim, J. T.J. Org. Chem2001, 66, 8973-8982.
(c) Ahmed, A.; Hoegenauer, E. K.; Enev, V. S.; Hanbauer, M,;
Kaehling, H.; nler, E.; Mulzer, JJ. Org. Chem2003 68, 3026—
3042. (d) Hoye, T.; Hu, MJ. Am. Chem. So2003 125 9576~
9577. (e) Murga, J.; GaiFortanet, J.; Carda, M.; Marco, J. A.
Synlett.2004 2830-2832.

(31) Lattanzi, A.; Scettri, ACurr. Org. Chem2004 8, 607—621.

Ramon and Yus

(32) (a) Peez, Y.; del Hierro, |.; Fajardo, M.; Otero, Al. Organomet.
Chem.2003 679, 220—-228. (b) Morante-Zarcero, S.; Crego, A. L.;
Sierra, |.; Fajardo, M.; Marina, M. LElectrophoresis2004 25,
2745-2754. (c) Morante-Zarcero, S.; g, Y.; del Hierro, |;
Fajardo, M.; Sierra, 1J. Chromatogr., A22004 1046 61—-66.

(33) Sherrington, D. CCatal. Today200Q 57, 87—104.

(34) Suresh, P. S.; Srinivasan, M.; Pillai, V. N. R. Polym. Sci., A:
Polym. Chem200Q 38, 161—169.

(35) Xiang, S.; Zhang, Y.; Xin, Q.; Li, CAngew. Chem., Int. E@002
41, 821-824.

(36) (a) Guo, H.; Shi, X.; Qiao, Z.; Hou, S.; Wang, K@hem. Commun.
2002 118-119. (b) Guo, H.; Shi, X.-Y.; Wang, X.; Liu, S.-Z.; Wang,
M. Guo, H.; Shi, X.; Qiao, Z.; Hou, S.; Wang, M. Org. Chem.
2004 69, 2042-2047.

(37) Reed, N. N.; Dickerson, T. J.; Boldt, G. E.; Janda, K.JDOrg.
Chem.2005 70, 1728-1731.

(38) (a) Makino, K.; Suzuki, T.; Awane, S.; Hara, O.; Hamada, Y.
Tetrahedron Lett2002 43, 9391-9395. (b) Qin, D.-G.; Yao, Z.-J.
Tetrahedron Lett2003 44, 571-574.

(39) Watanabe, H.; Watanabe, H.; Bando, M.; Kido, M.; Kitahara, T.
Tetrahedron1999 55, 9755-9776.

(40) Rodfguez, A. R.; Spur, B. WTetrahedron Lett2001, 42, 6057~
6060.

(41) Wakamura, S.; Arakaki, N.; Yamamoto, M.; Hiradate, S.; Yasui, H.;
Yasuda, T.; Ando, TTetrahedron Lett2001, 42, 687—689.

(42) Nihei, K.-i.; Hasimoto, K.; Miyairi, K.; Okuno, TBiosci. Biotechnol.
Biochem.2005 69, 231-234.

(43) Padfm, J. M.; Martn, V. S.; Hadjipavlou-Litina, D.; Noula, C.;
Constantinou-Kokotou, V.; Peters, G. J.; Kokotos,B&org. Med.
Chem. Lett1999 9, 821-826.

(44) Green, M. P.; Prodger, J. C.; Hayes, CTdtrahedron Lett2002
43, 6609-6611.

(45) (a) Tani, H.; Naganawa, A.; Ishida, A.; Egashira, H.; Odagaki, Y.;
Miyazaki, T.; Hasegawa, T.; Kawanaka, Y.; Nakai, H.; Ohuchida,
S.; Toda, M.Synlett2002 239-242. (b) Tani, H.; Naganawa, A.;
Ishida, A.; Egashira, H.; Odagaki, Y.; Miyazaki, T.; Hasegawa, T.;
Kawanaka, Y.; Sagawa, K.; Harada, H.; Ogawa, M.; Maruyama, T.;
Nakai, H.; Ohuchida, S.; Kondo, K.; Toda, Bioorg. Med. Chem.
2002 10, 1883-1894.

(46) Jimeno, C.; Pastd/.; Riera, A.; Perica, M. A.J. Org. Chem2003
68, 3130-3138.

(47) For reviews on the enantioselective addition of dialkylzinc reagents
to aldehydes, see: (a) Noyori, R.; Kitamura, Ahgew. Chem., Int.
Ed. Engl.1991 30, 49-69. (b) Soai, K. InComprehengie Asym-
metric Catalysis I} Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds.;
Springer: Berlin, 1999; pp 911922. (c) Pu, L.; Yu, H.-BChem.
Rev. 2001, 101, 757-824. (d) Soai, K.; Shibata. I8omprehensie
Asymmetric Catalysis Supplement Jacobsen, E. N., Pfaltz, A,,
Yamamoto, H., Eds.; Springer: Berlin, 2004; pp-986.

(48) Uemura, |.; Yamada, K.; Sugiura, K.; Miyagawa, H.; Ueno, T.
Tetrahedron: Asymmetr2001 12, 943-947.

(49) Krief, A.; Dumont, W.; Baillieul, D.Synthesi2002 2019-2022.

(50) Izzo, |.; Scioscia, M.; Del Gaudio, P.; De RiccardisTEtrahedron
Lett. 2001, 42, 5421-5424.

(51) Dehoux, C.; Monthieu, C.; Baltas, M.; Gorrichon,3ynthesi200Q
1409-1414.

(52) (a) Trost, B. M.; Chisholm, J. D.; Wrobleski, S. T.; Jung, MAm.
Chem. Soc2002 124, 12426-12421. (b) Akiyama, M.; Awamura,
T.; Kimura, K.; Hosomi, Y.; Kobayashi, A.; Tsuji, K.; Kuboki, A.;
Ohira, S.Tetrahedron Lett2004 45, 7133-7136.

(53) (a) Williams, R. M.; Rollins, S. B.; Judd, T. Getrahedron200Q
56, 521-532. (b) Judd, T. C.; Williams, R. MOrg. Lett.2002 4,
3711-3714. (c) Judd, T. C.; Williams, R. Ml. Org. Chem2004
69, 2825-2830.

(54) Zhu, X.; Yu, B.; Hui, Y.; Higuchi, R.; Kusano, T.; Miyamoto, T.
Tetrahedron Lett200Q 41, 717-719.

(55) Pandey, S. K.; Kandula, S. V.; Kumar, Retrahedron Lett2004
45, 5877-5879.

(56) Awakura, D.; Fujiwara, K.; Murai, ASynlett200Q 1733-1736.

(57) Lepage, O.; Kattnig, E.; Fstner, A.J. Am. Chem. So2004 126,
15970-15971.

(58) Miranda, P. O.; EStez, F.; Quintana, J.; GaeIC. I.; Brouard, |.;
Padfa, J. |; Pivel, J. P.; Bermejo, J. Med. Chem2004 47, 292—
295.

(59) Chakraborty, T. K.; Purkait, S.; Das, Betrahedror2003 59, 9127
9135.

(60) Schmidt, J.; Eschgfiar, B.; Benner, S. AHelv. Chim. Acta2003
86, 2937-2958.

(61) Lindsay, K. B.; Pyne, S. Gl. Org. Chem2002 67, 7774-7780.

(62) Kumar, P.; Bodas, M. Sl. Org. Chem2005 70, 360-363.

(63) Schomaker, J. M.; Pulgam, V. R.; Borhan, B.Am. Chem. Soc.
2004 126, 13600-13601.

(64) Chao, B.; Dittmer, D. CTetrahedron Lett2001, 42, 5789-5791.



Titanium Complexes in Enantioselective Synthesis

(65) Yadav, J. S.; Bandyopadhyay, A.; Reddy, B. V.Synlett2001,
1608-1610.

(66) Lygo, B.; Crosby, J.; Lowdon, T.; Wainwright, P. Getrahedron
1999 55, 2795-2810.

(67) (a) Martn, R.; Moyano, A.; Peritg M. A.; Riera, A.Org. Lett.200Q
2, 93-95. (b) Martn, R.; Murruzzu, C.; Peria M. A.; Riera, A.J.
Org. Chem.2005 70, 2325-2328.

(68) (a) Trost, B. MSciencel99], 254, 1471-1477. (b) Sheldon, R. A.
Pure Appl. Chen00Q 72, 1233-1246. (c) Trost, B. MAcc. Chem.
Res.2002 35, 695-705. (d) For a recent paper from our laboratory,
see: Marmez, R.; Brand, G. J.; RampD. J.; Yus, M.Tetrahedron
Lett. 2005 46, 3683-3686.

(69) For reviews on state of the art, see: kKindbook of Metathesis
Grubbs, R. H., Ed.; Wiley-VCH: Weinheim, 2003. (b) Grubbs, R.
H. Tetrahedron2004 60, 7117-7140.

(70) Ma, S.; Ni, B.Chem—Eur. J. 2004 10, 3286-3380.

(71) Ginesta, X.; PastdV.; Perica, M. A.; Riera, A.Org. Lett.2003 5,
3001-3004.

(72) Ginesta, X.; Peria M. A.; Riera, A.Tetrahedron Lett2002 43,
779-782.

(73) Alcon, M.; Moyano, A.; Pericg, M. A.; Riera, A.Tetrahedron:
Asymmetry1999 10, 4639-4651.

(74) Ginesta, X.; Peria M. A.; Riera, A.Synth. Commun2005 35,
289-297.

(75) Parker, K. A.; Lim, Y.-H.J. Am. Chem. SoQ004 126, 15968
15969.

(76) Mikami, K.; Koizumi, Y.; Osawa, A.; Masahiro, T.; Takayama, H.;
Nakagawa, KSynlett1999 1899-1902.

(77) Jan, S.-T.; Li, K.; Vig, S.; Rudolph, A.; Uckun, F. Metrahedron
Lett. 1999 40, 193-196.

(78) (a) Rodmuez, A.; Nomen, M.; Spur, B. W.; Godfroid, J. J.; Lee, T.
H. Tetrahedron Lett200Q 41, 823—-826. (b) Rodiguez, A.; Nomen,
M.; Spur, B. W.; Godfroid, J.-J.; Lee, T. lEur. J. Org. Chem200Q
2991-3000.

(79) Bellina, F.; Carpita, A.; Mannocci, L.; Rossi, Rur. J. Org. Chem.
2004 2610-2619.

(80) Yadav, J. S.; Rajaiah, G.; Raju, A. Ketrahedron Lett2003 44,
5831-5833.

(81) Gallou-Dagommer, |.; Gastaud, P.; RajanBabu, TOXg. Lett.2001,

3, 2053-2056.

(82) Medina, E.; Moyano, A.; PerisaM. A.; Riera, A.Helv. Chim. Acta
2000 83, 972-988.

(83) (a) PastpM.; Riera, A.; Perica, M. A. Eur. J. Org. Chem2002
2337-2341. (b) Ferrer, S.; Pdstdl.; Rodfguez, B.; Riera, A,
Pericas, M. A. Tetrahedron: Asymmetr003 14, 1747-1752.

(84) Ruthenium in Organic Synthesi8urahashi, S.-l., Ed.; Wiley-
VCH: Weinheim, 2004.

(85) For reviews, see: (a) Zassinovich, G.; Mestroni, G.; Gladiali, S.
Chem. Re. 1992 92, 1051-1069. (b) Nishide, K.; Node, M.
Chirality 2002 14, 759-767.

(86) Perica, M. A,; Puigjaner, C.; Riera, A.; Vidal-Ferran, A.; ®ez,
M.; Jimenez, F.; Muller, G.; Rocamora, NChem—Eur. J.2002, 8,
4164-4178.

(87) (a) Trost, B. M.; Crawley, M. LChem. Re. 2003 103 2921-
2943. (b) Belda, O.; Moberg, G\cc. Chem. Re®004 37, 159-
167. (c) Trost, B. MJ. Org. Chem2004 69, 5813-5837.

(88) Islas-GonZez, G.; Puigjaner, C.; Vidal-Ferran, A.; Moyano, A.;
Riera, R.; Peritg, M. A. Tetrahedron Lett2004 45, 6337-6341.

(89) Chandrasekhar, S.; Reddy, M. Netrahedror?200Q 56, 6339-6344.

(90) Kang, J.-H.; Siddiqui, M. A.; Sigano, D. M.; Krajewski, K.; Lewin,
N. E.; Pu, Y.; Blumberg, P. M.; Lee, J.; Marquez, V. @rg. Lett.
2004 6, 2413-2416.

(91) Mizutani, H.; Watanabe, M.; Honda, Tetrahedror2002 58, 8929

8936.
(92) Schomaker, J. M.; Borhan, Brg. Biomol. Chem2004 2, 621—
624.

(93) Ohgiya, T.; Nishiyama, J.etrahedron Lett2004 45, 8273-8275.

(94) (a) Li, Y.; Liu, Z,; Lan, J.; Li, J.; Peng, L.; Li, W. Z.; Li, Y.; Chan,
A. S. C.Tetrahedron Lett200Q 41, 7465-7469. (b) Liu, Z.; Li, W.
Z.; Peng, L.; Li, Y,; Li, Y.J. Chem. Soc., Perkin Trans.2D0Q
4250-4257.

(95) Lattanzi, A.; lannece, P.; Scettri, Aetrahedron Lett2002 43,
5629-5631.

(96) Hara, S.; Hoshio, T.; Kameoka, M.; Sawaguchi, M.; Fukuhara, T.;
Yoneda, N.Tetrahedron1999 55, 4947-4954.

(97) Zhang, J.-X.; Wang, G.-X.; Xie, P.; Chen, S.-F.; Liang, X.-T.
Tetrahedron Lett200Q 41, 2211-2213.

(98) Yuasa, H.; Makado, G.; Fukuyama, Yetrahedron Lett2003 44,
6235-6239.

