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ABSTRACT: Asymmetric ligands whose key functional component
consists of an amide and hydroxyl functional groups, in the absence of
other co-ordinating groups, are a relatively recent development in
asymmetric catalysis. These ligands in combination with ruthenium, zinc,
or titanium have catalyzed a range of key organic reactions showing high
activity and selectivity. This review looks at the ligands reported and their
performance as catalysts.
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■ INTRODUCTION
The asymmetric catalysis of organic reactions by metal
complexes of amines and amino alcohols or, indeed, their use
without metals in organocatalysis is a very active area of
research. Many very successful catalytic systems have been
reported for key organic reactions. More recently, there has
been growing interest in the use of amido alcohols as ligands in
metal complexes which show good activity in asymmetric
organic transformations. This review seeks to look at ligands of
this type and their complexes’ use in key synthetic reactions.
The review is arranged according to the reactions studied and
relates to work reported to the end of 2010.

■ DIAKYLZINC ADDITION TO CARBONYL GROUPS
The stereoselective creation of stereogenic centers is an
important process in organic chemistry. Approaches based on
C−C bond formation reactions provide a basic strategy for
synthesizing these molecules. The catalytic asymmetric addition
of organozinc reagents to carbonyl groups in the presence of
chiral ligands (Scheme 1) has proved a very useful and versatile

approach, synthesizing optically active secondary alcohols.1

Many ligands inducing high enantioselectivies have been re-
ported.2−5 The organozinc reagents, due to their low reactivity,
can tolerate the presence of many reactive functional groups
and are highly selective in nucleophilic addition reactions to
carbonyl compounds.
Although many types of ligands can catalyze this reaction, the

derivatives of chiral amino alcohols are among the most studied
ligand types due to the high stereoselectivities achieved.1,6 N,N-
dialkyl-substituted β-amino alcohols such as Noyori’s DAIB 1
and Nugent’s (2S)-(−)-3-exo(morpholino)isoborneol
[(−)-MIB] 2 are particularly noteworthy (Figure 1).7,8

The mechanism of diethylzinc addition to benzaldehyde with
β-amino alcohols as ligands is well-known. The amino alcohol
acts as a Lewis base, which activates the zinc reagent and forms
a Lewis acidic zinc species, which activates the aldehyde. Upon
treatment of an amino alcohol with an alkylzinc reagent, the
nitrogen and oxygen donor atoms of the amino alcohol
coordinate to the zinc atom, yielding a complex that is capable
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Scheme 1. Enantioselective Addition of Organozinc
Reagents to Carbon Electrophiles

Figure 1. Some established amino alcohol ligands.
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of acting as an alkyl donor. The zinc atom in the five-membered
chelate ring is a Lewis acid, which coordinates the aldehyde
through the oxygen nonbonding orbital, and hence, the
carbonyl carbon atom is activated for nucleophilic attack.9,10

Certain chiral β-hydroxyamides have proved to be efficient
ligands in the addition of organozincs to carbonyl compounds,
as well. These compounds are attractive because they have the
advantage of being easily prepared by the reaction of simple
and cheap starting materials (e.g., hydroxy acids and amines or
acids and amino alcohols), which can be obtained in
enantiopure form from the chiral pool. In many cases,
titanium(IV) isopropoxide is used as a Lewis acidic additive.
Katsuki and co-workers described the application of 1,1′-bi-2-

naphthol-3,3′-dicarboxamides 3a−e as chiral ligands, in the
enantioselective addition of diethylzinc to a variety of aldehydes
(Figure 2).11,12 Among the ligands they used, the ligand 3c gave
high yields and excellent enantioselectivities in the reaction of
aromatic aldehydes (Scheme 2). The alkylation of phenyl
propargyl aldehyde was also studied (Scheme 3). Ligand 3d
induced excellent enantioselectivities with moderate yields in
the reaction. The yields could be improved somewhat by
increasing the excess of alkylating agent.

Oppolzer et al. first reported the use of ketopinic acid-
derived tertiary amido alcohol 4a in the addition of diethylzinc
to benzaldehyde (68% yield, 91% ee) in 1988.13 The use of

tertiary amido alcohols in this reaction remained largely
unexplored until the group of Engel developed ligands 5a−9a
(Figures 3, 5), analogues of 4a, to investigate the influence of
the nitrogen’s alkyl substitution and the ligand’s symmetry on
its catalytic activity in the same reaction. These experiments
were repeated with the corresponding N,N-dialkylamino
alcohol ligands, 4b−8b.14,15

The collected data in Table 1 shows that all the ligands
promote Re face attack of the prochiral benzaldehyde, giving
the R product. It also demonstrates that hydroxyamides can be
more efficient than the analogous amino alcohols for certain
ligand structures and reactions. A bis(hydroxyamide) C2-
symmetric structure is more efficient and selective for these
amido isoborneols, whereas a C1-symmetric structure is better
for amino isoborneols.

The authors reasoned that the better catalytic results
obtained with 8a in relation to the related amino alcohols 5b
and 6b was due to the formation of a more enantioselective and
reactive C2-symmetric zinc dialkoxide catalyst, 10, instead of the
C1-symmetric 11 (Figure 4). The substitution of the
methylamino group of 6a with the amide present in 8a must
be enough to allow the extra coordination (by the closer
carbonyl oxygen), giving rise to the efficient catalyst 10. It is
proposed that the difference in performance between 8a and 8b

Table 1. Enantioselective Addition of Diethylzinc to Benzaldehyde in the Presence of Ligands 3a−8a and 3b−7b17,a

hydroxyamides amino alcohols

ligand symmetry ligand yield (%) ee (%) dominant configuration ligand yield (%) ee (%) dominant configuration

C1 4a 68 91 R 4b 35 82 R
5a 96 48 R 5b 96 72 R
6a 93 50 R 6b 99 50 R

C2 8a 97 90 R 8b 94 56 R
9a 92 73 R

C3 7a 70 39 R 7b 72 12 R
aReactions conducted at room temperature for 5 h in hexane using Et2N 2 mmol, ligand 0.05 mmol, aldehyde 1 mmol; ee determined by GC.

Scheme 2. Diethylzinc Addition to Aldehydes Using a
Napthol Dicarboxamide Ligand

Figure 2. 1,1′-Bi-2-naphthol-3,3′-dicarboxamide ligands.

Scheme 3. Alkylation of Phenyl Propargyl Aldehyde

Figure 3. Isoborneol-based hydroxyamides and amino alcohols
studied.

Figure 4. Possible conformations of the C2-symmetric zinc dialkoxide
catalyst, 10, and the C1-symmetric 11.
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can be explained by the loss of the usually advantageous
C2 symmetry14,16 by the metallocatalyst formed in the case of
8b, which is similar in structure to 11 and gives similar results.
It has been proposed, for a number of reasons, that transition

metal complexes derived from C3-symmetric ligands have
even greater potential for asymmetric catalysis than their
C2-symmetric counterparts.18 Here, the C3-symmetric ligands
7a and 7b promote the reaction poorly. The low
enantioselectivity can be explained by the possible coexistence
of different catalytic species due to multiple coordination sites
in these ligands.
More recently, a paper by the same author19 screened a

selected library of ketopinic acid-derived C2-symmetric bis-
(hydroxyamide) ligands in the enantioselective ethylation of
benzaldehyde (Table 2). These ligands included previously
reported 8a and 9a14 and Uangs’s 12 and 13 (Figure 5).20,21

Of note is the catalytic efficiency of aprotic over protic amide
ligands and also that the bis(hydroxyamides) with shorter
spacers (2-carbon length) between the amide N's are superior
to those with longer spacers. The ligands with longer spacers
should form dimetallic, nontetrahedral, C1-symmetric Zn
catalysts similar to 11. It follows that their catalytic behavior
would be similar to less efficient C1-symmetric catalysts derived
from C1-symmetric hydroxyamide ligands (5a−7a, Table 1).
The catalytic behavior of all the studied aprotic amide-based
ligands demonstrates that both the length and the conforma-
tional flexibility of the diamine spacer are key structural factors
controlling the catalytic activity. The effect of conformational
flexibility is evident in the decreased selectivity of 9a.
The poor efficiency of the protic amide ligands was explained

by the formation of bimetallic zinc catalysts as a result of
deprotonation of the amides and subsequent O/N zinc
chelation, which leads to competitive, undesired pro-S
transition states, in contrast to the zinc-centered catalyst 10.
The most efficient ligands, 8a, 16, and 17, were tested in the

ethylation of different benzaldehydes, bearing electron-with-
drawing or -donating groups to influence their reactivity. Under
the optimized conditions (0.02 mol % ligand), the reactions
occurred with moderate to excellent yields and enantioselectiv-
ities (73−97% ee and 71−92% yield).

Velmathi et al. developed chiral β-hydroxyamide 19 (Figure 6),
synthesized from (1S,2R)-(+)-norephedrine and furoic acid,22 and
applied it to catalyze the enantioselective ethylation of aromatic
and heteroaromatic aldehydes to secondary alcohols.
During initial optimization studies with the ligand in the

asymmetric addition of diethylzinc to benzaldehyde, it was
found that the reaction temperature and ligand concentration
had a significant influence on the efficacy of the catalyst. The
results indicated that 0 °C, 10 mol % of the 19 in toluene, and
reaction times of 24 h were the best conditions to obtain the
highest enantioselectivity. To study the effect of Ti(OiPr)4 as a
promoter23 in this catalytic system, the diethylzinc addition to
benzaldehyde was carried out in the presence of Ti(OiPr)4, and
(R)-1-phenyl propyl alcohol was formed in 99.8% ee with 90%
yield.22 This performance is identical to the reaction without
promoter, the use of which does not seem to be beneficial in
the case of this ligand.
The ligand’s performance was further studied in the

asymmetric diethylzinc addition to other substituted benzalde-
hydes, salicylaldehydes, and heterocyclic aldehydes without the
addition of Ti(OiPr)4 (Table 3).
The performance of the catalytic system was good in terms of

both yield and selectivity across a variety of aldehyde starting
materials. The three final entries in Table 3 along with that for
p-methoxybenzaldehyde show dramatically reduced selectivity.
The authors speculate that this altered performance is due to
coordination of the additional oxygens or nitrogens in the
substrates to the zinc species.