(99) Ghosh, A. K.; Lei, H.Tetrahedron: Asymmetr2003 14, 629
634.

(100) Klunder, J. M.; Caron, M.; Uchiyama, M.; Sharpless, KJBOrg.

Chem.1985 50, 912-915.

Chemical Reviews, 2006, Vol. 106, No. 6 2201

(101) Hosokawa, A.; Katsurada, M.; lkeda, O.; Minami, N.; Jikihara, T.
Biosci. Biotechnol. Biochen2001, 65, 1482-1488.

(102) Gorman, J. S. T.; Lynch, V.; Pagenkopf, B. L.; Young, B.
Tetrahedron Lett2003 44, 5435-5439.

(103) Martn, R.; Islas, G.; Moyano, A.; Perisa M. A.; Riera, A.
Tetrahedron2001, 57, 6367-6374.

(104) For reviews on the preparation @fu-disubstituted-amino acids,
see: (a) Cativiela, M. D.; [az-de-Villegas, M. D.Tetrahedron:
Asymmetry1998 9, 3517-3599. (b) Cativiela, M. D.; [Caz-de-
Villegas, M. D. Tetrahedron: Asymmetr§00Q 11, 645-732.

(105) Gabarda, A. E.; Du, W.; Isarno, T.; Tangirala, R. S.; Curran, D. P.
Tetrahedron2002 58, 6329-6341.

(106) Eguchi, T.; Watanabe, E.; Kakinuma, Ketrahedron2003 59,
6035-6038.

(107) (a) Goujon, J.-Y.; Duval, A.; Kirschleger, B. Chem. Soc., Perkin
Trans. 1200Q 496-499. (b) Bouzbouz, S.; Goujon, J.-Y.; Deplanne,
J.; Kirschleger, BEur. J. Org. Chem200Q 3223-3228.

(108) Sathunuru, R.; Quirion, J.-Tetrahedron: Asymmetrg2005 16,
917-919.

(109) Marcos, I. S.; Laderas, M./ &x, D.; Basabe, P.; Moro, R. F.; Garrido,
N. M.; Urones, J. GTetrahedron Lett2003 44, 5419-5422.

(110) Ohno, H.; Hiramatsu, K.; Tanaka, Tetrahedron Lett2004 45,
75-78.

(111) (a) SolladieG. In Comprehensgie Organic Synthesigrost, B. M.,
Fleming, 1., Winterfeldt, E., Eds.; Pergamon Press: Oxford, 1991;
Vol. 6, pp 133-170. (b) Carréao, M. C.Chem. Re. 1995 95, 1717
1760. (c) Ferhadez, |.; Khiar, N.Chem. Re. 2003 103 3651-
3705. (d) Legros, J.; Dehli, J. R.; Bolm, 8dv. Synth. Catal2005
347, 19-31.

(112) (a) Kagan, H. B. IiCatalytic Asymmetric Synthesi®jima, I., Ed.;
VCH: New York, 1993; pp 203226. (b) Licini, G.; Modena, G. In
Seminars in Organic SynthesiBartoli, G., Ed.; SocietaChimica
Italiana: Milan, 1994; pp 157197. (c) Bolm, C.; Mdiz, K
Hildebrand, J. P. IComprehensie Asymmetric Catalysis;|Jacob-
sen, E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer: Berlin, 1999;
pp 697-710. (d) Volcho, K. P.; Salakhutdinov, N. F.; Tolstikov, A.
G. Russ. J. Org. Chen2003 39, 1537-1552.

(113) (a) Di Furia, F.; Modena, G.; Seraglia, Bnthesid984 325-326.

(b) Pitchen, P.; Kagan, H. Bletrahedron Lett1984 25, 1049-
1052.

(114) (a) Brunel, J. M.; Kagan, H. BBynlett1996 404—-406. (b) Brunel,
J.-M.; Kagan, H. BBull. Soc. Chim. Fr1996 133 1109-1115.

(115) Mikami, K.; Motoyama, Y.; Terada, Ml. Am. Chem. Sod 994
116, 2812-2820.

(116) Potvin, P. G.; Fieldhouse, B. Getrahedron: Asymmetr3999 10,
1661-1672.

(117) Imboden, C.; Renaud, Petrahedron: Asymmet3999 10, 1051—
1060.

(118) Annunziata, M.; Capozzi, M.; Cardellicchio, C.; Naso, F.; Tortorella,
P.J. Org. Chem200Q 65, 2843-2846.

(119) Maguire, A. R.; Papot, S.; Ford, A.; Touhey, S.; O'Connor, R;
Clynes, M.Synlett2001, 41—44.

(120) Bowden, S. A.; Burke, J. N.; Gray, F.; McKown, S.; Moseley, J. D;
Moss, W. O.; Murray, P. M.; Welham, M. J.; Young, M. Org.
Process Res. De 2004 8, 33—44.

(121) Hogan, P. J.; Hopes, P. A.,; Moss, W. O.; Robinson, G. E.; Patel, I.
Org. Process Res. De2002 6, 225-229.

(122) Wang, C.-C,; Li, J. J.; Huang, H.-C,; Lee, L. F.; Reitz, DJBOrg.
Chem.200Q 65, 2711-2715.

(123) Cotton, H.; Elebring, T.; Larsson, M.; Li, L.;"8msen, H.; von Unge,
S. Tetrahedron: Asymmetrg00Q 11, 3819-3825.

(124) Cardellicchio, C.; Fracchiolla, G.; Naso, F.; Tortorella] &rahedron
1999 55, 525-532.

(125) Caputo, R.; Giordano, F.; Guaragna, A.; Palumbo, G.; Pedatella, S.
Tetrahedron: Asymmetr{999 10, 3463-3466.

(126) Song, Z. J.; King, A. O.; Waters, M. S.; Lang, F.; Zewge, D.; Bio,
M.; Leazer, J. L.; Javadi, G.; Kassim, A.; Tschaen, D. M.; Reamer,
R. A.; Rosner, T.; Chilenski, J. R.; Mathre, D. J.; Volante, R. P.;
Tillyer, R. Proc. Natl. Acad. Sci. U.S.2004 101, 5776-5781.

(127) Aggarwal, V. K.; Roseblade, S. J.; Barrell, J. K.; AlexandeiQORy.
Lett. 2002 4, 1227-1229.

(128) Aggarwal, V. K.; Steele, R. M.; Ritmaleni; Barrell, J. K.; Grayson,
1. J. Org. Chem2003 68, 4087-4090.

(129) Maezaki, N.; Sakamoto, A.; Nagahashi, N.; Soejima, M.; Li, Y.-X;
Imamura, T.; Kojima, N.; Ohishi, H.; Sakaguchi, K.-i.; Iwata, C.;
Tanaka, T.J. Org. Chem200Q 65, 3284-3291.

(130) Kimura, T.; Kawali, Y.; Ogawa, S.; Sato, Rhem. Lett1999 1305—
1306.

(131) (a) lwamoto, M.; Tanaka, Y.; Hirosumi, J.; Kita, N.; Triwahyono,
S. Microporous Mesoporous Mate2001, 48, 271-277. (b) Iwamoto,
M.; Tanaka, Y.; Hirosumi, J.; Kita, NChem. Lett2001, 226-227.

(132) Takeda, T.; Imamoto, Tetrahedron: Asymmet3Q99 10, 3209—
3218.



2202 Chemical Reviews, 2006, Vol. 106, No. 6

(133) Matsugi, M.; Fukuda, N.; Muguruma, Y.; Yamaguchi, T.; Minami-
kawa, J.-i.; Otsuka, STetrahedron2001, 57, 2739-2744.

(134) Komatsu, N.; Nishibayashi, Y.; Sugita, T.; UemuraT&trahedron
Lett. 1992 33, 5391-5394.

(135) For recent reviews on the use of binaphthol as chiral ligand, see:

(a) Chen, Y.; Yekta, S.; Yudin, A. KChem. Re. 2003 103 3155
3211. (b) Brunel, J. MChem. Re. 2005 105 857—897; Correc-
tion: Chem. Re. 2005 105, 4233.

(136) Sala, G. D.; Lattanzi, A.; Severino, T.; Scettri,JAMol. Catal., A:
Chem.2001, 170, 219-224.

(137) (a) Massa, A.; Lattanzi, A.; Siniscalchi, F. R.; Scettri, TRtrahe-
dron: Asymmetr2001, 12, 2775-2777. (b) Massa, A.; Siniscalchi,
F. R.; Bugatti, V.; Lattanzi, A.; Scettri, Aletrahedron: Asymmetry
2002 13, 12771283.

(138) For reviews on nonlinear effects, see: (a) Girard, C.; Kagan, H. B.
Angew. Chem., Int. Ed. Engl998 37, 2922-2959. (b) Heller, D.;
Drexler, H.-J.; Fischer, C.; Buschmann, H.; Baumann, W.; Heller,
B. Angew. Chem., Int. EQR00Q 39, 495-499. (c) Blackmond, D.
G. Acc. Chem. Re00Q 33, 402-411. (d) Kagan, H. BSynlett
2001, 888-899.

(139) Seto, M.; Miyamoto, N.; Aikawa, K.; Aramaki, Y.; Kanzaki, N.;
lizawa, Y.; Baba, M.; Shiraishi, MBioorg. Med. Chem2005 13,
363—-386.

(140) Capozzi, M. A. M.; Cardellicchio, C.; Fracchiolla, G.; Naso, F.;
Tortorella, P.J. Am. Chem. S0d.999 121, 4708-4709.

(141) (a) Martyn, L. J. P.; Pandiaraju, S.; Yudin, A.XOrganomet. Chem.
200Q 603 98-104. (b) Yekta, S.; Krasnova, L. B.; Mariampillai,
B.; Picard, C. J.; Chen, G.; Pandiaraju, S.; Yudin, AJKFluorine
Chem.2004 125 517-525.

(142) Bolm, C.; Dabard, O. A. GSynlett1999 360-362.

(143) (a) Saito, B.; Katsuki, TTetrahedron Lett2001, 42, 3873-3876.
(b) Saito, B.; Katsuki, TTetrahedron Lett2001, 42, 8333-8336.
(c) Tanaka, T.; Saito, B.; Katsuki, T.etrahedron Lett2002 43,
3259-3262.

(144) Green, S. D.; Monti, C.; Jackson, R. F.; Anson, M. S.; Macdonald,
S. J. F.Chem. Commur2001, 2594-2595.

(145) Peng, Y.; Feng, X.; Cui, X.; Jiang, Y.; Choi, M. C. K.; Chan, A. S.
C. Synth. Commur2003 33, 2793-2801.

(146) Bonchio, M.; Licini, G.; Modena, G.; Bortolini, O.; Moro, S.; Nugent,
W. A. J. Am. Chem. S0d.999 121, 6258-6268.

(147) (a) Paju, A.; Kanger, T.; Pehk, T.; Lopp, Vetrahedron Lett200Q
41, 6883-6887. (b) Paju, A.; Kanger, T.; Pehk, T.; Nusepp, A.-
M.; Lopp, M. Tetrahedron: Asymmetr002 13, 2439-2448. (c)
Paju, A.; Kanger, T.; Pehk, T.; Lindmaa, R.; ktisepp, A.-M.; Lopp,
M. Tetrahedron: Asymmetr003 14, 1565-1573.

(148) Paju, A.; Kanger, T.; Pehk, T.; Lopp, Metrahedron2002 58,
7321-7326.

(149) Sunazuka, T.; Hirose, T.; Shirahata, T.; Harigaya, Y.; Hayashi, M.;
Komiyama, K.; Omura, SJ. Am. Chem. SoQ00Q 122 2122-
2133.

(150) For reviews on different aspects, see:Gajnprehensie Asymmetric
Catalysis | Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds,;
Springer: Berlin, 1999; Chapters 5:6.4. (b) Comprehensie
Asymmetric Catalysis Supplement Jacobsen, E. N., Pfaltz, A.,
Yamamoto, H., Eds.; Springer: Berlin, 2004; Chapters-®.B. (c)
Comprehensie Asymmetric Catalysis SupplementJacobsen, E.
N., Pfaltz, A., Yamamoto, H., Eds.; Springer: Berlin, 2004; Chapters
5.2 and 6.4. (d) Daverio, P.; Zanda, Nletrahedron: Asymmetry
2001, 12, 2225-2259. (e) Brunel, J. MRecent Res. DeOrg. Chem.
2003 7, 155-190. (f) Riant, O.; MostefaicCourmarcel, JSynthesis
2004 2943-2958.

(151) (a) Halterman, R. L.; Ramsey, T. M.; Chen JZOrg. Chem1994
59, 2642-2644. (b) Carter, M. B.; Schigtt, B.; Gltrez, A.;
Buchwald, S. LJ. Am. Chem. S0d.994 116, 1166711670.

(152) Yun, J.; Buchwald, S. L1. Am. Chem. S0d.999 121, 5640-5644.

(153) Beagley, P.; Davies, P. J.; Blacker, A. J.; WhiteQD@ganometallics
2002 21, 5852-5858.

(154) (a) Hansen, M. C.; Buchwald, S. Tetrahedron Lett1999 40,
2033-2034. (b) Hansen, M. C.; Buchwald, S.Qrg. Lett.200Q 2,
713-715.

(155) Ringwald, M.; Sttmer, R.; Brintzinger, H. HJ. Am. Chem. Soc.
1999 121, 1524-1527.

(156) (a) Okuda, J.; Verch, S.; Stmer, R.; Spaniol, T. PChirality 200Q
12, 472—-475. (b) Okuda, J.; Verch, S.; Stner, R.; Spaniol, T. P.
J. Organomet. Chen200Q 605, 55-67.

(157) Heutling, A.; Pohlki, F.; Bytschkov, I.; Doye, 8ngew. Chem., Int.
Ed. 2005 44, 2951-2954.

(158) (a) Sarvary, |.; Almgvist, F.; Frejd, Them—Eur. J.2001 7, 2158-
2166. (b) Sarvary, |.; Norrby, P.-O.; Frejd, Them—Eur. J.2004
10, 182-189.