Table 2. Performance of Ligands in the Enantioselective
Diethylzinc Addition to Benzaldehyde19,a

1-phenylpropan-1-ol

ligand yield (%) ee (%) dominant configuration

8a 97 90 R
9a 92 73 R
12 43 24 R
13 45 24 R
14 25 40 R
15 62 52 R
16 95 94 R
17 99 86 R
18 65 10 R

aReactions conducted at room temperature for 5 h in hexane using
Et2N 2 mmol, ligand 0.05 mmol, aldehyde 1 mmol; ee determined by
HPLC, and yield, by GC.

Figure 5. Ketopinic acid-derived bis(hydroxyamide) ligands.

Figure 6. Chiral β-hydroxyamide 19 derived from from (1S,2R)-
(+)-norephedrine.
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The proposed catalytic cycle for the addition of diethylzinc to
benzaldehyde catalyzed by 19 is shown in Figure 7. In the first
step, the 19 reacts with diethylzinc to yield monomeric
alkylzinc complex. This alkoxide can subsequently form a
monoalkoxide diethylzinc complex by reaction with another
equivalent of diethylzinc. Coordination of the reacting aldehyde
followed by alkyl group transfer ultimately leads to the product.
To account for the preferential formation of the R-isomer in

the addition of diethylzinc to the substrate aldehydes using 19
as catalyst, possible transition state assemblies were proposed
by the authors, as shown (Figure 8). They propose that the
phenyl group present in the ligand exerts a steric effect with the
phenyl group in benzaldehyde, thus favoring transition state I
over state II during the reaction. Due to the steric influence of
the phenyl groups, the ethyl group of the second coordinating
diethyl zinc molecule can only approach the reface of the
aldehyde. No molecular modeling is presented in support of
this hypothesis, and it is not completely clear from the
diagrammatic representation, but it does fit with the observed
results

O’Leary et al. applied new L-pyroglutamic acid-derived chiral
hydroxy amide ligands 20a−c and 21 (Figure 9) in the
enantioselective addition of diethylzinc to benzaldehyde (Table 4).25

In all cases, conversion was high, but a significant enantioselectivity
was achieved only in the case of ligand 21, where an ee of 74% was
achieved.

Testa and co-workers reported the synthesis of polydentate
oxalamide-based ligands26 (Figure 10) and their use as chiral
catalysts for the enantioselective addition of diethylzinc to
benzaldehyde. The results showed moderate induction of
enantioselectivity (up to 67% for 23b) and moderate to good
yields (up to 85% for 22a).

Table 3. Diethylzinc Addition to Different Aldehydes Using
19 and No Promoter24,a

aldehyde yield (%)
ee
(%)

dominant
configuration

benzaldehyde 90 99.8 R
o-nitro benzaldehyde 70 68 R
m-nitro benzaldehyde 82 95 R
p-nitro benzaldehyde 92 85 R
p-methoxy benzaldehyde 90 30 R
p-methyl benzaldehyde 90 76 R
p-chloro benzaldehyde 95 99.8 R
salicylaldehyde 23 99.8 R
5-chloro salicylaldehyde 46 99 R
4-hydroxy 3-methoxy
benzaldehyde

20 20 S

pyrrole-2-carboxaldehyde 99 53 R
furfural 96 10 R
aReactions conducted at 0 °C for 24 h in toluene using Et2N 2 mmol,
ligand 0.1 mmol, aldehyde 1 mmol; ee determined by HPLC; yields
are isolated yields.

Figure 7. Catalytic cycle for the addition of diethylzinc to
benzaldehyde catalyzed by 19.24

Figure 8. Transition state models I and II for 19 as a catalyst.24

Figure 9. L-Pyroglutamic acid-derived chiral hydroxyamide ligands and
their use in an alkylation reaction.

Table 4. Titanium-Promoted Alkylation Using
Hydroxyamide Ligands 20a−c and 2125,a

ligand yield (%) ee (%) dominant configuration

21 90 74 R
20a 88 5 R
20b 82 24 R
20c 79 6 R

aReactions conducted at room temperature for 18 h in CH2Cl2 using
Et2Zn 2 mmol, Ti(OiPr)4 0.2 mmol, ligand 0.1 mmol, aldehyde
1 mmol; ee determined by HPLC; yields are isolated yields.

Figure 10. Polydentate oxalamide-based ligands.
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Pedro and co-workers had reported the synthesis of 22a−b
prior to Testa, along with other novel chiral tetradentate
bis(amino alcohol) oxalamides with C2 symmetry: 24, 25, 26a−
b, 27 (Figure 11).27 This group applied all of these ligands to
the enantioselective addition of diethylzinc to benzaldehyde
(Scheme 4). Pedro’s results were poorer than Testa’s, with
enantioselectivities of 39% and 12% for 22a and 22b, compared
with 60% and 23% for Testa. The difference was probably due
to the difference in the amount of ligand used in the reaction
(Pedro, 20 mol %; Testa, 25 mol %) and also the solvents used.
Testa performed the reactions in toluene, as opposed to DCM.
This is in accordance with previous results in which toluene was
found to be the most appropriate solvent for this reaction.
Ligand 25 was found not to be very selective, which was
attributed to mismatching in the asymmetric induction caused
by the two stereogenic centers in the molecule. Ligand 27 gave
very poor reactivity and no selectivity, which the authors point
out is unexpected, given the reported preference of titanium for
co-ordinating groups with a 1,3 separation.28 Ligand 26a was
found to perform best in this reaction and was used in the

diethylzinc addition to a range of different aldehydes, both with
and without the addition of Ti(OiPr)4 (Table 5).27

With the exception of benzaldehyde, the presence of titanium
isopropoxide increased both the yield and enantioselectivity of
the reaction. In all cases, opposite configurations of product
were obtained, depending on the presence or absence of
Ti(IV). This shift in configuration of the product is thought to
be due to a different reaction pathway, when titanium is
present, involving dinuclear metal complexes of both titanium
and zinc atoms as the active catalyst.

The same group described the enantioselective addition of
dimethyl and diethylzinc to aromatic and aliphatic aldehydes
using easily prepared mandelamide ligands 28a−f (Figure 12)
and titanium isopropoxide, which was necessary for promotion
of the reaction.30 Ligands 28a and 28e were the most effective
for dimethylzinc addition (up to 85% yield and 78% ee),
whereas ligand 28d performed best in diethylzinc addition
(94%, 86% ee). In the case of dimethylzinc addition to aromatic
aldehydes, electron-withdrawing groups on the para position
were found to decrease the enantioselectivity dramatically, and
electron-donating groups promoted it. The electronic character
of ortho and meta substituents generally had no substantial
effect on enantioselectivity. Ortho substituents, regardless of
electronic character, caused a dramatic decrease in enantiose-
lectivity, indicating the importance of steric hindrance near the
reaction center.
The S configuration was the dominant stereochemical

outcome for both alkylzinc additions for each of the
mandelamide ligands. Two bimetallic, Ti(IV) transition state
structures, related to previously proposed structures for the
addition of dialkylzinc to carbonyl compounds, were described
to explain the observed stereochemistry (Figure 13). In both,
the carbonyl of the aldehyde is coordinated to an octahedral Ti,

Figure 11. Tetradentate bis(amino alcohol) oxalamides.

Scheme 4. Application of Polydentate Oxalamide-Based
Ligands to an Alkylation Reaction

Table 5. Diethylzinc Addition to a Range of Different Aldehydes Using Ligand 26a, Both with and without the Addition of
Ti(OiPr)4

29

aldehyde yielda eea dominanta configuration yieldb eeb dominantb configuration

benzaldehyde 81 58 (S)-(−) 92 61 (R)-(+)
p-methoxybenzaldehyde 60 36 (S)-(−) 26 38 (R)-(+)
p-chlorobenzaldehyde 74 60 (S)-(−) 21 30 (R)-(+)
p-bromobenzaldehyde 41 58 (S)-(−) 54 50 (R)-(+)
p-trifluoromethylbenzaldehyde 89 56 (S)-(−) 36 20 (R)-(+)
p-nitrobenzaldehyde 54 46 (S)-(−) 12 5 (R)-(+)
p-cyanobenzaldehyde 77 50 (S)-(−) 6 53 (R)-(+)
o-methylbenzaldehyde 19 31 (S)-(−) 10 10 (R)-(+)
decanal 82 66 (S)-(−) 50 41 (R)-(+)
dihydrocinnamaldehyde 79 74 (S)-(−) - - (R)-(+)
cyclohexanecarboxyaldehyde 85 78 (S)-(−) 80 67 (R)-(+)
2-butylhexanal 35 42 (S)-(−) (R)-(+)

aReactions conducted at 0 °C for 24 h in CH2Cl2 using Et2Zn 3 mmol, Ti(OiPr)4 1.4 mmol, ligand 0.2 mmol, aldehyde 1 mmol; ee determined by
HPLC; yields determined by HPLC. bAs a, except no Ti(OiPr)4.

Figure 12. Mandelamide ligands.
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and its Si face is exposed to attack from an alkyl group on the
second Ti atom. Stabilization for the structure should be
provided by hydrogen bonding between the ligand O and the
aldehyde H, similar to that described in previous studies,31−33

and by π-stacking between the aryl aldehyde and the phenyl
group of the ligand. Where either aromatic group is missing, for
example, with an aliphatic aldehyde, the stereoselectivity of the
reaction is reduced, which supports this argument.
Hydroxyamide ligands have also been used to catalyze the

enantioselective addition of dimethylzinc to α-ketoesters. Pedro
et al. have applied ligands 28a−f to this reaction without the
need for an additional Lewis acid promoter (such as titanium
isopropoxide).35 The additional problem with the reaction of
dialkylzinc with α-ketoesters is the competing background
addition. Unlike with aldehydes and ketones, the uncatalyzed
reaction of Et2Zn with α-ketoesters is fairly rapid. The chiral
catalyst must thus have significant activity; otherwise,
uncatalyzed background reaction will reduce overall selectivity.
This study based its ligand design on the likelihood that in
competition between the chiral ligand and the substrate to
coordinate the zinc metal ion, the chiral ligand−Zn complex
may be favored by increasing the electron-donating ability of
the ligand. This would favor the enantioselective reaction over
the achiral background reaction.