(159) Zhang, W.; Yoneda, Y.-i.; Kida, T.; Nakatsuji, Y.; Ikeda,J.
Organomet. Chenil999 574, 19-23.

Ramon and Yus

(160) (a) Bandini, M.; Cozzi, P. G.; Negro, L.; Umani-Ronchi, Ghem.
Commun1999 39-40. (b) Bandini, M.; Bernardi, F.; Bottoni, A.;
Cozzi, P. G.; Miscione, G. P.; Umani-Ronchi, Bur. J. Org. Chem.
2003 2972-2984.

(161) Seebach, DAngew. Chem., Int. Ed. Engl99Q 29, 1320-1367.

(162) For a review, see: Yus, M.; RamoD. J.Recent Res. De Org.
Chem.2002 6, 297—-378.

(163) For reviews on asymmetric Michael type additions, see: (a) Krause,
N. Angew. Chem., Int. Ed. Engl998 37, 283-285. (b) Krause,
N.; Hoffmann-Roder, ASynthesi001, 171-196. (c) Jha, S. C;
Joshi, N. NARKIVOC2002 167-196. (d) Hayashi, TBull. Chem.
Soc. Jpn.2004 77, 13-21. (e) Woodward, SAngew. Chem., Int.
Ed. 2005 44, 5560-5562.

(164) Ranma, D. J.; Yus, M. InQuaternary Stereocenters-Challenges and
Solutions for Organic Synthesi€hristoffers, J., Baro, A., Eds.;
Wiley-VCH: Weinheim, 2005; pp 207241.

(165) (a) Yoshioka, M.; Kawakita, T.; Ohno, M.etahedron Lett1989
30, 1657-1660. (b) Takahashi, H.; Kawakita, T.; Yoshioka, M.;
Kobayashi, S.; Ohno, MTetrahedron Lett1989 30, 7095-7098.
(c) Takahashi, H.; Kawakita, T.; Ohno, M.; Yoshioka, M.; Kobayashi,
S. Tetrahedron1992 48, 5691-5700.

(166) (a) Knochel, PChemtracts1995 8, 205-211. (b) Knochel, P. In
Science of Synthesi®©'Neil, |. A., Ed.; Georg Thieme Verlag:
Stuttgart, 2003; Vol. 32, pp-590.

(167) (a) Seebach, Chimia200Q 54, 60—62. (b) Seebach, D.; Beck, A.
K.; Heckel, A. Angew. Chem., Int. EQ001, 40, 92—138.

(168) Yus, M.; Rama, D. J.Pure Appl. Chem2005 77, 2111-2119.

(169) (a) Schmidt, B.; Seebach, Bngew. Chem., Int. Ed. Engl991
30, 1321-1323. (b) Seebach, D.; Plattner, D. A.; Beck, A. K.; Wang,
Y. M.; Hunziker, D.; Petter, WHelv. Chim. Actal992 75, 2171~
2209. (c) Ito, Y. N.; Ariza, X.; Beck, A. K.; Bohg A.; Ganter, C.;
Gawley, R. E.; Klanle, F. N. M.; Tuleja, J.; Wang, Y. M.; Seebach,
D. Hely. Chim. Actal994 77, 2071-2110. (d) Weber, B.; Seebach,
D. Tetrahedron1994 50, 7473-7484.

(170) (a) Corey, E. J.; Bernes-Seeman, D.; Lee, T. W.; Goodman, S. N.
Tetrahedron Lett1997 38, 6513-6516. (b) Corey, E. J.; Lee, T.
W. Chem. Commur2001, 1321-1329.

(171) Walsh, P. JAcc. Chem. Re®003 36, 739-740.

(172) Knochel, P.; Almena Perea, J. J.; JonesTérahedron1998 54,
8275-8319 and literature quoted therein.

(173) Lurain, A. E.; Maestri, A.; Rowley, A.; Carroll, P. J.; Walsh, PJJ.
Am. Chem. So2004 126, 13608-13609.

(174) Arredondo, V. M.; Tian, S.; McDonald, F. E.; Marks, T.JJ.Am.
Chem. Soc1999 121, 3633-3639.

(175) Fustner, A.; Miller, T. J. Am. Chem. S0d.999 121, 7814-7821.

(176) Fustner, A.; Mlynarski, J.; Albert, MJ. Am. Chem. So2002 124,
10274-10275.

(177) Takemoto, Y.; Yoshikawa, N.; Baba, Y.; lwata, C.; Tanaka, T.; Ibuka,
T. Ohishi, H.J. Am. Chem. S0d.999 121, 9143-9154.

(178) Lutz, C.; Jones, P.; Knochel, Bynthesis999 312-316.

(179) Prichett, S.; Gantzel, P.; Walsh, POdganometallics1999 18, 823~
831.

(180) Balsells, J.; Betancort, J. M.; Walsh, PAhgew. Chem., Int. Ed.
2000Q 39, 3428-3430.

(181) Luukas, T. O.; Fenwick, D. R.; Kagan, H. 8. R. Chim.2002 5,
487-491.

(182) Balsells. J.; Costa, A. M.; Walsh, Plsr. J. Chem2001, 41, 251—
261.

(183) Costa, A. M.; Gafa, C.; Carroll, P. J.; Walsh, P. Jetrahedron
2005 61, 6442-6446.

(184) Balsells, J.; Walsh, P.J. Am. Chem. So00Q 122, 1802-1803.

(185) (a) Hwang, C.-D.; Uang, B.-Tetrahedron: Asymmetr§998 9,
3979-3984. (b) Balsells, J.; Walsh, P.J. Am. Chem. So200Q
122 3250-3251.

(186) Brouwer, A. J.; van der Linden, H. J.; Liskamp, R. MJJOrg.
Chem.200Q 65, 1750-1757.

(187) (a) Lake, F.; Moberg, (Eur. J. Org. Chem2002 3179-3188. (b)
Lake, F.; Moberg, CRuss. J. Org. Chen2003 39, 436-452.

(188) Lake, F.; Moberg, ClTetrahedron: Asymmett3001, 12, 755-760.

(189) Paquette, L. A.; Zhou, R. Org. Chem1999 64, 7929-7934.

(190) Prieto, O.; Rarmg D. J.; Yus, M.Tetrahedron: Asymmetrg00Q
11, 1629-1644.

(191) Ranio, D. J.; Yus, M.Tetrahedron: Asymmetry997, 8, 2479-
2496.

(192) Kim, T.-J.; Lee, H.-Y.; Ryu, E.-S.; Park, D.-K.; Cho, C. S.; Shim,
S. C.; Jeong, J. Hl. Organomet. Chen2002 649, 258-267.

(193) Shi, M.; Sui, W.-STetrahedron: Asymmetr3999 10, 3319-3325.

(194) Shi, M.; Sui, W.-STetrahedron: Asymmetr00Q 11, 835-841.

(195) Shi, M.; Wu, X.-F.; Rong, GChirality 2002 14, 90—-95.

(196) Shi, M.; Wu, X.-F.; Rong, GChirality 2000 12, 574—-580.

(197) Lu, J.-F.; You, J.-S.; Gau, H.-Metrahedron: Asymmetr200Q
11, 2531-2535.

(198) Sheen, W.-S.; Gau, H.-Morg. Chim. Acta2004 357, 2279-2284.



Titanium Complexes in Enantioselective Synthesis

(199) For other X-ray structures of related TADDOLatéanium com-
plexes, see: (a) Shao, M.-Y.; Sheen, W.-S.; Gau, Hirdrg. Chim.
Acta2001, 314, 105-110. (b) Hintermann, L.; Broggini, D.; Togni,
A. Hely. Chim. Acta2002 85, 1597-1612.

(200) Murtiz, K. Tetrahedron Lett2003 44, 3547-3549.

(201) For reviews on different aspects on dendritic catalysts, see: (a)
Grayson, S. M.; Frehet, J. M. J.Chem. Re. 2001, 101, 3819~
3867. (b) van Heerbeek, R.; Kamer, P. C. J.; van Leeuwen, P. W. N.
M.; Reek, J. N. HChem. Re. 2002 102 3717-3756. (c) Caminade,
A.-M.; Majoral, J.-P Acc. Chem. Re2004 37, 341-348. (d) Chase,
P. A.; Gebbink, R. J. K.; van Koten, @. Organomet. Chen2004
689 4016-4054.

(202) Rheiner, P. B.; Seebach, Dhem—Eur. J. 1999 5, 3221-3236.

(203) For reviews on supported chiral ligands, see: (a) Gladysz,Chém.
Rev. 2002 102 3215-3216 (thematic issue on recoverable catalysts
and reagents). (b) Corma, A.; GaciH. Chem. Re. 2003 103
4307—-4365. (c) Dai, L.-X.Angew. Chem., Int. E@004 43, 5726~
5729.

(204) (a) Sellner, H.; Seebach, Bngew. Chem., Int. EA.999 38, 1918-
1920. (b) Sellner, H.; Rheiner, P. B.; SeebachHelv. Chim. Acta
2002 85, 352—387.

(205) Degni, S.; Wile, C.-E.; Leino, ROrg. Lett.2001, 3, 2551-2554.

(206) (a) Heckel, A.; Seebach, Bngew. Chem., Int. EQ00Q 39, 163~
165. (b) Heckel, A.; Seebach, Bhem—Eur. J.2002 8, 560-572.

(207) Chen, Y.-J.; Lin, R.-X.; Chen, (.etrahedron: Asymmetr2004
15, 3561-3571.

(208) You, J.-S.; Shao, M.-Y.; Gau, H.-MDrganometallics200Q 19,
3368-3373.

(209) Yang, X.-w.; Shen, J.-h.; Da, C.-s.; Wang, H.-s.; Su, W.; Liu, D.-x;
Wang, R.; Choi, M. C. K.; Chan, A. S. Qetrahedron Lett2001,

42, 6573-6575.

(210) (a) Omote, M.; Kominato, A.; Sugawara, M.; Sato, K.; Ando, A.;
Kumadaki, |I. Tetrahedron Lett1999 40, 5583-5585. (b) Omote,
M.; Nishimura, Y.; Sato, K.; Ando, A.; Kumadaki, Tetrahedron
Lett. 2005 46, 319-322.

(211) Shiina, I.; Konishi, K.; Kuramoto, Y.-<Chem. Lett.2002 164—
165.

(212) Armstrong, S. K.; Clunas, Synthesi200Q 281—288.

(213) Bringmann, G.; Pfeifer, R.-M.; Rummey, C.; Hartner, K.; Breuning,
M. J. Org. Chem2003 68, 6859-6863.

(214) For reviews on the use of chiral salen ligands, see: (a) Cozzi, P. G.
Chem. Soc. Re 2004 33, 410-421. (b) Achard, T. R. J.; Clutter-
buck, L. A.; North, M.Synlett2005 1828-1847.

(215) (a) Zhang, F.-Y.; Yip, C.-W.; Cao, R.; Chan, A. S.T&trahedron:
Asymmetryl 997, 8, 585-589. (b) Mori, M.; Nakai, T.Tetrahedron
Lett. 1997, 38, 6233-6236. (c) For the first stoichiometric use of
BINOL for this addition, see: Olivero, A. G.; Weidmann, B.;
Seebach, DHelv. Chim. Actal981, 64, 2485-2488.

(216) Balsells, J.; Davis, T. J.; Carroll, P.; Walsh, PJ.JAm. Chem. Soc.
2002 124, 10336-10348.

(217) (a) Davis, T. J.; Balsells, J.; Carroll, P. J.; Walsh, PO. Lett.
2001 3, 699-702. (b) Waltz, K. M.; Carroll, P. J.; Walsh, P. J.
Organometallic2004 23, 127—134.

(218) Shen, X.; Guo, H.; Ding, KTetrahedron: Asymmetr00Q 11,
4321-4327.

(219) (a) Martins, E. O.; Gleason, J. Org. Lett.1999 1, 1643-1645.
(b) Burke, E. D.; Lim, N. K.; Gleason, J. ISynlett2003 390—-392.

(220) Kodama, H.; Ito, J.; Nagaki, A.; Ohta, T.; Furukawa,Appl.
Organomet. Chen00Q 14, 709-714.

(221) Kostova, K.; Genov, M.; Philipova, |.; Dimitrov, VI etrahedron:
Asymmetry200Q 11, 3253-3256.

(222) Chen, Y.-X,; Yang, L.-W.; Li, Y.-M.; Zhou, Z.-Y.; Lam, K.-H.; Chan,
A. S. C.; Kwong, H.-L.Chirality 200Q 12, 510-513.

(223) (a) Harada, T.; Hiraoka, Y.; Kusukawa, T.; Marutani, Y.; Matsuli,
S.; Nakatsugawa, M.; Kanda, Krg. Lett.2003 5, 5059-5062. (b)
Harada, T.; Kanda, K.; Hiraoka, Y.; Marutani, Y.; Nakatsugawa, M.
Tetrahedron: Asymmetrg004 15, 3879-3883.

(224) Hu, A.; Lin, W.Org. Lett.2004 6, 861-864.

(225) Jiang, H.; Hu, A.; Lin, WChem. Commur2003 96—97.

(226) Lee, S. J.; Hu, A.; Lin, WJ. Am. Chem. So@002 124, 12948~
12949.

(227) (a) Nakamura, Y.; Takeuchi, S.; Ohgo, Y.; Curran, DI'€trahedron
Lett. 200Q 41, 57-60. (b) Nakamura, Y.; Takeuchi, S.; Okumura,
K.; Ohgo, Y.; Curran, D. PTetrahedron2002 58, 3963-3969.

(228) (a) Tian, Y.; Chan, K. STetrahedron Lett200Q 41, 8813-8816.
(b) Tian, Y.; Yang, Q. C.; Mak, T. C. W.; Chan, K. $etrahedron
2002 58, 3951-3961.

(229) Gadenne, B.; Hasemann, P.; Moreau, J. TeEahedron: Asymmetry
2005 16, 2001-2006.

(230) Hu, Q.-S.; Pugh, V.; Sabat, M.; Pu,L.0Org. Chem1999 64, 7528~
7536.

Chemical Reviews, 2006, Vol. 106, No. 6 2203

(231) (a) Fan, Q.-H.; Liu, G.-H.; Chen, X.-M.; Deng, G.-J.; Chan, A. S.
C. Tetrahedron: Asymmetrg001 12, 1559-1565. (b) Liu, G.-H.;
Tang, W.-J.; Fan, Q.-HTetrahedron2003 59, 8603-8611.

(232) (a) Herres, S.; Hesemann, P.; Moreau, J. EW. J. Org. Chem.
2003 99-105. (b) Hesemann, P.; Moreau, J. J. E.GA.R. Chim.
2003 6, 199-207.

(233) Sasai, H.; Jayaprakash, Tetrahedron: Asymmet3001, 12, 2589
2595.

(234) Sellner, H.; Faber, C.; Rheiner, P. B.; SeebachCRem—Eur. J.
200Q 6, 3692-3705.

(235) Ngo, H. L.; Hu, A;; Lin, W.J. Mol. Catal., A: Chem2004 215,
177-186.

(236) Marubayashi, K.; Takizawa, S.; Kawakusu, T.; Arai, T.; Sasai, H.
Org. Lett.2003 5, 4409-4412.

(237) For an excellent review on this concept, see: P@GHem—Eur. J.
1999 5, 22272232.

(238) Dong, C.; Zhang, J.; Zheng, W.; Zhang, L.; Yu, Z.; Choi, M. C. K,;
Chan, A. S. CTetrahedron: Asymmetr00Q 11, 2449-2454.
(239) For an overview on modified BINAP, see: Berthod, M.; Mignani,

G.; Woodward, G.; Lemaire, MChem. Re. 2005 105, 1801-1836.

(240) Fan, Q.-H.; Liu, G.-H.; Deng, G.-J.; Chen, X.-M.; Chan, A. S. C.
Tetrahedron Lett2001, 42, 9047—-9050.

(241) Wu, C.-D.; Hu, A.; Zhang, L.; Lin, WJ. Am. Chem. SoQ005
127, 8940-8941.

(242) Takizawa, S.; Patil, M. L.; Yonezawa, F.; Marubayashi, K.; Tanaka,
H.; Kawai, T.; Sasai, HTetrahedron Lett2005 46, 1193-1197.

(243) (a) Yang, X.-W.; Sheng, J.-H.; Da, C.-S.; Wang, H.-S.; Su, W.; Wang,
R.; Chan, A. S. CJ. Org. Chem200Q 65, 295-296. (b) Yang, X;
Su, W,; Liu, Wang, H. D.; Sheng, J.; Da, C.; Wang, R.; Chan, A. S.
C. Tetrahedron200Q 56, 3511-3516.

(244) Lipshutz, B. H.; Shin, Y.-Jetrahedron Lett200Q 41, 9515-9521.

(245) Fennie, M. W.; DiMauro, E. F.; O'Brien, E. M.; Annamalai, V.;
Kozlowski, M. C. Tetrahedron2005 61, 6249-6265.

(246) (a) DiMauro, E. F.; Mamai, A.; Kozlowski, M. @rganometallics
2003 22, 850-855. (b) Davis, A.; Kilner, C. A.; Kee, T. Rnorg.
Chim. Acta2004 357, 3493-3502.

(247) For reviews on bifunctional catalysts, see: (ajgéroH.Chem—
Eur. J.2001, 7, 5246-5251. (b) Rowlands, G. Jetrahedror2001,

57, 1865-1882. (c) Woodward, STetrahedron2002 58, 1017
1050. (d) Shibasaki, M.; Kanai, M.; Funabashi,hem. Commun.
2002 1989-1999. (e) Kanai, M.; Kato, N.; Ichikawa, E.; Shibasaki,
M. Synlett2005 1491-1508.

(248) Dai, Z.; Zhu, C.; Yang, M.; Zheng, Y.; Pan, Yetrahedron:
Asymmetn2005 16, 605-608.

(249) Rozenberg, V. I.; Antonov, D. Y.; Zhuravsky, R. P.; Vorontsov, E.
V.; Khrustalev, V. N.; lkonnikov, N. S.; Belokon’, Y. NTetrahe-
dron: Asymmetn200Q 11, 2683-2693.

(250) For an overview on chiral [2.2]paracyclophane ligands, seéseBra
S.; Dahmen, S.; Hener, S.; Lauterwasser, F.; Kreis, M.; Ziegert,
R. E. Synlett2004 2647-2669.

(251) Li, Z.; Liang, X.; Wan, B.; Wu, FSynthesi®004 2805-2808.

(252) (a) Vogl, E. M.; Gfger, H.; Shibasaki, MAngew. Chem., Int. Ed.
1999 38, 1570-1577. (b) Mikami, K.; Terada, M.; Korenaga, T.;
Matsumoto, Y.; Ueki, M.; Angelaud, ®Angew. Chem., Int. E@00Q
39, 3532-3556. (c) Walsh, P. J.; Lurain, A. E.; Balsells,Chem.
Rev. 2003 103 3297-3344. (d) Mikami, K.; Yamanaka, MChem.
Rev. 2003 103 3369-3400.

(253) Davis, T. J.; Balsells, J.; Carroll, P. J.; Walsh, FOd. Lett.2001,

3, 2161-2164.

(254) Ueki, M.; Matsumoto, Y.; Jodry, J. J.; Mikami, ISynlett2001
1889-1892.

(255) (a) Ito, K.; Kimura, Y.; Okamura, H.; Katsuki, Bynlett1992 498—
523. (b) For the first stoichiometric use gfhydroxy sulfonamide
ligands for this addition type, see: Reetz, M. T.;k€nhdner, T.;
Weinig, P.Tetrahedronl1986 27, 5711-5714.

(256) You, J.-S.; Shao, M.-Y.; Gau, H.-Metrahedron: Asymmet3001,

12, 2971-2975.

(257) Yus, M.; Ramn, D. J.; Prieto, OTetrahedron: Asymmetr2002
13, 1573-1579.

(258) (a) Wu, K.-H.; Gau, H.-MOrganometallic2003 22, 5193-5200.
(b) Wu, K.-H.; Gau, H.-M.Organometallic2004 23, 580-588.

(259) Bauer, T.; Tarasiuk, J.; PaceniczekTKtrahedron: Asymmet002
13 77-82.

(260) Hui, X.-P.; Chen, C.-A.; Gau, H.-MChirality 2005 17, 51-56.

(261) You, J.-S.; Hsieh, S.-H.; Gau, H.-l@hem. Commur2001, 1546—
1547.

(262) Bauer, T.; Gajewiak, Jetrahedron2003 59, 10009-10012.

(263) Gadenne, B.; Hesemann, P.; Moreau, J. Jeffahedron Lett2004
45, 8157-8160.

(264) Kang, S.-W.; Ko, D.-H.; Kim, K. H.; Ha, D.-QOrg. Lett.2003 5,
4517-4519.

(265) (a) Bauer, T.; Tarasiuk, Jetrahedron Lett2002 43, 687—-689. (b)
Bauer, T.; Gajewiak, Jletrahedron2004 60, 9163-9170.



2204 Chemical Reviews, 2006, Vol. 106, No. 6

(266) Bauer, T.; Gajewiak, Jetrahedron: Asymmetrg005 16, 851—
855.

(267) Blay, G.; Ferhiadez, |.; Hernadez-Olmos, V.; Marco-Aleixandre,
A.; Pedro, J. RTetrahedron: Asymmetrg005 16, 1953-1958.

(268) Blay, G.; Ferfiadez, |.; Hernadez-Olmos, V.; Marco-Aleixandre,
A.; Pedro, J. RTetrahedron: Asymmetr005 16, 1207-1213.

(269) (a) Pastor, I. M.; Adolfsson, H.etrahedron Lett2002 43, 1743~
1746. (b) Va&tila, P.; Pastor, I. M.; Adolfsson, H]. Org. Chem.
2005 70, 2921-2929.

(270) Mahrwald, RAngew. Chem., Int. ER002 41, 1361-1363.

(271) For an overview on catalytic enantioselective addition of organozinc
reagents to ketones, see: Ramb. J.; Yus, MAngew. Chem., Int.
Ed. 2004 43, 282-287.

(272) (a) Boersma, J. IrComprehensie Organometallic Chemistry
Wilkinson, G., Ed.; Pergamon: Oxford, 1982; Vol. 2, pp 8&52.
(b) Noyori, R.; Suga, S.; Kawali, K.; Okada, S.; Kitamura, M.; Oguni,
N.; Kanedo, T.; Matsuda, YJ. Organomet. Chenl99Q 382 19—
37. (c) Watanabe, M.; Soai, K. Chem. Soc., Perkin Trans1994
3125-3128. (d) Knochel, P. liEncyclopedia of Reagents for Organic
SynthesisPaquette, L. A., Ed.; Wiley: Chichester, 1995; Vol. 3, pp
1861-1866.

(273) Rano, D. J.; Yus, M.Tetrahedron Lett1998 39, 1239-1242.

(274) Ranmo, D. J.; Yus, M.Tetrahedron1998 54, 5651-5666.

(275) (a) Ramn, D. J.; Guillena, G.; Seebach, Belv. Chim. Actal996
79, 875-894. (b) Cabrera, L.; Hollink, E.; Stewart, J. C.; Wei, P.;
Stephan, D. WOrganometallic2005 24, 1091-1098.

(276) Mackey, M. D.; Goodman, J. M. Chem. Soc., Chem. Commun.
1997 2383-2384.

(277) Yus, M.; Ramn, D. J.; Prieto, OTetrahedron: Asymmetr003
14, 1103-1114.

(278) Yus, M.; Raman, D. J.; Prieto, OTetrahedron: Asymmetr002
13, 2291-2293.

(279) (a) Gar@, C.; LaRochelle, L. K.; Walsh, P. J. Am. Chem. Soc.
2002 124, 10970-10971. (b) Mukaiyama, T.; Ikegai, KChem. Lett.
2004 33, 1522-1523.

(280) Jeon, S.-J.; Walsh, P.J.Am. Chem. So@003 125, 9544-9545.

(281) Yus, M.; Ramn, D. J.; Prieto, OEur. J. Org. Chem2003 2745~
2748.

(282) For reviews covering different aspects on the arene-catalyzed reaction,

see: (a) Yus, MChem. Soc. Re 1996 25, 155-161. (b) Rama,

D. J.; Yus, M.Eur. J. Org. Chem200Q 225-237. (c) Yus, M.Synlett
2001, 1197-1205. (d) Ramp, D. J.; Yus, M.Rev. Cubana Quim.
2002 14, 76-115. (e) Yus, M.; Rarhe, D. J.Latv. J. Chem2002
79-92. (f) Yus, M. InThe Chemistry of Organolithium Compounds
Rapopport, Z., Marek, I., Eds.; J. Wiley & Sons: Chichester, 2004;
Chapter 11, pp 647747.

(283) Jeon, S.-J.; Li, H.; Gam C.; LaRochelle, L. K.; Walsh, P. J.
Org. Chem.2005 70, 448—455.

(284) de Parrodi, C. A.; Walsh, P. Synlett2004 2417-2420.

(285) (a) DiMauro, E. F.; Kozlowski, M. C1. Am. Chem. So€002 124,
12668-12669. (b) DiMauro, E. F.; Kozlowski, M. ®rg. Lett.2002
4, 3781-3784.

(286) Charette, A. B.; Gagnon, Aletrahedron: Asymmetrg999 10,
1961-1968.

(287) For recent reviews on enantioselective addition of allylic organo-
metallic reagents to carbonyl compounds, see: (a) Mahrwald, R.
Prakt. Chem.1999 341, 595-599. (b) Ramachandran, P. V.
Aldrichimica Acta2002 35, 23—35. (c) Denmark, S. E.; Fu, @hem.
Rev. 2003 103 2763-2793. (d) Kennedy, J. W.; Hall, D. G\ngew.
Chem., Int. Ed2003 42, 4732-4739. (e) Gravel, M.; Lachance,
H.; Lu, X.; Hall, D. G. Synthesi2004 1290-1302.

(288) (a) Riediker, M.; Duthaler, R. @ngew. Chem., Int. Ed. Endl989
28, 494-495. (b) For a review, see: Duthaler, R. O.; Hafner, A.
Chem. Re. 1992 92, 807—832.

(289) For reviews, see: (a) Cossy, J.; BouzBouz, S.; Pradaux, F.; Willis,
C.; Bellosta, V.Synlett2002 1595-1606. (b) Cossy, J.; BouzBouz,
S.; Popkin, M.C. R. Chimie2003 6, 547—552.

(290) Boulard, L.; BouzBouz, S.; Cossy, J.; Franck, X.; Figade.
Tetrahedron Lett2004 45, 6603-6605.

(291) BouzBouz, S.; de Lemos, E.; Cossy, J.; Saez, J.; Franck, X.; Fégade
B. Tetrahedron Lett2004 45, 2615-2617.

(292) Cossy, J.; BouzBouz, S.; Caille, J.Teétrahedron: Asymmet}999
10, 3859-3862.

(293) BouzBouz, S.; Cossy, @rg. Lett.200Q 2, 501-504.

Ramon and Yus

(298) BouzBouz, S.; Cossy, @rg. Lett.2001, 3, 1451-1454.

(299) BouzBouz, S.; Cossy, @rg. Lett.2004 6, 3469-3472.

(300) (a) Cossy, J.; Willis, C.; Bellosta, V.; BouzBouz, S/nlett200Q
1461-1463. (b) Cossy, J.; Willis, C.; Bellosta, V.; BouzBouz,JS.
Org. Chem.2002 67, 1982-1992.