They found their results supported this hypothesis. Under
the optimized conditions, the best-performing ligand 28a
catalyzed the addition of dimethylzinc to α-ketoesters having
aromatic and heteroaromatic substituents with good yields and
ee’s from moderate (62%) to high (90%) (Scheme 5). It was
found that the presence of electron-donating groups on the
aromatic ring increases the enantioselectivity of the reaction.
Wang and co-workers reported the use of γ-hydroxyamide,

(1R,3S)-N-benzyl-3-(hydroxymethyl)-2,2-dimethylcyclopropane-
carboxamide 29 (Figure 14) in the same reaction.36 Under
the optimized conditions, a series of α-ketoesters were exami-
ned for the enantioselective Me2Zn additions in the presence of
29. The corresponding products were obtained in good yield
(60−87%) and moderate enantioselectivities (41−81%).
Du and co-workers developed a series of tris(β-hydroxyamide)

ligands 30a−k and 31a−c used in the asymmetric addition of

diethylzinc to benzaldehyde in the presence of Ti(OiPr)4
(Figure 15).37 Ligand 30d was the most efficient for this
reaction, giving (R)-1-phenylpropan-1-ol in 99% yield and
47% ee.
As indicated in the initial introduction, historically the ligands

most commonly used in the catalysis of alkylation reactions of
this type are amino alcohols, which have been used in this
context since the early 1980s. Their performance has been
reviewed by Pu.38 Hundreds of such ligands have been
reported, and high selectivity and activity outperforming the
hydroxyamides discussed here is observed in most cases.
However, given the relatively few reports of the use of
hydroxyamide ligands and the excellent performance of some
ligands, such as 19, it is clear that hydroxyamide ligands are
excellent prospects for these alkylation reactions.

■ ACETYLENE ADDITION
The enantioselective alkynylation of aldehydes as a method for
the synthesis of chiral nonracemic secondary propargylic
alcohols is highly convenient, leading to C−C bond formation
and stereogenic center formation in one step. Propargylic
alcohols are synthetically versatile intermediates with a
heteroatom and alkyne center, which has resulted in their use
in the efficient synthesis of many natural products and
pharmaceuticals.39−41

Among the catalytic methods developed for this reaction, the
addition of terminal acetylene to aromatic aldehydes is
currently considered to be the most practical. Very few chiral
ligands that give good activity and selectivity in the catalytic
asymmetric alkynylation of aliphatic and vinyl aldehydes have
been reported. Carreira reported the use of Zn(OTf)2 and a
catalytic amount of (+)-N-methyl ephedrine with an amine
base gave good activity and stereoselectivity in the addition of
terminal acetylides to aliphatic aldehydes.42 A titanium-based
complex of BINOL has been used by Pu’s group with good
success.43 An indium(iii) complex of BINOL also formed the
basis of a successful system.44 A number of amido alcohol
ligands have been used in these reactions with good success.
Du’s ligands 30a, 30b, 30e, and 30f were used in the catalytic

asymmetric alkynylation of aldehydes.45 In initial screening of
the enantioselective addition of phenylacetylene to benzalde-
hyde, it was found that the use of diethyl zinc, Ti(OiPr)4 as an
additive and one of the ligands 30a, 30b, or 30f gave the
corresponding (R)-propargyl alcohol in <20% ee. Promisingly,
ligand 30e gave the S-enantiomer in 85% yield and 78% ee. By
fine-tuning the proportion of 30e/Ti(OiPr)4 to a ratio of 1:7,
the result was improved, providing the (S)-propargyl alcohol in
84% yield and 87% ee. The application of these metal
complexes to other substituted benzaldehydes demonstrated
their toleration of both electron-withdrawing and electron-
donating groups to give products in high yields and
enantioselectivities (Scheme 6).
The C1- and C2-symmetric ligands 32 and 33 (Figure 16) were

synthesized, and their catalytic activity in the enantioselective
addition of phenylacetylene to benzaldehyde was evaluated

Figure 13. Two bimetallic, Ti(IV) transition state structures described
to explain the observed stereochemistry.34

Scheme 5. The Application of Ligand 28a to the Alkylation
of α-Ketoesters

Figure 14. γ-Hydroxyamide 29.
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against tris(β-hydroxyamide), 30e. Under the same optimized
conditions used for 30e, the catalysts formed from 32 and 33
resulted in yields of 86% and 82% and ee’s of 51% and 62%,
respectively. Increasing the catalytic amount of ligand had no
appreciable effect on enantioselectivity, demonstrating the efficacy
of C3-symmetry for this particular ligand type and reaction.

Blay and Pedro have reported that (S,S)-mandelamide
28c (Figure 16) could catalyze the asymmetric additions of
aryl-, alkyl-, and silylalkynylzinc reagents to aromatic and
heteroaromatic aldehydes with good yields (up to 94%) and
good enantioselectivities (up to 92% ee).46,47 It is noteworthy
that to improve the enantioselectivity of the reaction, the
authors preformed the alkynylzinc reagent in the presence of
the ligand prior to the addition of aldehyde. It was necessary to
heat phenylacetylene with dimethylzinc at 70 °C in toluene in
the presence of 28c and then to add the aldehyde at 0 °C,
which is different from the procedure described by Pu in the
initial work in this area,48 in which the ligand is added into the
system after the formation of alkynylzinc reagent. In this case,
the amount of dimethylzinc used also proved critical, leading the

authors to speculate that it must be involved in the deprotonation
of the ligand at 70 °C, a process that is not achieved by the
alkynylzinc reagent at the lower temperature used in Pu’s method.
This study did not use Ti(OiPr)4 as an additive to avoid the side
reaction in which the aldehyde is alkylated.

Hui et al. reported the facile synthesis of β-hydroxyamide
ligands 34a−35c and 35 (Figure 17) from chiral amino alcohols
and the application of their titanium(IV) complexes to the
enantioselective addition of phenylacetylene to aromatic and
aliphatic aldehydes in the presence of diethylzinc at room
temperature.49 Ligand 34b proved to be by far the most
efficient, consistently affording high yields (up to 96%) and ee’s
(up to 97%). The ligand was used in relatively large amounts
(20 mol %), and the ligand performance was found to be
adversely affected by the introduction of less flexible aromatic
groups alpha to the hydroxyl group and nonaromatic groups at
R1. The titanium tetraisopropoxide/ligand ratio was also found
to be critical to the enantioselectivity, 3:1 being the best ratio.
One such ligand was immobilized on amorphous silica gel

using Seebach’s strategy,50 to afford silica-immobilized ligand
36 (Figure 18).51 Ligand 36 was used in the asymmetric
addition of phenylacetylene to aromatic aldehydes to afford the
propargylic alcohols (Table 6).
The isolated yields were high (84−95%), and good

enantioselectivities (69−81%) were achieved by using silica-
immobilized chiral ligand 36. The best enantioselectivity (81% ee)
was obtained in the alkynylation of 2-naphthaldehyde. The
performance in terms of enantioselectivity and conversion,

Figure 15. Du’s C3-symmetric tris(β-hydroxyamide) ligands.

Scheme 6. Enantioselective Addition of Phenylacetylene to
Aldehydes Catalyzed by 30e

Figure 16. Symmetric and nonsymmetric ligands.

Figure 17. Hydroxyamide ligands prepared by Hui and used in the
addition of phenylacetylene to aldehydes.
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while good, does fall short of that obtained with the
homogeneous system. The reusability of silica-immobilized
ligand 36 was checked by using benzaldehyde as a
representative substrate. After each catalytic cycle, ligand 36
was recovered and dried for the next catalytic cycle. A small
reduction in yields (95−86%) and enantioselectivities (78−
75%) was observed over five runs.

Hui and Xu reported the synthesis of new C2-symmetric
bis(hydroxyamide) ligand 37 and ligand 38 (Figure 19) and
their use in the asymmetric addition of alkynylzinc reagents to
aldehydes.53

Ligand 37 proved to be an effective ligand for the Ti(OiPr)4
catalyzed addition of phenylacetylene to a variety of aldehydes,
providing high yields (82−94%) and enantioselectivities (87−
98%) for aromatic aldehydes and more moderate yields (83−
87%) and selectivities (52−67% ee) for aliphatic aldehydes
under the optimized reaction conditions. Ligand 38 was used to
investigate whether each hydroxyamide moiety in the bis-
(hydroxyamide) 37 could act as an independent coordinating
ligand in the alkynylzinc addition reaction. It was applied to the
enantioselective addition of phenylacetylene to benzaldehyde,
providing the desired propargylic alcohol in good yield and
78% ee under the same conditions used for 37, and under
slightly altered conditions, enantioselectivities of up to 94%
were achieved. The authors assert that this means the
hydroxyamide units can act as independent ligands, which is

supported by their previously reported similar result with the
mono hydroxyamide ligands.
In an effort to develop new hydroxyamide ligands with

greater efficiency in catalyzing the asymmetric alkynylzinc
addition to aliphatic and vinyl aldehydes Xu reported novel
L-tyrosine-derived ligands 39a−c (Figure 20).54 Ligand 39b
proved to be the best in optimization studies in which phenyl-
acetylene was added to n-butyraldehyde.

The generality of the success of ligand 39b in the asymmetric
phenylacetylene addition to aliphatic and vinyl aldehydes was
examined using Ti(OiPr)4 as a promoter under the optimized
reaction conditions, and the results are summarized in Table 7.
The chiral propargyl alcohols could be obtained in 88−96% ee
for aliphatic and vinyl aldehydes. Aliphatic aldehydes with bulky
groups gave slightly lower enantioselectivities. The catalytic
system was also tested with the typical aromatic aldehydes, for
example, benzaldehyde, which proceeded smoothly to give the
product in 85% yield and 92% ee.

In an effort to develop recyclable ligands, Hui and Xu
reported the synthesis of polymer-supported chiral β-hydroxy
amides and C2-symmetric β-hydroxy amides (Figure 21) and
successfully used them for the titanium-promoted enantiose-
lective addition of phenylacetylene to aldehydes.56

C1-symmetric monomer 40 was chosen as a model ligand for
the system and, when applied to the asymmetric addition of
phenylacetylene to benzaldehyde, gave 1,3-diphenylprop-2-yn-
1-ol in 85% yield and 89% ee. A polymeric version of this

Figure 18. Covalently immobilized hydroxyamide ligand.

Table 6. Asymmetric Addition of Phenylacetylene to
Aromatic Aldehydes Using the Immobilized Ligand 3652,a

aldehydes yield (%) ee (%)

benzaldehyde 95 78
2-chlorobenzaldehyde 87 69
3-chlorobenzaldehyde 86 74
4-chlorobenzaldehyde 84 72
4-tolualdehyde 89 70
2-naphthaldehyde 93 81

aReaction conducted in toluene at room temperature for 18 h. Ligand
0.2 mmol, Ti(OiPr)4 0.6 mmol, ZnEt2 3 mmol, phenylacetylene 3 mmol,
ArCHO 1 mmol. Yields are isolated yields; ee’s determined using HPLC.

Figure 19. Ligands used by Hui and Xu in the asymmetric addition of
alkynylzinc to aldehydes.

Figure 20. L-Tyrosine-derived ligands 39a−c.

Table 7. Asymmetric Phenylacetylene Addition to Aliphatic
and Vinyl Aldehydes Using Ligand 39b and Ti(OiPr)4 As a
Promoter55,a

aldehydes yield (%) ee (%) dominant configuration

propioaldehyde 75 90 R
n-butyraldehyde 85 91 R
isobutyraldehyde 87 92 R
3-methylbutanal 83 90 R
n-heptanal 80 91 R
pivaldehyde 81 88 R
cyclohexanaldehyde 81 88 R
2-phenylacetaldehyde 79 94 R
trans-cinnamaldehyde 83 96 R
acrylaldehyde 71 90 R
(E)-but-2-enal 86 90 R
benzaldehyde 85 92 R

aReaction conducted in toluene at room temperature for 18 h. Ligand
0.2 mmol, Ti(OiPr)4 0.6 mmol, ZnEt2 3 mmol, phenylacetylene 3 mmol,
ArCHO 1 mmol. Yields are isolated yields; ee’s determined using HPLC.
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monomer was obtained by copolymerization with other styrene
type monomers. When the polymer-immobilized ligand 41a
was used (20% loading), the product was isolated in 80% yield
and an ee of 88% using 30 mol % of the ligand and a 3.5:1 ratio
of Ti(OiPr)4 to ligand. Polymer 41b, with a lower ligand
loading of 10% and 20 mol % ligand gave the enantioenriched
product in 87% ee with a yield of 85%. These results are
comparable to that obtained with the nonimmobilized ligand.
The polymeric 41b was also tested in the reaction of a variety
of other aromatic and aliphatic aldehydes, giving consistent
reactivity and selectivity.
This group also immobilized the ligand on a Merrifield resin

to give 42; however, the titanium-promoted reaction using
20 mol % of the ligand gave the propargyl alcohol in only 58%
yield and 49% ee. The poorer performance in this case is

attributed to interference between adjacent catalytic sites, given
the loading was 98%.
C2-symmetric monomers and their polymer-supported

analogues were also applied to the titanium-promoted addition
of phenylacetylene to benzaldehyde. Use of monomer 43 led to
good catalytic activity with a yield of 93% and an ee of 92%.
The polymeric ligands 44a and 44b were also tested in the
same reaction and found to have moderate activities, with yields
of 66% and 83% and ee’s of 56% and 78%, respectively. The
authors attributed the reduced reactivity with these ligands
compared with 41b to their higher mechanical robustness,
leading to reduced ability to swell. Polymer-supported ligand
45 also provided moderate results, with a yield of 80% and an
ee of 74%.

Figure 21. C1 and C2-symmetric monomers and their polymer-supported analogues.
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The reusability of the ligand 41b was examined with
benzaldehyde as the substrate. The resin was reused three
times to afford 1,3-diphenylprop-2-yn-1-ol in high yields with
enantioselectivities decreasing from 87% to 80%.
O’Leary et al. applied amide ligands 22a−c and 23 in the

titanium isopropoxide-promoted enantioselective addition of
phenylacetylene to benzaldehyde. Conversions were high
(from 78 to 89%); however, the enantioselectivities were low
(11−34%).25
Wang reported the application of ligands 46a−f (Figure 22)

derived from the L-Phe-based N-CBZ-protected dipeptides in
the asymmetric addition reaction of phenylacetylene to
acetophenone (Table 8).57 The alkynylzinc reagents were
generated in situ from phenylacetylene with diethylzinc at room
temperature. There were no additional metal promoters in the
asymmetric addition reaction.

Ligands 46a and 46f gave good yields of the desired
product, but only 46f gave a satisfactory ee of 72%. Under the
optimized reaction conditions, ligand 46f was employed to
induce the enantioselective addition of phenylacetylene to
various aromatic ketones. The enantioselectivities were up to
91% ee, and yields up to 90% were obtained. Under the same
conditions, ligand 46f was used in the addition of phenyl-
acetylene to the aliphatic ketone isopropyl methyl ketone.
The enantioselectivity was found to be 54% ee with a yield
of 80%.
As indicated earlier, very few chiral ligands, apart from these

hydroxyamides, have been reported that give good activity and
selectivity in this reaction.42−44 The better ones that have been
reported have tended to give the products in ee’s in or around
90%, with some examples using BINOL reaching 99% ee. The
activity of the reactions using these ligands has been poorer,

with yields typically between 70 and 80%. The hydroxyamides
discussed herein compare very favorably in performance.
Notably, in all cases, hydroxyamide and other catalyst loading
is high, typically 20 mol %, with only one example for which a
hydroxyamide was used in 10 mol %. This catalyst loading is an
impediment to their wider use, and catalysts of greater activity
are needed.

■ ASYMMETRIC TRANSFER HYDROGENATION
REACTION

The asymmetric transfer hydrogenation reaction, using 2-propanol
or formic acid as hydrogen source, is an extremely mild reduc-
tion method and has been the focus of much research.58−61 The
use of Ru(II) complexes of chiral amino alcohols or diamines
has been highly successful in this area. Adolfsson had studied a
range of amido oxazolines as ligands for ruthenium and used
the resulting complexes with very limited success;62 however,
the precursor amido alcohols proved to be effective ligands, and
the resulting catalysts gave encouraging selectivity in the trans-
fer hydrogenation reaction (Figure 23). Where the R group was
a phenyl group, the reactivity was low, but the selectivity was
good. Other stereoisomers of 48 gave better activity, but yields
remained below 80%. The importance of both stereocenters
was tested by using the glycine derivative 47, which was less
selective than 48, and thus, it was apparent that both centers
had an influence of the stereochemistry of the outcome.

The Boc protection of the N terminus of the peptidic ligand
proved crucial because the deprotected ligands showed no
catalytic activity. They also determined that the ruthenium
precursor with p-cymene gave catalysts of similar activity to the
less hindered ruthenium benzene precursor; however, selectiv-
ity was superior when the former was used. Reduction of other
acetophenones was also achieved, with a notable increase in
conversion when the aromatic group bore electron-withdrawing
groups with no decrease in selectivity.

Figure 23. Initial study on the application of hydroxyamides to the
transfer hydrogenation reaction.

Figure 22. Ligands 46a−f derived from the L-Phe-based N-CBZ-
protected dipeptides.

Table 8. Use of Ligands 46a−f in the Alkynylation
Reaction57,a

ligand yield (%) ee (%)

46a 85 10
46b 72 10
46c 66 6
46d 76 15
46e 43 5
46f 72 72

aReaction conducted in CH2Cl2 at room temperature for 24−48 h.
Et2Zn/phenylacetylene/ketones/ligand ratio was 3.0:3.0:1.0:0.1. Yields
are isolated yields; ee’s determined using HPLC.

Figure 24. Range of ligands applied to transfer hydrogenation
reaction.
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This initial study was followed by a larger one in which 45
dipeptide amido alcohol ligands (Figure 24) were prepared.63

In addition, the N-terminal protection was investigated using a
variety of protecting groups and none. Ligands with two
stereocenters gave lower activity. The most active ligands were
those derived from phenylglycine and 2-aminoethanol, though
these proved disappointing with regard to stereoselectivity.
They also found that some diastereomeric ligands gave dram-
atically different activity, indicating a matched−mismatched
situation.
The ligands gave almost universally high stereoselectivity

(>85% ee). The amino alcohol was found to influence the
stereoselectivity when no chiral center was present on the
aminoacid portion. However, where there was a chiral center
on the amino acid residue, this determined the absolute
configuration of the product.
The protecting group on the nitrogen proved very important.

They studied a number of ligands (Figure 25) and discovered
that the nitrogen did need to be protected or the catalyst
became inactive and the only protecting groups that worked
were the carbamate protecting groups (with the exception of
Fmoc). The carbamate protecting groups Boc, Alloc, and Z
proved to give similar conversion and selectivity (78−81%
and 93−95%ee). The free hydroxyl is also critical because
O-methylation gave a very poor catalyst.

A second generation of the catalysts focused particularly on
the use of chiral secondary alcohols, leading to ligands such as
49.64 Thirty-six similar ligands were studied, and in the
standard reduction of acetophenone, a catalyst derived from 49
gave superior activity (90%) and selectivity (96% ee). A
number of other ligands gave similarly good results. The
selectivity is again largely controlled by the configuration of the
amino acid residue, but they also report a definite match−
mismatch situation in which the amino alcohol configuration is
varied. This paper gives a number of experimental details that
ultimately aided with the proposal of a mechanism. Three
equivalents of base is required, and the best results are achieved
with a 1:1 ligand/Ru ratio.