(301) Adam, J.-M.; Ghosez, L.; Houk, K. Mingew. Chem., Int. EA.999
38, 2728-2730.

(302) (a) Schleth, F.; Studer, Angew. Chem., Int. EQR004 43, 313—
315. (b) Schleth, F.; Vogler, T.; Harms, K.; Studer,@Ghem—Eur.

J. 2004 10, 4171-4185.

(303) (a) Costa, A. L.; Piazza, M. G.; Tagliavini, E.; Trombini, C.; Umani-
Ronchi, A.J. Am. Chem. S0d.993 115, 7001-7002. (b) Keck, G.
E.; Tarbet, K.; Geraci, L. SJ. Am. Chem. Sod.993 115 8467
8468.

(304) Keck, G. E.; Wager, C. A.; Wager, T. T.; Savin, K. A.; Covel, J. A;;
McLaws, M. D.; Krishnamurthy, D.; Cee, V. Angew. Chem., Int.
Ed. 2001, 40, 231-234.

(305) Keck, G. E.; Yu, T.; McLaws, M. DJ. Org. Chem2005 70, 2543
2550.

(306) Keck, G. E.; Yu, TOrg. Lett.1999 1, 289-291.

(307) Sachez, C. C.; Keck, G. EOrg. Lett.2005 7, 3053-3056.

(308) For a diastereoselective reaction, see, for example: Keck, G. E.;
McLaws, M. D. Tetrahedron Lett2005 46, 4911-4914.

(309) Keck, G. E.; Covel, J. A.; Schiff, T.; Yu, Drg. Lett.2002 4, 1189-
1192.

(310) Yu, C.-M.; Lee, J.-Y.; So, B.; Hong, Angew. Chem., Int. E@002
41, 161-163.

(311) For a diastereoselective reaction, see, for example: Keck, G. E;
Truong, A. P.Org. Lett.2005 7, 2153-2156.

(312) Kurosu, M.; Lorca, MSynlett20051109-1112.

(313) Codesio, E. M.; Cid, M. M.; Castedo, L.; MotoipA.; Granja, J. R.
Tetrahedron Lett200Q 41, 5861-5864.

(314) Zimmer, R.; Hain, U.; Berndt, M.; Gewald, R.; Reissig, H.-U.
Tetrahedron: Asymmetr00Q 11, 879-887.

(315) Yin, Y.-y.; Zhao, G.; Qian, Z.-s.; Yin, W.-¥. Fluorine Chem2003
120, 117-120.

(316) Bandini, M.; Casolari, S.; Cozzi, P. G.; Proni, G.; Schmohel, E.;
Spada, G. P.; Tagliavini, E.; Umani-Ronchi, Bur. J. Org. Chem.
200Q 491-497.

(317) Brenna, E.; Scaramelli, L.; Serra, §nlett200Q 357—358.

(318) Park, J.-Y.; Kadota, I.; Yamamoto, ¥..Org. Chem1999 64, 4901~
4908.

(319) Hanawa, H.; Kii, S.; Maruoka, Kddv. Synth. Catal2001, 343 57—
60; Correction: Adv. Synth. Catal2001, 343 Al54.

(320) Kii, S.; Maruoka, K.Tetrahedron Lett.2001, 42, 1935-1939;
Correction: Tetrahedron Lett2002 43, 345.

(321) Hanawa, H.; Hashimoto, T.; Maruoka, K.Am. Chem. So2003
125 1708-17009.

(322) Konishi, S.; Hanawa, H.; Maruoka, Ketrahedron Lett2003 14,
1603-1605.

(323) Hanawa, H.; Uraguchi, D.; Konishi, S.; Hashimoto, T.; Maruoka,
K. Chem—Eur. J.2003 9, 4405-4413.

(324) de Féma, A; Pilli, R. A. Tetrahedron Lett2003 44, 8721-8724.

(325) Yu, C.-M.; Kim, J.-M.; Shin, M.-S.; Cho, Dletrahedron Lett2003
44, 5487-5490.

(326) Yu, C.-M.; Lee, J.-Y.; Jeon, M. Chem. Soc., Perkin Trans1999
3557-3558.

(327) Yu, C.-M.; Jeon, M.; Lee, J.-YEur. J. Org. Chem2001 1143-
1148.

(328) Yu, C.-M.; Kim, J.-M.; Shin, M.-S.; Yoon, M.-OQChem. Commun.
2003 1744-1745.

(329) Xia, G.; Shibatomi, K.; Yamamoto, Fsynlett2004 2437-2439.

(330) Bode, J. W.; Gauthier, D. R.; Carreira, E. ®hem. Commur2001,
2560-2561.

(331) Rosales, A.; Oller-Lmez, J.; Justicia, J.; Gansa, A.; Oltra, J. E;
Cuerva, J. MChem. Commurk004 2628-2629.

(332) For mechanistic studies, see: (a) Paderes, G. D.; Jorgensen, W. L.
J. Org. Chem1992 57, 1904-1916. (b) Reference 170.

(333) For reviews on enantioselective ene reactions, see: (a) Mikami, K.;
Shimizu, M. Chem. Re. 1992 92, 1021-1050. (b) Mikami, K.;
Terada, M. InComprehensie Asymmetric Catalysis lIJacobsen,
E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer: Berlin, 1999; pp
1143-1174. (c) Dias, LCurr. Org. Chem200Q 4, 305-342.

(294) For more examples of diastereoselective allylation processes, see(334) Terada, M.; Matsumoto, Y.; Nakamura, Y.; Mikami,IKorg. Chim.

(a) BouzBouz, S.; Cossy, Drg. Lett. 200Q 2, 3975-3977. (b)
Cossy, J.; Pradaux, F.; BouzBouz,(Bg. Lett.2001, 3, 2233-2235.
(c) Cossy, J.; Willis, C.; Bellosta, \Synlett2001, 1578-1580. (d)
BouzBouz, S.; Cossy, Drg. Lett.2003 5, 3029-3031.

(295) BouzBouz, S.; Cossy, Jetrahedron Lett200Q 41, 3363-3366.

(296) BouzBouz, S.; Cossy, @rg. Lett. 2003 5, 1995-1995; Correc-
tion: Org. Lett.2003 5, 3365.

(297) BouzBouz, S.; Cossy, Jetrahedron Lett2003 44, 4471-4473.

Acta 1999 296, 267-272.

(335) Mikami, K.; Matsumoto, YTetrahedron2004 60, 7715-7719.

(336) Okano, T.; Nakagawa, K.; Kubodera, N.; Ozono, K.; Isaka, A,;
Osawa, A.; Terada, M.; Mikami, KChem. Biol.200Q 7, 173-184.

(337) Mikami, K.; Yajima, T.; Siree, N.; Terada, M.; Suzuki, Y.; Takanishi,
Y.; Takezoe, HSynlett1999 1895-1898.

(338) Yuan, Y.; Zhang, X.; Ding, KAngew. Chem., Int. EQRR003 42,
5478-5480.



Titanium Complexes in Enantioselective Synthesis

(339) Pandiaraju, S.; Chen, G.; Lough, A.; Yudin, A. K. Am. Chem.
Soc.2001, 123 3850-3851.

(340) Yamada, Y. M. A,; Ichinohe, M.; Takahashi, H.;
Tetrahedron Lett2002 43, 3431-3434.

(341) Takizawa, S.; Somei, H.; Jayaprakash, D.; Sasairngew. Chem.,
Int. Ed. 2003 42, 5711-5714.

(342) (a) Guo, H.; Wang, X.; Ding, KTetrahedron Lett2004 45, 2009-
2012. (b) Wang, X.; Wang, X.; Guo, H.; Wang, Z.; Ding, &hem.
Eur. J.2005 11, 4078-4088.

(343) Manickam, G.; Sundararajan, Getraehdron: Asymmetrd999 10,
2913-2925.

(344) Casolari, S.; D’Addario, D.; Tagliavini, Bxrg. Lett.1999 1, 1061
1063.

(345) (a) Waltz, K. M.; Gavenonis, J.; Walsh, P.Ahgew. Chem., Int.
Ed. 2002 41, 3697-3699. (b) Kim, J. G.; Waltz, K. M.; Gafaj I.
F.; Kwiatkowski, D.; Walsh, P. JJ. Am. Chem. So2004 126,
12580-12585.

(346) (a) Yasuda, M.; Kitahara, N.; Fujibayashi, T.; BabaChem. Lett.
1998 743-744. (b) Cunningham, A.; Woodward, Synlett2002
43—44; Correction: Synlett2004 914. (c) Cunningham, A.; Mokal-
Parekh, V.; Wilson, C.; Woodward, ®rg. Biomol. Chem2004 2,
741-748.

(347) Kii, S.; Maruoka, K.Chirality 2003 15, 68—70.

(348) For a review on arylation processes, see: Bolm, C.; Hildebrand, J.

P.; Mufiz, K.; Hermanns, NAngew. Chem., Int. E@001, 40, 3284~
3308.

(349) Prieto, O.; Rarmg D. J.; Yus, M.Tetrahedron: Asymmetr2003
14, 1955-1957.

(350) For further examples, see: GardC.; Walsh, P. JOrg. Lett.2003
5, 3641-3644.

(351) (a) Li, H.; Walsh, P. 33. Am. Chem. So@004 126, 6538-6539.
(b) Li, H.; Walsh, P. JJ. Am. Chem. So2005 127, 8355-8361.
(c) Forrat, V. J.; Rarmo, D. J.; Yus, M.Tetrahedron: Asymmetry
2005 16, 3341-3344.

(352) Hayashi, T.; Kawai, M.; Tokunaga, Kngew. Chem., Int. E2004
43, 6125-6128.

(353) For reviews, see: (a) Pu, Tetrahedrori2003 59, 9873-9886. (b)
Cozzi, P. G.; Hilgraf, R.; Zimmermann, &ur. J. Org. Chem2004
4095-4105.

Ikegami, S.

Chemical Reviews, 2006, Vol. 106, No. 6 2205

(b) Kobayashi, S.; Ishitani, HChem. Re. 1999 99, 1069-1094.
(c) Enders, D.; Shilvock, J. Ehem. Soc. Re 200Q 29, 359-373.
(d) Groger, H. Chem. Re. 2003 103 2795-2827. (e) Spino, C.
Angew. Chem., Int. EQR004 43, 1764-1766. (f) North, M. In
Science of Synthesiglurahashi, S.-I., Ed.; Thieme: Stuttgart, 2004;
Vol. 19, pp 285-310.

(372) Reetz, M. T.; Kyung, S.-H.; Bolm, C.; Zierke, Them. Ind.1986
824.

(373) Dong, L.-C.; Crowe, M.; West, J.; Ammann, J.Tetrahedron Lett.
2004 45, 2731-2733.

(374) Lu, S.-f.; Herbert, B.; Haufe, G.; Laue, K. W.; Padgett, W. L.;
Oshunleti, O.; Daly, J. W.; Kirk, K. LJ. Med. Chem200Q 43,
1611-1619.

(375) Liang, S.; Bu, X. RJ. Org. Chem2002 67, 2702-2704.

(376) Belokon’, Y. N.; Caveda-Cepas, S.; Green, B.; lkonnikov, N. S.;
Khrustalev, V. N.; Larichev, V. S.; Moscalenko, M. A.; North, M.;
Orizu, C.; Tararov, V. |.; Tasinazzo, M.; Timofeeva, G. |.; Yashkina,
L. V. J. Am. Chem. S0d.999 121, 3968-3973.

(377) (a) Belokon’, Y. N.; Gutnov, A. V.; Moscalenko, M. A.; Yashkina,
L. V.; Lesovoy, D. E.; Ikonnikov, N. S.; Larichev, V. S.; North, M.
Chem. Commun2002 244-245. (b) Belokon’, Y. N.; Carta, P.;
Gutnov, A. V.; Maleev, V.; Moscalenko, M. A.; Yashkina, L. V.;
Ikonnikov, N. S.; Voskoboev, N. V.; Khrustalev, V. N.; North, M.
Helv. Chim. Acta2002 85, 3301-3312.

(378) For a review on asymmetric multicomponent reactions, see:” Ramo
D. J.; Yus, M.Angew. Chem., Int. E®005 44, 1602-1634.

(379) North, M.; Parkins, A. W.; Shariff, A. NTetrahedron Lett2004
45, 7625-7627.

(380) Belokon’, Y. N.; Carta, P.; North, Ml'etrahedron Lett2005 46,
4483-4486.

(381) Belokon’, Y. N.; Blacker, A. J.; Clutterbuck, L. A.; North, NDrg.
Lett. 2003 5, 4505-4507.

(382) (a) Belokon’, Y. N.; Green, B.; Ikonnikov, N. S.; Larichev, V. S.;
Lokshin, B. V.; Moscalenko, M. A.; North, M.; Orizu, C.; Peregudov,
A. S.; Timofeeva, G. |Eur. J. Org. Chem200Q 2655-2661. (b)
Belokon’, Y. N.; Blacker, A. J.; Carta, P.; Clutterbuck, L. A.; North,
M. Tetrahedron2004 60, 10433-10447.

(383) Belokon’, Y. N.; North, M.; Parsons, Drg. Lett.200Q 2, 1617
1619.

(354) For initial examples on enantioselective catalytic alkynylation of (384) Belokon’, Y. N.; North, M.; Maleev, V. I.; Voskoboev, N. V.;

aldehydes, see: (a) Niwa, K.; Soai, K.Chem. Soc., Perkin Trans.
1 1990 937-943. (b) Ishizaki, M.; Hoshino, OTetrahedron:
Asymmetryl994 5, 1901-1904.

(355) Lu, G.; Li, X.; Chan, W. L.; Chan, A. S. @hem. Commur2002
172-173.

(356) (a) Pu, L.; Moore, DOrg. Lett.2002 4, 1855-1857. (b) Gao, G.;
Moore, D.; Pu, L.Org. Lett.2002 4, 4143-4146.