Thioamide-based ligands such as 50, when used in cataly-
sis in combination with either ruthenium or rhodium sources,
gave opposite selectivity to the related amide ligands.65

Interestingly, although in both cases, the reversal of selectivity
was observed, with ruthenium, the amide was more selective,
whereas with rhodium, the thioamide ligand gave the greater
selectivity.
Where the ligands were generated from the 1,2-disubstituted

amino alcohols, they showed very poor activity,64,66 and when a
chiral tertiary alcohol was incorporated into the ligand, the
resulting complex was not an effective catalyst .67

In a communication in 2005, Adolfsson reported the in situ
formation of the hydroxyamide from N Boc-protected
aminoacid nitrophenylester and an amino alcohol (Figure 26).68

The ligands−ruthenium complex, formed in the same pot by
addition of the base and ruthenium source, was then used in the
transfer hydrogenation reaction, giving results comparable to
the catalysts generated by the conventional manner. The ligand
shown in Figure 26 was the most successful.
Over the years, a number of closely related theories have

been presented as to the mechanism of the asymmetric transfer
hydrogenation catalyzed by ruthenium complexes of these
amido alcohols. Most of the early theories were based on the
mechanism described by Noyori for amine type systems.69

More recently, three comprehensive studies by Adolfsson have
brought some clarity to the situation.70−72 The proposed
mechanism is supported by the observation that the alkali
cation has an effect on the reaction selectivity, with lithium
being the best cation. The reaction must involve a fairly tight
catalytic complex because when the ion was enlarged by using
sodium or potassium with or without a crown ether or lithium
in combination with a cryptand, the selectivity dropped. The
effect of the crown ethers or cryptand is to further increase the
size of the cation, loosening the complex, leading to lower
selectivity. With already selective ligands, the ion effect on
selectivity was small, but using lithium as the anion with ligands
that performed poorly with other anions increased the ee by up
to 40%. Where the second generation ligands are used in
combination with lithium, the alcohol configuration was found
to have a greater influence on the stereochemical outcome of
the reaction, which otherwise is dominated by the amino acid
residue, indicating an interaction between the lithium and the
alcohol during the reaction. The mechanism was then
developed with support from DFT calculations and work on
the kinetics, including kinetic isotope effect experiments
(Scheme 7).
Structure activity studies indicated all of the ligand

functionalities interact with the ruthenium center in the initially
formed complex 51. As previously indicated, 3 equiv of base is
optimum, and <2 equiv results in virtually no activity. Adolfsson

Figure 25. Ligands prepared to study the importance of the protecting
group and SAR’s.

Figure 26. One-pot catalyst preparation and use.68
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thus concluded that two of the sites (alcohol and amide) are
deprotonated by the isopropoxide base present in the ATH
reaction mixture. The carbamate binds in a neutral fashion.
The third equivalent of base is involved in a different process
because if the carbamate was also deprotonated, an inactive
anionic ruthenium complex would be formed.
As the reaction proceeds, an alkali metal alkoxide interacts

with the catalyst. The release of the ligand alkoxide
coordinating to ruthenium allows the alkali metal ion to be
transferred to the oxygen of the ligand, while the hydride is
transferred to the now vacant coordination site on the
ruthenium leading to 52. The acetophenone enters the
coordination sphere of the bimetallic catalyst through
attraction by the Lewis acidic lithium ion, and once it
coordinates, transfer of the hydride to the activated substrate
can occur via the transition state shown, and the cycle is
completed by proton transfer from the 2-propanol to the
lithium salt of the product. The structure of the postulated
transition state, particularly the CH-π interaction, explains
the high degree of stereoselectivity achieved as it stabilizes
the transition state for the transfer of the hydride.72 It also
accounts somewhat for the better selectivity observed with
these systems in the reduction of alkyl aromatic ketones as
distinct from dialkyl ketones.
Adolfsson has done extensive work on the kinetics of the

reduction process. One interesting discovery during this study
was the fact that the rate of the reaction when conducted in a
solvent mixture (IPA and THF) was not directly dependent on
the concentration of the hydrogen donor. Indeed, the initial
reaction rate in the reduction of acetophenone was found to be
at a maximum in a mixed solvent with IPA at 6.4 M
concentration.72 They speculated that one possible reason for
this rate change was the altered polarity of the system that uses
THF, which may make key components taking part in the
reaction more soluble. This discovery was then exploited in the
reduction of a variety of acetophenones that were previously
difficult substrates with catalyst 51. Some of the reported
reductions are shown in Table 9. It is interesting to note that

the catalyst loading in these cases has been reduced to 0.5 mol
% from the previously used 1 mol %, but it still gives good
activity and selectivity.
This area of asymmetric transfer hydrogenation reactions is a

very active area of research, as illustrated by the recent review.58

It is clear from that review that there are very many good
catalytic systems to effect these transformations based on
ruthenium, iridium, and rhodium along with ligands with
amine, sulfonylamide, amino alcohol, oxazoline and various
types of phosphorus-based functional groups. It is also clear
that these hydroxyamide-based catalytic systems perform very
well in comparison with the other reported systems. The yields
are still in need of improvement, but the selectivity, particularly
with the more challenging acetophenones shown in Table 9,
compares very well with other catalytic systems.

■ ASYMMETRIC BORANE REDUCTION

Du et al. reported the use of C3-symmetric, tripodal ligands in
the asymmetric borane reduction of prochiral ketones.73 Under
the optimized reaction conditions, ligand 30k was found to be
the best ligand, and it was applied to the asymmetric borane
reduction of a variety of aromatic and aliphatic ketones.
As the results summarized in Table 10 show, high yields and

enantioselectivities (up to 97%) were obtained for prochiral
ketones containing electron-donating or electron-withdrawing
groups, except 3,5-dinitro acetophenone (Table 10, entries 1−9).
A slightly decreased ee was obtained with a substituent at the
ortho position, probably as a result of the steric effect (entry 7).
Reduction of the aliphatic ketone 3,3-dimethylbutan-2-one was
also achieved in high enantioselectivity.
In contrast, much lower enantioselectivity (11%) was

obtained in the reduction of acetophenone in the presence of
the amino alcohol analogue of 30K; namely, 53 (Figure 27).
This result indicates that the amido group is important for the
catalyst enantioselectivity and, indeed, that reduction of the
amide of the ligand is not key to the reaction.

Scheme 7. Proposed Mechanism of the Reaction72
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Du later studied the catalytic activity of a series of
bis(hydroxyamide)s 54a−c and 55 synthesized from diphenyl-
amine-2,2-dicarboxylic acid and chiral amino alcohols (Figure 28).74

The ligands were applied to the enantioselective borane
reduction of 1-acetylnaphthalene using 1.2 equiv of BH3-THF
complex at 50 °C. The activity of the catalytic systems were
good (87−93% yield); however, ligands 54a−c gave poor
selectivities (23−52% ee). Ligand 55 proved the most
stereoselective in the reaction (91% ee) and was applied to a
range of aromatic prochiral ketones under optimized catalytic
conditions (Table 11).

Excellent yields and enantioselectivities were achieved in
the cases of both electron-donating and -withdrawing groups
substituted onto the aromatic ketones. Generally, electron-
deficient ketones gave better results than electron-rich ketones.
The dominant configuration of the product was determined to
be R, except in the case where R1 was 1-naphthyl and R2 was
phenyl. Here, π−π stacking was proposed to influence the
stereochemical outcome more than steric hindrance and give
predominantly the S enantiomer.
C1-symmetric ligand 56 was synthesized to further study the

catalyst system. Its catalytic performance was compared with 55
in the enantioselective reduction of 1-acetylnaphthalene under
the same conditions. The enantioselectivity decreased from 97
to 92% ee, indicating a certain synergy between the two
pyrrolidineamide units in the catalytic complex. The nature of
the catalytic species and a transition state for the reduction
reaction was postulated by the authors to account for the
stereochemical outcome. The catalytic species when ligand 55
is used involves one boron and the ligand with the boron being
coordinated to one NH and bonded to the two oxygens ligand
alcohols. The transition state involves the ketone co-ordinating
to the boron through the carbonyl oxygen, thus bringing the
reaction center into the chiral pocket where it is reduced by
another borane. Presumably, this borane is held in place
by interaction with the carbonyl of the reagent and that
of the ligand. The transition state proposed is not supported
by calculation and, although it is consistent with the chemical
outcome of the reaction, is only a postulation (Figure 29).
Many catalytic systems have been investigated for this type of

reaction.76 Among them, the CBS system developed by Corey
attracts the most attention because it is highly enantioselec-
tive.77,78 In addition to the CBS system, other active catalysts
derived from amino alcohols, such as chiral phosphinamido
alcohols,79 phosphoramido alcohols,80 and sulphonamide
alcohols,81 have also been developed. The hydroxyamide
ligands described here are very competitive with the
previously reported catalytic systems, given their consistently
high activity combined with high enantioselectivity across a
wide variety of substrates with acceptable catalyst loading
(5−10 mol %).

■ SILYLCYANATION

Uang et al. described a highly enantioselective addition of
trimethylsilylcyanide to aldehydes catalyzed by chiral titanium
complexes of hydroxyamide ligands (Figure 30).20,21 In the case
of addition to benzaldehyde, optimum results were obtained
when the reaction was carried out at −78 °C in dichloro-
methane using the complex prepared from 16.5 mol % of ligand
12 and 15 mol % of titanium tetraisopropoxide in the presence
of 4 Å molecular sieves. In the absence of molecular sieves, the
reaction was extremely slow, and no sign of reaction was

Table 9. Asymmetric Transfer Hydrogenation Reaction of
Various Acetophenones Using [Ru 51] Propan-2-ol/THF72,a

aReaction was carried out at 30 °C with {Ru (p-cymene)Cl2}2 0.0125
mmol, LiCl (21.2 mg, 0.5 mmol), propan-2-ol (9.75 mL), ligand
(0.0275 mmol in 0.25 mL propan-2-ol), THF (12.5 mL), substrate 5
mmol, and iPrONa (0.25 mmol in 2.5 mL 2-propanol). [a] isolated
yields, [b] determined by GLC analysis.

Table 10. Asymmetric Borane Reduction of Ketones Using
Ligand 30k73,a

entry R yield (%) ee (%) dominant configuration

1 Ph 96 94 R
2 p-FC6H4 94 97 R
3 p-ClC6H4 91 97 R
4 p-BrC6H4 93 96 R
5 p-MeOC6H4 90 91 R
6 p-NO2C6H4 94 97 R
7 o-MeOC6H4 91 87 R
8 2-naphthyl 94 95 R
9 tert-butyl 99 89 R
10 3,5-NO2C6H4 94 74 R

aReaction was carried out on a 0.5 mmol scale in 2 mL of THF for 1 h,
molar ratio of acetophenone−BH3 = 1:1.2. Yields are isolated yields;
ee’s were determined by HPLC.