(357) For a diastereoselective reaction, see, for example: Marshall, J. A;;

Bourbeau, M. POrg. Lett.2003 5, 3197-3199.

(358) Moore, D.; Huang, W.-S.; Xu, M.-H.; Pu, [etraehdron Lett2002
43, 8831-8834.

(359) Liu, L.; Pu, L.Tetrahedron2004 60, 7427-7430.

(360) Liu, Q.-Z.; Xie, N.-S.; Luo, Z.-B.; Cui, X.; Cun, L.-F.; Gong, L.-Z.;
Mi, A.-Q.; Jiang, Y.-Z.J. Org. Chem2003 68, 7921-7924.

(361) Lu, G.; Li, X.; Chen, G.; Chan, W. L.; Chan, A. S. Tetrahedron:
Asymmetry2003 14, 449—-452.

(362) Li, X.; Lu, G.; Kwok, W. H.; Chan, A. S. CJ. Am. Chem. Soc.
2002 124, 12636-12637.

(363) Xu, Z.; Wang, R.; Xu, J.; Da, C.-s.; Yan, W.-j.; Chen, Ahgew.
Chem., Int. Ed2003 42, 5747-5749.

(364) Xu, Z.; Chen, C.; Xu, J.; Miao, M.; Yan, W.-j.; Wang, Qrg. Lett.
2004 6, 1193-1195.

(365) Fang, T.; Du, D.-M.; Lu, S.-F.; Xu, Drg. Lett. 2005 7, 2081~
2084.

(366) Kamble, R. M.; Singh, V. KTetrahedron Lett2003 44, 5347
5349.

(367) (a) Zhou, Y.-f.; Wang, R.; Xu, Z.-q.; Yan, W.-j.; Liu, L.; Gao, Y.-f.;
Da, C.-sTetrahedron: Asymmeti3004 15, 589-591. (b) Han, Z.-
j-; Wang, R.; Zhou, Y.-f,; Liu, L.Eur. J. Org. Chem2005 934—
938.

(368) Cozzi, P. G.; Alesi, SChem. CommurR004 2448-2449.

(369) Zhou, Y.; Wang, R.; Xu, Z.; Yan, W.; Liu, L.; Kang, Y.; Han, Z.
Org. Lett.2004 6, 4147-4149.

(370) For reviews on the asymmetric synthesis of cyanohydrins, see: (a)

North, M. Synlett1993 807—820. (b) Gregory, R. J. HChem. Re.
1999 99, 3649-3682. (c) Mori, A.; Inue, S. InComprehensie
Asymmetric Catalysis;lDacobsen, E. N., Pfaltz, A., Yamamoto, H.,
Eds.; Springer: Berlin, 1999; pp 98394. (d) North, M.Tetrahe-
dron: Asymmetr2003 14, 147-176. (e) Brunel, J.-M.; Holmes, I.
P. Angew. Chem., Int. EQ004 43, 2752-2778.

Moscalenko, M. A.; Peregudov, A. S.; Dimitriev, A. V.; Ikonnikov,
N. S.; Kagan, H. BAngew. Chem., Int. ER004 43, 4085-4089.

(385) (a) Huang, W.; Song, Y.; Bai, C.; Cao, G.; Zheng,Tétrahedron
Lett.2004 45, 4763-4767. (b) Huang, W.; Song, Y.; Wang, J.; Cao,
G.; Zheng, ZTetrahedron Lett2004 60, 10469-10477.

(386) Kim, J.-H.; Kim, G.-JCatal. Lett.2004 92, 123-130.

(387) (a) Li, Z.-B.; Rajaram, A. R.; Decharin, N.; Qin, Y.-C.; Pu, L.
Tetrahedron Lett2005 46, 2223-2226. (b) Li, Z.-B.; Qin, Y.-C;
Pu, L. Org. Lett.2005 7, 3441-3444.

(388) Zhou, X.-G.; Huang, J.-S.; Ko, P.-H.; Cheung, K.-K.; Che, C3M.
Chem. Soc., Dalton Tran§999 3303-3309.

(389) (a) Yang, Z.; Zhou, Z.; Tang, Gynth. Commur2001, 31, 3031~
3036. (b) Yang, Z.-H.; Wang, L.-X.; Zhou, Z.-H.; Zhou, Q.-L.; Tang,
C.-C.Tetrahedron: Asymmetrg001, 12, 1579-1582.

(390) (a) Flores-Lpez, L. Z.; Parra-Hake, M.; Somanathan, R.; Walsh, P.
J.Organometallic200Q 19, 2153-2160. (b) Gama, .AFlores-Lpez,

L. Z,; Aguirre, G.; Parra-Hake, M.; Somanathan, R.; Walsh, P. J.
Tetrahedron: Asymmet3002 13, 149-154. (c) Gama, A Flores-
Lépez, L. Z.; Aguirre, G.; Parra-Hake, M.; Somanathan, R.; Cole,
T. Tetrahedron: Asymmetr005 16, 1167-1174.

(391) Li, Y.; He, B.; Qin, B.; Feng, X.; Zhang, @. Org. Chem2004
69, 7910-7913.

(392) Rowlands, G. Bynlett2003 236—240.

(393) Belda, O.; Duquesne, S.; Fischer, A.; Moberg,JCOrganomet.
Chem.2004 689, 3750-3755.

(394) Brunel, J.-M.; Legrand, O.; Buono, Getrahedron: Asymmet4999
10, 1979-1984.

(395) (a) Yang, Z.-H.; Zhou, Z.-H.; Wang, L.-X.; Li, K.-Y.; Zhou, Q.-L.;
Tang, C.-C.Synth. Commur2002 32, 2751-2756. (b) Yang, Z;
Zhou, Z.; He, K.; Zhao, G.; Zhou, Q.; Tang, Tetrahedron:
Asymmetry2003 14, 3937-3941.

(396) (a) He, K.; Zhou, Z.; Wang, L.; Li, K.; Zhao, G.; Zhou, Q.; Tang, C.
Synlett2004 1521-1524. (b) He, K.; Zhou, Z.; Wang, L.; Li, K;
Zhao, G.; Zhou, Q.; Tang, Q.etrahedror2004 60, 10505-10513.

(397) (a) Chang, C.-W.; Yang, C.-T.; Hawng, C.-D.; Uang, BGBem.
Commun.2002 54-55. (b) Uang, B.-J.; Fu, I.-P.; Hawng, C.-D.;
Chang, C.-W.; Yang, C.-T.; Hawng, D.-Retrahedron2004 60,
10479-10486.

(398) You, J.-S.; Gau, H.-M.; Choi, M. C. kChem. Commur200Q 1963~
1964.

(371) For reviews on the asymmetric Streck reaction, see: (a) Kunz, H. In (399) (a) Krueger, C. A.; Kuntz, K. W.; Dzierba, C. D.; Wirschum, W.

Stereoselecite Synthesis (Houben-Weyelmchen, G., Hoffmann,
R. W., Mulzer, J., Eds.; Thieme: Stuttgart, 1996; pp 193952.

G.; Gleason, J. D.; Snapper, M. L.; Hoveyda, A. HAm. Chem.
Soc.1999 121, 4284-4285. (b) Porter, J. R.; Wirschum, W. G;



2206 Chemical Reviews, 2006, Vol. 106, No. 6

Kuntz, K. W.; Snapper, M. L.; Hoveyda, A. H. Am. Chem. Soc.
200Q 122, 2657-2658.

(400) Josephsohn, N. S.; Kuntz, K. W.; Snapper, M. L.; Hoveyda, A. H.
J. Am. Chem. So@001, 123 11594-11599.

(401) Deng, H.; Jung, J.-K.; Liu, T.; Kuntz, K. W.; Snapper, M. L.;
Hoveyda, A. HJ. Am. Chem. So2003 125, 9032-9034.

(402) (a) Mansawata, W.; Bhanthumnavin, W.; Vilaivan,Tetrahedron
Lett. 2003 44, 3805-3808. (b) Banphavichit, V.; Mansawata, W.;
Bhanthumnavin, W.; Vilaivan, TTetrahedron2004 60, 10559~
10568.

(403) (a) Choi, M. C. K.; Chan, S. S.; Matsumoto, Retrahedron Lett.
1997, 38, 6669-6672. (b) Choi, M. C. K.; Chan, S.-S.; Chan, M.-
K.; Kim, J. C.; lida, H.; Matsumoto, KHeterocycle2004 62, 643—
653.

(404) (a) Belokon', Y. N.; Green, B.; lkonnikov, N. S.; North, M.; Tararov,
V. |. Tetrahedron Lett1999 40, 8147-8150. (b) Belokon’, Y. N;
Green, B.; lkonnikov, N. S.; North, M.; Parsons, T.; Tararov, V. |.
Tetrahedron2001, 57, 771—779.

(405) For an excellent review on the influence of kinetic analysis on the
discovery of mechanisms of catalytic reactions, see: Blackmond, D.
G. Angew. Chem., Int. E005 44, 4302-4320.

(406) Hamashima, Y.; Kanai, M.; Shibasaki, M.Am. Chem. So200Q
122 7412-7413.

(407) Hamashima, Y.; Kanai, M.; Shibasaki, Metrahedron Lett2001,

42, 691-694.

(408) Takamura, M.; Yabu, K.; Nishi, T.; Yanagisawa, H.; Kanai, M.;
Shibasaki, M.Synlett2003 353—356.

(409) (a) Shen, Y.; Feng, X.; Zhang, G.; Jiang, Snlett2002 1353~
1355. (b) Shen, Y.; Feng, X.; Li, Y.; Zhang, G.; Jiang, Eur. J.
Org. Chem.2004 129-137.

(410) (a) Chen, F.; Feng, X.; Qin, B.; Zhang, G.; JiangQ¥g. Lett.2003
5, 949-952. (b) Chen, F.-X.; Qin, B.; Feng, X.; Zhang, G.; Jiang,
Y. Tetrahedron2004 60, 10449-10460.

(411) (a) He, B.; Chen, F.-X.; Li, Y.; Feng, X.; Zhang, Getrahedron
Lett. 2004 45, 5465-5467. (b) He, B.; Chen, F.-X,; Li, Y.; Feng,
X.; Zhang, G.Eur. J. Org. Chem2004 4657-4666.

(412) Byrne, J. J.; Chavarot, M.; Chavant, P.-Y.; VeJl&'. Tetrahedron
Lett 200Q 41, 873-876.

(413) For a review on asymmetric poisoning effects and their impact on
enantioselective reactions, see: Faller, J. W.; Lavoie, A. R.; Parr, J.
Chem. Re. 2003 103 3345-3367.

(414) For recent reviews on different aspect of asymmetric adol reactions,
see: (a) Palomo, C.; Oiarbide, M.; Gacd. M.Chem—Eur. J.2002
8, 36—44. (b) Alcaide, B.; Almendros, FEur. J. Org. Chem2002
1595-1601. (c) Palomo, C.; Oiarbide, M.; GaaglJ. M.Chem. Soc.
Rev. 2004 33, 65—72. (d) Soriente, A.; De Rosa, M.; Villano, R.;
Scettri, A.Curr. Org. Chem2004 8, 993-1007. (e) Abiko, AAcc.
Chem. Res2004 37, 387—-395. (f) Merino, P.; Tejero, TAngew.
Chem., Int. Ed2004 43, 2995-2997. (g)Modern Aldol Reactions
Mahrwald, R., Ed.; Wiley-VCH Verlag: Weinheim, 2004; Vols. 1
and 2.

(415) Zimmer, R.; Peritz, A.; Czerwonka, R.; Schefzig, L.; Reissig, H.-U.
Eur. J. Org. Chem2002 3419-3428.

(416) Mikami, K.; Matsukawa, S.; Kayaki, Y.; Ikariya, Tetrahedron Lett.
2000Q 41, 1931-1934.

(417) Zimmer, R.; Schefzig, L.; Peritz, A.; Dekaris, V.; Reissig, H.-U.
Synthesi®004 1439-1445.

(418) Delas, C.; Szymoniak, J.; Lefranc, H.; 'dej C.Tetrahedron Lett.
1999 40, 1121-1122.

(419) (a) Szlosek, M.; Figade, B.Angew. Chem., Int. EQ00Q 39, 1799~
1801. (b) Szlosek, M.; Jullian, J.-C.; Hocquemiller, R.; Figad®.
Heterocycle200Q 52, 1005-1013.

(420) For a diastereoselective reaction, see, for example: Franck, X.;
Araujo, M. E. V.; Jullian, J.-C.; Hocquemiller, R.; Figade B.
Tetrahedron Lett2001, 42, 2801-2803.

(421) (a) De Rosa, M.; Dell'Aglio, R.; Soriente, A.; Scettri, Aetrahe-
dron: Asymmetry1999 10, 3659-3662. (b) De Rosa, M.; Soriente,
A.; Scettri, A. Tetrahedron: Asymmetrg00Q 11, 3187-3195. (c)

De Rosa, M.; Acocella, M. R.; Villano, R.; Soriente, A.; Scettri, A.
Tetrahedron: Asymmetr2003 14, 2499-2505.

(422) (a) De Rosa, M.; Acocella, M. R.; Soriente, A.; Scettri, A.
Tetrahedron: Asymmetr001, 12, 1529-1531. (b) De Rosa, M.;
Acocella, M. R.; Villano, R.; Soriente, A.; Scettri, Aietrahedron
Lett. 2003 44, 6087-6090.

(423) (a) Soriente, A.; De Rosa, M.; Apicella, A.; Scettri, A.; Sodano, G.
Tetrahedron: Asymmetr§999 10, 4481-4484. (b) De Rosa, M.;
Soriente, A.; Sodano, G.; Scettri, Aetrahedron200Q 56, 2095
2102.

(424) De Rosa, M.; Acocella, M. R.; Rega, M. F.; Scettri, Petrahe-
dron: Asymmetr2004 15, 3029-3033.