Figure 27. Amino alcohol analogue of 30K.
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observed after 24 h at −30 °C. The asymmetric induction
achieved by 12 was high for a range of aromatic (>94% ee) and
aliphatic (>87% ee) aldehydes (Table 12). Ligand 13, a
stereoisomer of 12, gave very poor selectivity in this reaction
(4% ee).

Ligand 57, with vicinal phenyl groups replacing the
cyclohexane moiety in 12, was synthesized, and its catalytic
performance was examined with the same aldehydes. The
enantioselectivities were again excellent and, indeed, better than
with 12 (Table 12). It was proposed that the bulkier phenyl
group increased the energy difference between the two
diastereomeric transition structure orientations, thereby giving
better enantioselectivity. Ligand 58 was synthesized to study
the effect of the chirality of the diamide moiety in 57 in the
enantioselective addition of trimethylsilylcyanide to benzalde-
hyde. The enantioselectivity under the optimum conditions was
decreased to 61% ee, demonstrating the importance of the
chirality of the diamide backbone on the selectivity in the reaction.
Ketoamide 59 was found to give no enantioselectivity in the

silylcyanation of benzaldehyde, as was the case with cyclo-
hexanamides 60−62, suggesting that the hydroxyl groups in the
ligand structure of 12 and 57 have a privileged effect on the
formation of efficient chiral catalysts for this reaction. α-
Hydroxyamides 63 and 64 gave low enantioselectivities (up to
13%), in contrast to 12, probably resulting from the less hindered
phenyl groups when compared with the isoborneol structure.
A wide range of catalysts are available for the preparation of

cyanohydrins that include the use of enzymes, synthetic
peptides, chiral Lewis bases, and chiral transition metal
complexes.83 A recent review of chemical methods for the
enantioselective synthesis of cyanohydrins discusses catalytic
systems based on Salen, BINOL, phosphine, and amino alcohol
ligands using ruthenium, titanium, aluminum, and other
metals.84 The performance of the hydroxyamide ligands
discussed here compares very well with the large number of
previously reported systems in terms of the stereoselectivity
that is achieved. The yields achieved do fall somewhat short of
some other systems, and the reported results do not refer to the
synthetically more challenging ketone starting materials, which
should be the focus of further developments.

■ ENANTIOSELECTIVE EPOXIDATION OF OLEFINS

In 1978, Schurig et al. reported the preparation of an optically
active Mo(VI)-oxodiperoxo complex of ligand 65 (Figure 31)
and its application in the enantioselective epoxidation of trans-
but-2-ene.85 The olefin could be transformed into the trans-
(1R,2R)-but-2-ene oxide with a yield of 70% and an ee of up to

Figure 29. Proposed transition state showing the ketone co-ordinating
to the boron with another borane involved in the reduction.75

Figure 28. A series of bis(hydroxyamide)s prepared from diphenyl-
amine-2,2-dicarboxylic acid.

Table 11. Borane reduction of aromatic ketones using ligand
5574,a

R1 R2 yield (%) ee (%) dominant configuration

1-naphthyl Me 94 97 R
C6H5 Me 87 96 R
4-MeC6H4 Me 93 90 R
4-MeOC6H4 Me 93 93 R
4-FC6H4 Me 85 97 R
2-BrC6H4 Me 96 90 R
4-NO2C6H4 Me 99 91 R
C6H5 Et 85 90 R
1-naphthyl C6H5 86 81 S
c-C6H11 Me 55 79 R

aReactions were conducted on a 0.5 mmol scale at 50 °C in c-hexane
under the catalysis of 10 mol % 55. Yields are isolated yields; ee’s were
determined by HPLC.

Figure 30. Hydroxyamide ligands used in silylcyanation reactions.
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34%. Shortly afterward, Kagan et al. reported a catalytic version
of this reaction in which they showed that a range of olefins
could be epoxidized enantioselectively using only 10 mol % of
the ligand. The highest ee obtained was only 35%, again for the
epoxidation of trans-but-2-ene. The authors worried that kinetic
resolution of a racemic epoxide could have led to the enantio-
enriched product, but by careful monitoring of the enantiomeric
composition of the epoxides during the reaction, they confirmed
that the enantioselection occurs during the epoxidation itself .86

Schurig et al. prepared a number of other chiral Mo(VI)-
oxodiperoxo complexes based on a series of enantiomerically
pure hydroxyamides, such as (S)-piperidine lactamide (PLA)
65 (Figure 31), and evaluated them in a series of stoichiometric
epoxidations of olefins.87 Prochiral, chiral racemic, and chiral
nonracemic olefins were used in this study. The best results
were obtained using trans-but-2-ene with the complex derived
from 65, [MoO(O2)2·PLA (49% ee)], and (S)-3-methylpent-1-
ene with either MoO(O2)2·PLA (51% ee for the 2S,3S
diastereomer and 49% for the 2R,3S diastereomer) or with
MoO(O2)2·DMLA 66 (51% for the 2S,3S diastereomer and
49% for the 2R,3S diastereomer).

In 2000, Yoon reported the preparation of the W(VI) and
Mo(VI)-oxodiperoxo complexes based on (R)-piperidinyl
phenylacetamide 67 and (R)-piperidinylmandelamide 68 and
the first report of a catalytic epoxidation using this type of
complex when both (E)- and (Z)-β-methylstyrene were
transformed to the corresponding epoxides.88 Using only
10 mol % of the isolated Mo(VI)-oxodiperoxo complexes of
67 and 68 in concert with tert-butyl-hydroperoxide (TBHP),
which was used as the terminal oxidant, they were able to
achieve moderate to good ee’s (26−81%). The highest ee
(81%) (Scheme 8) was obtained using (E)-β-methylstyrene
and complex 68b, with moderate yields.

The use of hydroxyamides as ligands in the epoxidation reaction
has been reported rarely, and those reports to date do not bear
comparison with the large number of highly successful and well
established asymmetric epoxidation systems available.89,90

■ NOZAKI−HIYAMA−KISHI REACTION
Kibayashi et al. applied tertiary β-hydroxyamides 69a−b
(Figure 32) in the chromium-mediated allylation of aromatic
aldehydes in an early example of the Nozaki−Hiyama−Kishi
reaction.91 The reaction consists of the initial formation of a
chromium(III) complex 70 from chromium(II) chloride and the
lithium alkoxide derived from the chiral hydroxyamide and butyl
lithium. The addition of allyl bromide gives the chromium(III)
species, which reacts with the added aldehyde to yield the
homoallylic alcohol 71 with induced stereoselectivity (Scheme 9).

The chromium complex is considered to constitute
preferential coordination between chromium and the nitrogen
atom rather than the oxygen atom of the amide group to form a
five-membered chelate ring in a /trans planar structure that is
quite rigid, which helps to differentiate the enantiotopic faces
during the NHK coupling. The allyl coupling to benzaldehyde
was undertaken using allylchromium complexes 72 derived
from N-benzoyl-L-prolinol derivatives 69a−b (Table 13).
Derivative 69b proved to be the most efficacious in chiral
induction, affording predominantly the R enantiomer with an
enantiomeric excess of 82%.

Table 12. Silylcyanation of Aromatic Aldehydes with Ligands 12 and 5782,a

ligand 12 ligand 57

aldehyde yield (%) ee (%) dominant configuration yield (%) ee (%) dominant configuration

benzaldehyde 79 94 S 87 93 S
3-phenoxybenzaldehyde 57 97 S 54 95 S
4-methoxybenzaldehyde 53 97 S 47 99 S
2-naphthaldehyde 76 96 S 67 99 S
(E)-cinnamaldehyde 51 95 S 49 97 S
3-phenylpropionaldehyde 62 98 S 61 97 S
2-methylbenzaldehyde 68 97 S 56 94 S
cyclohexanecarboxaldehyde 94 87 S 90 >99 S
valeraldehyde 96 89 S 92 97 S

aReactions were conducted in CH2Cl2 at −78 °C and monitored by TLC. Ligand 0.33 mmol, 4 A ° molecular sieves 130 mg, Ti(OiPr)4 0.3 mmol,
TMSCN 3.5 mmol, aldehyde 2 mmol. Yields are isolated yields and ee’s were determined by HPLC.

Figure 31. Ligands and complexes used in epoxidation reactions.

Scheme 8. Epoxidation of Styrene Derivatives

Figure 32. Tertiary β-hydroxyamide ligands applied to the NHK
reaction.

ACS Catalysis Review

dx.doi.org/10.1021/cs300111b | ACS Catal. 2012, 2, 573−591587



The enantioselective NHK reaction has been developed
substantially since the initial Kibayashi report discussed here.
Many successful ligands have been reported for these reactions
since that early report, including salen, amino oxazoline, and
amido oxazoline ligands, and it is the last two that have proved
the most successful, with enantioselectivities and yields in
excess of 90% becoming commonplace.92

■ HYDROSILYLATION OF IMINES

Onomura reported the use of N-picolinoylpyrrolidine hydrox-
yamide derivative 73 to activate trichlorosilane in the
hydrosilylation of aromatic imines to amines.93 The catalytic
activity of 73 was investigated using a range of aromatic imines
and enamines with similar stereoselectivities in each case
(Table 14) (67−80% ee for imine substrates derived from
methyl ketones).
The authors proposed a working hypothesis for the transition

state of the reduction of aromatic imines with 73 in which the
silane coordinates to the pyridine nitrogen and the carbonyl
oxygen of the amide. The approach of the imine is controlled
by the hydrogen bonding of the imine nitrogen with the
alcohol. The imine tends to approach in one orientation, which
has less steric interation with the phenyl group of the ligands
(Figure 33). Although, in general, in this review, ligands with
amines or other ligating groups have been excluded in this case,
the pyridine-based ligand is included because of the clear
indication that both the amide and alcohol are involved in the
key step of the reaction mechanism.
Although the reduction of imines is possible in many ways,

the lack of any metal involvement in this organocatalytic
process gives the reactions some advantage in terms of usability.
Several peptidic organocatalysts have been reported for this
reaction.95,96 The performance of the hydroxyamide catalysts
discussed here is competitive with those peptidic catalysts,
albeit that the enantioselectivity is in need of some improve-
ment.

■ SIMMONS−SMITH CYCLOPROPANATION

Katsuki and co-workers reported the synthesis of BINOL
derivatives, 1,1′-bi-2-naphthol-3,3′-dicarboxamides, and their

application as chiral ligands in the asymmetric Simmons−
Smith cyclopropanation of E-allylic alcohols.12

Ligand 3b, with the diethylamide group, exhibited the highest
enantioselectivity of 94% ee. The reaction of both
conjugated and nonconjugated E-allylic alcohols, catalyzed
by 3b, showed good enantioselectivity (87−94% ee) in
moderate yields (50−78%) (Scheme 10). However, in the
case of Z-allylic alcohol, a lower chemical yield and
enantioselectivity were observed, although only two exam-
ples were reported.

Scheme 9. Reaction Scheme for the NHK Reaction

Table 13. Nozaki−Hiyama−Kishi Reaction91,a

β-hydroxyamide yield (%) ee (%)

69a 72 30
69b 62 82

aReactions were conducted in THF at −30 °C for 1−12 h using CrCl2
2.0 mmol, lithium alkoxide 2 mmol, allyl bromide 1.0 mmol, and
aldehyde 0.5 mmol.

Table 14. Hydrosilylation of Aromatic Imines94,a

aReactions were conducted in CH2Cl2 at room temperature over 4 h
using Cl3SiH 0.45 mmol, imine (0.3 mmol) and ligand 0.03 mmol.
Yields are isolated yields, and ee’s were determined by HPLC.
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The Simons−Smith reaction is a well-known cyclopropa-
nantion method, and many ligands that give good enantiose-
lection, including amino alcohols, amides, BINOL-derived
phosphorus-based ligands, and others,97 have been reported.
The results for the hydroxyamides are limited, but the initial
reports do seem to indicate potential for good enantioselectiv-
ity, but the yields reported are somewhat short of the
established catalysts.

■ MICHAEL ADDITION

Katsuki also reported the use of the optically active N,N,N′,N′-
tetraalkyl-BINOL-3,3′-dicarboxamides such as 3b as chiral auxiliaries
for asymmetric Michael addition reactions (Scheme 11).98,99

Because an intramolecular hydrogen bond between phenolic
hydrogen and carbonyl oxygen was considered to fix the
conformation of the amide moiety in 3b, it was expected that
the Sc(OTf)3 complex (Figure 34) would serve as a chiral cat-
alyst for the Michael addition reaction. Although antiselectivity
was high (>50:1), both the chemical yield (48%) and enantio-
selectivity (18%) were only modest.
The authors reasoned that the amide alkyl groups of ligand

3b directing away from the reaction site could not induce
asymmetry in the product effectively.

■ ENANTIOSELECTIVE CONJUGATE ADDITION OF
NUCLEOPHILIC RADICALS TO ENOATES

Sibi and Manyem have reported that lanthanide triflate along
with proline-derived ligand 74 is a catalyst for the
enantioselective conjugate addition of nucleophilic radicals to
enoates (Scheme 12).100

The enantioselectivity obtained in the reaction (23%) was
much lower than that obtained by related carbamate analogues
(>80%), and the reaction completion was also significantly
slower and yields were moderate.

■ CONCLUSION

Asymmetric ligands whose key functional component consists
of amide and hydroxyl functional groups, in the absence of
other co-ordinating groups, are showing real promise as part of
catalytic systems for a wide range of reactions. In general, these
ligands are remarkably easy to synthesize, which favors their
use, as does the fact that they are very versatile in terms of
stereochemistry and substitution patterns. Two main routes are
used: (1) an activated acid (acid chloride,27,74 anhydride,22 or
ester with TBD25) reacting with an amino alcohol or (2) an

Figure 33. Proposed transition state of the reduction of aromatic
imines.94

Scheme 10. The Preparation of Cyclopropanes by the
Simmons−Smith Reaction

Figure 34. Ligand 3b as its proposed Sc(III) complex.

Scheme 11. Asymmetric Michael Addition Reactions

Scheme 12. The Addition of Nucleophilic Isopropyl Radical to an α,β-Unsaturated Enoate
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acid derivative (acid chloride21 or parent acid19) reacting with
an amine, the alcohol being generated subsequently by
reduction of a ketone in the molecule. For ligands that have
largely been researched for only the last 12 years, they have
found application to a large number of synthetically key
reactions. In many cases, the activity and selectivity has been
optimized somewhat through a number of generations of
ligand. That being said, there is undoubtedly more progress yet
to come. One feature that is striking in reviewing the literature
in this area is the lack of characterization of the metal
complexes involved, and should this change, it will surely give
insights that will help the development of the next generations
of the ligands.

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: patrick.oleary@nuigalway.ie.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors would like to acknowledge the NUI Galway,
College of Science, studentship to PG and the support of the
NUI Galway Millenium fund.

■ REFERENCES
(1) Pu, L.; Yu, H. B. Chem. Rev. 2001, 101, 757−824.
(2) Subirats, S.; Jimeno, C.; Pericas, M. A. Tetrahedron: Asymmetry
2009, 20, 1413−1418.
(3) Huelgas, G.; LaRochelle, L. K.; Rivas, L.; Luchinina, Y.; Toscano,
R. A.; Carroll, P. J.; Walsh, P. J.; de Parrodi, C. A. Tetrahedron 2011,
67, 4467−4474.
(4) Ding, C. H.; Hou, X. L. Bull. Chem. Soc. Jpn. 2010, 83, 992−1003.
(5) Pathak, K.; Bhatt, A. P.; Abdi, S. H. R.; Kureshy, R. I.; Khan,
N. H.; Ahmad, I.; Jasra, R. V. Tetrahedron: Asymmetry 2006, 17, 1506−
1513.
(6) Noyori, R. Asymmetric Catalysis in Organic Synthesis; John Wiley
& Sons: Chichester, 1994.
(7) Kitamura, M.; Suga, S.; Kawai, K.; Noyori, R. J. Am. Chem. Soc.
1986, 108, 6071−6072.
(8) Nugent, W. A. Chem. Commun. 1999, 1369−1370.
(9) Joshi, S. N.; Malhotra, S. V. Tetrahedron: Asymmetry 2003, 14,
1763−1766.
(10) VidalFerran, A.; Moyano, A.; Pericas, M. A.; Riera, A.
Tetrahedron Lett. 1997, 38, 8773−8776.
(11) Kitajima, H.; Ito, K.; Katsuki, T. Chem. Lett. 1996, 343−344.
(12) Kitajima, H.; Ito, K.; Aoki, Y.; Katsuki, T. Bull. Chem. Soc. Jpn.
1997, 70, 207−217.
(13) Oppolzer, W.; Radinov, R. N. Tetrahedron Lett. 1988, 29, 5645−
5648.
(14) Engel, T. D.; Maroto, B. L.; Martinez, A. G.; Cerero, S. D.
Tetrahedron: Asymmetry 2008, 19, 2003−2006.
(15) Engel, T. D.; Maroto, B. L.; Martinez, A. G.; Cerero, S. D.
Tetrahedron: Asymmetry 2008, 19, 646−650.
(16) Whitesell, J. K. Chem. Rev. 1989, 89, 1581−1590.
(17) Reprinted from Engel, T. D.; Maroto, B. L.; Martinez, A. G.;
Cerero, S. D. Tetrahedron: Asymmetry 2008, 19, 2003−2006 with
permission from Elsevier.
(18) Moberg, C. Angew. Chem., Int. Ed. 1998, 37, 248−268.
(19) Engel, T. D.; Maroto, B. L.; Cerero, S. D. Eur. J. Org. Chem.
2010, 1717−1727.
(20) Uang, B. J.; Fu, I. P.; Hwang, C. D.; Chang, C. W.; Yang, C. T.;
Hwang, D. R. Tetrahedron 2004, 60, 10479−10486.
(21) Hwang, C.-D.; Hwang, D.-R.; Uang, B.-J. J. Org. Chem. 1998, 63,
6762−6763.