(425) Bluet, G.; Campagne, J.-Nletrahedron Lett1999 40, 5507-5509.

(426) (a) Soriente, A.; De Rosa, M.; Villano, R.; Scettri, Petrahedron:
Asymmetry200Q 11, 2255-2258. (b) Soriente, A.; De Rosa, M.;

Ramon and Yus

Stanzione, M.; Villano, R.; Scettri, Aletrahedron: Asymmeti3001,
12, 959-963.

(427) (a) Villano, R.; De Rosa, M.; Salerno, C.; Soriente, A.; Scettri, A.
Tetrahedron: Asymmetr002 13, 1949-1952. (b) Villano, R;
Acocella, M. R.; De Rosa, M.; Soriente, A.; Scettri, Aetrahe-
dron: Asymmetn2004 15, 2421-2424.

(428) Imashiro, R.; Kuroda, T. Org. Chem2003 68, 974-979.

(429) Yanagisawa, A.; Osakawa, K.; Yamamoto,Ghirality 200Q 12,
421-424.

(430) Hayashi, M.; Yoshimoto, K.; Hirata, N.; Tanaka, K.; Oguni, N.;
Harada, K.; Matsushita, A.; Kawachi, Y.; Sasaki, Isr. J. Chem.
2001 41, 241-246.

(431) Kawase, T.; Takizawa, S.; Jayaprakash, D.; Sas&8yhth. Commun.
2004 34, 4487-4492.

(432) (a) Mahrwald, ROrg. Lett.200Q 2, 4011-4012. (b) Mahrwald, R.;
Ziemer, B.Tetrahedron Lett2002 43, 4459-4461.

(433) Forreviews, see: (a) Arend, M.; Westermann, B.; RisciAngew.
Chem., Int. Ed1998 37, 1045-1070. (b) Arend, MAngew. Chem.,
Int. Ed. 1999 38, 2873-2874. (c) Kobayashi, S.; Ueno, M. In
Comprehensie Asymmetric Catalysis SupplementJacobsen, E.
N., Pfaltz, A., Yamamoto, H., Eds.; Springer: Berlin, 2004; pp-243
150. (d) Cadova, A. Acc. Chem. Res2004 37, 102-112. (e)
Allemann, C.; Gordillo, R.; Clemente, F. R.; Cheong, P. H.-Y.; Houk,
K. N. Acc. Chem. Re004 37, 558-569. (f) Notz, W.; Tanaka,
F.; Barbas, C. FAcc. Chem. Re004 37, 580-591.

(434) Murahashi, S.-1.; Imada, Y.; Kawakami, T.; Harada, K.; Yonemushi,
Y.; Tomita, N.J. Am. Chem. So2002 124, 2888-2889.

(435) Martin, S. F.; Lpez, O. D.Tetrahedron Lett1999 40, 8949-8953.

(436) For a general review on pinacol coupling, see: Avalos, M.; Babiano,
R.; Cintas, P.; Jimeez, J. L.; Palacios, J. Recent Res. De Org.
Chem.1997 1, 159-178.

(437) Bandini, M.; Cozzi, P. G.; Morganti, S.; Umani-Ronchi, Petra-
hedron Lett.1999 40, 1997-2000.

(438) Bensari, A.; Renaud, J.-L.; Riant, Org. Lett.2001, 3, 3863-3865.

(439) Li, Y.-G.; Tian, Q.-S.; Zhao, J.; Feng, Y.; Li, M.-J.; You, T.-P.
Tetrahedron: Asymmetr004 15, 1707-1710.

(440) Halterman, R. L.; Zhu, C.; Chen, Z.; Dunlap, M. S.; Khan, M. A;;
Nicholas, K. M.Organometallics200Q 19, 3824-3829.

(441) (a) Matsubara, S.; Hasimoto, Y.; Okano, T.; UtimotoSknlett1999
1411-1412. (b) Hasimoto, Y.; Mizuno, U.; Matsuoka, H.; Miyahara,
T.; Takakura, M.; Yoshimoto, M.; Oshima, K.; Utimoto, K
Matsubara, SJ. Am. Chem. So2001, 123 1503-1504.

(442) Enders, D.; Ullrich, E. CTetrahedron: Asymmeti300Q 11, 3861~
3865.

(443) For reviews on the asymmetric Baytidillman reaction, see: (a)
Basavaiah, D.; Rao, A. J.; SatyanarayanaCiiem. Re. 2003 103
811-891. (b) Langer, P. I@rganic Synthesis Highlights,\¢échmalz,
H.-G., Wirth, T., Eds.; Wiley-VCH Verlag: Weinheim, 2003; pp
165-177.

(444) Kataoka, T.; lwama, T.; Tsujiyama, S.-i.; Kanematsu, K.; lwamura,
T.; Watanabe, S.-iChem. Lett1999 257—258.

(445) Balan, D.; Adolfsson, HTetrahedron Lett2003 44, 2521-2524.

(446) (a) He, A.; Yan, B.; Thanavaro, A.; Spilling, D.; Rath, N.JPOrg.
Chem.2004 69, 8643-8651. (b) De la Cruz, A.; He, A.; Thanavaro,
A.; Yan, B.; Spilling, C. D.; Rath, N. Rl. Organomet. Chen2005
690, 2577-2592.

(447) Rowe, B. J.; Spilling, C. DTetrahedron: Asymmetrg001, 12,
1701-1708.

(448) Kusebauch, U.; Beck, B.; Messer, K.; Herdtweck, E:miling, A.
Org. Lett.2003 5, 4021-4024.

(449) (a) Ho, C. K.; Schuler, A. D.; Yoo, C. B.; Herron, S. R.; Kantardjieff,
K. A.; Johnson, A. R.norg. Chim. Acta2002 431, 71-76. (b)
Hoover, J. M.; Petersen, J. R.; Johnson, AORganometallic2004
23, 4614-4620.

(450) Kang, S. H.; Park, C. M,; Lee, S. B.; Kim, Bynlett2004 1279
1281.

(451) Braun, M.; Fleischer, R.; Mai, B.; Schneider, M.-A.; Lachenicht, S.
Adv. Synth. Catal2004 346, 474—-482.

(452) (a) Hayashi, T.; Tokunaga, N.; Yoshida, K.; Han, J0WAmM. Chem.
S0c.2002 124, 12102-12103. (b) Shintani, R.; Tokunaga, N.; Doi,
H.; Hayashi, T.J. Am. Chem. So2004 126, 6240-6241. (c)
Tokunaga, N.; Yoshida, K.; Hayashi, Proc. Natl. Acad. Sci. U.S.A.
2004 101, 5445-5449.

(453) (a) Hayashi, T.; Tokunaga, N.; Inoue, ®rg. Lett.2004 6, 305~
307. (b) Hayashi, T.; Yamamoto, S.; Tokunaga,Angew. Chem.,
Int. Ed. 2005 44, 4224-4227.

(454) Yoshida, K.; Hayashi, T. Am. Chem. So@003 125 2872-2873.

(455) For a review on asymmetric Frieddlrafts reactions, see: Bandini,
M.; Melloni, A.; Umani-Ronchi, A.Angew. Chem., Int. EQR004
43, 550-556.

(456) Ishii, A.; Soloshonok, V. A.; Mikami, KJ. Org. Chem200Q 65,
1597-1599.



Titanium Complexes in Enantioselective Synthesis

(457) Yuan, Y.; Wang, X.; Li, X.; Ding, KJ. Org. Chem2004 69, 146—
149.

(458) Ishii, A.; Mikami, K. J. Organomet. Chenl999 97, 51-55.

(459) Ishii, A.; Mikami, K. Org. Lett.1999 1, 2013-2016.

(460) For excellent monographs, see: (a) CarruthersCyloaddition
Reactions in Organic SynthesRBergamon Press: Oxford, 1990. (b)
Cycloaddition Reactions in Organic Synthedf®@bayashi, S., Jor-
gensen, K. A., Eds.; Wiley-VCH: Weinheim, 2002.

(461) For reviews on asymmetric Dielé\lder reactions, see: (a) Evans,
D. A;; Johnson, J. S. IIComprehensie Asymmetric Catalysis I
Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer: Berlin,
1999; pp 117#1235. (b) Corey, E. Angew. Chem., Int. E@002
41, 1650-1667.

(462) Altava, B.; Burguete, |.; GamiVerdugo, E.; Luis, S. V.; Miravet,
J. F.; Vicent, M. JTetrahedron: Asymmet300Q 11, 4885-4893.

(463) Altava, B.; Burguete, |.; Gam) J. I.; Luis, S. V.; Mayoral, J. A.;
Vicent, M. J.Tetrahedron: Asymmetrg001, 12, 1829-1835.

(464) Essers, M.; Ernet, T.; Haufe, G.Fluorine Chem2003 121, 163~
170.

(465) Moharram, S. M.; Hirai, G.; Koyama, K.; Oguri, H.; Hirama, M.
Tetrahedron Lett200Q 41, 6669-6673. Correction:Tetrahedron
Lett. 200Q 41, 8399.

(466) Altava, B.; Burguete, I.; Fraile, J. M.; GéaagiJ. |.; Luis, S. V;
Mayoral, J. A.; Vicent, M. JAngew. Chem., Int. EQ00Q 39, 1503
1506.

(467) Breuning, M.; Corey, E. Drg. Lett.2001 3, 1559-1562.

(468) For reviews on asymmetric hetero-Die/slder reactions, see: (a)
Ooi, T.; Maruoka, K. InComprehensie Asymmetric Catalysis {lI
Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer: Berlin,
1999; pp 12371254. (b) Jorgensen, K. Angew. Chem., Int. Ed.
200Q 39, 3558-3588. (c) Jgrgensen, K. A&ur. J. Org. Chem2004
2093-2102.

(469) (a) Wang, B.; Feng, X.; Cui, X.; Liu, H.; Jiang, €hem. Commun.
200Q 1605-1606. (b) Wang, B.; Feng, X.; Huang, Y.; Liu, H.; Cui,
X.; Jiang, Y.J. Org. Chem2002 67, 2175-2182.

(470) Long, J.; Hu, J.; Shen, X.; Ji, B.; Ding, B. Am. Chem. So2002
124, 10-11.

(471) Kii, S.; Hashimoto, T.; Maruoka, KSynlett2002 931—-932.

(472) Omote, M.; Hasegawa, T.; Sato, K.; Ando, A.; Kumadaki, I. O.
Heterocycle2003 59, 501-504.

(473) Levéque, L.; Le Blanc, M.; Pastor, Rletrahedron Lett200Q 41,
5043-5046.

(474) Smith, A. B.; Minbiole, K. P.; Verhoest, P. R.; Schelhaas,JMAm.
Chem. Soc2001, 123 10942-10953.

(475) (a) Yuan, Y.; Long, J.; Sun, J.; Ding, Khem—Eur. J. 2002 8,
5033-5042. (b) Yuan, Y.; Li, X.; Sun, J.; Ding, KI. Am. Chem.
Soc. 2002 124, 14866-14867. (c) For a recent preparation of
NOBIN—titanium complexes, see: Singer, R. A.; Brock, J. R;
Carreira, E. M.Helv. Chim. Acta2003 86, 1040-1044.

(476) Ji, B.; Yuan, Y.; Ding, K.; Meng, Lhem—Eur. J.2003 9, 5989-
5996.

(477) Quitschalle, M.; Christmann, M.; Bhatt, U.; Kalesse,Tétrahedron
Lett. 2001, 42, 1263-1265.

(478) (a) Fu, Z.; Gao, B.; Yu, Z.; Yu, L.; Huang, Y.; Feng, X.; Zhang, G.
Synlet2004 1772-1775. (b) Gao, B.; Fu, Z.; Yu, Z.; Yu, L.; Huang,
Y.; Feng, X.Tetrahedron2005 61, 5822-5830.

(479) Fan, Q.; Lin, L.; Liu, J.; Huang, Y.; Feng, X.; Zhang, Grg. Lett.
2004 6, 2185-2188.

(480) (a) Bayer, A.; Gautun, O. Rietrahedron Lett200Q 41, 3743—
3746. (b) Bayer, A.; Hansen, L. K.; Gautun, O.Retrahedror2002
13, 2407-2415.

(481) Sundararajan, G.; Prabagaran, N.; Varghes@rB. Lett.2001, 3,
1973-1976.

(482) Seebach, D.; Lyapkalo, I. M.; Dahinder, fely. Chim. Actal999
82, 1829-1842.

(483) For reviews on asymmetric 1,3-dipolar cycloaddition reactions, see:
(a) Gothelf, K. V.; Jgrgensen, K. AChem. Re. 1998 98, 863—
909. (b) Gothelf, K. V.; Jgrgensen, K. Lhem. Commun200Q
1449-1458. (c) Ukajima, Y.; Inomata, KSynlett2003 1075-1087.
(d) Synthetic Applications of 1,3-Dipolar Cycloaddition Chemistry
toward Heterocycles and Natural ProducBadwa, A., Pearson, W.
H., Eds.; John Wiley & Sons: New York, 2003.

(484) Mikami, K.; Ueki, M.; Matsumoto, Y.; Terada, MChirality 2001,

13, 541-544

(485) Bayam, P.; de March, P.; Espinosa, M.; Figueredo, M.; Font, J.
Tetrahedron: Asymmetrg00Q 11, 1757-1765.

(486) Ellis, W. W.; Gavrilova, A.; Liable-Sands, L.; Rheingold, A. L.;
Bosnich, B.Organometallics1999 18, 332—-338.

(487) Murtiz, K.; Nieger, M. Chem. Commur2005 2729-2731.

(488) For reviews on PausetfKhand reactions, see: (a) Buchwald, S. L.;
Hicks, F. A. InComprehensie Asymmetric Catalysis;|Dacobsen,
E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer: Berlin, 1999; pp
491-510. (b) Gibson, S. E.; Stevenazzi, Angew. Chem., Int. Ed.