(22) Ananthi, N.; Balakrishnan, U.; Vinu, A.; Ariga, K.; Velmathi, S.
Tetrahedron: Asymmetry 2009, 20, 1731−1735.
(23) Walsh, P. J. Acc. Chem. Res. 2003, 36, 739−749.
(24) Reprinted from Ananthi, N.; Balakrishnan, U.; Vinu, A.; Ariga,
K.; Velmathi, S. Tetrahedron: Asymmetry 2009, 20, 1731−1735 with
permission from Elsevier.
(25) Geoghegan, P.; O’Leary, P. Tetrahedron:Asymmetry 2010, 21,
867−870.
(26) Testa, M. L.; Antista, L.; Mingoia, F.; Zaballos-Garcia, E.
J. Chem. Res.-S 2006, 182−184.
(27) Blay, G.; Fernandez, I.; Marco-Alelxandre, A.; Pedro, J. R.
Tetrahedron: Asymmetry 2005, 16, 1207−1213.
(28) Pastor, I. M.; Adolfsson, H. Tetrahedron Lett. 2002, 43, 1743−
1746.
(29) Reprinted from Blay, G.; Fernandez, I.; Marco-Alelxandre, A.;
Pedro, J. R. Tetrahedron: Asymmetry 2005, 16, 1207−1213 with
permission from Elsevier.
(30) Blay, G.; Fernandez, I.; Hernandez-Olmos, V.; Marco-
Aleixandre, A.; Pedro, J. R. J. Mol. Catal. A: Chem. 2007, 276, 235−
243.
(31) Corey, E. J.; Lee, T. W. Chem. Commun. 2001, 1321−1329.
(32) Corey, E. J.; Barnes Seeman, D.; Lee, T. W.; Goodman, S. N.
Tetrahedron Lett. 1997, 38, 6513−6516.
(33) Mackey, M. D.; Goodman, J. M. Chem. Commun. 1997, 2383−
2384.
(34) Reprinted from Blay, G.; Fernandez, I.; Hernandez-Olmos, V.;
Marco-Aleixandre, A.; Pedro, J. R. J. Mol. Catal. A: Chem. 2007, 276,
235−243 with permission from Elsevier.
(35) Blay, G.; Fernandez, I.; Marco-Aleixandre, A.; Pedro, J. R. Org.
Lett. 2006, 8, 1287−1290.
(36) Zheng, B.; Hou, S. C.; Li, Z. Y.; Guo, H. C.; Zhong, J. C.; Wang,
M. Tetrahedron: Asymmetry 2009, 20, 2125−2129.
(37) Fang, T.; Xu, J. X.; Du, D. M. Lett. Org. Chem. 2006, 3, 780−
786.
(38) Pu, L.; Yu, H.-B. Chem. Rev. 2001, 101, 757−824.
(39) Armstrong, A.; Emmerson, D. P. G Org. Lett. 2009, 11, 1547−
1550.
(40) Trost, B. M.; Weiss, A. H. Adv. Synth. Catal. 2009, 351, 963−
983.
(41) Boone, M. A.; McDonald, F. E.; Lichter, J.; Lutz, S.; Cao, R.;
Hardcastle, K. I. Org. Lett. 2009, 11, 851−854.
(42) Anand, N. K.; Carreira, E. M. J. Am. Chem. Soc. 2001, 123,
9687−9688.
(43) Gao, G.; Moore, D.; Xie, R. G.; Pu, L. Org. Lett. 2002, 4, 4143−
4146.
(44) Takita, R.; Yakura, K.; Ohshima, T.; Shibasaki, M. J. Am. Chem.
Soc. 2005, 127, 13760−13761.
(45) Fang, T.; Du, D.-M.; Lu, S.-F.; Xu, J. Org. Lett. 2005, 7, 2081−
2084.
(46) Blay, G.; Cardona, L.; Fernandez, I.; Marco-Aleixandre, A.;
Munoz, M. C.; Pedro, J. R. Org. Biomol. Chem. 2009, 7, 4301−4308.
(47) Blay, G.; Fernandez, I.; Marco-Aleixandre, A.; Pedro, J. R. J. Org.
Chem. 2006, 71, 6674−6677.
(48) Moore, D.; Pu, L. Org. Lett. 2002, 4, 1855−1857.
(49) Chen, Z.-C.; Hui, X.-P.; Yin, C.; Huang, L.-N.; Xu, P.-F.; Yu,
X.-X.; Cheng, S.-Y. J. Mol. Catal. A: Chem. 2007, 269, 179−182.
(50) Heckel, A.; Seebach, D. Chem.Eur. J. 2002, 8, 559−572.
(51) Huang, L.-N.; Hui, X.-P.; Chen, Z.-C.; Yin, C.; Xu, P.-F.; Yu, X.-
X.; Cheng, S.-Y. J. Mol. Catal. A: Chem. 2007, 275, 9−13.
(52) Reprinted from Huang, L.-N.; Hui, X.-P.; Chen, Z.-C.; Yin, C.;
Xu, P.-F.; Yu, X.-X.; Cheng, S.-Y. J. Mol. Catal. A: Chem. 2007, 275,
9−13 with permission from Elsevier.
(53) Hui, X.-P.; Yin, C.; Chen, Z.-C.; Huang, L.-N.; Xu, P.-F.; Fan,
G.-F. Tetrahedron 2008, 64, 2553−2558.
(54) Li, Y.-M.; Tang, Y.-Q.; Hui, X.-P.; Huang, L.-N.; Xu, P.-F.
Tetrahedron 2009, 65, 3611−3614.
(55) Reprinted from Li, Y.-M.; Tang, Y.-Q.; Hui, X.-P.; Huang,
L.-N.; Xu, P.-F. Tetrahedron 2009, 65, 3611−3614 with permission
from Elsevier.

ACS Catalysis Review

dx.doi.org/10.1021/cs300111b | ACS Catal. 2012, 2, 573−591590

mailto:patrick.oleary@nuigalway.ie


(56) Hui, X. P.; Huang, L. N.; Li, Y. M.; Wang, R. L.; Xu, P. F.
Chirality 2010, 22, 347−354.
(57) Cai, H. Q.; Chen, C.; Liu, L.; Ni, J. M.; Wang, R. J. Mol. Catal.
A: Chem. 2006, 253, 86−91.
(58) Wang, C.; Wu, X. F.; Xiao, J. L. Chem.Asian J. 2008, 3, 1750−
1770.
(59) Malacea, R.; Poli, R.; Manoury, E. Coord. Chem. Rev. 254, 729−
752.
(60) Noyori, R.; Hashiguchi, S. Acc. Chem. Res. 1997, 30, 97−102.
(61) Wu, X. F.; Li, X. H.; Zanotti-Gerosa, A.; Pettman, A.; Liu, J. K.;
Mills, A. J.; Xiao, J. L. Chem.Eur. J. 2008, 14, 2209−2222.
(62) Pastor, I. M.; Vastila, P.; Adolfsson, H. Chem. Commun. 2002,
2046−2047.
(63) Pastor, I. M.; Vastila, P.; Adolfsson, H. Chem.Eur. J. 2003, 9,
4031−4045.
(64) Bøgevig, A.; Pastor, I. M.; Adolfsson, H. Chem.Eur. J. 2004,
10, 294−302.
(65) Zaitsev, A. B.; Adolfsson, H. Org. Lett. 2006, 8, 5129−5132.
(66) Yim, A. S. Y.; Wills, M. Tetrahedron 2005, 61, 7994−8004.
(67) Watts, C. C.; Thoniyot, P.; Cappuccio, F.; Verhagen, J.;
Gallagher, B.; Singaram, B. Tetrahedron: Asymmetry 2006, 17, 1301−
1307.
(68) Vastila, P.; Wettergren, J.; Adolfsson, H. Chem. Commun. 2005,
4039−4041.
(69) Yamakawa, M.; Ito, H.; Noyori, R. J. Am. Chem. Soc. 2000, 122,
1466−1478.
(70) Vastila, P.; Zaitsev, A. B.; Wettergren, J.; Privalov, T.; Adolfsson,
H. Chem.Eur. J. 2006, 12, 3218−3225.
(71) Wettergren, J.; Zaitsev, A. B.; Adolfsson, H. Adv. Synth. Catal.
2007, 349, 2556−2562.
(72) Wettergren, J.; Buitrago, E.; Ryberg, P.; Adolfsson, H. Chem.
Eur. J. 2009, 15, 5709−5718.
(73) Fang, T.; Xu, J. X.; Du, D. M. Synlett 2006, 1559−1563.
(74) Wang, J.; Liu, H.; Du, D. M. Tetrahedron: Asymmetry 2009, 20,
605−609.
(75) Reprinted from Wang, J.; Liu, H.; Du, D. M. Tetrahedron:
Asymmetry 2009, 20, 605−609 with permission from Elsevier.
(76) Deloux, L.; Srebnik, M. Chem. Rev. 1993, 93, 763−784.
(77) Corey, E. J.; Bakshi, R. K.; Shibata, S. J. Am. Chem. Soc. 1987,
109, 5551−5553.
(78) Harada, T.; Kusukawa, T. Synlett 2007, 1823−1835.
(79) Li, K. Y.; Zhou, Z. H.; Wang, L. X.; Chen, Q. F.; Zhao, G. F.;
Zhou, Q. L.; Tang, C. C. Tetrahedron: Asymmetry 2003, 14, 95−100.
(80) Du, D. M.; Fang, T.; Xu, J. X.; Zhang, S. W. Org. Lett. 2006, 8,
1327−1330.
(81) Li, G. Q.; Yan, Z. Y.; Niu, Y. N.; Wu, L. Y.; Wei, H. L.; Liang,
Y. M. Tetrahedron: Asymmetry 2008, 19, 816−821.
(82) Reprinted from Uang, B. J.; Fu, I. P.; Hwang, C. D.; Chang,
C. W.; Yang, C. T.; Hwang, D. R. Tetrahedron 2004, 60, 10479−10486
with permission from Elsevier.
(83) Gregory, R. J. H. Chem. Rev. 1999, 99, 3649−3682.
(84) Wang, W.; Liu, X.; Lin, L.; Feng, X. Eur. J. Org. Chem. 4751−
4769.
(85) Schurig, V.; Koppenhofer, B.; Burkle, W. Angew. Chem., Int. Ed.
Engl. 1978, 17, 937−939.
(86) Kagan, H. B.; Mimoun, H.; Mark, C.; Schurig, V. Angew. Chem.,
Int. Ed. Engl. 1979, 18, 485−486.
(87) Schurig, V.; Hintzer, K.; Leyrer, U.; Mark, C.; Pitchen, P.;
Kagan, H. B. J. Organomet. Chem. 1989, 370, 81−96.
(88) Park, S. W.; Kim, K. J.; Yoon, S. S. Bull. Korean Chem. Soc. 2000,
21, 446−448.
(89) McGarrigle, E. M.; Gilheany, D. G. Chem. Rev. 2005, 105,
1563−1602.
(90) Xia, Q. H.; Ge, H. Q.; Ye, C. P.; Liu, Z. M.; Su, K. X. Chem. Rev.
2005, 105, 1603−1662.
(91) Sugimoto, K.; Aoyagi, S.; Kibayashi, C. J. Org. Chem. 1997, 62,
2322−2323.
(92) Hargaden, G. C.; Guiry, P. J. Adv. Synth. Catal. 2007, 349,
2407−2424.

(93) Onomura, O.; Kouchi, Y.; Iwasaki, F.; Matsumura, Y.
Tetrahedron Lett. 2006, 47, 3751−3754.
(94) Reprinted from Onomura, O.; Kouchi, Y.; Iwasaki, F.;
Matsumura, Y. Tetrahedron Lett. 2006, 47, 3751−3754 with
permission from Elsevier.
(95) Malkov, A. V.; Stoncius, S.; MacDougall, K. N.; Mariani, A.;
McGeoch, G. D.; Kocovsky, P. Tetrahedron 2006, 62, 264−284.
(96) Malkov, A. V.; Vrankova, K.; Sigerson, R. C.; Stoncius, S.;
Kocovsky, P. Tetrahedron 2009, 65, 9481−9486.
(97) Pellissier, H. Tetrahedron 2008, 64, 7041−7095.
(98) Kitajima, H.; Ito, K.; Katsuki, T. Tetrahedron 1997, 53, 17015−
17028.
(99) Kitajima, H.; Katsuki, T. Synlett 1997, 568−570.
(100) Sibi, M. P.; Manyem, S. Org. Lett. 2002, 4, 2929−2932.

ACS Catalysis Review

dx.doi.org/10.1021/cs300111b | ACS Catal. 2012, 2, 573−591591