Chemical Reviews, 2006, Vol. 106, No. 6 2207

2003 42, 1800-1810. (c) Rodguez Rivero, M.; Adrio, J.; Carretero,
J. C.Synlett2005 26—41. (d) Gibson, S. E.; Mainolfi, NAngew.
Chem., Int. EJ2005 44, 3022-3037.

(489) (a) Sturla, S.; Buchwald, S. . Org. Chem1999 64, 5547-5550.
(b) Hicks, F. A.; Buchwald, S. LJ. Am. Chem. Sod999 121,
7026-7033.

(490) For reviews on asymmetric cyclopropanation reactions, see: (a) Pfaltz,
A. In Comprehensie Asymmetric Catalysis;lJacobsen, E. N., Pfaltz,
A., Yamamoto, H., Eds.; Springer: Berlin, 1999; pp 5E38. (b)
Lydon, K. M.; McKervey, M. A. In Comprehensie Asymmetric
Catalysis It Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds;
Springer: Berlin, 1999; pp 539%680. (c) Charette, A. B.; Lebel, H.
In Comprehensie Asymmetric Catalysis;lDacobsen, E. N., Pfaltz,
A., Yamamoto, H., Eds.; Springer: Berlin, 1999; pp 5&D3. (d)
Lebel, H.; Marcoux, J.-F.; Charette, A. Bhem. Re. 2003 103
977—-1050.

(491) Charette, A. B.; Molinaro, C.; Brochu, @. Am. Chem. So2001,
123 12168-12175.

(492) For recent reviews on different aspects of kinetic resolution, see:
(a) Dehli, J. R.; Gotor, VChem. Soc. Re 2002 31, 365-370. (b)
Bordusa, FChem. Re. 2002 102, 4817-4867. (c) Robinson, D. E.
J. E.; Bull, S. D.Tetrahedron: Asymmetr003 14, 1407-1446.
(d) Ema, T.Tetrahedron: Asymmetr2004 15, 2765-2770. (e)
Ghanem, A.; Aboul-Enein, H. YChirality 2005 17, 1—15.

(493) (a) Poos, G. H. P.; Donovan, A. Retrahedron: AsymmetrdQ99
10, 991-1000. (b) Hardouin, C.; Burgaud, L.; Valleix, A.; Doris, E.
Tetrahedron Lett2003 44, 435-437. (¢) Bhaskar, G.; Kumar, V.
S.; Rao, B. V.Tetrahedron: Asymmetr004 15, 1279-1283.

(494) (a) Kanai, K.; Sano, N.; Honda, Heterocyclesl999 50, 433~
443. (b) Peng, X.; Li, A.; Lu, J.; Wang, Q.; Pan, X.; Chan, A. S. C.
Tetrahedron2002 58, 6799-6804.

(495) Davoille, R. J.; Rutherford, D. T.; Christie, S. D. Retrahedron
Lett. 200Q 41, 1255-1259.

(496) Olejniczak, T.; Gawraski, J.; Wawrzéozyk, C.Chirality 2001, 13,
302—-307.

(497) Kitayama, T.; Masuda, T.; Kawai, Y.; Hill, R. K.; Takatani, M.;
Sawada, S.; Okamoto, Tetrahedron: Asymmet3001, 12, 2805~

2810.
(498) Honda, T.; Ohta, M.; Mizutani, HI. Chem. Soc., Perkin Trans. 1
1999 23-29.

(499) For a very interesting diastereomeric example, see: Mulzerlir,0O
E. Angew. Chem., Int. E®001, 40, 3842-3846.

(500) Black, P. J.; Jenkins, K.; Williams, J. M.Tetrahedron: Asymmetry
2002 13, 317-323.

(501) Liao, X.; Xu, X.Tetrahedron Lett200Q 41, 4641-4644.

(502) (a) Chakraborty, T. K.; Das, SChem. Lett.200Q 80-81. (b)
Chakraborty, T. K.; Das, S.; Raju, T. \J. Org. Chem2001, 66,
4091-4093. (c) Jung, M. E.; van den Heuvel, @rg. Lett.2003 5,
4705-4707.

(503) Shibuya, M.; Taniguchi, T.; Takahashi, M.; Ogasawara] &tra-
hedron Lett.2002 43, 4145-4147.

(504) Jia, X.; Li, X.; Xu, L.; Li, Y.; Shi, Q.; Au-Yeung, T. T.-L.; Yip, C.
W.; Yao, X.; Chan, A. S. CAdv. Synth. Catal2004 346, 723~
726.

(505) Peng, Y.; Feng, X.; Cui, X.; Jiang, Y.; Chan, A. SSgnth. Commun.
2001 31, 2287-2296.

(506) Massa, A.; Mazza, V.; Scettri, Aletrahedron: Asymmetr2005
16, 2271-2275.

(507) Saito, B.; Katsuki, TChirality 2003 15, 24—27.

(508) Yun, J.; Buchwald, S. L. Org. Chem200Q 65, 767—774.

(509) Yun, J.; Buchwald, S. LChirality 200Q 12, 476-478.

(510) (a) Feng, X.; Shu, L.; Shi, Y). Am. Chem. Sod999 121, 11002
11003. (b) Feng, X.; Shu, L.; Shi, ¥. Org. Chem2002 67, 2831
2836.

(511) Wang, F.; Tu, Y. Q.; Fan, C. A,; Wang, S. H.; Zhang, F. M.
Tetrahedron: Asymmetrg002 13, 395-398.

(512) For reviews on dynamic kinetic resolutions, see: (a) Beak, P.;
Anderson, D. R.; Curtis, M. D.; Laumer, J. M.; Pippel, D. J;
Weisenburger, G. AAcc. Chem. Re€00Q 33, 715-727. (b) Huerta,
F. F.; Minidis, A. B. E.; Bakvall, J.-E.Chem. Soc. Re 2001, 30,
321-331. (c) Pellissier, HTetrahedron2003 59, 8291-8327. (d)
Pamies, O.; Bekvall, J.-E.Chem. Re. 2003 103 3247-3261.

(513) Gottwald, K.; Seebach, Oetrahedron1999 55, 723-738.

(514) Braun, M.; Kotter, WAngew. Chem., Int. EQ004 43, 514-517.

(515) For reviews on different aspects of the asymmetric desymmetrization,
see: (a) Willis, M. CJ. Chem. Soc., Perkin Trans.1P99 1765-
1784. (b) Spivey, A. C.; Andrews, B. Angew. Chem., Int. EQ00L,
40, 3131-3134. (c) Spivey, A. C.; Andrews, B. I.; Brown, A. D.
Recent Res. De Org. Chem.2002 6, 147—167. (d) Anstiss, M.;
Holland, J. M.; Nelson, A.; Titchmarsh, J. Bynlett2003 1213~
1220. (e) Gar@-Urdiales, E.; Alfonso, I.; Gotor, \Chem. Re. 2005
105 313-354.

(516) Fustner, A.; Thiel, O. RJ. Org. Chem200Q 65, 1738-1742.



2208 Chemical Reviews, 2006, Vol. 106, No. 6

(517) Palmer, A. M.; Jger, V. Synlett200Q 1405-1407.

(518) Masaki, H.; Maeyama, J.; Kamada, K.; Esumi, T.; lwabuchi, Y.;
Hatakeyama, SJ. Am. Chem. So@00Q 122 5216-5217.

(519) Berkenbusch, T.; Bokner, R.Synlett2003 1813-1816.

(520) Spivey, A. C.; Woodhead, S. J.; Wetson, M.; Andrews, Bnigew.
Chem., Int. Ed2001, 40, 769-771.

(521) (a) BouzBouz, S.; Popkin, M. E.; CossyQig. Lett.200Q 2, 3449~
3451. (b) BouzBouz, S.; Cossy, Org. Lett.2001, 3, 3995-3998.

(c) BouzBouz, S.; Cossy, &ynlett2004 2034-2036.

(522) Bruns, S.; Haufe, Gietrahedron: AsymmetrdQ99 10, 1563-1569.

(523) Pakulski, Z.; Pietrusiewicz, K. Mletrahedron: Asymmetr004
15, 41-45.

(524) Lam, T. C. H.; Mak, W.-L.; Wong, W.-L.; Kwong, H.-L.; Sung, H.
H.Y.; Lo, S. M. F.; Williams, I. D.; Leung, W.-HOrganometallics
2004 23, 1247-1252.

(525) Sagawa, S.; Abe, H.; Hase, Y.; Inaba, JTOrg. Chem1999 64,
4962-4965.

(526) zZhou, Z.; Li, Z.; Li, K.; Yang, Z.; Zhao, G.; Wang, L.; Zhou, Q.;
Tang, C.Phosporus, Sulfur, Silicoa003 178 1771-1779.

(527) Yang, M.; Zhu, C.; Yuan, F.; Huang, Y.; Pan,Q®tg. Lett.2005 7,
1927-1930.

(528) (a) Ganazer, A.; Lauterbach, T.; Bluhm, H.; Noltemeyer, Mnagew.
Chem., Int. Ed1999 38, 2909-2910. (b) Gan&zer, A.; Bluhm, H.;
Rinker, B.; Narayan, S.; Schick, M.; Lauterbach, T.; Pierobon, M.
Chem—Eur. J.2003 9, 531-542.

(529) For reviews on enantioselective electrophitichalogenation of
carbonyl compounds, see: (a) Togni, A.; Mezzetti, A.; Barthazy,
P.; Becker, C.; Devillers, |.; Frantz, R.; Hintermann, L.; Perseghini,
M.; Sanna, M.Chimia 2001, 55, 801—805. (b) Ibrahim, H.; Togni,
A. Chem. CommurR2004 1147-1155. (c) France, S.; Weatherwax,
A.; Lectka, T.Eur. J. Org. Chem2005 475-479. (d) Oestreich,
M. Angew. Chem., Int. EQR005 44, 2324-2327.

(530) (a) Hintermann, L.; Togni, lLAngew. Chem., Int. E@00Q 39, 4359~
4362. (b) Piana, S.; Devillers, |.; Togni, A.; Rothlisberger Agew.
Chem., Int. Ed2002 41, 979-982.

(531) Hintermann, L.; Togni, LHelv. Chim. Acta200Q 83, 2425-2435.

(532) lIbrahim, H.; Kleinbeck, F.; Togni, AHelv. Chim. Acta2004 87,
605-610.

(533) Frantz, R.; Hintermann, L.; Perseghini, M.; Broggini, D.; Togni, A.
Org. Lett.2003 5, 1709-1712.

(534) Toullec, P. Y.; Bonaccorsi, C.; Mezzetti, A.; Togni, Rroc. Natl.
Acad. Sci. U.S.A2004 101, 5810-5814.

Ramon and Yus

(535) Jereb, M.; Togni, AOrg. Lett.2005 7, 4041-4043.

(536) Hu, A.-G.; Zhang, L.-Y.; Wang, S.-W.; Wang, J.gynth. Commun.
2002 32, 2143-2147.

(537) de Meijere, A.; Stecker, B.; Kourdioukov, A.; Williams, C. M.
Synthesi200Q 929-934.

(538) For reviews on this reaction, see: (a) Kulinkovich, O. G.; de Meijere,
A. Chem. Re. 2000 100, 2789-2834. (b) Sato, F.; Urabe, H.;
Okamoto, SChem. Re. 200Q 100, 2835-2886. (c) Kulinkovich,

O. G.Pure Appl. Chem200Q 72, 1715-1719. (d) Kulinkovich, O.
G. Chem. Re. 2003 103 2597-2632.

(539) Quirmbach, M.; Kless, A.; Holz, J.; Tararov, V.;"Ber, A.
Tetrahedron: Asymmetr§999 10, 1803-1811.

(540) For reviews on different aspects of this topic, see: (a) Lemieux, R.
P. Acc. Chem. Re001, 34, 845-853. (b) Kasai, N.; Suzuki, T.
Adv. Synth. Catal2003 345, 437—-455. (¢) Kamien, R. DScience
2003 299 1671-1672. (d) Mallia, V. A.; Tamaoki, NChem. Soc.
Rev. 2004 33, 76—84. (e) Lemieux, R. RChem. Rec2004 3, 288—
295.

(541) Akagi, K.; Piao, G.; Kaneko, S.; Sakamaki, K.; Shirakawa, H.; Kytani,
M. Sciencel998 282 1683-1686.

(542) Braun, M.; Hahn, A.; Engelmann, M.; Fleischer, R.; Frank, W.;
Kryschi, C.; Haremza, S.; Kachner, K.; Parker, RChem—Eur. J.
2005 11, 3405-3412.

(543) (a) Piao, G.; Akagi, K.; Shirakawa, Bynth. Met1999 101, 92—

93. (b) Piao, G.; Kawamura, N.; Akagi, K.; Shirakawa, H.; Kyotani,
M. Synth. Met2001, 119 103-104.

(544) For reviews on asymmetric polymerization, see: (a) Okamoto, Y.;
Nakano, T.Chem. Re. 1994 94, 349-372. (b) Brintzinger, H. H.;
Fischer, D.; Mihaupt, R.; Rieger, B.; Waymouth, R. Mingew.
Chem., Int. EJ1995 34, 1143-1170. (c) Habaue, S.; Okamoto, Y.
Chem. Rec2001, 1, 46—52. (d) Nakano, T.; Okamoto, YChem.
Rev. 2001 101, 4013-4038. (e) Yashima, EAnal. Sci.2002 18,
3—6.

(545) (a) Tang, H.-Z.; Lu, Y.; Tian, G.; Capracotta, M. D.; Novak, B. M.
J. Am. Chem. SoQ004 126, 3722-3723. (b) Tian, G.; Lu, Y.;
Novak, B. M.J. Am. Chem. So2004 126, 4082-4083. (c) Tang,
H.-Z.; Boyle, P. D.; Novak, B. MJ. Am. Chem. SoQ005 127,
2136-2142.

CR040698P



